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TABLE 1. Acetyltransferase and phosphotransferase activities”

Acetylation (cpm, X 10%)

Phosphorylation (cpm, x10%)

Strain

Km Gm Tm Ak Km Gm Tm Ak
E. coli K12(pMB8::Tn1700) 105 114 123 0.6 ND* ND ND ND
E. coli K12(pRK231) ND ND ND ND 1.5 0 0.2 0
K. pneumoniae JHCK4 123 19 2 8.6 0 0 0 0
E. coli K12(pJHCMW4) 246 17 78 32 0 0 0 0
K. pneumoniae JHCK1 6.6 64 24 13 1.2 1.7 6 1.3
E. coli K12(pJHCMW1) 114 98 162 172 2 4.4 0.5 1

@ Assays were performed by the phosphocellulose paper binding method (16). E. coli K12(pRK231) and E. coli K12(pMB8::Tn/700) were used as control strains
for phosphotransferase and acetyltransferase, respectively. Adenylylating activity was not detected.

b ND, Not determined.

DNA per ml were added. Hybridization was carried out by
incubation for 16 h at 37°C. Each increase of 1% in the
formamide concentration in the hybridization buffer lowers
the melting temperature of duplex DNA by 0.7°C (22);
therefore, the hybridization experiments were performed
under high stringency conditions. After hybridization, the
filters were washed at 65°C in a solution containing 0.3 M
NaCl, 0.03 M sodium citrate, and 0.1% sodium dodecyl
sulfate.

RESULTS AND DISCUSSION

Fifty K. pneumoniae strains, isolated in Seattle and Little
Rock, were susceptible to all aminoglycosides. One hundred
and sixty Klebsiella sp. were isolated from patients with
nosocomial infections in Buenos Aires, Argentina, during a
period of 1 year (January 1981 to January 1982). All of these
strains were multiresistant, and approximately 7% were
resistant to Ak. Two of the latter isolates, identified as K.
pneumoniae, isolated from cerebrospinal fluid from two
different neonates who finally died because of the infection,
were examined in detail. In addition to Ak the strains were
also resistant to Ap, chloramphenicol (Cm), Gm, Km, and
Tm. The plasmid content of each K. pneumoniae strain was
clearly different: JHCK1 harbored plasmids of 120, 93, 69,
11, 7.3, 4.8, and 3.1 kilobase pairs (kbp), while JHCK4
carried plasmids of 75, 10.6, 6.3, 5.5, 4, 3.7, and 3.4 kbp.

Analysis of the enzymatic activities in these two K.
pneumoniae strains is shown in Table 1. K. pneumoniae
JHCK4 possessed acetylating activity when measured
against the antibiotics Ak, Gm, Km, and Tm. Neither
adenylylating nor phosphorylating activity was found in this
strain. K. pneumoniae JHCK1 showed significant
acetylating and phosphorylating activities against all four
antibiotics and no adenylylating activity.

To identify the plasmids harboring these antibiotic resist-
ance genes, we performed conjugation experiments, using as
arecipient E. coli K-12 W1485-1. The E. coli transconjugants
were scored for antibiotic resistance, enzymatic activity,
and plasmid content. The results (Table 2) indicate that Ak
resistance is associated with a single plasmid in each donor
strain. Transconjugants 1, 24, and 30, obtained from strain
JHCK]1, carried an 11-kbp plasmid, (pJHCMW1) and were
the only transconjugants obtained from this strain that
possessed resistance to Ak. They were also resistant to Ap,
Km, and Tm; in addition, exconjugants 24 and 30 were
resistant to Gm. Exconjugant 28, from the same K. pneumo-
niae strain, harbored a 120-kbp plasmid and was resistant to
Ap, Gm, Km, and Tm but not to Ak, confirming that the
genes for Ak resistance are located on the 11-kbp pJHCMW1
plasmid. Genes encoding resistance to Gm were carried by

the larger plasmid of 120 kbp. This plasmid also carried
resistance determinants for Ap, Km, and Tm. In an indepen-
dent experiment (Table 2) pJHCMW1 DNA was transformed
into E. coli HB101. The resulting transformants carried the
11-kbp plasmid and conferred resistance to Ak. Table 2 also
shows that these transformants, in addition, were resistant
to Km and Tm, as well as Ap, but not to Gm. These results
suggest the presence of two different enzymes which modify
Tm and Km in the original K. pneumoniae JHCK1 strain:
one encoded in the large 120-kbp plasmid and the other
coded for by the 11-kbp plasmid pJHCMW1. Table 1 shows
that a cellular extract made from E. coli exconjugant 1,
which harbors pJHCMW1, contained acetylating and
phosphorylating activities for Ak, Gm, Km, and Tm. The
level of acetylating activity for Ak was much higher in this
extract than that of the control E. coli (pMB8::Tn/700), and
the level of phosphorylating activity was similar to that of
the control E. coli (pRK231) for Km and Tm, while it was
higher for Ak and Gm. This suggests that plasmid
pJHCMW1 codes either for two aminoglycoside-modifying
enzymes or a bifunctional enzyme. No adenylylating activ-
ities were found in this extract.

Table 2 shows that transconjugant 17 obtained from X.
pneumoniae JHCK4 carries a 75-kbp plasmid (pJHCMW4)
which was responsible for the resistance to Ak, Ap, Km, and
Tm shown by this strain. This transconjugant had similar
enzymatic activities to those found in the original K. pneu-
moniae JHCK4 strain; i.e., there was an acetylating activity
for Ak, Gm, Km, and Tm (Table 1), but neither

TABLE 2. Plasmid content and susceptibility to antibiotics of
transconjugant® and transformant® strains of E. coli

Antibiotic susceptibility*

Strain Plasmids (kbp)

Ak Gm Tm Km Ap
Cl 11 r s r r r
C24 120, 11, 7.3, 3.1 r r r r r
C28 120 s r r r r
C 30 120, 11 r r r r r
F1 11 r s r r r
Cc17 75 r s r r r
F2 75 r s r r r

2 Transconjugants derivatives (designated C) 1, 24, 28, and 30 were ob-
tained by conjugation between K. pneumoniae JHCK1 and E. coli K-12
W1485-1. Transconjugant 17 was generated by conjugation between K.
pneumoniae JHCK4 and E. coli K-12 W1485-1.

® Transformant strains (designated F) were obtained by transformation of
E. coli HB101 with either pfHCMW1 or pJHCMW4 DNA.

< r, Resistant strains; s, susceptible strains.
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phosphorylating nor adenylylating activity was detected.
This result suggests that the enzyme responsible for resist-
ance to Ak in pJHCMW4 is an acetyltransferase. Transfor-
mation of pJHCMW4 DNA into E. coli HB101 confirmed
that this plasmid carried the genes for Ak resistance and also
encoded resistance to Ap, Km, and Tm but not to Gm (Table
2).

The position modified in the Ak molecule by the enzy-
matic activities coded for by pJHCMW1 and pJHCMW4 has
not yet been determined, although in the literature an
amikacin acetyltransferase has been described that modifies
position 6’ (10, 11, 17, 23). In addition, there have been
reports of amikacin phosphotransferases (3’ and 2'’) (3, 10,
11) and amikacin nucleotidyltransferases (4’ and 2'’) (6, 10,
11).

The fact that both plasmids pJHCMW1 and pJHCMW4
encode enzymes that modify Gm, although they do not
confer in vivo resistance to this antibiotic, is not surprising
because resistance to an antibiotic is the result of competi-
tion between the rates of transport inside the cell and
modification of the drug (12). Therefore, an antibiotic may be
a substrate for a modifying enzyme, but it does not neces-
sarily follow that the bacterium producing this enzyme will
be resistant to the antibiotic (30).

To assess the possible genetic relationship between the
two K. pneumoniae plasmids encoding Ak resistance,
pJHCMW1 and pJHCMW4 DNA were digested with either
BamHI or HindIII restriction endonucleases and subjected
to agarose gel electrophoresis (Fig. 1a and c¢). The digested
DNAs were then transferred to nitrocellulose paper and
hybridized against either 3?P-labeled pJHCMW4 DNA or
32p_labeled pJHCMW1 DNA (Fig. 1). The three BamHI
fragments of pJHCMW1 showed homology with the radio-
active probe pJHCMW4 (Fig. 1b, lane C) indicating that both
plasmids share extensive regions of homology. No HindIII
sites were found in pJHCMW1. The two main bands seen in
Fig. 1a, lane B, correspond to covalently closed circular and
open circular DNA, respectively. The faint band of 11 kbp
corresponds to linear DNA that was probably generated by
shearing during manipulation. On the other hand, many,
although not all, fragments of pJHCMW4 showed homology
with the radioactive pJHCMW!1 probe (Fig. 1d, lanes B and
C), indicating that some DNA fragments of the larger plas-
mid pJHCMW4 are not present in pJHCMW1.

The results of this investigation demonstrate the presence
of plasmid-mediated Ak resistance in two multiresistant
strains of K. pneumoniae isolated in a pediatric unit. This is
of considerable importance because major clinical problems
have been associated with the transfer of plasmid-borne
antibiotic resistance from K. pneumoniae to other bacterial
pathogens. For instance, a 90-kbp plasmid, originally pre-
sent in a Klebsiella strain, was found during a nosocomial
outbreak in four different serotypes of K. pneumoniae, E.
coli, Enterobacter cloacae, and Proteus morganii (33). In
another case, an 87.5-kbp plasmid present in a nosocomial
isolate of K. pneumoniae was transferred to various strains
and species of members of the family Enterobacteriaceae in
a hospital environment (27). A 97.5-kbp plasmid encoding
multiresistance, originally carried by Klebsiella aerogenes
K-16 responsible for a nosocomial outbreak, was later found
in environmentally related strains of Citrobacter koseri and
E. coli (9).

K. pneumoniae JHCK1 and JHCK4, which have been
analyzed here, carry multiple plasmids of different molecular
weights. Resistance to Ak is coded for by specific plasmids
(pJHCMW1 and pJHCMW34) in strains JHCK1 and JHCK4,
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FIG. 1. Agarose gel electrophoresis and Southern blot hybridiza-
tion of pJHCMW1 and pJHCMWA4. (a) pJHCMW1 DNA treated
with HindllI (lane B) or BamHI (lane C). This plasmid does not
possess cleavage sites for HindIII; the two main bands correspond
to covalently closed circular and open circular DNA, respectively.
The faint band of 11 kbp corresponds to linear DNA generated by
shearing during manipulation. (¢) pJHCMW4 DNA digested with
Hindlll (lane B) or BamHI (lane C). In panels a and c, lane A
corresponds to ADNA digested with HindlIII. (b and d) Autoradio-
graphs of experiments in which the gels in panels a and ¢ were
blotted and hybridized against 32P-labeled pJHCMW4 (panel b) or
32p.labeled pJHCMW!1 (panel d). Electrophoresis was performed as
described previously (8).
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respectively. The Ak resistance coded for by pJHCMW4 is
due to an enzyme that acetylates Km, Gm, and Tm, in
addition to Ak. Genetic determinants for two activities are
encoded in pJHCMW]1: an acetyltransferase and a phospho-
transferase, both of which are able to modify Ak as well as
Km, Gm, and Tm. The two plasmids encoding Ak resistance
(pJHCMW1 and pJHCMW34) differ greatly in size. The sizes
of these two plasmids are 11 kbp for pfHCMW1 and 75 kbp
for pfHCMW4. However, Southern blot hybridization ex-
periments demonstrate that these K. pneumoniae plasmids
are highly related. A detailed study of the Ak resistance
genes in both plasmids is currently being carried out to
assess whether they have a common epidemiological origin.

ACKNOWLEDGMENTS

This work was supported by grant no. 8330 from the Medical
Research Foundation of Oregon to J.H.C. M.E.T. was supported
by a postdoctoral fellowship I FO5 TW03345-01 from Fogarty
International Center, National Institutes of Health. M.W. was
supported by a fellowship from the Municipalidad de Buenos Aires,
Argentina.

We thank Etelvina Rubeglio for helpful discussions in the early
part of this work. We thank C. Clausen for providing the Seattle
strains and R. Jacobs for the Little Rock strains.

LITERATURE CITED

1. Bauer, A. W., W. M. M. Kirby, J. C. Sherris, and M. Turk.
1966. Antibiotic susceptibility testing by a standard single disk
method. Ann. J. Clin. Pathol. 45:493-496.

2. Birnboim, H., and J. Doly. 1979. A rapid extraction procedure
for screening recombinant plasmid DNA. Nucleic Acids Res.
7:1513-1525.

3. Bongaerts, G. P. A., and M. P. Kaptijn. 1981. Aminogloycoside
phosphotransferase II-mediated amikacin resistance in Esche-
richia coli. Antimicrob. Agents Chemother. 20:344-350.

4. Boyer, H. W., and D. Roulland-Dussoix. 1969. A complementa-
tion analysis of the restriction and modification of DNA in
Escherichia coli. J. Mol. Biol. 41:459-472.

5. Cherubin, C. E., M. L. Corrado, S. R. Nair, M. E. Gombert, S.
Landesman, and G. Humbert. 1982. Treatment of gram-negative
bacillary meningitis: Role of the new cephalosporin antibiotics.
Rev. Infec. Dis. 4:5453-S464.

6. Coombe, R. G., and A. M. George. 1981. New plasmid-mediated
aminoglycoside adenylyltransferase of broad substrate range
that adenylylates amikacin. Antimicrob. Agents Chemother.
20:75-80.

7. Crosa, J. H., J. Olarte, L. J. Mata, L. K. Luttropp, and M. E.
Penaranda. 1977. Characterization of an R-plasmid associated
with ampicillin resistance in Shigella disenteriae type I isolated
from epidemics. Antimicrob. Agents Chemother. 11:553-558.

8. Crosa, J. H., M. H. Schiewe, and S. Falkow. 1977. Evidence for
plasmid contribution to the virulence of the fish pathogen Vibrio
anguillarum. J. Bacteriol. 18:509-513.

9. Datta, N., V. M. Hughes, M. E. Nugent, and H. Richards. 1979.
Plasmids and transposons and their stability and mutability in
bacteria isolated during an outbreak of hospital infection. Plas-
mid 2:182-196.

10. Davies, J. 1977. Aminoglycoside-aminocyclitol antibiotics and
their modifying enzymes, p. 474-489. In V. Lorian (ed.), Anti-
biotics in laboratory medicine. The Williams & Wilkins Co.,
Baltimore.

11. Davies, J. 1983. Resistance to aminoglycosides: mechanisms
and frequency. Rev. Infect. Dis. 5:5261-S266.

12. Davies, J., and S. A. Kagan. 1977. What is the mechanism for
plasmid-determined resistance to aminoglycoside antibiotics?,
p. 207-219. In J. Drews and G. Honenauer (ed.), Topics in
infectious diseases, vol. 2. R-factors: their properties and pos-
sible control. Springer-Verlag, New York.

13. Davies, J., and S. A. Kagan. 1981. Aminoglycoside antibiotics:
general aspects and resistance, p. 83-94. In G. Gialdroni Grassi

14.

15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

ANTIMICROB. AGENTS CHEMOTHER.

and L. Sabath (ed.), New trends in antibiotics: research and
therapy. Elsevier/North-Holland Biomedical Press, Amster-
dam.

Denhardt, D. T. 1966. A membrane filter technique for the
detection of complementary DNA. Biochem. Biophys. Res.
Commun. 23:641-646.

Guiney, D. G., and D. H. Helinski. 1979. The DNA-protein
relaxation complex of the plasmid RK2: location of the site-
specific nick in the region of the proposed origin of transfer.
Mol. Gen. Genet. 176:183-189.

Haas, M. J., and J. E. Dowding. 1975. Aminoglycoside-
modifying enzymes. Methods Enzymol. 43:611-628.

John, J. F., W. F. McNeill, K. E. Price, and P. A. Kresel. 1982.
Evidence for a chromosomal site specifying amikacin resistance
in multiresistant Serratia marcescens. Antimicrob. Agents Che-
mother. 21:587-591.

Kawaguchi, H. 1976. Discovery, chemistry and activity of
amikacin. J. Infect. Dis. 134:5242-5248.

Levine, J. F., M. J. Maslow, R. E. Leibowitz, A. A. Pollock,
B. A. Hanna, S. Schaefler, M. S. Simberkoff, and J. J. Rahal.
1985. Amikacin-resistant gram negative bacilli; correlation of
occurrence with amikacin use. J. Infect. Dis. 151:295-300.
Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

Macrina, F. L., D. J. Kopecko, K. R. Jones, D. J. Ayers, and
S. M. McCowen. 1978. A multiple plasmid-containing Esche-
richia coli strain: convenient source of size reference plasmid
molecules. Plasmid 1:417-420.

McConaughy, B. L., C. D. Laird, and B. J. McCarthy. 1969.
Nucleic acid reassociation in formamide. Biochemistry
8:3289-3295.

Meyer, J. F., B. A. Nies, and B. Wiedemann. 1983. Amikacin
resistance mediated by multiresistance transposon Tn2424. J.
Bacteriol. 155:755-760.

Murray, B. E., and R. C. Moellering. 1982. In vivo acquisition of
two different types of aminoglycoside resistance by a single
strain of Klebsiella pneumoniae causing severe infection. Ann.
Intern. Medicine 96:176-180.

National Committee for Clinical Laboratory Standards. 1984.
Vol. 4, no. 16 M2A3. National Committee for Clinical Labora-
tory Standards, Villanova, Pa.

National Nosocomial Infections Study Report. 1985. U.S. Depart-
ment of Health and Human Services. Public Health Service.
Centers for Disease Control, Atlanta, Ga.

O’Brien, T. F., D. G. Ross, M. A. Guzman, A. A. Medeiros,
R. H. Hodges and D. Botstein. 1980. Dissemination of an anti-
biotic resistance plasmid in hospital patient flora. Antimicrob.
Agents Chemother. 17:537-543.

Perlin, M. H., and S. A. Lerner. 1979. Amikacin resistance
associated with a plasmid-borne aminoglycoside phosphotrans-
ferase in Escherichia coli. Antimicrob. Agents Chemother.
16:598-604.

Price, K. E. 1981. Aminoglycoside antibiotics: chemical aspects
and future trends, p. 58-82. In G. Gialdroni Grassi and L.
Sabath (ed.), New trends in antibiotics: research and therapy.
Elsevier/North-Holland Biomedical Press, Amsterdam.
Radika, K., and D. B. Northrop. 1984. Correlation of antibiotic
resistance with V. ,,/K,, ratio of enzymatic modification of
aminoglycosides by kanamicin acetyltransferase. Antimicrob.
Agents Chemother. 25:479-482.

Rigby, P. W., J. M. Dieckman, C. Rodhes, and P. Berg. 1977.
Labelling deoxyribonucleic acid to a high specific activity in
vitro by nick translation with DNA polymerase 1. J. Mol. Biol.
113:237-251.

Rubens, C. E., W. F. McNeill, and W. E. Farrar. 1979. Evolu-
tion of multiple antibiotic resistance plasmids mediated by
transposable plasmid deoxyribonucleic acid sequences. J. Bac-
teriol. 140:713-719.

Sadowski, P. L., B. C. Petersen, D. N. Gerdin, and P. P. Cleary.
1979. Physical characterization of ten R plasmids obtained from
an outbreak of nosocomial Klebsiella pneumoniae infections.
Antimicrob. Agents Chemother. 15:616-624.

1senb Ag 0z0z ‘T 4200100 uo /Hi0 wse oee//:dny wolj papeojumoq


http://aac.asm.org/

VoL. 29, 1986

34.

3s.

Smith, A. L., and D. Smith. 1974. Gentamicin: adenine
mononucleotide transferase: partial purification, characteriza-
tion and use in the clinicdl quantitation of C gentamicin. J.
Infect. Dis. 129:391-401. '

Southern, E. 1975. Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

36.

37.

AMIKACIN RESISTANCE IN K. PNEUMONIAE 319

Tolmasky, M. E., and J. H. Crosa. 1984. Molecular cloning and
expression of genetic determinants for the iron uptake system
mediated by the Vibrio anguillarum plasmid pJM1. J. Bacteriol.
160:860-866.

Walter, M. A., S. A. Potter, and J. H. Crosa. 1983. Iron uptake
system mediated by Vibrio anguillarum plasmid pJM1. J. Bac-
teriol. 156:880-887.

1senb Ag 0z0z ‘T 4200100 uo /Hi0 wse oee//:dny wolj papeojumoq


http://aac.asm.org/

