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We have studied the aminoglycoside resistance gene, which confers high levels of resistance to both amikacin
and gentamicin, that is carried by plasmid pSTI1 in the PER-1 B-lactamase-producing strain of Salmonella
enterica serovar Typhimurium previously isolated in Turkey. This gene, called aac(6’)-Ib,,, was found in a class
1 integron and codes for a protein of 188 amino acids, a fusion product between the N-terminal moiety (8 amino
acids) of the signal peptide of the B-lactamase OXA-1 and the acetyltransferase. The gene lacked a plausible
Shine-Dalgarno (SD) sequence and was located 45 nucleotides downstream from a small open reading frame,
ORF-18, with a coding capacity of 18 amino acids and a properly spaced SD sequence likely to direct the
initiation of aac(6')-Ib,, translation. AAC(6")-Ib,, had Leull8 and Ser119 as opposed to GIn and Leu or Gln
and Ser, respectively, which were observed in all previously described enzymes of this type. We have evaluated
the effect of Leu or GIn at position 118 by site-directed mutagenesis of aac(6’)-1Ib,, and two other acetyltrans-
ferase gene variants, aac(6')-Ib, and -Ib,, which naturally encode GIn118. Our results show that the combi-
nation of Leull8 and Ser119 confers an extended-spectrum aminoglycoside resistance, with the MICs of all
aminoglycosides in clinical use, including gentamicin, being two to eight times higher for strains with Leul18

and Ser119 than for those with GIn118 and Ser119.

Resistance to the aminoglycoside group of antibiotics is an
important clinical problem since these antibiotics are widely
used in the treatment of severe infections. The production of
aminoglycoside-modifying enzymes, such as aminoglycoside
phosphotransferases, nucleotidyltransferases, and acetyltrans-
ferases (AAC), is the most frequent mechanism of bacterial
resistance to these antibiotics. Two 6'-N-acetyltransferase
isoenzymes have been reported, AAC(6')-I and AAC(6')-11,
which modify the same amino group but differ in their sub-
strate specificities (27, 34). Both acetylate kanamycin, tobra-
mycin, netilmicin, and sisomicin but not gentamicin C1. How-
ever, the type I enzyme also modifies amikacin whereas the
type II enzyme acetylates gentamicin but not amikacin. Re-
cently it was demonstrated that different modifications of the
amino acid sequences of the AAC(6') proteins may influence
their enzymatic activities (4, 27, 30) or the levels of resistance
(11). Using site-directed mutagenesis of the genes encoding
AAC(6')-Ib and AAC(6')-11a proteins, Rather et al. (27) iden-
tified the amino acid at position 119 as the one responsible for
influencing the substrate specificity, where leucine was corre-
lated with amikacin resistance and serine was correlated with
gentamicin resistance. In a previous study, two naturally oc-
curring AAC(6")-Ib variants [AAC(6')-Ib, and -Ibg] in which
serine instead of leucine was present at position 119 were
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observed to be responsible for reduced susceptibility to genta-
micin and susceptibility to amikacin (4).

Almost all aac(6’)-Ib genes (synonymously called aacA4)
described to date exist as gene cassettes carried by class 1
integrons (9). As a consequence, the acetyltransferase genes
are transcribed from the integron-borne promoters P, or
P,./P> (14, 28), and the enzymes are subject to N-terminal
sequence variations due to sequence rearrangements that may
occur during integration at the attl1 site (4, 5, 8, 16).

A Salmonella enterica serovar Typhimurium strain isolated
in Turkey and producing the extended-spectrum B-lactamase
PER-1 was resistant to multiple antibiotics, including gentami-
cin and amikacin (35). Preliminary resistance profile analysis
suggested the presence of a single 6'-N-acetyltransferase. Be-
sides being encoded by an integron-borne cassette and fused to
the signal peptide of the OXA-1 B-lactamase, this acetyltrans-
ferase, called AAC(6")-Ib,,, was found to carry the novel
amino acid combination of Leul18 and Ser119. All previously
described acetyltransferases of type Ib carry Glnl18, while
several natural or in vitro-generated variants with Ser119 have
been reported (4, 13, 17, 22). The present study was under-
taken to evaluate the impact on the resistance profile of Leu at
position 118.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. All strains and plasmids
used in this study are listed in Table 1. The multiple-antibiotic-resistant Salmo-
nella serovar Typhimurium(pSTI1), producing the extended-spectrum B-lacta-
mase PER-1, was isolated from a patient in Turkey with a nosocomial infection
(35). Enterobacter cloacae strain ECIS63(pLMMS563) and Citrobacter freundii
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Phenotype, genotype, or relevant characteristics®

Source or reference

Strains
Escherichia coli BHM 71-18 mutS
E. coli IM109

E. coli DH5«a

Citrobacter freundii CFr564 (pLMMS564) Net" Tob" Gen' [AAC(6')-Ib; (GIn118, Ser119)] Str" Spc' Sul”

Enterobacter cloacae
EC1563(pLMM563)

Salmonella serovar
Typhimurium(pSTI1)

Plasmids
PAZ505

pGEM
pGEMMS564
pGEMMS563
pGEMMST
pGEMMS564M
pGEMM563M
pGEMMSTM
pGEMMSTP1
pGEMMSTP2

thi supE A(lac-proAB) [mutS::Tnl0] [F' proAB laql® ZAM15] Promega
endAI recAl gyrA96 thi hsdR17 (ry~ my*) relAl supE44 A(lac-proAB)[F’ traD36 Promega
proAB laql4 ZAM15]
deoR endAI gyrA96 hsdR17 (ry my ") recAl relAl supE44 thi-1 A(lacZYA- Clontech
argFV169) $80lacZAM15 F~
4
Net" Tob" Gen' [AAC(6')-Ibg (GIn118, Ser119)] Str* Spc" Sul" Cmp*Tet" 4
Net" Tob" Gen' [AAC(6')-Ib;,(Leull8, Ser119)] Str* Spc* Sul” 35
pBR322 containing a 1.5-kb fragment [AAC(6')-Ib (GIn118, Leul19)] Amp" 34
Net" Tob" Ami"
Amp', cloning vector Promega
1.06-bp Eael fragment [AAC(6")-Ib,] of pLMMS564 cloned into pGEM 11
1.09-bp Eael fragment [AAC(6")-Ibg] of pLMM563 cloned into pGEM This study
1.14-bp Eael fragment [AAC(6')-Ib,,] of pST11 cloned into pGEM This study
Derivative of pGEMMS564 [AAC(6')-Ib, (GIn118 replaced by Leu)] This study
Derivative of pGEMMS563 [AAC(6')-Ibg (GIn118 replaced by Leu)] This study
Derivative of pGEMMST [AAC(6')-Ib,, (Leul18 replaced by Gln)] This study
Derivative of pPGEMMST [AAC(6')-Ib,; (A325TG replaced by AGG)] This study
Derivative of pPGEMMST [AAC(6')-Ib;; (A325TG replaced by GGG)] This study

“ Ami, amikacin; Amp, ampicillin; Cmp, chloramphenicol; Gen, gentamicin; Net, netilmicin; Spc, spectinomycin; Str, streptomycin; Sul, sulfonamide; Tet, tetracy-

cline; Tob, tobramycin. The amino acids are numbered as for AAC(6")-Ib (34).

strain CFr564(pLMM564) have been described previously (4). Strains were
grown in Luria-Bertani (LB) broth or LB agar, which was supplemented, when
required, with ampicillin (100 pg/ml) or kanamycin (50 pg/ml).

Antibiotic susceptibility testing. Susceptibility to 14 aminoglycosides was de-
termined by disk diffusion with disks provided by the Schering-Plough Research
Institute. MICs were determined by serial twofold dilution of antibiotics in
Mueller-Hinton agar. Gentamicin, isepamicin, and netilmicin were from Scher-
ing-Plough, amikacin and kanamycin were from Bristol-Myers Squibb, and to-
bramycin was from Eli Lilly and Company.

Immunoblot analyses and determination of N-terminal amino acid sequences
of AAC(6')-Ib variants. Cell extracts were electrophoresed on sodium dodecyl
sulfate-containing polyacrylamide gels. After electrotransfer onto a polyvinyli-
dene difluoride membrane (Immobilon-P; Millipore), the acetyltransferases
were revealed with an anti-AAC(6")-Ib rabbit antiserum and peroxidase-labeled
anti-immunoglobulin G as previously described (33). The AAC(6)-Ib variants
produced by Escherichia coli DH5a(pGEMMS563) and Salmonella serovar Ty-
phimurium(pSTI1) were purified as previously described for the variant pro-
duced by DH5a(pGEMMS564) (11). Briefly, bacteria were grown to an optical
density of ca. 0.6 at 650 nm and the cells were lysed by sonication. The lysates
were passed over a gel filtration column (Ultrogel AcA54; Réactifs IBF) after
centrifugation at 12,000 X g for 90 min at 4°C. The fractions containing
AAC(6")-Ib were detected by measuring acetyltransferase activity (6) with
[1-"“CJacetyl coenzyme A (0.6 GBg/mmol, Amersham International) as the
cofactor. AAC-containing fractions were loaded onto a column of immobilized
neomycin (34). The bound protein was eluted, concentrated, and visualized by
Rouge Ponceau S staining after sodium dodecyl sulfate gel electrophoresis and
transfer to an Immobilon-P membrane. The AAC(6’)-Ib-containing areas were
excised, and the N-terminal amino acid sequences of the AAC(6")-Ib variants
were determined. The sequence analysis was carried out with a model 494
Procise sequencer (Applied Biosystems, Foster City, Calif.; CNRS UMR 7637,
Paris, France).

DNA procedures. Plasmids were isolated (2) and introduced into E. coli DH5«
by electroporation as described previously (1). Digestion with restriction en-
zymes and ligation were carried out by using New England Biolabs reagents and
following standard methods (1). Sequencing of the PCR products from Salmo-
nella serovar Typhimurium was carried out by using an automated sequencer
(ABE 50, model 373; Génome Express, Montreuil, France) and dye nucleotides.
Nucleotide homology searches were carried out with the alignment program
BioEdit version 5.09 (10). All DNA constructs obtained after site-directed mu-
tagenesis were verified by DNA sequence analysis. The nucleotide sequence of

the region between the 5" and the 3’ conserved integron segments was sequenced
after amplification by PCR with the respective specific primers (15) and an
additional primer annealing to nucleotides 936 to 955 (3) upstream from P,,,,.

Plasmids pPGEMMS563 and pGEMMST were constructed as follows: a 1.1-kb
Eael fragment of pLMMS563 (4) and pSTI1 (35) containing the complete
aac(6')-Ib gene and ca. 0.5 kb of its upstream sequence was subcloned into the
Apal and Notl sites of pGEM to yield pGEMMS563 and pGEMMST, respec-
tively; pPGEMMS564 was constructed similarly (11).

Site-directed mutagenesis. Site-directed mutagenesis was used to change the
putative translation initiation codon of aac(6’)-Ib;; from A325TG (Fig. 1) to
AGG or GGG; the amino acids at position 118 were changed from GIn118 to
Leu in the AAC(6)-Ib variants encoded by pPGEMMS563 and pGEMM564 and
from Leull8 to Gln in the variant encoded by pGEMMST. Site-directed mu-
tagenesis was performed with the GeneEditor in vitro site-directed mutagenesis
system from Promega (Charbonnieres, France). The procedure was applied
according to the manufacturer’s instructions. All plasmids were denatured by
alkaline treatment. Annealing was performed with 20 pl of a mixture containing 1
pmol of the primer Bottom Strand, 1.25 pmol of 5'-phosphorylated primers 11PSP1
(P-GATATGTATTGTGTTTTTCCTAATAGTATTGGTTTGG), 11PSP2 (P-GA
TATGTATTGTGTTTTTCCCAATAAGTATTGGTTTGG), AC11DP2 (P-TGC
ATTCG-CCAGTGACAGGTCTATTCCGCG), or AC11CP2 (P-TGCATTCGCG
AGTGACTGGTCTATTCCGCG), 2 ul of T4 annealing buffer, and 200 ng of
denatured plasmid template (pGEMMS564 and pGEMMS563 for primer
AC11DP2 and pGEMMST for primers AC11CP2, 11PSP1, and 11PSP2). The
mixture was heated to 75°C for 5 min, followed by controlled cooling (1.5°C per
min). Once the temperature had reached 37°C, mutant strand synthesis and
ligation were performed in 30 pl containing T4 DNA polymerase (5 to 10 U) and
T4 DNA ligase (1 to 3 U) for 90 min. The mixture was used to transform E. coli
BHM 71-18 mutS-competent cells, which were incubated at 37°C in 4 ml of LB
medium containing 100 pl of the GeneEditor antibiotic selection mixture. DNA
from the overnight culture was purified by using QTAGEN-tip20 and transferred
into E. coli JIM109 by transformation. Resistant clones were selected on plates
containing amoxicillin and GeneEditor antibiotic selection mixture. After puri-
fication as described above, the plasmids were transferred into DH5« by elec-
troporation. After verification of the nucleotide sequence, the mutant plasmids
were called pPGEMMSTP1, pGEMMSTP2, pGEMMS563M, pGEMMS564M, and
pGEMMSTM, respectively.

Nucleotide sequence accession number. The nucleotide sequence for aac(6’)-
Ib;; has been deposited in GenBank under accession number AY136758.
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SD ORF-11 AAC(6’)-Ib
205 217 256 276 303
. . . . .
PAZ564  GGAGCAGCAACG ATGTTACGCAGCAGGGCAGTCGCCCTARAACAAAGTTAG GCATCACAAAGTACAGCATC GTG ACC AAC AGC AAC GAT TCC GTIC ACA CTG CGC CIC ATG
T N S N D S V T L R L M
205 217 256 261 297
. . . . .
PAZ563  GGAGCAGCAACG ATGTTACGCAGCAGGGCAGTCGCCCTAARACAAAGTTIAG GCCGC ATG AAA ACA AAG TTA GGC ATC ACA AAG TAC AGC ATC GTG
K T K L 6 I_T K ¥ s I V
ORF-18 OXA4-1 AAC(6’)-Ib
208 220 279 325 361
. . .
pSTI1 GGAGCAGCAACG ATGTTACGCAGCAGGGCAGTCGCCCTARAACGAAGTTGGGCGAACCCGEAGCCTCATTAA ATG ARA AAC ACA ATA CAT ATC AAC AGC AAC GAT TCC GTC

/ \ T I H I N S N D s V
TGTTAGCCGTTAARATTAAGCCCTTTACCAAACCAATACTTATT

FIG. 1. Alignment of TIRs and N-terminal sequences for AAC(6')-Ib variants. Underlined nucleotides indicate the SD sequences and start and
stop codons; underlined amino acids were determined by Edman degradation. The N-terminal sequence of the signal peptide of OXA-1 is shown
in italics. The nucleotides are numbered with respect to the first base of the —35 box of the promoter P1 (position 1035 in the sequence for
GenBank accession number M73819) in the 5" conserved sequence of integron In0 (3).

RESULTS

Aminoglycoside resistance phenotype of Salmonella sero-
var Typhimurium(pSTI1). Salmonella serovar Typhimurium
(pSTI1) was previously reported to be resistant to gentamicin,
netilmicin, tobramycin, kanamycin, and amikacin (35). An ex-
tended antibiogram produced by the disk diffusion method
with 14 compounds confirmed the strain’s resistance to the
above-mentioned antibiotics and to some additional com-
pounds, with inhibition zone diameters of =6 mm for kana-
mycin and tobramycin, 10 mm for netilmicin and gentamicin,
and 12 mm for 2'-N-ethylnetilmicin, 5'-episisomicin, and ami-
kacin, while the strain was susceptible to isepamicin (zone
diameter, 22 mm) and to apramycin, 6’-N-ethylnetilmicin,
fortimicin, neomycin, streptomycin, and spectinomycin (=25
mm). This profile was evocative of AAC(6')-Ib production,
except with respect to gentamicin. The observed resistance to
gentamicin was unlikely to be due to AAC(3) production [ex-
cept maybe the production of a rare AAC(3)-1II], since the
diameters for 6'-N-ethylnetilmicin, fortimicin, and apramycin
were not notably reduced, or to ANT(2")-I production, since
its gene could not be amplified with the corresponding primers
(data not shown). The MICs of several aminoglycosides were
also determined (Table 2), confirming that the susceptibilities
to both gentamicin and amikacin (but not isepamicin) were
similarly reduced.

Characterization of the pSTI1-borne aac(6’')-Ib gene. Plas-
mid pSTI1 (about 81 MDa) was transferred by electroporation
into E. coli DHS5a. Recipient cells were selected on plates
containing tobramycin (10 pg/ml). The cells were resistant to
gentamicin, tobramycin, netilmicin, and amikacin. They were
also resistant to chloramphenicol, sulfonamide, and extended-
spectrum cephalosporins as a consequence of PER-1 B-lacta-
mase production.

The resistance of Salmonella serovar Typhimurium(pSTI1)

to mercuric chloride and sulfonamides evoked the possibility
that an aac(6’)-Ib gene was carried by a class 1 integron. PCR
amplification with primers specific for the 5’ and 3’ conserved
integron segments was carried out and yielded a ca. 1,400-bp
fragment, which was subsequently sequenced (accession num-
ber AY136758). Two open reading frames (ORFs), of 567 and
288 nucleotides, were identified as gene cassettes within a
typical integron structure upstream from gacEAI and sull in
the 3’ conserved segment. From the larger, 5’ conserved seg-
ment-proximal ORF, which was not preceded by a plausible
ribosome binding site, a protein of 188 amino acids could be

TABLE 2. Resistance profiles of AAC(6")-Ib,, AAC(6")-Ibg, and
AAC(6")-Iby; and correlation between resistance phenotypes and
amino acids at positions 118 and 119“

Amino
acid at
position:

MIC (pg/ml)
Strain (plasmid)

118 119 Gen Ami Net Tob Ise

E. coli
DH5a 0.125 0.25 0.125 0.125 0 125
BM694(pAZ505) Q L 05 16 32 128
DH5a(pLMM563) Q S 4 2 8 8 0‘5
DH5a(pGEMMS563) Q S 4 2 8 8 0.5
DHSa(pGEMMS63 M) L S 16 16 32 32 2
DH5a(pLMMS564) Q S 2 1 4 8 0.25
DH5a(pGEMMS564) Q S 2 2 8 8 0.25
DHSa(pGEMMS64 M) L S 4 8 16 16 0.5
DH5a(pSTI1) L S 8 16 32 16 2
DH5a(pGEMMST) L S 8 16 32 16 2
DHS5«(pGEMMSTM) Q S 4 4 8 16 0.5

Salmonella serovar L S 16 32 64 32 4

Typhimurium (pSTI1)

“ Aminoglycoside abbreviations are as given in Table 1, footnote a. Ise, ise-
pamicin; Kan, kanamycin.
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deduced, with a calculated molecular mass of 21 kDa and a
theoretical isoelectric point of 4.7. Comparison of the pre-
dicted amino acid sequence with those from the GenBank
database revealed identity with sections of two proteins, the 8
N-terminal amino acids of the signal peptide of OXA-1 (21)
and the 180 C-terminal amino acids of AAC(6")-Ib (34) except
for three amino acid changes, GIn118 to Leu, Ser119 to Leu,
and Val200 to Asp.

At the nucleotide level, the homology with the oxa-I1 gene
cassette extended across the a#tll site. The nucleotide se-
quence of the oxa-1 core site is GTTGGGC, instead of GT
TAGRY or GTTAARY as in most resistance gene cassettes
(7). The fused, Shine-Dalgarno (SD) sequence-deficient oxa-
aac(6')-Ib gene was located 45 nucleotides downstream from a
small ORF with a coding capacity of 18 amino acids. The fused
gene, just as oxa-1 (21), was apparently transcribed by the weak
promoter variant of P,,, coupled with the active form of pro-
moter P,, resulting from the insertion of a G triplet between
the —35 and —10 boxes (14, 29).

This configuration differed notably from those of the
aac(6')-Ib variants aac(6')-Ib, and -Ibg that were previously
described (4) (Fig. 1). In pLMMS564, the transcription of
aac(6')-Ib, was under the control of the strong form of the P,
promoter. The translational initiation of the AAC(6")-Ib, pro-
tein started at a GTG codon without a preceding SD sequence
that was located 20 nucleotides downstream from a small ORF
coding for 11 amino acids (ORF-11) and overlapping the attl]
site. The level of aac(6')-Ib, translation has been found to
depend primarily upon the translation of ORF-11 (11). In
pLMMS563, aac(6')-1bg was transcribed also from the strong
variant of P,,,, and translated from an ATG codon located in a
21-bp sequence duplication overlapping the a#tll site. An
ORF-11 identical to that found upstream from aac(6’)-1b,
ended 5 nucleotides upstream from its translation start codon
(Fig. 1). Apart from the different N termini, the AAC(6")-Ib,
and -Ibg proteins had a GIn118 and a Ser119 and the AAC(6')-
Ib,, had a Leull8 and a Serll19 while the prototype
AAC(6')-Ib had Gln and Leu at positions 118 and 119, respec-
tively.

The second gene cassette, spanning 378 nucleotides, con-
tained an ORF of 288 nucleotides that had 100% identity with
ORF D, an ORF of unknown function located downstream
from the gene cassette oxa-2 in the integrons of class 1, In1 (8)
and In9 (12), and also of class 2, In16, immediately down-
stream from dfrB3 (26).

Determination of the translation start sites of AAC(6")-Ib,,
and AAC(6')-Ibg. According to the deduced amino acid se-
quences, the fused aac(6')-1Ib,, gene specified a protein of 188
amino acids and the aac(6')-1bg gene specified a protein of 196
amino acids. Immunoblot analysis with anti-AAC(6)-Ib anti-
bodies of cell extracts from the wild strains STI1 and ECL563
revealed proteins of estimated sizes in good agreement with
those predicted from the nucleotide sequences (data not
shown). To confirm the positions of the translation initiation
codons of aac(6')-Ibg and aac(6')-1b,,, the genes were cloned
into pGEM and expressed in E. coli DH5« and the acetyltrans-
ferases were purified. N-terminal sequence analysis of the first
10 amino acids (Fig. 1) confirmed the 196-amino-acid size of
AAC(6')-Ibg, while the result for AAC(6')-Ib,; was ambigu-
ous, possibly due to insufficient protein purification. Therefore,
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TABLE 4. Effects of amino acids at positions 118 and 119 on
gentamicin and amikacin resistance®

Amino acid
encoded at MIC (pg/ml) of’:
Gene position:
118 119 Gen Ami
aac(6')-Ib Q L 0.5 16
aac(6')-1bg Q S 2-4 1-2
aac(6')-1b,,; L S 8 16

“ Data are taken from Table 2.
? See Table 1, footnote a, for abbreviations.

in this case, the most likely initiation codon, A325TG (Fig. 1),
was changed to two noninitiating codons. E. coli DHS5a transfor-
mants carrying the two corresponding plasmids ((GEMMSTP1
and pGEMMSTP2 [Table 1]) became susceptible to gentami-
cin and amikacin, with the inhibition zone diameters increasing
from 10 and 12 mm [DHSa(pGEMMST)] to 22 and 24 mm,
respectively, and the diameters around tobramycin increasing
somewhat less (from 8 to 15 mm).

Expression levels and resistance profiles of the AAC(6')-Ib,,
-Ibg, and -Ib,, enzymes. We have previously observed that
AAC(6')-Ib, and -Ibg have modified aminoglycoside substrate
profiles with respect to gentamicin and amikacin compared to
that of AAC(6")-Ib (4). These differences are presumably due
to the replacement of the amino acid Leu by Ser at position
119. In this study, we have found a variant, AAC(6')-Ib,,, with
two amino acid changes, at positions 118 (Gln to Leu) and 119
(Leu to Ser), conferring a broad substrate profile and a higher
level of resistance to aminoglycosides than that of the
AAC(6')-Ib, or -Ibg variants. However, since the 5" regions in

AAC(6')~-Ib
BAAC(6")-IIa
ARAC(6')-IIb
BAC(6")-Ie

BAC (6" ) -Is
AAC(6')-Iu
BAC (6"} -Ix
AAC (6" ) =Iw
ARC (6" ) -It
AAC(6")-Iv
BAC(6")-Ih
ARC(6")-T7
ARC(6")-Ir
BAC(6')-Ig
BRRC(6") -1k
BAC (6" )-If
BRC(6")-Iy
RAAC(6')-Ic
BAC (6" )-Iz
BRAC(6")-I1

AR
%
AR
;e
;.’.
"

AF144880
M34066

AF140221 C P
U13880 P GVGV?

754241 TRAKSRGIIGL
BF047556 RGIIGI
M18967 RAREQGIIGI
L12710 KEVASRGGITI

FIG. 2. Motif A of the acetyltransferases AAC(6')-I and
AAC(6")-II (20). The amino acid position 118 is indicated; the Gen-
Bank accession numbers are given to the left.

DEYQKTS DI RAC(6')-Im
DEYQKTS DI ARC(6")-Ig
DEYYRTSLELITI AAC(6')-Ia
DEDHGTTLEQTDL AAC (6')-Ti
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the aac(6')-1b,, -1bg, and -Ib,, genes are different, the different
resistance profiles may result from differences in expression. In
order to explore the possible roles of the amino acids at posi-
tion 118, the three genes were subcloned into pPGEM. Each of
the genes, on plasmids pGEMMS564, pGEMMS563, and
pGEMMST, respectively, was transcribed from its respective
natural promoter. These promoters do not differ in strength by
a factor of more than two (14, 29). The corresponding amino-
glycoside resistance profiles are shown in Table 2. No obvious
differences in MICs were observed for E. coli strains containing
the aac(6')-1b variants cloned in pGEM compared to those for
E. coli strains containing the native plasmids.

The MIC:s of gentamicin (8 wg/ml) and amikacin (16 pg/ml)
for E. coli strains containing pGEMMST [aac(6’)-Ib,,] ap-
peared to be two- to eightfold higher than the MICS of these
drugs for E. coli strains containing pGEMMS563 or
pGEMMS564. This difference indicated that a Gln-to-Leu
change at position 118 might be critical for shifting the resis-
tance profile and for increasing the resistance level. Oligonu-
cleotide-directed mutagenesis was used to make the corre-
sponding change in plasmids pGEMMS563 and pGEMMS564,
yielding pPGEMMS563M and pGEMMS564M. The changes re-
sulted in a two- to eightfold increase in the MICs of gentamicin
and amikacin for strains carrying these plasmids, with strains
carrying pGEMMS563M but not those carrying pPGEMMS564M
reaching the level of resistance observed for strains carrying
pGEMMST. Conversely, a Leu-to-Gln change was introduced
in pPGEMMST, yielding pPGEMMSTM. The corresponding en-
zyme was less efficient at acetylating gentamicin and amikacin,
as shown by the two- to fourfold reduction in the MICs of these
antibiotics (Table 2). These results demonstrate (i) that
aac(6')-Ib, was less efficiently translated than the aac(6')-Ibg
and -Ib,;; variants, (ii) that the fusion of aac(6’)-Ib with 8
amino acids of the signal peptide of oxa-I did not result in a
higher level of expression, and (iii) that Leull8 increases, at
least in the variants AAC(6')-Ib,, -Ibg, and -Ib,,, the intrinsic
activity of the enzyme or its stability.

DISCUSSION

Amikacin resistance in Enterobacteriaceae results mainly
from the dissemination of the aac(6')-Ib gene coding for
acetyltransferases capable of modifying amikacin but not gen-
tamicin. This gene is typically found on a gene cassette in class
1 integrons. Exceptionally, on Tn/331, this cassette has been
observed outside an integron and then with the gene fused to
the 5'-terminal sequence of blary,, and under the control of
the B-lactamase gene promoter (32, 34). Here, we have ana-
lyzed a second case of a bla-aac(6')-1b fusion, this time with
oxa-1 and carried by a class 1 integron which provides the
promoter. The original isolate was a PER-1-producing strain
of serovar Typhimurium from Turkey with a high level of
resistance to gentamicin, amikacin, and other aminoglycosides
(35).

Frequently inserted at the aftll site, the cassette-borne
aac(6')-Ib genes show great diversity at their 5’ termini in their
translational initiation regions (TIR) as well as in their corre-
sponding N-terminal amino acid sequences. With the available
sequence information, schematically, five situations can be de-
duced (Table 3). In the most frequently occurring situation, the
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gene has a GTG start codon and no plausible SD sequence and
is located 20 nucleotides downstream from a short ORF, ORF-
11, which promotes its translation (11). Alternatively, the
acetyltransferase gene may be fused in two ways with ORF-11,
thus using its ATG initiation codon along with its SD sequence
(8, 17). In a fourth case, an ATG start codon may be placed in
frame through the duplication of 21 bp immediately down-
stream from ORF-11 (4). Finally, as studied here, the gene
may be fused to the 5" end of oxa-1, 45 nucleotides downstream
from ORF-18, an extension of ORF-11 by 21 nucleotides.
Based on the strong effect of the abolition of A325TG on the
resistance level (see Results) and with the TIR organization
upstream from this codon being similar to that of aac(6')-1b,
(11), we conclude that the translation of aac(6')-1b,; is coupled
with that of ORF-18.

The fusion of AAC(6')-Ib to a short segment of the signal
peptide of TEM-1 has been speculated to alter the cellular
localization of the enzyme to the periplasm, thereby enhancing
its effectiveness (27). With respect to the AAC(6)-Ib,, variant,
such an effect of the seven N-terminal amino acids of the signal
peptide of OXA-1 is not obvious if one compares the MICs of
gentamicin and amikacin for E. coli strains containing
pGEMMS563M to those for E. coli strains containing
pGEMMST (Table 2). They are close to identical, with the
enzymes differing only in their N termini.

Aside from the differences observed at their 5’ termini, the
naturally occurring aac(6’)-Ib variants differ with respect to the
codons specifying the amino acids at positions 118 and 119.
The amino acids at positions 118 through 121 have been pre-
viously altered by site-directed mutagenesis (27). A change of
GIn118 to Ser, or Alal21 to Ser, had no effect on the MICs of
gentamicin or amikacin, while a change of Leull9 to Ser in-
creased the MIC of gentamicin by a factor of eight and de-
creased that of amikacin in the same proportion. This situation
is frequently observed with clinical isolates, as with the
AAC(6')-Ib, and -Ibg variants (Table 3), and was also found in
the acetyltransferase gene encoded on In6 of pSa (31), a plas-
mid originally observed in Shigella before amikacin was mar-
keted. A change of Leul20 to Ser decreased the MIC of ami-
kacin 48-fold but had no effect on that of gentamicin (27). The
natural AAC(6')-Ib,; variant has a Leu at position 118, the
effect of which has not been evaluated previously by site-di-
rected mutagenesis. Based on our results from back mutation
of this amino acid to Gln, we infer that Leu at position 118
substantially elevates MICs of aminoglycosides, including gen-
tamicin, when there is a Ser at position 119. In this case, the
enzyme may be considered an extended-spectrum acetyltrans-
ferase. The effect of Leu at position 118 was verified in the
reverse experiment with the AAC(6')-Ib, and -Ibg variants
after the replacement of GIn118 by Leu.

Elevated MICs of amikacin, or of both amikacin and genta-
micin, may be explained by single mutations if one considers
the AAC(6")-Ib variant of the pSa type to be the original
enzyme, as depicted in Table 4. In both cases, a resident amino
acid, Gln or Ser, is replaced by a Leu, which increases the
hydrophobicity of the region, a factor that has been considered
to be important for efficient aminoglycoside acetylation (27).

The amino acids at positions 118 and 119 are located in
motif A, one of the two most conserved motifs in the N-
acetyltransferase superfamily (20). Site-directed mutagenesis
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of residues in the other motif, B, has recently been carried out,
but only decreases in the MICs of amikacin resulted from the
changes introduced (30). When the sequences of 6'-N-acetyl-
transferases of type I and type II, 24 in all, are aligned (Fig. 2),
position 118 appears to be immediately adjacent to a conserved
box spanning five amino acids. Only in a subgroup of four
enzymes, AAC(6)-1b, -Ie, -Ila, and -IIb, is there a Gln in this
position that is otherwise almost invariably occupied by a Gly.
It would seem worthwhile to replace this residue with a Leu to
verify the importance for efficient acetylation of increased hy-
drophobicity in this area.
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