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A novel gene encoding an aminoglycoside 3-N-acetyltransferase, which confers resistance to gentamicin,
astromicin, and sisomicin, was cloned from Pseudomonas aeruginosa Stone 130. Its sequence was determined
and found to show considerable similarity to an aac(3)-I gene previously cloned from R plasmids from
Enterobacter, Pseudomonas, and Serratia spp. We have designated the genes from the R plasmids and this work
aac(3)-1a and aac(3)-1b, respectively. The two aac(3)-I genes share 74% nucleotide identity, and their deduced
protein products are 88% similar. These data suggest that the genes derive from a common ancestor. Homology
between the flanking sequences of both aac(3)-I genes and other resistance determinants known to reside in
integron environments was also observed. Intragenic probes specific for either aac(3)-Ia or aac(3)-Ib were used
in hybridization studies with a series of gentamicin-, astromicin-, and sisomicin-resistant clinical isolates. Of
59 clinical isolates tested, no isolates hybridized with both probes, 30 (51%) hybridized with the aac(3)-Ia
probe, 12 (20%) hybridized with the aac(3)-1Ib probe, and 17 (29%) did not hybridize with either probe. These
data suggest the existence of at least one other aac(3)-I gene.

The three mechanisms by which bacteria become resistant to
aminoglycoside antibiotics are (i) target site modification
within the bacterium, (ii) diminished uptake, and (iii) enzy-
matic modification of the drug. For aminoglycosides, enzy-
matic modification is the principle mechanism by which resis-
tance is conferred. Phosphorylating (APH), adenylylating
(ANT), and acetylating (AAC) enzymes compose the three
classes of aminoglycoside-modifying enzymes (7, 22). The
acetyltransferases are a particularly important class of resis-
tance enzymes because of their ability to inactivate many of the
medically useful aminoglycosides, such as gentamicin, tobra-
mycin, amikacin, and netilmicin. Many bacterial aminoglyco-
side acetyltransferases from both human and animal isolates
have been identified, and the sequences of the genes which
encode these enzymes have been determined (30). At present,
10 different genes which encompass five distinct resistance
patterns belonging to the AAC(3) family have been cloned
(30). In addition, four other aac(3) genes have been cloned
from actinomycete strains (17, 26, 27), but their complete ami-
noglycoside resistance profiles have not been determined and
so they can not be further classified.

Acetylation of the 3-N position of gentamicin and sisomicin
was first described by using a partially purified enzyme extract
from Pseudomonas aeruginosa which expressed an AAC(3)-1
resistance profile (2). These experiments showed that inacti-
vation of the aminoglycoside occurred by specific acetylation of
the 3-amino deoxystreptamine moiety. Additional work
showed that astromicin was also a substrate of the AAC(3)-1
enzyme (1).

Among aminoglycoside-resistant clinical isolates, 5 to 10%
express the AAC(3)-I phenotype (9, 20, 31, 34). Whereas
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AAC(3)-I has a broad host distribution among members of the
family Enterobacteriaceae, it appears to be especially prevalent
in Pseudomonas and Acinetobacter strains (9, 20, 29, 31). In
these studies, considerable geographical distribution was ob-
served, including several hospitals in Chile, the United States,
Argentina, central Europe, and southern Europe. In a study of
394 clinical strains expressing AAC(3)-1, 22% failed to hybrid-
ize with an intragenic aac(3)-Ia-specific probe, under hybrid-
ization conditions which would allow detection of approxi-
mately 80% DNA sequence identity (29). These data suggested
the existence of a second gene capable of conferring an
AAC(3)-I resistance phenotype. We report the cloning of a
second gene, aac(3)-1b, isolated from P. aeruginosa, which re-
sides in an integron-related background similar to that of the
aac(3)-Ia gene (34, 39).

MATERIALS AND METHODS

Bacterial strains and plasmids. Table 1 lists bacterial strains and plasmids
used in the cloning experiments. P. aeruginosa Stone 130 is a clinical pathogen
first isolated in 1971 from a burn patient in Atlanta, Ga. (37). The pBluescript IT
plasmids are commercially available cloning vectors (Stratagene, La Jolla, Calif.).
Escherichia coli DH5a (Bethesda Research Laboratories, Bethesda, Md.) was
used as the transformation host and for propagation of plasmids. Strains used for
hybridization studies were clinical isolates collected between 1987 and 1991 from
the following countries: Argentina, Austria, Belgium, France, Germany, Greece,
Italy, Singapore, Spain, the United States, and Venezuela. Strains were grown in
LB Schering broth or agar (Becton Dickinson Microbiology Systems, Cock-
eysville, Md.) with or without antibiotics. Ampicillin (Sigma Chemical Corp., St.
Louis, Mo.) and gentamicin (Schering-Plough Research Institute, Kenilworth,
N.J.) were used at 100 and 10 pg/ml, respectively. Strain identification was
confirmed with the API 20E Enterobacteriaceae system (Analytab Products,
Plainview, N.Y.).

DNA preparation and analysis. Total DNA was prepared from P. aeruginosa
Stone 130 by lysozyme-detergent lysis of overnight cultures followed by RNase
and proteinase K treatment, subsequent chlorpane (chloroform-phenol, 25:1)
extraction, and ethanol precipitation. Alternatively, total DNA was prepared by
overnight preparative cesium chloride ultracentrifugation (18) or by the G
NOME Protocol (BIO 101, Inc., La Jolla, Calif.). Plasmid DNA was prepared
from transformants by using Qiagen kits according to the manufacturer’s instruc-
tions (Qiagen Inc., Studio City, Calif.). Restriction enzyme digests were per-
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TABLE 1. Bacterial host strains and plasmids

Strain or plasmid

Relevant properties®

Origin or reference

Strains
P. aeruginosa Stone 130 Gm" Astm" Siso” Sm" Su" Tc"
E. coli DH5« Gm® Astm® Siso®

Plasmids
pBluescript II KS—
pBluescript IT SK—

Ap" colEl lacZ
Ap* colEl lacZ

37
Bethesda Research
Laboratories

Stratagene
Stratagene

pSCH6001 5.0-kb Sau3Al fragment from Stone 130 cloned into pBluescript II SK—; Gm" Astm" Siso" Ap" This work
pSCH6002 1.5-kb Sau3Al fragment from Stone 130 cloned into pBluescript II SK—; Gm" Astm" Siso" Ap" This work
pSCH6003 5.0-kb fragment from pSCH6001 subcloned into pBluescript II KS—; Gm" Astm" Siso"” Ap" This work
pSCH6006 2.0-kb PstI fragment of pSCH6001 subcloned into pBluescript II KS—; Gm" Astm" Siso” Ap"  This work
pSCH2006 307-bp Aval-HindIII fragment internal to aac(3)-Ia subcloned into pBluescript II KS— 34

“ Gm, gentamicin; Astm, astromicin; Siso, sisomicin; Sm, streptomycin; Su, sulfonamide; Tc, tetracycline; Ap, ampicillin.

formed according to the manufacturer’s recommendations (New England Bio-
labs, Beverly, Mass.). DNA was analyzed by agarose gel electrophoresis in Tris-
borate-EDTA buffer.

Cloning strategy. Total DNA from P. aeruginosa Stone 130 was partially
digested with Sau3Al. The partial digests were ligated into the BamHI site of
pBluescript II SK— by using T4 DNA ligase (New England Biolabs). After
overnight incubation at 9°C, ligation mixtures were used to transform E. coli
DH5a (4). Transformants containing inserts were identified as white colonies on
LB Schering agar containing X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside) (Stratagene) plus ampicillin and/or gentamicin. MIC or disk diffusion
susceptibility testing was performed on transformants according to National
Committee for Clinical Laboratory Standards guidelines (23).

DNA sequencing. Double-stranded sequencing was performed by the dideoxy
method (28) using the Sequenase DNA sequencing kit (United States Biochem-
ical Corp., Cleveland, Ohio). KS and SK primers (Stratagene) were used to
initiate sequencing, and subsequent reactions were primed with 17- to 19-base
oligonucleotides synthetically prepared by Research Genetics (Huntsville, Ala.).
The Genetics Computer Group (Madison, Wis.) Sequence Analysis Software
Package, version 7.3, and the GenBank database (release 88, April 1995) were
used. Alignment of nucleotide and protein sequences was performed with the
Pileup Multiple Sequence Analysis Program software package of the University
of Wisconsin Genetics Computer Group (8).

Hybridization studies. Both dot blot and Southern hybridizations were per-
formed with GeneScreen Plus nylon membranes (NEN Research Products, Bos-
ton, Mass.) as previously described (29). Fragments were labeled with 3P by
using the Pharmacia (Piscataway, N.J.) oligonucleotide labeling kit according to
the manufacturer’s instructions. Unbound label was removed by column chro-
matography on prepackaged Sephadex G-50 columns (5 Prime—3 Prime, Inc.,
West Chester, Pa.). Probes consisted of a 226-bp intragenic SacII-HindIII frag-
ment of the aac(3)-Ib gene (this work) and a 307-bp intragenic Aval-HindIII
fragment of the aac(3)-Ia gene (34) which had been subcloned into pBluescript
II KS—, resulting in pSCH2006 (28a).

PCR studies. Oligonucleotides were obtained from Research Genetics. PCRs
were carried out in 100-pl volumes containing 10 pl of 10X Pfu buffer [200 mM
Tris-Cl (pH 8.5), 100 mM (NH,4)SO,, 20 mM MgClz, 1 mg of bovine serum
albumin per ml, 1% Triton X-100]; 6 ng of each primer; 2 mM (each) dATP,
dCTP, dGTP, and dTTP; 2.5 U of cloned Pfu DNA polymerase enzyme (Strat-
agene); and 2 ng of template DNA. The reaction mix was overlaid with mineral
oil. Cycle times in the thermal cycler were as follows: 1 min of denaturation at
94°C, 2 min of annealing at 55°C, and 6 min of extension at 72°C for a total of
30 cycles. The amplification products were visualized by agarose gel electro-
phoresis.

Nucleotide sequence accession number. The nucleotide sequence presented in
Fig. 1 appears in the EMBL, GenBank, and DDBJ nucleotide sequence data-
bases under the accession number L06157.

RESULTS

Cloning of the aac(3)-Ib gene. Two recombinant plasmids
which conferred resistance to both ampicillin and gentamicin
were obtained (see Materials and Methods). The plasmids
contained 5.0- and 1.5-kb inserts in Bluescript II SK— and
were designated pSCH6001 and pSCH6002, respectively (Ta-
ble 1). The two inserts had overlapping restriction maps, and
the corresponding E. coli transformants displayed a resistance
profile (Gm" Siso” Astm") similar to that of P. aeruginosa Stone

130 (Table 2). Initial studies using stringent hybridization con-
ditions (29) demonstrated that the 307-bp intragenic Aval-
HindllI probe from the aac(3)-Ia gene did not hybridize with
either of the two transformants or P. aeruginosa Stone 130
(data not shown).

Restriction analysis of pSCH6001 and pSCH6002 and
Southern blotting to compare both plasmids with total DNA
from P. aeruginosa Stone 130 showed that in addition to re-
gions of overlap, both inserts contained chimeric sequences.
These chimeric sequences likely resulted from the ligation of
unrelated Sau3Al fragments to the common region of P.
aeruginosa Stone 130, pSCH6001, and pSCH6002 (data not
shown). Subcloning of a 2.0-kb PstI fragment from pSCH6001
into the PstI site of pBluescript II KS— generated plasmid
pSCH6006 (Fig. 1; Table 1). Transformants harboring this
plasmid displayed the same aminoglycoside susceptibility pat-
tern as those harboring the original clone, pSCH6001 (Table
2), indicating that the PstI fragment contained the putative
aac(3)-1Ib gene.

To determine whether expression of the putative aac(3)-1b

10 20 30 40 50 60 70 80
| | | | | | |
1 GATCCTTGACCCGCAGTTGCAAACCCTCACTGATCCGCATGCCCGTTCCATACAGAAGCTGGGCGAACAARCGATGCTCG 80
81 CCTTCCAGAAAACCGAGGATGCGAACCACTTCATCCGGGGTCAGCACCACCGGCAAGCGCCGCGACGGCCGAGGTCTTCC 160
161 GATCTCCTGAAGCCAGGGCAGATCCGTGCACAGCACCTTGCCGTAGAAGAACAGCAAGGCCGCCAATGCCTGACGATGCG 240
241 TGGAGACCGAAACCTTGCGCTCGTTCGCCAGCCAGGACAGAAATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGA 320

321 CGCACACC CGGATGAAGGCACGAACCC: AGCCTGTTCGETT TAATGCAAGTAGCG 400

401  TATGCUGCTCACGCAACTGGTCCAGAACCTTGACCGARCGCAGCGGTGETAACGGCGCAGTGGCGGTTTTCATGGCTTGTT 480
MBT<---intI

=zszzs aac{3)-Ib--->MetLen
481 A’mAcTG’x'rm'l'rGTACAG'[cTATGCC’K:GGGCM‘CCAAGCAGCAAGCGCGTTACGCCGNGGTCGMGTTTGAWHA 560

TrpSerSerAsnAspValThrG1lnGlnGlySerArgProlysThrlysLeuGlyGlySerMetSerIlelleAlaThrval
561 TGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAAC TCAATGAGCATCATTGCAACCGT 640

LysIleGlyProAspGlulleSeralaMet ArghlaValLeuAspLeuPheGlyLysGLuPheGluAspl 1eProThrTyr
641  CAAGATCGGCCCTGACGAAATTTCAGCCATGAGGGCTGTGC TCGATCTCTTCGGCAAAGAGTTTGAGGACATICCAACCT 720

SerAspArgGlnProThrAsnGluTyrLeuAlaAsnLeuleuHisSerGluThrPhelleAlaLeuAlaAlaPheAsp
721 ACTCTGATCGCCAGCCGACCAATGAGTATCTTGCCAATCTTCTGCACAGCGAGACGTTCATCGCGC TCGCTGCTTTTGAC 800

ArgGlyThralalleGlyGlyLeuAlaAlaTyrValleuProlysPheGluGlnAlaArgSerGlulleTyrIleTyrAsp
801  CGCGGAACAGCAATAGGTGGGCTCGCCGCCTACGTTCTACCCAAGTTCGAGCARGCGCCAAGCCAGATCTACATTTATGA 880
Sac1r

LeuhlaValAlaSerSerHisArgArgLeuGlyValAlaThrAlaLeuIleSerHisLeulysArgValalavalGluLeu
881 CTTGGCAGTCGCTTCCAGCCATCGAAGGCTAGGAGTCGCAACTGCCCTGATTAGCCACCTGAAGCGTGTGGCGETTGAAC 960

GlyAlaTyrVallleTyrValGlnAlaAspTyrGlyAspAspProAlavalal, aLeuWr‘I’hrLysLeuGlyVa lArg
961 TTGGCGCGTATGTAATCTATGTGCAAGCAGACTACGGTGACGATCCGGCAGTCGCTCTCTACACAAAGCT AGTT 1040
MII

GluAspValMetHisPheAspl1eASPPrOATGTRIALATNI 4445555553555 5555 >3 >>5>>

1041 GAAGACGTCATGCACTTCGACATTGATCCAAGAACCGCCACCTAACAATTCGTTCAAGCCGAGATC 1106
| | 1 | | | | |
0 20 10 40 50 &n 70 80

FIG. 1. DNA sequence of the 1,106-bp Sau3Al fragment from P. aeruginosa
Stone 130. The predicted sequence of the AAC(3)-Ib protein is indicated above
the sequence of the aac(3)- Ib open reading frame < ——, start sites of the intl and

aac(3)- Ib stop codon w0k, integron recombination site; >>>>, homology w1th
the consensus 59-base element.
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TABLE 2. Susceptibilities of P. aeruginosa and E. coli strains to selected aminoglycosides

MIC (pg/ml) of*:

Organism

GM ASTM SISO TOB AMK ISP NTL APRM NEO
P. aeruginosa Stone 130 >64 >512 >64 1 4 4 8 16 64

E. coli
DH5a =1 =4 0.5 =0.5 =1 =1 =1 =4 =1
DH5a/pSCH6001 32 >512 64 =0.5 =1 =1 =1 =4 =1
DHS5a/pSCH6002 >64 >512 >64 2 4 =1 8 =4 1
DH5a/pSCH6003 16 512 16 =0.5 2 =1 =1 =4 =1
DHS5a/pSCH6006 4 128 8 =0.5 =1 =1 =1 =4 =1

“ GM, gentamicin; ASTM, astromicin; SISO, sisomicin; TOB, tobramycin; AMK,

gene was mediated by its own promoter or by the lacZ pro-
moter of the pBluescript II SK— vector, the insert from
pSCH6001 was excised and religated into the companion vec-
tor pBluescript IT KS—, in which the orientation of the multi-
ple cloning sites is reversed with respect to the lacZ promoter.
The reversed orientation of the insert in pPSCH6003 was con-
firmed by restriction enzyme analysis (Table 1). Both
pSCH6001 and pSCH6003 conferred similar aminoglycoside
resistance levels, suggesting that the insert sequence contains a
functional promoter (Table 2).

DNA sequence analysis. The nucleotide sequence of the
2.0-kb PstI fragment present in pSCH6006 was determined.
The analysis of this sequence confirmed that chimeric se-
quences were present on this clone and that the chimeric
sequences began at Sau3Al sites (GATC), as predicted. The
nonchimeric 1.1-kb portion of this sequence which encodes the
aac(3)-Ib gene and flanking sequence is shown in Fig. 1. PCR
analysis confirmed that the sequence presented in Fig. 1 cor-
responds to the DNA configuration present in P. aeruginosa
Stone 130 (see below). A homology search of this sequence
with the GenBank database identified an open reading frame
from nucleotide 555 to 1082 with 74% identity to the aac(3)-Ia
gene (aacCl) (34, 39). These data suggest that this open read-
ing frame encodes the aac(3)-Ib gene and that the aac(3)-la
and aac(3)-Ib genes derive from a common ancestor.

The GenBank search also showed that the region composed
of residues 1 to 610 is nearly identical to the 5’ conserved
element of an integron previously described (3, 11) (Fig. 1).
This region encodes part of the integrase gene (intl), which is
transcribed in the opposite direction to the putative aac(3)-Ib
gene (Fig. 1). The aac(3)-Ia gene is one of the many resistance
genes that have been shown to be present in an integron
environment (32, 34, 39). The integron has been shown to
catalyze the integration of resistance gene cassettes by site-
specific recombination and to promote expression of these
genes from a common promoter (Pant) in the 5’ conserved
region (5, 32). The Pant promoter is observed between nucle-
otides 357 and 362 (TGGACA; —35 region) and 380 and 385
(TAAGCT; —10 region) (Fig. 1). Except for two nucleotide
substitutions (G for C in the —35 region and G for A in the
—10 region) this promoter matches the promoter described for
the aac(3)-Ia gene (34, 39). This variant sequence has been
observed previously and has been shown to have a 20-fold
decrease in  promoter strength relative to  the
TTGACA: - 'TAAACT version (6, 16). A second potential pro-
moter region, which extends between nucleotides 476 and 481
(TTGTTA; —35 region) and 496 and 501 (TACAGT; —10
region) and corresponds to the P2 promoter for aac(6’)-1a,
oxal, and ant(3")-Ia from R538-1, has been described previ-
ously (34). Since it lacks the GGG sequence abutting the —10
region and has a suboptimal 14-bp spacing between the —35

amikacin; ISP, isepamicin; NTL, netilmicin; APRM, apramycin; NEO, neomycin.

and —10 regions (Fig. 1), it is unlikely that this promoter is
functional (16).

Figure 2 shows the alignment of the 5’ flanking sequences of
the aac(3)-1a and aac(3)-Ib genes, beginning at position 143 of
the aac(3)-1a gene (34) and position 498 of the aac(3)-1b gene
(Fig. 1). The initiation codon for the aac(3)-Ia gene is within a
19-bp direct repeat (34) (nucleotides 209 to 227 and 228 to
246) observed only once in the aac(3)-Ib sequence (Fig. 2).
However, the first 5 nucleotides of this repeat is duplicated in
both the aac(3)-Ia and aac(3)-Ib sequences. This region is part
of the integron 5’ conserved sequence. In addition, the se-
quence GATGTTA, which contains the initiation codon (bold-
face), is repeated three times in the aac(3)-la sequence and
twice in the aac(3)-Ib sequence (Fig. 2). The unique recombi-
nation site into which many resistance genes have been in-
serted has been identified (24, 33, 38), and the crossover point
for this recombination event has been localized to a GTT
triplet (10). This triplet corresponds to nucleotides 272 to 274
of the aac(3)-Ia sequence and nucleotides 608 to 610 of the
aac(3)-1b sequence (Fig. 2).

Genes within an integron environment have been shown to
have a conserved 3’ 59-bp element (3). The 3’ flanking se-
quence of the aac(3)-Ib gene has homology with the 59-bp
element of the integron (3, 10) (Fig. 1).

PCR mapping of the aac(3)-Ib gene. In order to determine
whether the aac(3)-Ib gene was present on an intact integron,
several oligonucleotides were employed in PCR experiments
utilizing P. aeruginosa Stone 130 DNA as a template. The
oligonucleotides listed in Table 3 were used in the combina-
tions shown in Fig. 3 to precisely map the environment of the

143 CAGTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTTACGCCOTGEETCE 192
N
498 CAGTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTTACGCCGTGRETCG 547

aac(3)-Ia

aac(3)-Ib

- - e -
193 ATGTTTGATGTTATGGAGCAGCAACGATATTACGCAGCAGCAACGATGTT 242
[ERRRARAERRRNNNY L

aac(3)-Ia

aac(3)-Ib 548 ATGTTTGATGTTATCG. . ... .vvnenenen... AGCAGCAACGATGTT 578
4+

aac(3)-Ta 243 ACOUAGCAGOGCAGTCGCCCTAAAACARAGTTAGGTGGCTCAAGTATORG 292
R Y X

aac(3)-Ib 579 ACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTAGGTGGCTCA. . .ATGAG 625

E 112

aac(3)-Ia 293 CATCATTCGCACATGTAGGCTCGGCCCTGACCAAGTCARATCCATGCGGG 342
CURIEE 00 U LT e 0 1l

aac(3)-1b 626 CATCATTGCAACCGTCAAGATCGGCCCTGACGAAATTTCAGCCATGAGGG 675

FIG. 2. Nucleotide sequence alignment of the 5’ flanking regions of the
aac(3)-Ia and aac(3)-Ib genes showing the 19-bp direct repeat present in
aac(3)-Ia (-—>) but absent in aac(3)-Ib. Symbols: ##x, integron integration site;
+++, initiation codon. The aac(3)-Ia sequence is numbered according to the
system of Tenover et al. (34), and the aac(3)-Ib sequence is numbered according
to Fig. 1.
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TABLE 3. Oligonucleotides utilized in PCR analysis

Primer a’nd source or Nucleotide sequence (5 to 3") Direction Accession
characteristic no.

A, intl CTACCTCTCACTAGTGAGGGGCGG - X15852
B, intl GCCCTTGCCCTCCCGCACCATG — X15852
C, intl GCCTCGACTTCGCTGCTGCCC — X15852
D, intl GGGCAGCAGCGAAGTCGAGGC «— X15852
E, aac(3)-1b GCGGAACAGCAATAGGTGG — L06157
F, aac(3)-1b CCACCTATTGCTGTTCCGC «— L06157
G, 59-bp box AAGCCGGAGCGCTTTGCGGC <« X15852
H, gacEAI AAGCTTTTGCCCATGAAGCAACCA «— X15370
1, sull GAATGCCGAACACCGTCACC «— X15370
J, glmS-like GCGCTTCTGCACCTGGCCGATG — L06157
K, 3’ flanking region CATGCTCGAACAGCTCGGCG «— L06157

gene. Primer A begins with the termination codon of the int/
gene (antisense strand); primers B, C, and D are from se-
quences within the intl gene; primers E and F are complemen-
tary sequences from within the aac(3)-Ib gene; primer G is

1234567 891011121314

085 -
 — 1 —~ .,
E 2.05—— g
17—
| e N —— 120
: 156
E : 1,674
B9 .
E .
- = 1.34—a
e — ] S
0.80—
Pant P2 GTT 59 box
- g
[ intt [ 2ac(3)-1b) | qacEal N N
- - - - - - -
A B [ E G H [}
- -
D F

FIG. 3. PCR amplification of P. aeruginosa Stone 130 DNA using primers
from aac(3)-Ib and the integron (Table 3). The PCR products were separated by
0.9% agarose gel electrophoresis. (A) Lane 1, size markers; lane 2, primers A
and D; lane 3, primers A and F; lane 4, primers A and G; lane 5, primers A and
H; lane 6, primers A and I; lane 7, size markers; lane 8, primers E and H; lane
9, primers E and I; lane 10, size markers; lane 11, primers B and F; lane 12,
primers B and G; lane 13, primers B and H; lane 14, primers B and 1. (B)
Predicted sizes in kilobases of PCR products obtained by using 17 primer pairs.
(C) Structure of the aac(3)-Ib gene and its environment in P. aeruginosa Stone
130.

from the end and 3’ flanking sequence of the 59-bp box distal
to the aac(3)-la gene; primer H begins at the second HindIIl
site within the gacEAI gene (antisense strand); and primer I is
from the start of the sull gene (antisense strand) (Table 3).
Since a large portion of the intI gene was present on the
aac(3)-1b clone, it was possible to predict the exact sizes of the
PCR products expected if the entire integrase gene was
present upstream of the aac(3’)-Ib gene in P. aeruginosa Stone
130. Both the sull gene (encoding resistance to sulfonamide)
and gacEAI (encoding resistance to ethidium bromide and
quaternary amines) are present downstream of many genes in
an integron environment. Since P. aeruginosa Stone 130 is
resistant to sulfonamide (15), primers H and I were used to test
whether this arrangement was present distal to the aac(3)-Ib
gene. The 17 primer combinations shown in Fig. 3B were
utilized in PCRs, and all yielded PCR products of the pre-
dicted sizes upon amplification. Results of representative PCR
amplifications are shown (Fig. 3A). The resulting structure of
the aac(3)-1b gene in P. aeruginosa Stone 130 as determined by
PCR is shown in Fig. 3C. Primers specific to the sequences
present on the 2.0-bp PstI fragment of pSCH6006 which were
predicted to be chimeric were also designed. These sequences
included a region proximal to aac(3)-Ib on the PstI fragment
which had 60% nucleotide identity with the chromosomal E.
coli glucosamine synthetase gene (glmS) (36) and a region
distal to aac(3)-1Ib on the PstI fragment with no homology to
any sequence in GenBank (Table 3). No PCR product was
detected when these primers and the appropriate aac(3)-Ib
primers (primer combinations J plus F and E plus K) were
used in PCR experiments with P. aeruginosa Stone 130 DNA as
a template (data not shown). These data are consistent with
the conclusion that pSCH6006 contains chimeric sequences
and Fig. 3C represents the true configuration of the aac(3)-Ib
gene in P. aeruginosa Stone 130.

Comparisons of the AAC(3)-Ia and AAC(3)-Ib proteins. The
proteins encoded by at least two genes located in an integron
environment have amino-terminal fusions to sequences en-
coded by the 5’ conserved region. The N-terminal amino acid
sequence of AAC(3)-Ia has been determined (14), and the first
19 amino acids is encoded by integron DNA (Fig. 4). Similarly,
the ANT(3")-Ia protein may also contain an amino-terminal
fusion (3, 13). If translation of the aac(3)-1b gene begins at the
corresponding integron-encoded ATG at positions 555 to 557
(Fig. 1), then the amino acid sequences of AAC(3)-Ia and
AAC(3)-Ib would be 76% identical (Fig. 4). The two proteins
would differ in length by a single amino acid: serine 22 of
AAC(3)-Ia is absent in AAC(3)-Ib, resulting in proteins of 177
and 176 amino acids, respectively (Fig. 4). The predicted mo-
lecular mass of each protein is approximately 19 kDa.
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IIRTCRLGPDQVKSMRAALDLFGRE 50

AAC(3)-Ia 1 ML VT KT
PO LRt vt bosallles UL DDLL:)
AAC(3)-Ib 1 MLWSSNDVTQQGSRPKTKLGG.SMSIIATVKIGPDEISAMRAVLDLFGKE 49
AAC(3)-Ia 51 FGDVATYSQHQPDSDYLGNLLRSKTFIALAAFDOEAVVGALAAYVLPKFE 100
Palaz bl lbas bl s lbed0bsl FLRRENITD = s lalLELEDLLLD
AAC(3)-Ib 50 FEDIPTYSDRQPTNEYLANLLHSETFIALAAFDRGTAIGGLAAYVLPKFE 99

AARC(3)-Ia 101 SEIYIYDLAVSGEHRRQGIATALINLLI YVIYVQADYGD 150

QAR
NN N e e RN AN RNy

AAC(3)-Ib 100 QARSEIYIYDLAVASSHRRLGVATALISHLKRVAVELGAYVIYVQADYGD 149

AAC(3)-Ia 151 DPAVALYTKLGIREEVMHFDIDPSTAT* 178
PEELEVRERE bty i
AAC(3)-Ib 150 DPAVALYTKLGVREDVMHFDIDPRTAT* 177

FIG. 4. Alignment of AAC(3)-Ia and AAC(3)-Ib deduced peptides. Vertical
lines indicate identical amino acids; double dots indicate conserved amino acid
substitutions in the similarity groups (C and Y; D and E; K and R; F, L, W, and
Y;and I, L, V, and M).

Distribution of the aac(3)-Ib gene among clinical isolates.
To determine the frequency and distribution of the aac(3)-Ib
gene among clinical isolates, DNA hybridization studies were
performed. Inspection of the DNA sequence showed unique
HindlIlI and Sacl restriction sites generating a 231-bp fragment
which was internal to the aac(3)-Ib gene (Fig. 1). Similarly, a
307-bp Aval-HindIIl fragment internal to the aac(3)-la gene
was previously identified (34). These two DNA fragments were
isolated and used as probes in hybridization studies of previ-
ously defined clinical isolates harboring the known resistance
determinants aac(3)-la, aac(3)-1b, aac(3)-1la, aac(3)-1Ib, aac(3)-
1lla, aac(3)-11Ib, aac(3)-Vla, aac(6')-la, aac(6')-1b, aac(6')-Ic,
aac(6')-1la, aac(6')-1Ib, aph(3')-la, aph(3')-lla, ant(2")-Ia,
ant(3")-Ia, and aac(6')-aph(2") (30). Hybridization was ob-
tained only with the strain from which the probe was derived
(data not shown). In order to determine the relative frequency
and distribution of each aac(3)-I gene, both probes were used
in hybridization studies with a geographically diverse collection
of 59 clinical isolates previously shown to express an AAC(3)-1
resistance profile (Gm" Astm") (21). Thirty (51%) of the 59
strains tested hybridized with the aac(3)-Ia probe, 12 (20%)
hybridized with the aac(3)-Ib probe, 17 (29%) did not hybrid-
ize with either probe, and no clinical isolates hybridized with
both probes (Table 4). Of the 12 strains that hybridized with
the aac(3)-Ib probe, 11 were Pseudomonas fluorescens and 1
was Acinetobacter calcoaceticus. In contrast, the aac(3)-la
probe hybridized with strains of the following organisms: A.

TABLE 4. Hybridization of clinical isolates with the aac(3)-Ia and
aac(3)-1b probes

No. of strains hybridizing

Bacterial species with probe for: Total no- of
strains
aac(3)-Ia aac(3)-1b
A. calcoaceticus 7 1 17
Enterobacter aerogenes 1 0 1
Enterobacter cloacae 2 0 2
Enterobacter sakazakii 1 0 1
E. coli 1 0 1
Kiebsiella pneumoniae 2 0 2
Klebsiella oxytoca 1 0 1
M. morganii 1 0 1
P. mirabilis 3 0 4
P. stuartii 2 0 2
P. fluorescens 5 11 22
Pseudomonas spp. 2 0 2
S. marcescens 2 0 3
Total 30 12 59
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calcoaceticus (seven strains), Enterobacter spp. (four strains),
E. coli (one strain), Klebsiella spp. (three strains), Morganella
morganii (one strain), Proteus mirabilis (three strains), Provi-
dencia stuartii (two strains), Pseudomonas spp. (seven strains),
and Serratia marcescens (two strains) (Table 4). These data
suggest that aac(3)-Ia is more widely distributed among differ-
ent species than aac(3)-Ib. The 17 strains that did not hybridize
with either probe consisted of nine A. calcoaceticus strains, six
P. fluorescens strains, one P. mirabilis strain, and one S. marc-
escens strain. The lack of hybridization indicates that at least
one other aac(3)-I gene is present in these strains.

DNAs from six of the strains which hybridized with the
aac(3)-1Ib probe, including five Pseudomonas strains from the
United States, Austria, and Belgium and one A. calcoaceticus
strain from Italy, were used as a template in PCRs utilizing
primer sets A plus F and E plus I (Table 3; Fig. 3C). The
resulting amplification products spanned the intI-aac(3)-Ib
and aac(3)-Ib-sull regions, respectively. One Pseudomonas
strain from Austria showed the same configuration as P. aerugi-
nosa Stone 130. Two Pseudomonas strains from Austria and
the A. calcoaceticus strain from Italy showed approximately
700-bp insertions with the intl-aac(3)-1Ib primer set, suggesting
that these strains contained other genes inserted proximally to
aac(3)-Ib in the integron (data not shown). The other two
strains tested showed patterns that were difficult to interpret,
and this suggested possible rearrangements in aac(3)-Ib flank-
ing sequences.

DISCUSSION

We have cloned and sequenced a novel 3-N-acetyltrans-
ferase gene, aac(3)-1Ib, conferring resistance to gentamicin,
sisomicin, and astromicin to the clinical pathogen P. aeruginosa
Stone 130 (37). The DNA sequence of the aac(3)-Ib gene is
74% identical to that of another acetyltransferase gene,
aac(3)-Ia (aacCI), which encodes an identical AAC(3)-I resis-
tance profile. This gene was cloned from the R plasmids
pJR88, R1033 (Tnl696), and pUOY01 originating from En-
terobacter, Pseudomonas, and Serratia species, respectively (34,
35, 39). The DNA sequences flanking the aac(3)-la and
aac(3)-Ib genes are homologous to flanking regions of other
resistance genes associated with an integron (3, 10, 32).

P. aeruginosa Stone 130 was previously shown to contain the
plasmid pMG2, which encodes resistance to streptomycin, sul-
fonamide, and Hg?*, in addition to gentamicin (15). In this
study, experiments involving timed mating between P. aerugi-
nosa Stone 130 and a susceptible recipient showed that resis-
tances to streptomycin, sulfonamide, Hg?*, and gentamicin
were cotransferred. The PCR data presented here show that
the aac(3)-Ib gene and the sull gene, which encodes sulfon-
amide resistance, are closely linked on an integron element. Of
six other clinical isolates examined which carried the aac(3)-1Ib
gene, at least four showed clear evidence of an intact integron
environment containing both intl and sull.

The mer gene, which encodes resistance to Hg®", has been
frequently found on Tn27-like elements containing the inte-
gron (19). If pMG2 contains a Tn2/-like element, mer may be
located approximately 8 kb distal to sull (19). Given that strep-
tomycin resistance, commonly encoded by the ant(3")-Ia
(aadA) gene, is frequently found in an integron environment, it
would not have been surprising to find this gene between intl
and sull. Since PCR experiments demonstrated that the order
of the genes is intl-aac(3)-Ib-qacEAI-sull, this is clearly not
the case. However, prior mapping experiments (15) suggest
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that the streptomycin resistance gene is likely to be nearby on
the pMG2 plasmid.

The two AAC(3)-I proteins are 76% identical and 88%
similar in amino acid composition. The AAC(3)-1 enzymes are
only approximately 49% similar to the other 3-N-acetyltrans-
ferases in the family. However, some conservation of residues
which are invariant among the other AAC(3) enzymes is ob-
served in the AAC(3)-I proteins (30). This information may be
important for assigning potential functional roles to specific
amino acids in the enzymes within the AAC(3) group. Inter-
estingly, some homology among ribosomal acetyltransferase
(Rim I), streptothricin acetyltransferase (SAT-1), and the
AAC(3)-1a protein (12, 25, 39) has been reported. This region
of homology, also present in the AAC(3)-Ib protein, is limited
to approximately 24 amino acids found in the central and
C-terminal regions and may represent the acetyl coenzyme A
binding site or catalytic domain of these enzymes (see also
reference 30).

The relative frequencies and distributions of the two
aac(3)-1 genes were determined by using aac(3)-Ia and
aac(3)-1b probes in DNA hybridization studies of 59 strains
expressing an AAC(3)-1 phenotype. The aac(3)-Ia gene pre-
dominated both in frequency and in the diversity of the organ-
isms in which it was found. These results are consistent with
those of an earlier study of 394 strains expressing the AAC(3)-1
phenotype, in which 78% of the strains tested hybridized with
the aac(3)-Ia probe (29). A more recent study of 321 gram-
negative isolates expressing an AAC(3)-I resistance profile
showed that 85% of the strains hybridized with the aac(3)-Ia
probe and only 6.2% of the strains hybridized with the
aac(3)-Ib probe (21). The majority of the aac(3)-Ib probe-
positive strains (65%) in that study were Acinetobacter and
Pseudomonas strains. In all of these studies, a significant per-
centage of the strains (9 to 29%) did not hybridize with either
probe, suggesting the existence of at least a third aac(3)-I gene.
Both aac(3)-I genes were detected in isolates from the United
States and Europe, and one strain from the Far East (Singa-
pore) also hybridized with the aac(3)-Ia probe. These data
demonstrate the global dissemination of both genes.
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