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A wild-type strain ofStaphylococcus aureus, which inactivates a wide variety
of aminoglycosides (exceDt the gentamicin comDonente), has been found to
harbor a plasmid (RApOl) that mediates the biosynthesis of a nucleotidyltrans-
ferase. This enzyme modifies the 4'-hydroxy function of these antibiotics. The
plasmid has been studied, the enzyme responsible for this resistance pattern has
been isolated by affinity chromatography, and its kinetics and physicochemistry
have been characterized. The target of this enzyme has also been located by
demonstrating the structure of one inactivated compoun

A wide variety of plasmid-mediated enzymes
that inactivate aminoglycosides by three types
of reactions has been found in gram-negative
bacteria (1, 11). Until recently, resistance of
gram-positive bacteria to aminoglycosides has
scarcely been examined; however, inactivation
of kanamycin by a resistant strain ofStaphylo-
coccus aureus has been reported (5). This phe-
nomenon was later demonstrated to be plasmid
mediated (16). A lividomycin phosphotransfer-
ase has also been isolated from S. aureus
strains (7). The phosphorylated product of this
drug was found to be identical to that ofEsche-
richia coli carrying an R plasmid that confers
lividomycin resistance (8). Recently (15), a new
plasmid has been found in another strain of S.
aureus. It directs the inactivation of a wide
variety of aminoglycosides by acetylation and
adenylation (F. Le Goffic and A. Martel, un-
published data). We have also described re-
cently a strain of S. aureus harboring a new
nucleotidyltransferase that has been partially
characterized; however, the origin of this en-
zyme was not clearly demonstrated (F. Le
Goffic, B. Baca, C. J. Soussy, and J. Duval,
Ann. Microbiol. Inst. Pasteur, in press).
We now report the characterization of a plas-

mid-mediated nucleotidyltransferase obtained
from another clinical isolate of S. aureus. This
strain is strongly resistant to paromomycin,
neomycih, butyrosin, kanamycin, and tobra-
mycin and slightly resistant to lividomycin and
amikacin, but susceptible to gentamicin compo-
nents. A plasmid mediating this resistance, re-
ferred to as RApOl, has been identified by ultra-

centrifugation and "curing" experiments (2).
The aminoglycoside-modifying enzyme has
been isolated, purified by affinity chromatogra-
phy, and characterized.

MATERIALS AND METHODS
Bacterial strains. The resistant strain, an S. au-

reus referred to as ApOl, was a Chapman-positive
and coagulase-positive strain; it had been isolated
from an abscess and blood culture in the Hospital of
Aix (France). Another strain of S. aureus (RN1304)
was used in this study; it carries a tetracycline re-
sistance plasmid referred to as T169 (13). "Curing"
experiments were performed as previously described
(2).
Chemicals and antibiotics. ['4C]adenosine 5'-tri-

phosphate (ATP), ['4C]guanosine 5'-triphosphate
(GTP), and [3H]uridine 5'-triphosphate (UTP) were
obtained from the Radiochemical Center, Amer-
sham, England; [3H]thymidine and ['4C]thymidine
were from Commissariat a l'Energie Atomique
(France); ATP, GTP, UTP, and ethidium bromide
were purchased from Calbiochem. The antibiotics
were provided by the following laboratories: genta-
micin, sisomicin, gentamicin A: Unilabo; tobra-
mycin and apramycin: Eli Lilly; kanamycin and
amikacin: Allard-Bristol; neomycin: Upjohn; paromo-
mycin and butyrosin: Parke, Davis & Co.; livido-
mycin: Roger Bellon; ribostamycin: Delalande;
streptomycin and dihydrostreptomycin: Rh6ne-
Poulenc.

Su3ceptibility to aminoglycoside antibiotics. The
minimal inhibitory concentration (MIC) of various
aminoglycoside antibiotics on S. aureus ApOl and
other strains was determined by the agar dilution
method by using a Steer apparatus (104 to 105 bacte-
ria per spot).
Enzymatic assays. The phosphocellulose (1, 11)
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paper binding assay, which uses [14C]nucleotidyltri-
phosphate, was employed in all assays during the
enzyme extraction, purification, substrate studies,
and electrofocusing experiments.
Enzyme preparation. S. aureus ApOl (wild-type

strain and a "cured" susceptible variant) was grown
in Trypticase soy broth (Difco). The cells were col-
lected by centrifugation and washed in buffer "A"
[10 mM MgCl2, 10 mM tris(hydroxymethyl)amino-
methane [Tris], 60 mM NH4Cl, 6 mM f3-mercapto-
ethanol, pH 7.5] at 4°C. The cells were collected
by centrifugation and disrupted by grinding in a
mortar with 2.5 parts (wt/wt) of alumina powder.
Broken cells were suspended in buffer A (2 ml/l
g), and cell debris were removed by centrifugation at
20,000 x g for 30 min. The enzyme was purified by
ultracentrifugation of the supernatant for 2 h at
200,000 x g, followed by affinity chromatography on
a column of immobilized kanamycin (10, 12), or di-
rectly by affinity chromatography as shown in Fig.
1.

Isolation of RApOl plasmid DNA. For isolation of
deoxyribonucleic acid (DNA) the resistant strain
and a susceptible clone "cured" ofRApOl were grown
in Trypticase soy broth and labeled for two genera-
tions in midlog phase with [3H]thymidine and
1'4C]thymidine, respectively. A culture of strain
RN1304, carrying the T169 plasmid for tetracycline
resistance, was also labeled with ['4C]thymidine.
The cells were washed and treated by lysostaphin in
2.5 M NaCl (pH 7.0), as described by Novick and
Bouanchaud (13), and then lysed with Sarkosine
(Sigma) (6). The lysates were sheared with a 5-ml
syringe equipped with a B-D Yale microlance (21G1/
2) and then mixed with cesium chloride plus ethid-
ium bromide (4). These mixtures were centrifuged
for 48 h at 42,000 rpm in a Beckman 5OTi fixed-angle
rotor (L2-65B Spinco ultracentrifuge). The resistant
gradients were collected, and 10-,ul portions were
counted in 8 ml of a butyl-PBD-toluene-Triton X-100
scintillation liquid. In other cases, drops from the
gradients were collected on 2.4-cm glass-fiber filters

FIG. 1. Elution pattern of nucleotidyltransferase
on Sepharose-immobilized kanamycin; (-) ab-
sorbance at 280 nm; (---) enzymatic activity. The
experiment was performed with a crude extract of S.
aureus. Elution was performed with a gradient of
magnesium chloride: the enzyme was eluted with
0.22 M magnesium chloride.

(Whatman GF/C), which were dried and then
washed twice in 5% trichloroacetic acid and twice in
95% ethanol and dried again. They were then
counted in an Intertechnique scintillation counter.

Sucrose density gradients. Those fractions con-
taining RApOl or T169 DNA were pooled, and ethid-
ium bromide was removed by five isopropanol ex-
tractions. DNA samples were dialyzed twice against
10-2 M Tris-10-3 M ethylenediaminetetraacetic acid
(pH 7.5). Convenient volumes of RApOl (3H) and
T169 (14C) were mixed and layered onto 10 to 30%
neutral sucrose gradients in 10-2 M tris, 10-3 M
ethylenediaminetetraacetic acid, and 1 M NaCl
(pH 7.4) and then sedimented at 20°C in a Beckman
SW41 rotor at 45,000 rpm for 2 h. In other experi-
ments, 5 to 20% sucrose gradients were used and
sedimented for 1.5 h. The gradients were collected
by dripping onto filters and counted as previously
described.

Electrofocusing determination. The isoelectric
point of the enzyme was determined using an LKB
apparatus. The ampholines had a pH range from 3 to
10. The maximum energy applied to the column was
1.5 W. The enzymatic activity was located by using
tobramycin and butyrosine B as substrates and
['4C]ATP as coenzyme.

Structural determination. The proton magnetic
resonance and 13C spectra were determined in D20
at 90 mHz using a Brucker Instrument. The mass
spectra were determined on a MS30 spectrometer at
28 eV and 200°. Per N-acetylated and per O-silylated
derivatives were prepared (4) and used in this study.

RESULTS
The resistance pattern of S. aureus ApOl to

deoxystreptamin antibiotics is shown in Table 1
and compared with patterns of resistance con-
ferred by reference plasmids that mediate inac-
tivation ofaminoglycoside antibiotics. This pat-
tern is unusual and different from that associ-
ated with any of the previously described mech-
anisms of aminoglycoside inactivation (9).

Extracts of S. aureus ApOl were prepared
and assayed for their ability to catalyze modifi-
cation of tobramycin, kanamycin, and other
aminoglycosides. With ['4C]ATP as cofactor, it
was found that an adenylphosphotransferase
activity was present in the enzymatic prepara-
tions, whereas neither phosphorylation nor ace-
tylation activity was detected.
The enzyme preparation was found to be sta-

ble on repeated freezing and thawing and could
be purified by affinity chromatography on a
column of Sepharose 4B-kanamycin using a
gradient ofMgCl as eluent (10, 12). The elution
pattern of this enzyme is illustrated in Fig. 1.
This enzyme is plasmid mediated as described
below. We propose ANT(4')I as a designation.

Isolation of plasmid DNA and size of RApOl
DNA molecules. A typical result obtained from
dye-buoyant equilibrium centrifugation can be
seen in Fig. 2a. The wild-type strain DNA gives

VOL. 10, 1976

 by on A
ugust 8, 2009 

aac.asm
.org

D
ow

nloaded from
 

http://aac.asm.org


TABLE 1. MICs of deoxystreptamine antibiotics for S. aureus ApOl and reference plasmidsa
- ~~~~~~~MIC(/Ag/Ml)'

Strainb Rplasmid[ - _____________
BUT LIV NEO PAR KAN TOB GEN SIS AMI

S. aureus ApOl RApOl 64 8 32 128 64 64 0.25 0.25 8
S. aureus ApOl "Cured" 1 2 0.5 0.5 2 0.25 0.25 0.25 1

E. coli K-12 2 4 4 4 1 1 0.5 0.25 1
R176 0.5 2 1 4 8 16 128 64 0.25
R55 2 4 2 4 64 32 64 32 1
R135 2 4 4 4 2 1 64 32 1
R5 2 8 2 4 16 8 0.5 4 2
R112 2 1,000 500 1,000 500 0.5 0.4 0.5 2
JR66 250 4 500 1,000 1,000 128 64 16 ] 4

a S. aureus ApOl is susceptible to all other antibiotics, such as f3 lactamin and pristinamycin.
b The original strains CS2R5, JR66/W677, and LA290 R112 were obtained from H. Umezawa, J. Davies,

and Y. A. Chabbert.
c BUT, Butyrosine; LIV, lividomycin; NEO, neomycin; GEN, gentamicin; SIS, sisomicin; AMI, amikacin.
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FIG. 2. (a) Dye-buoyant density gradient analysis of the DNA of strain S. aureus ApOl carrying plasmid
RApOl ([3H]thymidine; *) and ofa 'cured' susceptible variant (['4C]thymidine; 0). Counts were corrected for
double label. (b) Sedimentation analysis ofRApOI plasmid in neutral sucrose gradient (5 to 20%). Symbols:
(-) RApOI (13H]thymidine labeled); (0) T169 (['4C]thymidine labeled).

rise to a satellite peak, which represents 5%
(±2%) of total DNA. This peak is not observed
in a spontaneous susceptible variant of the wild
type strain.
Analysis of plasmid DNA in neutral sucrose

gradients demonstrated that RApOl molecules
were homogenous in size. After a 12-h dialysis,
no form II (open circles) was observed (Fig. 2b).
The sedimentation constant (and size) of form I
(covalently closed circular) molecules were

determined by using plasmid T169 (19.4S, 1.4
jAm) as a reference. The sedimentation be-
havior of both plasmids can be seen in Fig. 2b.
No detectable difference in velocity and size of
RApOl and T169 was observed in 10 to 30%
sucrose gradients sedimented for 1.5 h (data
not shown). The size of RApOl can be estimated
at 1.4 ,um (molecular weight, 2.7 x 106).
Estimation of the number of copies of

RApOl molecules per genome equivalent. Us-
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ing the size of 1.4 ,um for RApOl molecules and
previous estimations of the amount of chromo-
somal DNA per S. aureus cell (11, 15), we esti-
mated at 50 to 70 the number of copies per cell,
which is a minimum estimate, because a varia-
ble proportion of plasmid DNA is not detected
in the assay procedure.
Preparation and purification of adenyly-

lated tobramycin. The substrate adtivities (Ta-
ble 2) of ANT(4')I suggest that the enzyme
modifies the 4'-hydroxyl group, since the only
compounds that are not substrates are the gen-
tamicin components (gentamicin C1, C2, C1a,
sisomicin), whereas gentamicin A remains a

substrate of the enzyme. The fact that neam-
ine, kanamycin A or B, and tobramycin are

also excellent substrates for this nucleotidylat-
ing enzyme further suggests that the modifica-
tion might occur on the 4'-hydroxyl group of
aminoglycoside antibiotics.
To confirm this hypothesis, tobramycin was

inactivated by the S. aureus ApOl enzyme by
incubation with ['4C]ATP. The resulting mix-
ture was purified by ion-exchange chromatog-
raphy, as previously described, and the adeny-
lylated tobramycin was eluted from a Biorex 70
column with 1.5 M NaCl (9). After application
on a second Biorex column (ammonium form)
and elution with 0.14 M ammonium bicarbon-
ate, the product was collected and shown to be
homogenous by thin-layer chromatography on
silica gel.

Properties and structure determination of
adenylyl tobramycin. Thin-layer chromatogra-
phy on silica gel (methanol-ammoniac, 3:1)
showed that 0-['4C]adenylyltobramycin pro-

duced by ANT(4')I was a single component (Rf
-0.6) clearly distinct from tobramycin (Rf
0.35).
Elemental analysis of the inactivated

product was as follows: calculated for
C28H49NI50o0P 5 H20: C 37,92; H 6,70; N 15,79;
P 3,49; found: C 37,37; H 5,91; N 15,55; P 3,11.
This first result suggests that an adenosine 5'-
monophosphate (AMP) residue is introduced on

tobramycin. This is clearly proved by the ultra-
violet spectrum, which has a maximum absorp-
tion at 260 nm.

The proton magnetic resonance spectrum is
quite complex; however, two singlet hydrogen
resonances are observed at 8.6 and 8.4 ppm.
These signals are, respectively, those (H-C2;
H-C8) of the adenine residue. An additional
doublet is present at 6.3 ppm (JH.H: 5 Hz) due to
the anomeric hydrogen of adenosine moiety.
The '3C spectrum has been compared with

those of tobramycin and AMP. The results are
shown in Table 3 and demonstrate clearly that
both residues, tobramycin and adenosine, are

TABLE 2. Efficiency of different aminoglycosides as
substrates for ANT(4 )JIa

Antibiotic 9% Antibiotic adeny-
lylated in assay

Kanamycin B 100
Kanamycin A 45
Amikacin 50
Tobramycin 90
Gentamicin B 70
Gentamicin A 35
Neamine 90
Neomycin B 30
Neomycin C 20
Paromomycin 15
Lividomycin 65
Butyrosin A 80
Butyrosin B 110
Ribostamycin 80
Gentamicin Cl 0
Gentamicin C2 0
Gentamicin CIA 0
Sisomicin 0
Apramycin 0

a All experiments were performed at pH 7.5 for 15
min at 37°C.

TABLE 3. 13C nuclear magnetic resonance signals
with tobramycin, ATP, and inactivated

tobramycina

Tobramycin Inactivated tobra- AMPmycin
159.4
154.8 155.9
152.2 153.3
138.9 149.3
128.2 140.8
99.8 118.9

99.2 99.2
87.5 86.8 87.9
85.9 83.7 85.1
74.03 83.04
73.3 74.4 75.4
71.8 73.8 71.4
71.3 72.4
68.9 68.5
66 66.5 64.4
60.1 64.5
53.9 59.6
50.2 54.3
49.2 52.3
49.0 48.1
41.5 40.8
35.1 30.7
35.9

a Spectra were determined in D20 solution on a
Brucker instrument.

present in the inactivated product. The precise
position of the AMP residue cannot be deter-
mined by this method.
The inactivated product was confirmed as 4'-
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FIG. 3. Structure ofthe two main fragments found in the mass spectrum ofinactivated tobramycin afterper

0-silylation and per N-acetylation.

(O)-adenyltobramycin by the analysis of mass
spectra ofboth per N-acetylated-per O-silylated
tobramycin and the inactivated compound.
The mass spectrum of per N-acetylated-per

O-silylated tobramycin harbors three charac-
teristic peaks at m/e 720, m/e 301, and m/e 211,
which locate, respectively, ion (A-A"), ion (A'),
and an ion coming from the elimination of
trimethylsylanol (TMSOH) in ion (A') (Fig. 3).
The mass spectrum of per N-acetylated-per
O-silylated-inactivated tobramycin reveals two
characteristic peaks at mle 720 and r/e 211.
The peak characteristic of the adenylylated
(A') residue is missing in this spectrum (ion
between brackets of n/e 796). However, this
labile moiety gives, by elimination of AMP
residue, a sharp peak at n/e 211. This proves

clearly that the AMP group is located on the
4'-HO function of the molecule.

Characteristics of the enzymatic nucleoti-
dylation of aminoglycoside antibiotics. A
number of aminoglycosides with 4'-hydroxyl
group were tested as substrates and were found
to vary in their susceptibility to the enzyme
(Table 2). Compounds without the 4'-hydroxyl
function were not substrates. Three cofactors,
[14CIATP, [14C]GTP, and [3H]UTP, were also
used as potential nucleotidyl donors. The re-
sults are summarized in Table 4.
The influence of pH on the activity of this

new nucleotidyltransferase was studied. The
activity was optimum at pH 6 for amikacin and
pH 4.5 for tobramycin (Fig. 4). Such effects
have also been found for AAC(6') and AAC(2')

per N-acetylated

per 0-silylated

M:720

M: 796
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TABLE 4. Efficiency of three cofactors as nucleotidyl
donors for ANT(4')Ia

Cofactors 6% Antibiotic adenylylated
in assay

ATP 100
GTP 144
UTP 76

aAll experiments were performed at 370C for 10
min in veronal buffer (pH 5) containing 10 mM
MgCl2 and 10 mM dithiothreitol. Tobramycin, 5
nmol, was incubated with 50 nmol of cofactor and 20
,ul of the enzyme.
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in susceptible clones. RApOl is a small plasmid
(1.4 ,um, or 2.7 x 106f daltons), which encodes a
nucleotidyltransferase, responsible for the in-
activation of aminoglycosidic antibiotics. Like
other small plasmids in S. aureus, as well as in
coliform bacteria, RApOl appears to replicate
under relaxed control, with a minimal estimate
of 50 copies of plasmid per cell.
The nucleotidyltransferase has been par-

tially purified and examined. The determina-
tion of the isoelectric point of this enzyme by
using two different substrates in the detection
of the activity suggests that the enzymatic
preparation is homogenous. At that stage of
purification, it was possible to compare the effi-
ciency of different substrates to bind covalently
an AMP or a nucleotidyl residue. The results,
which are summarized in Table 2, show that
there are requirements for the fitting of the
substrates to the active site of the enzyme.
The deoxystreptamine moiety is the first re-

quirement for the compound to be a substrate:
streptomycin, dihydrostreptomycin, or apramy-
cin are not adenylylated. A number offunctions
appear also to be important. The 2'-amino
group, found, for instance, in kanamycin B or
tobramycin, apparently promotes esterifica-
tion; kanamycin A, which lacks this function at
the 2' site, is not a very good substrate for this
enzyme. The enzyme has another striking fea-
ture. An hydroxyaminobutyric acid arm lo-

FIG. 4. pH dependence of adenylation reactions
with ANT(4'9l. Reaction mixtures were prepared at
the indicated pH using the appropriate veronal
buffer. Symbols: (0) amikacin; (A) neomycin; (x)
tobramycin; (-) kanamycin B.

and are not clearly explained.
The isoelectric point of the enzyme was also

determined. The enzymatic activity was located
by using two antibiotics. Its value was pI 5.1
(Fig. 5).

DISCUSSION
S. aureus ApOl is a naturally occurring

strain highly resistant to five classical amino-
glycosidic drugs (kanamycin, neomycin, paro-
momycin, tobramycin, and butyrosine) and
slightly resistant to lividomycin and amikacin.
The gene(s) which mediates resistance to these
antibiotics has been shown to be located on a
plasmid, referred to as RApOl. The resistance
characters are lost spontaneously and simulta-
neously at a rather high frequency (10-2 to 10-3
per cell). No extrachromosomal DNA is found

.0 2

It\
5 I-- pa

1, -
1 --IA\

IOso0 70 fol*

FIG. 5. Isoelectric point determination of
ANT(4')I. Enzymatic activity was detected by the
chemical phosphocellulose paper binding assay. En-
zymatic activity found with tobramycin (---); enzy-
matic activity found with butyrosine ( ).
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cated on the 1-NH2 function, which until now
made amikacin resistant to almost every en-
zyme known, is ineffilcient in the enzymatic
assay: amikacin is as good a substrate as kana-
mycin A, and ribostamycin is a worse substrate
than butyrosine A or B. The structure of the
nucleotidyl donor is not very critical; ATP,
GTP, or UTP is well recognized by the en-
zyme, as shown in Table 4. A comparison of
Tables 1 and 2 shows an apparent paradox for
lividomycin and amikacin resistance. S. aureus
ApOl is slightly resistant to these antibiotics,
but these drugs are adenylylated to the same
extent as butyrosine. This can perhaps be ex-
plained by the fact that the MIC values are
dependent not only on substrate susceptibility
and rate of enzymatic inactivation, but also on
the rate of accumulation by the whole cell.

It can be concluded that the plasmid-me-
diated enzyme described here represents a new
class of nucleotidyltransferases, which are able
to inactivate aminoglycosides possessing a 4'-
hydroxyl group, even if they harbor an hydrox-
yaminobutyric acid arm residue at the 1-amino
site.
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