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More than One DNA Sequence Encodes the
2"-O-Adenylyltransferase Phenotype
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Biochemical and phenotypic assays indicate that three enterobacterial R plasmids isolated in a single hospital
encode 2"-O-adenylyltransferase [ANT(2')], and an ANT(2")-specific probe was developed from one plasmid.
Southern hybridization revealed the three plasmids to be unrelated and, further, showed their ANT(2")-
encoding genes to be different.

The aminoglycoside-modifying activity 2"-O-adenylyl-
transferase [ANT(2")] was first described in 1971 (2).
ANT(2") has since been shown to be widely distributed in the
United States and abroad (15, 16, 20). ANT(2") confers
resistance to the clinically important antibiotics gentamicin
and tobramycin and is frequently encoded by plasmids from
members of the family Enterobacteriaceae (7). Although
ANT(2") is among the most common plasmid-encoded gen-
tamicin resistances of enteric bacteria (15, 20), little is
known about heterogeneity among ANT(2") genes. An
ANT(2') protein with novel properties has been identified
(5), but since no characterization was made of the gene
encoding it, it remains possible that its gene is homologous
to the more widely distributed ANT(2") gene. The question
of DNA sequence heterogeneity among ANT(2") genes is
important if DNA hybridization methods are to be used for
typing of aminoglycoside resistance genes in the clinical
laboratory.
pSCL14, pSCL29, and pSCL35 are gentamicin R plasmids

that were involved in nosocomially acquired infections at the
Minneapolis Veterans Administration Medical Center (11).
pSCL14 is identical to an epidemic R plasmid that was
introduced to the Minneapolis Veterans Administration
Medical Center in 1975 and was responsible for an outbreak
of gentamicin resistance that persists at the hospital to date
(8, 10, 11, 19). On a molecular level, pSCL14 differs notic-
ably from pSCL29 and pSCL35. As determined by summing
the sizes of their restriction fragments, the sizes of pSCL14,
pSCL35, and pSCL29 are approximately 85, 123, and 48
kilobases, respectively (S. C. Lee, unpublished data). Addi-
tionally, the pSCL29 and pSCL35 restriction patterns differ
greatly from one another and from that of pSCL14 (11). In
this paper, we investigate the relatedness of the three
plasmids and the relatedness of their gentamicin resistance
genes by biochemical and molecular means.
We cloned the pSCL14 gentamicin resistance gene on a

3.3-kilobase HindIlI fragment. Transformed Escherichia coli
MC1000 (4) containing the resultant chimeric plasmid
pSCL36 were selected directly on L agar containing 5 ,ug of
gentamicin per ml. Figure 1 shows the restriction map of the
pSCL36 insert. By a series of subcloning experiments, a
0.1-kilobase fragment, cloned in pSCL53, was identified that
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is internal to the pSCL14 gentamicin resistance gene (Fig. 1).
The cloning vector pBR322 (3) was used in the construction
of all chimeric plasmids except pSCL53. The vector used for
pSCL53 was pUC19 (14).
Both of the commonly used methods for identifying ami-

noglycoside-modifying enzymes, the aminoglycoside resis-
tance pattern method (AGRP) (6, 15, 20) and the aminogly-
coside substrate specificity method (also known as the
phosphocellulose-binding assay [6, 9]), were used to identify
the mechanism of gentamicin resistance of nosocomial and
chimeric gentamicin resistance plasmids. AGRP data (Table
1) indicated the possession of ANT(2") by E. coli 36X3
(pSCL14), 80X4(pSCL29), 178X14(pSCL35), GRC-
1(pSCL36), GRC-2(pSCL48), and GRC-3(pSCL51). 178X14
apparently also possesses 6'-N-acetyltransferase activity.
Substrate specificity data (Table 2) confirmed the presence
of ANT(2") adenylating activity in extracts of 36X3, 80X4,
178X14 and GRC-1. In general, the AGRP and substrate
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FIG. 1. Restriction maps of overlapping inserts of chimeric plas-
mids containing portions of the gentamicin resistance gene of
pSCL14. The ability of each plasmid to confer gentamicin resistance
is indicated at the right. pBR322 (3) was the cloning vector used for
all chimeric plasmids except pSCL53. The pSCL53 vector was

pUC19 (14). Abbreviations: E, EcoRI; H, Hindlll; P, PvuII, S,
SphI. The EcoRI sites of pSCL49 and pSCL53 result from the
addition of EcoRI linkers to PvuII sites (12).
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TABLE 1. Enzymatic modes of aminoglycoside resistance encoded by gentamicin resistance plasmids as determined by aminoglycoside
resistance patterns of E. coli plasmid-beanrng and host bacterial strains

MIC (Lg/Il)a Aminoglycoside-
Strain (plasmid) Sch Sch modifying

GM TOB SISO AMK DKB NET 2'-NET 6'-NET 21420 22591 activity

JC411b 0.50 0.50 0.25 0.50 1.0 0.125 0.50 0.25 1.0 0.50 None
36X3(pSCL14) 16 8 8 0.25 64 0.25 0.50 0.25 0.50 0.25 ANT(2")
80X4(pSCL29) 32 256 8 0.25 128 0.125 1.0 0.50 1.0 2 ANT(2")
178X14(pSCL35) 16 32 16 16 32 64 256 1.0 4 32 ANT(2") +

AAC(6 )c
MC1000d 0.50 0.50 0.25 0.50 1.0 0.25 0.25 1.0 1.0 0.50 None
GRC-l(pSCL36) 32 32 16 0.50 64 0.50 1.0 1.0 0.50 1.0 ANT(2")
GRC-2(pSCL48) 64 64 16 2 256 1.0 1.0 1.0 0.50 1.0 ANT(2")
GRC-3(pSCL51) 64 32 8 2 128 0.50 0.50 1.0 1.0 2 ANT(2")

a Abbreviations: GM, gentamicin; TOB, tobramycin; SISO, sisomicin; AMK, amikacin; DKB, dibekacin; NET, netilmicin; 2'-NET, 2'-N-ethyl-netilmicin;
6'-NET, 6'-N-ethyl-netilmicin; Sch 21420, HAPA-gentamicin B; Sch 22591, 5-episisomicin.

b JC411 is the E. coli host strain (1) used for the nosocomial plasmids in this study.
c AAC(6'), 6'-N-acetyltransferase.
d MC1000 is the E. coli cloning vector host strain (4) used for chimeric plasmids in this study.

specificity data agreed with results typical for ANT(2")-
possessing strains (6, 15, 20). However, 80X4 showed un-
usually high levels of tobramycin resistance relative to its
gentamicin resistance (Table 1). 80X4 extracts also showed
higher levels of tobramycin than gentamicin-adenylating
activity (Table 2); this may be a novel property of the
pSCL29-encoded ANT(2") protein. All resistant strains ex-
hibit some amikacin-adenylating activity (Table 2). Amika-
cin-modifying ANT(2") enzymes have been described (5),
but since extracts of all resistant strains adenylated genta-
micin Cla-(Table 2) and the novel ANT(2") described by
Coombe and George does not (5), the plasmids tested here
probably do not encode that particular novel enzyme. The
gefitamicin resistance gene cloned in pSCL36 is an ANT(2")
gene (Table 1). The 1dw-level butirosin and paromomycin-
adenylating activities it confers (Table 2) may have been
made apparent because of the increased copy number of the
cloned ANT(2") gene. Additionally, pSCL14, pSCL48,
pSCL51, and pSCLS3 hybridize to the previously described
(22) pFCT3103 ANT(2") probe (J. J. Plorde, personal com-
munication). pFCT3103 is derived from pLST1000 (22), an
interdontinentally distributed R plasmid (16). Thus, the
ANT(2") gene cloned from pSCL14 is related to a widely
disseminated ANT(2") sequence.
We examined the relatedness of pSCL14, pSCL29, and

pSCL35 by DNA hybridization. EcoRI digests of the three
plasmids were electrophoresed through 0.7% agarose gels,
transferred to nitrocellulose by the method of Southern (21),

and hybridized to radiolabeled (i.e., nick-translated [18])
pSCL14 or pSCL29. Hybridizations and washes were car-
ried out at 68°C in 2x SSPE (lx SSPE is 1 mM disodium
EDTA, 5.5 mM NaOH, 10 mM NaH2PO4, and 180 mM NaCl
[pH 7.0]). When the digests were hybridized to labeled
pSCL14, only one homologous pSCL35 EcoRI fragment was
detected (Fig. 2, lane A). Three pSCL29 fragments hybrid-
ized faintly to the pSCL14 probe (lanes C and D). Only one
pSCL14 fragment hybridized to labeled pSCL29 (lane F).
pSCL35 did not hybridize to the pSCL29 probe (lane E).
These results indicate that the three nosocomial plasmids are
not closely related and suggest that the three plasmids were
introduced to the Minneapolis Veterans Administration
Medical Center independently.
We then investigated the homology of the pSCL29 and

pSCL35 ANT(2") genes to that of pSCL14. Southern trans-
fers ofEcoRI digests ofpSCL14, pSCL29, and pSCL35 were
prepared and hybridized to the radiolabeled pSCL53 insert.
Hybridization and washes were performed at low stringency
(15 x SSPE, 680C), which would give hybridization at Tm -

60°C (13) with E. coli DNA (51% G+C [17]). Neither
pSCL35 nor pSCL29 hybridized to the pSCL53 probe (Fig.
3, lanes A and C). Therefore, the pSCL35 and pSCL29
ANT(2') genes differ in DNA sequence from the pSCL14
gene. Considering the very low stringency, it is likely that
the amino acid sequences of the pSCL29 and pSCL35
ANT-2" proteins differ from that of the pSCL14 protein as
well. Furthermore, the pSCL29 gene differs from the

TABLE 2. Aminoglycoside adenylyitransferase activities in osmotic-shock extracts of E. coli host and plasmid-bearing strains to a
battery of aminoglycosides

Phosphocellulose-bound cpm of 14C-labeled ATP (% relative activity)a for:
Aminoglycoside-

Strain (plasmid) Control assay adenylating
with no Gentamicin Cla Kanamycin A Tobramycin Amikacin Butirosin Paromomycin enzyme

aminoglycoside

JC411b 265 (NDc) 548 (ND) 336 (ND) 524 (ND) 412 (ND) 364 (ND) 206 (ND) None
36X3(pSCL14) 314 (22) 1,452 (100) 739 (51) 1,739 (120) 941 (65) 339 (23) 320 (22) ANT(2")
80X4(pSCL29) 127 (5) 2,707 (100) 6,069 (224) 5,955 (220) 1,517 (56) 698 (26) 257 (9) ANT(2")
178X14(pSCL35) 123 (7) 1,652 (100) 3,445 (209) 3,399 (206) 1,013 (61) 325 (20) 257 (16) ANT(2")
MC1000(pBR322)d 209 (Nt)) 426 (100) 337 (ND) 285 (ND) 244 (ND) 358 (ND) 238 (ND) None
GRC-1(pSCL36) 306 (1) 31,862 (100) 14,248 (45) 22,429 (70) 3,331 (10) 1,225 (4) 763 (2) ANT(2")

a Aminoglycoside adenylyltransferase activities are expressed as a percentage of the activity of the same strains to gentamicin Cla.
b JC411 is the E. coli host strain (1) used for the nosocomial plasmids in this study.
C ND, Not determined.
d MC1000 is the E. coli cloning vector host strain (4) used for chimeric plasmids in this study.
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FIG. 2. Southern transfers of EcoRI-digested p
and pSCL35. Lanes A to D were hybridized to in
lanes E to G were hybridized to intact pSCL2'
solution containing 2x SSPE at 68°C. Lanes H tc
drawings of EcoRl cleavage patterns (11). Al
equimolar amounts of plasmid except lane D, v

10-fold molar excess of pSCL29. Fragment sizes
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pSCL29.
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FIG. 3. Southern transfers of EcoRI-digested p
and pSCL35 hybridized to the 0.1-kilobase inse
aqueous solution containing 15x SSPE at 50°C.
equimolar amounts of plasmid. Fragment sizes
kilobases. Lanes: A, pSCL35; B, pSCL14; C, pS(

H I i pFCT3103 ANT(2") probe (22; Plorde, personal communica-
tion).

In summary, pSCL14, pSCL29, and pSCL35 are very
dissimilar R plasmids, which were probably introduced to
the Minneapolis Veterans Administration Medical Center
independently of one another. Both AGRP and aminoglyco-
side substrate specificity data indicate that all three encode

-- gentamicin resistance by ANT(2"). However, only the
ANT(2") gene of pSCL14 is highly homologous to the widely

- disseminated ANT(2") gene. The ANT(2") genes of pSCL29
- and pSCL35 differ significantly in sequence from the

- pSCL14 gene. The observation that pSCL35 does not hy-
bridize to radiolabeled pSCL29 (Fig. 2, lane E) suggests that
the ANT-2" genes of pSCL29 and pSCL35 may also differ in
sequence from one another.

- This is the first clear demonstration of DNA sequence
heterogeneity among ANT(2") genes. The pSCL14 ANT(2")

- gene is probably related by descent to the widely distributed
ANT(2") gene (16, 22). If the pSCL29 or pSCL35 genes are

- likewise related to the widely distributed gene, the relation-
- ships are distant. Perhaps not all ANT(2") genes have a

common ancestor. In addition to those described here, still
other ANT(2") genes might exist. For instance, the relation-

SCL14, pSCL29, ship between the ANT(2") genes discussed here and the gene
tact pSCL14 and encoding the novel ANT(2") enzyme described by Coombe
9 in an aqueous and George (5) has not yet been tested.
) J are schematic The frequency at which novel ANT(2") genes like those of

lvhich contains a pSCL29 and pSCL35 occur is uncertain. Since typing of
are indicated in aminoglycoside-modifying genes by AGRP and DNA hy-
L29; D, pSCL29; bridization methods are reported to agree well (20), it is
5; I, pSCL14; J, likely that novel ANT(2") genes are rare. However, this

situation could change over time. Therefore, methods for
identifying aminoglycoside-modifying genes of clinical iso-
lates by DNA hybridization will have to take into account

SCL29 did not our observation of DNA sequence heterogeneity among
iown), although ANT(2") genes.
"') gene (Fig. 1).
bridize to the

,SCL14, pSCL29,
rt of pSCL53 in
All lanes contain
are indicated in
L29.
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