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Enterococcus faecium UCNT1, isolated from a blood culture, was resistant to low levels of vancomycin (MIC, 16
pg/ml) but susceptible to teicoplanin (MIC, 0.5 pg/ml). No amplification was observed with primers specific for the
previously described glycopeptide resistance ligase genes, but a PCR product corresponding to a gene called vanN
was obtained using degenerate primers and was sequenced. The deduced VanN protein was related (65% identity)
to the p-alanine:p-serine VanL ligase. The organization of the vanN gene cluster, determined using degenerate
primers and by thermal asymmetric interlaced (TAIL)-PCR, was similar to that of the vanC operons. A single
promoter upstream from the resistance operon was identified by rapid amplification of cDNA ends (RACE)-PCR.
The presence of peptidoglycan precursors ending in p-serine and p,b-peptidase activities in the absence of vanco-
mycin indicated constitutive expression of the resistance operon. VanN-type resistance was transferable by conju-
gation to E. faecium. This is the first report of transferable p-Ala-p-Ser-type resistance in E. faecium.

The glycopeptide antibiotics vancomycin and teicoplanin are
widely used for the treatment of severe infections due to
Gram-positive bacteria and act by inhibition of peptidoglycan
synthesis. Glycopeptides bind to the C-terminal p-alanyl-p-
alanine of late peptidoglycan precursors and block the follow-
ing steps in cell wall assembly (14).

During the past two decades, glycopeptide-resistant entero-
cocci (GRE), in particular Enterococcus faecium, have spread
as multiresistant opportunistic pathogens in hospitals world-
wide. Since the first descriptions of vancomycin resistance in E.
faecium in 1988 (24, 38), eight operons that confer resistance to
glycopeptides have been distinguished on the basis of the se-
quence of the structural gene for the resistance ligase. They are
designated according to the gene that encodes either a p-alanyl-
p-lactate (vanA, vanB, vanD, and vanM) or a D-alanyl-D-serine
(vanC, vanE, vanG, and vanL) ligase (14, 8, 40). The production
of modified peptidoglycan precursors ending in p-Ala-p-Lac or
D-Ala-D-Ser associated with the elimination of p-Ala-p-Ala-end-
ing precursors is responsible for resistance. This replacement
leads to diminished binding affinity of glycopeptides for their
targets (1,000-fold lower and 7-fold lower for p-Ala-p-Lac and
D-Ala-D-Ser precursors, respectively) (6). The vanA and vanD
D-Ala-p-Lac operons are responsible for high and moderate lev-
els of resistance, respectively, to both vancomycin and teicoplanin,
whereas the vanB operons are responsible for various resistance
levels to vancomycin only. In contrast, the p-Ala-p-Ser operons
confer low-level vancomycin resistance, whereas teicoplanin re-
tains activity (11). Three proteins, a ligase, a dehydrogenase (for
the p-Ala-p-Lac type) or a serine racemase (for the p-Ala-p-Ser
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type), and a b,b-dipeptidase are required for resistance (14). The
operons encode additional proteins, such as D,b-carboxypepti-
dases and regulatory proteins, parts of two-component regulatory
systems.

Except for VanC resistance, which is intrinsic to Enterococ-
cus gallinarum and Enterococcus casseliflavus, resistance types
are acquired. While the D-Ala-p-Lac-type operons may be lo-
cated either on plasmids or in the chromosome, the p-Ala-D-
Ser-type gene clusters, VanG, VanE, and VanL, have so far
been detected only in the chromosome of Enterococcus faecalis
(8, 11, 14). VanG is the only transferable p-Ala-D-Ser resis-
tance type characterized so far (12).

E. faecium UCNT71 was resistant to low levels of vancomycin
and susceptible to teicoplanin but did not harbor any known
vancomycin resistance ligase gene. We present evidence that
resistance to vancomycin in this clinical isolate is due to a new
type of determinant, named VanN. Phenotypic and genotypic
traits of VanN resistance were identified, and transferability
was assessed.

MATERIALS AND METHODS

Strains. The characteristics of the strains are listed in Table 1. E. faecium
UCNT71 and E. faecium UCN72 were isolated in 2008 from a blood culture and
a rectal swab, respectively, of a patient at the Paoli-Calmettes Institute, Mar-
seille, France. E. faecium BM4107 (24) and E. faecalis JH2-2 (22), which are
resistant to fusidic acid and rifampin, were used as recipients in conjugation
experiments. VanG-type E. faecalis BM4518 (12) was used as a reference for
analysis of peptidoglycan precursors.

Antibiotic susceptibility testing. MICs were determined by the broth microdi-
lution technique recommended by the Comité de I’Antibiogramme de la Société
Francaise de Microbiologie (10). Plates were incubated for 24 h at 37°C before
being read.

Molecular typing. Clinical isolates were typed by pulsed-field gel electropho-
resis (PFGE) of genomic DNA using a CHEF II Mapper system (Bio-Rad,
Marnes-la-Coquette, France) as described previously (36). Total DNA digested
with Smal was subjected to electrophoresis (6 V/cm, 22 h, pulse times of 5 to 30 s
at 14°C) in an agarose gel.

Multilocus sequence typing (MLST) of E. faecium was performed as previously
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TABLE 1. Bacterial strains
Specie§ and Relevant characteristics® Reference
strain or source
E. faecium
BM4107 Rif" Fus" 24

UCN71  Clinical isolate; Vm" Te® Em" (VanN type) This study
UCN72  Clinical isolate; Vm" Te® Em" (VanN type) This study

UCN73  Rif" Fus" Vm" This study
E. faecalis

JH2-2 Rif* Fus® 22

BM4518  Clinical isolate; Vm" Te® (VanG type) 12

“ Em, erythromycin; Fus, fusidic acid; r, resistant; Rif, rifampin; s, susceptible;
Te, teicoplanin; Vm, vancomycin.

reported (20). The alleles and sequence types (STs) were analyzed and deter-
mined using the MLST database (http://efaccium.mlst.net/).

PCR. Amplification was carried out in a final volume of 50 pl containing 40
pmol of each oligonucleotide primer, ca. 100 ng of template DNA, using a
GoTaq Flexi DNA polymerase kit (Promega, Madison, WI) as recommended by
the manufacturer. The reactions were performed under the following conditions:
30 s at 94°C, 30 s at 50 to 54°C, and 30 s to 2 min at 72°C (30 cycles).

Identification of strains UCN71 and UCN?72 at the species level was performed
by PCR as previously described (16). A PCR assay with primers specific for
resistance genes vanA, vanB, vanC1, and vanC2 (16), vanD (30), vanE (18), vanG
(26), vanL (8), and vanM (40) was used to determine the glycopeptide resistance
genotype of E. faecium UCN71.

Amplification of fragments internal to genes for related ligases was performed
with degenerate V1 and V2 primers as described previously (15). Prior to am-
plification, total DNA from strain UCN71 was digested with XhoI (Ozyme) in
order to cleave the ddl gene and to avoid its amplification. PCR fragments were
purified using a NucleoSpin Extract II kit (Macherey-Nagel, Diiren, Germany),
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cloned in pPCRTOPO2.1 (Invitrogen, Carlsbad, CA), and sequenced. The entire
vanN sequence and adjacent sequences were determined with a series of thermal
asymmetric interlaced PCRs (TAIL-PCRs) starting from both sides of the vanN
partial gene sequence as described by Liu and Whittier (25) using the primers
listed in Table 2. Briefly, the primary PCR mixture consisted of 1X PCR buffer,
2 mM MgCl,, 0.2 mM (each) deoxynucleoside triphosphate (ANTP), 0.2 uM
specific primer, an AD primer (5 uM for AD1 and AD2 or 2.5 uM for AD3 and
AD4), and 0.8 units of Tag polymerase. For secondary reactions, aliquots of
1/100-diluted primary reaction mixtures were added to secondary PCR mixtures
containing 0.2 pM internal specific primer and the same arbitrary primer used in
the primary reaction (3 uM for AD1 or AD2 and 1.5 uM for AD3 or AD4). If
needed, tertiary PCRs were performed as in the preceding reaction using the
inner-most specific primer. Thermal cycling conditions for primary, secondary,
and tertiary reactions were used as previously described (25). Finally, a set of
degenerate primers complementary to conserved regions of b-Ala-p-Ser operons
(8) and vanN operon-specific primers (Table 2) were used to amplify the region
downstream from the ligase gene as previously described (8). PCR products were
sequenced and concatenated to obtain the entire vanN gene cluster.

RNA extraction and mapping of the transcriptional start site. Total RNA
from strain UCN71 grown in Mueller-Hinton broth at 37°C to the exponential
growth phase was isolated using an RNeasy minikit (Qiagen, Valencia, CA). The
transcriptional start site of vanN was determined using a 5 rapid amplification of
¢DNA ends (RACE) system kit (Invitrogen) according to the manufacturer’s
instructions. The specific RACE-PCR primers designed using the vanN gene
sequence and Primer3 software (http://frodo.wi.mit.edu/primer3/) are listed in
Table 2.

Conjugation. Transfer of vancomycin resistance from strain UCN71 to E.
faecium BM4107 and E. faecalis JH2-2 was attempted by filter mating (15).
Transconjugants were selected on brain heart infusion (BHI) agar plates
containing rifampin (60 pg/ml), fusidic acid (50 wg/ml), and vancomycin (10
pg/ml).

Fitness experiments. The biological cost of vancomycin resistance was evalu-
ated in a microtitration plate growth model. Overnight cultures in BHI broth
were inoculated (200 pl) in fresh 10-ml BHI broth, and strains were cultivated at
37°C. Microtitration plates were agitated (10 s at 200 rpm) every 20 min to

TABLE 2. Primers used in this study

Primer” Sequence (5'-3")" Position (5'-3")° Reference

V1-F GGIGARGAYGGIWSIHTICARGG 333-355 15
V2-R TGRAAICCIGGIADIGTRTT 964-945 15
vanN-F CCTCTGCCATTTGTATGAAT 403-422 This study
vanN-R TTGACGCTTGATTTCTCTAC 851-832 This study
RACE-PCR

vanNRacel-R GTCCGTCGATGAGATCAG 497-480 This study

vanNRace2-R GCCGCAACCAACATAAGGAAT 395-375 This study

vanNRace3-R TCTCCAGTGCCACCGTGTA 337-319 This study

vanRyRacel-R CTATGGGAAGGCTGATCG 4188-4171 This study

vanRyRace2-R TTCCAGCGGGTTGAAAGGT 4126-4108 This study

vanRyRace3-R ATCTGCGCCTAGAGTCAGTC 4093-4074 This study
Sequencing

vanTm1-F CATGGTCGTTGCGATTCACTG 1679-1699 This study

vanTm2-F CTGCTTATTACAGCGGTTCACGC 2042-2064 This study

vanTr-F CTAGGCTATACACCATCGATACG 2883-2905 This study

vanR-F GGAGTGGTAGGGATAATGGATAC 3790-3812 This study

vanT-U-R TDATNVDNGCNGGNARRTACCA 2023-2001 8

vanT-U2-R CCNARNCKRTGCAMNCCNGTRTC 3034-3012 8

RserU1-R AYRTCNGGNARCATNACRTC 3978-3959 8

SerU1-R GGNGTNYKNARRTCRTGNGC 4954-4935 8
TAIL-PCR

AD1 TGWGNAGWANCASAGA NA 25

AD2 AGWGNAGWANCAWAGG NA 25

AD3 CAWCGICNGAIAWGAA NA 25

AD4 TCSTICGNACITWGGA NA 25

“F, forward; R, reverse.

> K for G or T; M for A or C; R for A or G; S for G or C; W for A or T; Y for C or T; D for A, G, or T; V for A, C, or G; I for inosine, and N for any base.
¢ Position from the vanN translation start codon. NA, not applicable.
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TABLE 3. Percent identity of Van-deduced proteins

% identity with indicated protein®

Van type
VanN VanXYy VanTy VanRy VanSy
VanL 65 61 50 and 54° 74 61
VanC 54 50 52 74 52
VanE 53 46 45 62 40
VanG 41 40 37 49 43
VanA 38 NA NA 51 35

“ Numbers in boldface are the highest percentages of identity with VanN-type
proteins. NA, not applicable.

> The transmembrane and racemase domains of VanTy were compared with
those of VanTr; and VanTm,, respectively.

resuspend the cells, the optical density at 600 nm (ODjgq,) was measured every
10 min, and growth rates were calculated from at least three independent ex-
periments.

Analysis of peptidoglycan precursors. Analysis of peptidoglycan precursors
was performed as described by Reynolds et al. (31). Strain UCN71 was grown in
BHI broth with (4 and 8 pg/ml) or without vancomycin to the mid-exponential
phase. Ramoplanin (3 pg/ml) was added, and incubation was continued for 20
min. The bacteria were harvested by centrifugation (12,000 X g, 2 min, 4°C), and
the accumulated cytoplasmic precursors were extracted with 8% trichloroacetic
acid (15 min, 4°C), desalted, and analyzed by high-performance liquid chroma-
tography. Results were expressed as the percentages of total late peptidoglycan
precursors represented by UDP-MurNAc-tetrapeptide and UDP-MurNAc-pen-
tapeptide terminating in pD-Ala or p-Ser [UDP-MurNAc-pentapeptide(Ala) or
UDP-MurNAc-pentapeptide(Ser)]) and were determined from the integrated
peak areas.

p,b-peptidase (VanXY) and serine racemase (VanT) activities. The enzymatic
activities in the supernatant and in the resuspended pellet fraction were assayed
in UCNT71 extracts as described previously (13). Strains were grown until the
ODy reached 0.7 in the absence or presence (4 and 8 wg/ml) of vancomycin.
Bacteria were harvested and lysed by treatment with lysozyme (2 mg/ml) at 37°C
followed by sonication, and the membrane fraction was pelleted (100,000 X g, 45
min). The supernatant and the resuspended pellet were collected and assayed for
D,b-peptidase (VanX or VanY) activity. The amounts of p-Ala released from
D-Ala-p-Ala by p,p-dipeptidases and from pentapeptide(Ala) by b,p-carboxypep-
tidases were determined by using D-amino acid oxidase (5, 33).

The assay for serine racemase activity was carried out in cytoplasmic and
membrane fractions as described previously (12). The assay mixture contained
bis-Tris propane (50 mM [pH 7.5]), 10 mM L-serine or L-alanine, and the diluted
fraction as the enzyme preparation. The D-amino acids produced by racemase
activity were assayed using a p-amino acid oxidase assay (27).

The protein concentration was determined according to the method of Brad-
ford (9), with bovine serum albumin as the standard. Specific activity was defined
as the number of nanomoles of product formed at 37°C per minute per milligram
of protein contained in the extracts.

Nucleotide sequence accession number. The sequence of vanN was submitted
to GenBank and was assigned accession number JF802084.

RESULTS AND DISCUSSION

Characterization of E. faecium UCN71 and UCN72. E. fae-
cium UCNT71 and E. faecium UCN72 were isolated from a
blood culture and a rectal swab, respectively. The patient was
diagnosed with Burkitt’s lymphoma and had received vanco-
mycin for 26 days. Clinical isolates UCN71 and UCN72 were
identified as E. faecium by conventional tests and by PCR of
the p-Ala:p-Ala ligase ddl gene. Both strains were susceptible
to ampicillin and constitutively resistant to erythromycin (MIC,
>256 pg/ml) and to low levels of vancomycin (MIC, 16 pg/ml)
but remained susceptible to teicoplanin (MIC, 1 pg/ml). No
PCR products were obtained using primers specific for the
previously described glycopeptide resistance ligases, suggesting
that both strains were resistant to vancomycin by acquisition of
a new glycopeptide resistance determinant. Since PFGE anal-
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ysis showed that the restriction profiles of strains UCN71 and
UCN?72 were indistinguishable (data not shown), further ex-
periments were conducted with only the blood isolate UCN71.
MLST indicated that strain UCN71 was of sequence type
ST240, which does not belong to the well-characterized clonal
complex 17 (CC17) in which hospital-adapted and epidemic
E. faecium strains cluster (23, 37). Consistent with this ob-
servation, the antibiotic susceptibility profile of UCN71, in
particular susceptibility to ampicillin and fluoroquinolones,
differed from the usual multidrug resistance profile of van-
comycin-resistant E. faecium CC17 responsible for hospital
outbreaks.

Identification of the vanN gene. The E. faecium ddl gene has
a Xhol restriction site that is absent from all previously de-
scribed glycopeptide resistance ligase genes. After total
UCN71 DNA was digested with Xhol, PCR was performed
with the V1 and V2 primers and the ca. 600-bp fragment
obtained was cloned into Escherichia coli and sequenced. The
deduced sequence was compared with those of the E. faecium
Ddl ligase and of the resistance p-Ala:p-Lac and p-Ala:p-Ser
ligases. Among the clones analyzed, one had a sequence dis-
tantly related to that of the ligase of E. faecium but displayed
65% identity with the corresponding portion of VanL and, to
a lesser extent, homology with other p-Ala:Dp-Ser ligases (Table
3). The upstream and downstream regions were sequenced
following TAIL-PCR, and the new gene was named vanN.
Identity between VanN and VanC, VanE, VanG, and VanL
ligases varied from 41% to 65% (Table 3). All the motifs
conserved in the p-Ala:p-Ser ligases were present (17, 39). The
EKYQ motif, involved in serine recognition, was present at
residues 252 to 255 of VanN. Phylogenetic analysis of the
glycopeptide resistance ligase, which allows clustering of the
D-Ala-D-Lac or pD-Ala-D-Ser resistance types, enabled assign-
ment of VanN to the p-Ala:p-Ser group ligases (Fig. 1).

Characterization of the vanN operon. A 6,750-bp sequence
was obtained from both sides of the vanN gene using a series
of degenerated primers or primers designed for TAIL-PCR.
Based on the homology of the deduced sequences to those of
proteins encoded by the vanC, vanE, vanG, and vanL gene
clusters (Table 3), open reading frames (ORFs) vanN,
vanXYy, vanTy, vanRy, and vanSy were identified (Fig. 2).

1 VanC2
0.38 VanCl
0.95 VanL
VanN
VanE
VanG
1 —_—VanD

1 08 VanA
0.57 I E VanM
VanB
0.2

FIG. 1. Phylogenetic analysis of vancomycin resistance ligases.
Branch support values are indicated on the phylogram. The neighbor-
joining method (34) was used for sequence comparison. Phylogenetic
analysis was conducted using MEGA 4 (35).
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Py

vanN vanT )y vanRy

' e A _ 6750

TICGCA-N ;- TAGCGTAAACTGAA-N,5-ATG

FIG. 2. Schematic representation of the vanN operon. Identified
—35 and —10 regions are underlined in the P, promoter region. The
transcription start site is indicated in boldface.

The genetic organization of the vanN operon was similar to
that of the vanC, vanE, and vanL gene clusters (14).

VanXY, exhibited 61% identity with VanXY, (Table 3)
and contained all the conserved active-site residues of other
VanXY proteins that display bifunctional p,p-dipeptidase and
D,D-carboxypeptidase activities (32).

The third 2,103-bp vanTy gene putatively encoded a protein
similar in length and sequence (52% identity) to VanTc (the
racemase of the vanC operon). The N terminus of VanTy
contained 10 predicted hydrophobic transmembrane domains
homologous with those of VanT (data not shown) that are
likely to be involved in the transport of L-Ser (3). The C
terminus of VanTy contained a 13-amino-acid pyridoxal at-
tachment site that binds the phosphate pyridoxal cofactor re-
quired for racemase activity (1; also data not shown). In the
vanL gene cluster, the transmembrane and racemase domains
are located on two adjacent vanTm, and vanTr, genes_respec-
tively (8). The hydrophobic transmembrane and racemase do-
mains of VanTy displayed 50% and 54% identity with those of
VanTm, and VanTr,, respectively.

The last two deduced proteins, VanRy and VanSy, were
similar to VanR- and VanS-type proteins, of which the two-
component regulatory systems found in the van gene clusters
are comprised. Deduced protein VanRy, exhibited 74% iden-
tity with VanR; and VanR. and contained the conserved
residues (D10, D53, and K102) found in response regulators
from two-component systems in Gram-positive bacteria (28).
Deduced protein VanSy exhibited 61% identity with VanS;
and contained the five conserved amino acid motifs (H, N, G1,
F, and G2 boxes) of the C-terminal transmitter modules of the
VanS sensors (21). The H block is responsible for both auto-
phosphorylation and kinase/phosphatase activities, and G1 and
G2 correspond to ATP binding blocks (14). In addition, the
VanSy N-terminal region contained two transmembrane do-
mains characteristic of the sensor proteins in two-component
systems (Fig. 3) (4). Noticeably, VanSy had a serine at position
156, in the H box close to the autophosphorylation site, instead
of a proline found at the corresponding position in the other
VanS proteins (Fig. 3 and data not shown). Amino acid sub-
stitutions in the H domain of VanSg were previously shown to
be responsible for constitutive resistance (13, 14). Since de-
phosphorylation of VanRy is required to prevent transcription
of the resistance genes, impaired dephosphorylation of VanRy
by VanSy leads to constitutive expression of the vanB cluster
(14). Similarly, the substitution in VanSy may affect its phos-
phatase activity and is likely to be responsible for constitutive
expression of resistance. Moreover, VanSy, exhibited a glu-
tamine in position 204 instead of an arginine as in VanS;
VanS. and VanSg (Fig. 3). This replacement could play the
same role as the R, L substitution associated with the consti-
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tutive expression of resistance in VanS. from E. gallinarum
(29). These data are consistent with growth curves in the pres-
ence of vancomycin that are similar for induced and nonin-
duced cells (data not shown) and analyses of peptidoglycan
precursors and D,D-peptidases and racemase activities (see be-
low) that indicate constitutive vancomycin resistance in E. fae-
cium UCNT71.

A single promoter, Py, upstream from the ligase gene, was
characterized by RACE-PCR (Fig. 2). The presence of the
promoter suggests that similarly to the vanC and vanE oper-
ons, the genes for the two-component system are cotranscribed
with the resistance genes (14, 29).

Characterization of peptidoglycan precursors. To analyze
the cytoplasmic peptidoglycan precursors, cultures of E. faeca-
lis BM4518 and E. faecium UCN71 grown in the presence (4
wg/ml) or in the absence of vancomycin were incubated with
ramoplanin to inhibit cell wall synthesis after formation of the
precursors. In BM4518 and in the absence of vancomycin,
UDP-MurNAc-pentapeptide(Ala) was the main precursor syn-
thesized, whereas incubation with vancomycin led to an in-
crease in the production of UDP-MurNAc-pentapeptide(Ser)
but not to elimination of UDP-MurNAc-pentapeptide(Ala)
(Table 4). No UDP-MurNAc-tetrapeptide was detected. These
data confirm that resistance to vancomycin can be induced in
BM4518 by production of precursors terminating in D-Ala-D-
Ser (12). In contrast, E. faecium UCN71 synthesized UDP-
MurNAc-pentapeptide(Ala) and UDP-MurNAc-pentapep-
tide(Ser) precursors in equal amounts, even in the absence of
induction, indicating constitutive expression of the resistance
genes (Table 4). UDP-MurNAc-tetrapeptide (44 to 47%) was
also present, due to the p,D-carboxypeptidase activity of the
bifunctional VanXY, enzyme that removes the ultimate p-al-
anine of UDP-MurNAc-pentapeptide(Ala). This b,pD-carboxy-
peptidase acts if the elimination of p-Ala-p-Ala by the D,D-
dipeptidase activity of VanXYy is incomplete (7). Similarities
could be observed when comparing the proportions of precur-
sors in strain UCN71 with those in VanG- and VanC-type
strains (12, 29). Persistent UDP-MurNAc-pentapeptide
(Ala) synthesis was previously described in the VanG
peptidoglycan analysis, and an important rate of UDP-MurNAc-
tetrapeptide synthesis was characterized in a VanC phenotype
(12, 29).

p,p-dipeptidase and p,p-carboxypeptidase activities. Expres-
sion of the resistance genes in E. faecium UCN71 was studied
by analysis of the p,D-dipeptidase and D,D-carboxypeptidase
activities of VanXYy, which were assayed by determining the
amount of p-Ala released from hydrolysis of the dipeptide
D-Ala-p-Ala and of the pentapeptide UDP-Mur-NAc-L-Ala-y-
D-Glu-L-Lys-D-Ala-D-Ala, respectively (Table 5). The p,b-di-
peptidase activity VanX was measured after centrifugation at
100,000 X g in the supernatants of lysed bacteria that had been
grown in the absence or in the presence of 4 wg/ml of vanco-
mycin as an inducer. In E. faecium UCN71, the p,b-dipeptidase
activity in cytoplasmic extracts was at a high level and was
constitutive as in BM4174 (VanC) (31) and in contrast to that
in BM4405 (VanE) (18) and BM4518 (VanG) (12), which
displayed weak and inducible activity. The Dp,b-carboxypepti-
dase activity in cytoplasmic fractions of UCN71 was also con-



4610 LEBRETON ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

VanSN LENELNDP@IKRIEILRNVSWVLLAIGIYGGV------ LLLFLFRLQTEREDBE L 54

VanSL MSAETTTIKOMETKNL IGLSMLAYLVEE —————— TILIIMRNEQUDETIHZTMRVI S4

VanSC —--——=---——m————mm oo MLIIIP------ VREVAGMRNINGE VA3 TMOTI 28

VanSG -MDSDYTQEOTKIBIRTAVVLFGAFALISASESLLSGHFSRAVVGILE IJKDYEKALVV 59

VanSE ----MKNN@TVOMTKKEFY@EMIIITTILVILP---——- f#vaxkvFLSLEY 50

VanSN RTLYIRFNEIGLVSS LIMITLVHI FELHG TRIT! L 114
VanSL HFFYRLENFEGIWIfREv WL FVFEL FEVMATMGHeRK QT E L 114
vanSC RLEVDYWLHC-- LIV S TRy I YR SIHANS THO 86

VanSG YTYVFRDNKEWEV FVSFI§LRLYLKGET INRGIN 119
VanSE YILNR--S@GVWRIVTPLEEwEI @Y MFFREKMESIIERM I VERRS 108

_Hx
VansN OBNR AAKYAEQRKNDLIVYLAHDL JIGY 171
VanSL AEQRKNDLIVYLAHDLRTPLT 171
VansC YLAHDLRTPLTSVIG) 143
VansG LAHDLJFTPLT 176
VanSE 168
VansSN 231
VanSL 231
VansC 203
VansG 236
VanSE 228
vansN O/ NAINEhRNAY D) KMERV EDNLIRNAINY S FENET IS S GONLE 291
VanSL SENIBHVE SFIKSLLBPGE EDIIMDESIBAYKESQAT 291
vansc HEOOLOKKV FAT VST EMUNABINNBRINNINE Y PNlS PLRMATISESD-DIL 262
VanSG |EVIBAEEEN CVIBK TV PKM I R CIRANIUOIASIRNN LNty NI = NIER S T TVTONENMVE 296
VanSE |FLEDBeR=@DFKIE PV EVOLN INAFIRAYT IMNMRINENE SNSIT N Dy Th< T BFV DEKVYV 288
Gl F G2

NESISINIE b T NI T Tl Pl K NI T FE P FYRYDT SRSERITGGTGLG LY INYKII VEARGGH T BIASEN RN
VanSL FI 7L PREK LRI FERFYRQDTSRS s VS sl 351
NES (RN o8 T I PlE KRS 1 FE P FY RUDASRATITGGTGLGLIIAKE I VEAM EERD 322
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FIG. 3. Alignment of deduced amino acid sequences of VanSy (E. faecium UCN71) VanS; (E. faecalis N06-0364), VanSc (E. gallinarum
BM4174), VanSg; (E. faecalis BM4518), and VanSg, (E. faecalis N00-410). Identical residues are marked in black, conserved amino acid motifs of
histidine kinases (H, N, G1, F, and G2) are indicated by solid lines, and VanSy predicted hydrophobic transmembrane domains are indicated by
dotted lines. The P,5,S and R,,,Q substitutions in VanSy are indicated by asterisks.

TABLE 4. Cytoplasmic peptidoglycan precursors synthesized by
E. faecium BM4158 (vanG) and E. faecium UCN71 (vanN)

Amount (%) of indicated
peptidoglycan precursor”

Strain Culture® UDP- UDP-
UDP-MurNAc- MurNAc- MurNAc-

tetrapeptide pentapeptide  pentapeptide
(p-Ala) (p-Ser)
BM4518  Uninduced <1 97 £1 3+1
Vancomycin 1x3 533 46 = 4
UCNT71 Uninduced 473 29 £1 28+ 1
Vancomycin 44 = 4 24 *+1 32x2

¢ Four micrograms per milliliter of vancomycin was used.
b Peptidoglycan synthesis was inhibited by the addition of ramoplanin to the
cultures for 15 min (5).

stitutive and was significantly higher than that in the mem-
brane preparations, consistent with the fact that the VanXY
D,D-carboxypeptidase is a cytoplasmic protein.

Racemase activities. VanC-, VanE-, and VanG-type resis-
tances require three proteins: VanC (VanE, VanG) and
VanXYC (VanXYg, VanXY), which respectively catalyze
synthesis of D-Ala-D-Ser and elimination of p-Ala-D-Ala, and
VanT (VanTg, VanTy), a membrane-bound serine racemase
for production of p-Ser. VanTy, serine racemase activity was
detected in the membrane fractions from UCN71, and the
enzyme was constitutively expressed (Table 5). The activity was
similar to that of VanTg in BM4405 (18) except that its ex-
pression was inducible. Serine racemase was synthesized con-
stitutively and was present almost exclusively in the cytoplasm
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TABLE 5. d,d-peptidase (VanXYy) and racemase (VanTy) activities in extracts from E. faecium UCN71
Activity (nmol min~! mg protein~!) of indicated protein or enzyme“
Vancomycin D,D-carboxypeptidase” Membrane fraction p-alanine racemase“
concn (j.g/ml) Cytoplasmic fraction - of D-serine -
of p,p-dipeptidase” Cytoplasmic Membrane " Cytoplasmic Membrane
fraction fraction racemase fraction fraction
0 49+ 6 332 9x2 77 =20 18+ 1 8§12
4 47 =3 28 £ 1 10+ 2 83 =15 183 11+2
8 5210 27+2 10+1 67 =10 12+1 7*1

“ Results are the means * standard deviations obtained from a minimum of three independent extracts.
® p,p-dipeptidase activity was measured in the supernatants of lysed bacteria after centrifugation at 100,000 X g.
¢ p,p-carboxypeptidase and d-alanine racemase activities were measured in the supernatants and in the resuspended pellet fractions after centrifugation of lysed

bacteria at 100,000 X g for 45 min.

4 p-serine racemase activity was measured in the resuspended pellet fractions after centrifugation of lysed bacteria at 100,000 X g for 45 min.

(Table 5), a distribution similar to that in BM4174 (VanC) (2),
BM4405 (VanE) (18), and BM4518 (VanG) (12).

Transferability of vancomycin resistance. Resistance to van-
comycin could be transferred by conjugation from E. faecium
UCNT71 to E. faecium BM4107 at a low frequency (on the order
of 10 ') but not to E. faecalis JH2-2 (smaller than 10~ '). The
presence of the vanN gene cluster was confirmed by PCR in
one transconjugant, designated UCN73, that was resistant to
vancomycin (MIC, 16 pg/ml) and susceptible to teicoplanin, as
expected.

The biological cost related to acquisition of VanN resistance
was evaluated. In the absence of vancomycin, there was a
significant difference (P < 0.05) in the growth of recipient
BM4107 (n = 0.019 = 0.002 min~') and transconjugant
UCN73 (. = 0.009 = 0.003 min ") (data not shown). A recent
study highlighted the major biological cost due to constitutive,
in contrast to inducible, expression of vancomycin resistance in
enterococci (19). In the transconjugant, the biological cost may
be due to acquisition of the mobile genetic element or consti-
tutive expression of resistance to vancomycin by the vanN gene
cluster, or both. Although fitness cost is not a barrier to hori-
zontal transfer of VanN-type resistance, it may limit dissemi-
nation of enterococci harboring the corresponding genes.

So far, transfer of p-Ala-p-Ser-type resistance has been re-
ported only in E. faecalis. The corresponding determinants are
chromosomally located and most are not transferable (11).
VanN is the first example of transferable Dp-Ala-D-Ser-type
resistance in E. faecium. A ca. 150-kb plasmid was detected in
E. faecium UCN71 and was cotransferred by conjugation to-
gether with the vancomycin resistance to the recipient strain of
E. faecium BM4147 (data not shown). Plasmid analyses to
characterize the vanN mobile genetic element responsible for
horizontal transfer are in progress.

In conclusion, transferable VanN-type glycopeptide resis-
tance in E. faecium UCN71 was due to constitutive synthesis of
late peptidoglycan precursors ending in D-Ala-D-Ser. The
VanC-, VanL-, and VanE-type resistances are biochemically
and phenotypically similar. VanN expands the so-called Van
alphabet and the capability of enterococci to acquire and to
horizontally transfer vancomycin resistance.
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