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Enzymatic phosphorylation of amikacin has not been reported previously in
gram-negative bacteria. We found that extracts of MP1, a mutant of Escherichia
coli JR66/W677 that is resistant to amikacin, were able to phosphorylate this
aminoglycoside more rapidly than were extracts of the parental strain. Conjugal
transfer of resistance from MP1 to a recipient strain was accompanied by
acquisition in the transconjugants of amikacin phosphotransferase activity and of
a 57-megadalton plasmid present in the donor. Partial purification of the phos-
photransferase activity on amikacin-Sepharose 4B yielded an enzyme with a
substrate spectrum similar to that of the 3'-neomycin-kanamycin phosphotrans-
ferase II found in E. coli, except that it was also active against amikacin. A
mutant of MP1, MP5, had increased susceptibility to amikacin and reduced
phosphotransferase activity. MP9, a mutant of MP5, was more resistant to
amikacin and had increased phosphotransferase activity. The mutations leading
to these alterations of amikacin susceptibility and anikacin phosphotransferase
activity were transferable with the same plasmid that was associated with
amikacin resistance and phosphotransferase activity in MP1. These studies dem-
onstrate that resistance to amikacin in a laboratory strain of E. coli is due to an
aminoglycoside phosphotransferase coded by a transferable plasmid-borne gene.

Amikacin is a synthetic derivative of kana-
mycin A with a hydroxyaminobutyric acid side
chain substituted at the 1-amino position. This
substitution renders amikacin free from attack
by known enzymes of gram-negative bacteria at
all of the susceptible sites on kanamycin, except
the 6'-amino group, which is acetylated (6). As
a consequence of its limited susceptibility to
enzymatic modification, amnikacin is effective
against strains that modify kanamycin at the
other sites (13).
Amikacin has been employed successfully in

the treatment of serious infections caused by
gram-negative bacteria, especially strains resist-
ant to other aminoglycosides (1, 10, 16). Devel-
opment of novel enzymatic modification of ami-
kacin might extend resistance to amikacin and
thereby decrease its effectiveness in the treat-
ment of serious gram-negative infections.
An en-zyme produced by a mutant laboratory

strain ofEscherichia coli with modest resistance
to amikacin was found to phosphorylate amika-
cin, as well as its parent compound, kanamycin
A. We sought to detennine whether this enzy-
matic activity contributes to the amikacin re-
sistance and whether resistance to amikacin
could be affected by mutational alteration ofthis
phosphorylating activity.

MATERIALS AND METHODS
Bacterial strains. MP1, a derivative of E. coli

JR66/W677 (Thr- LeuW Thi-, isolated from a culture
mutagenized with nitrosoguanidine for increased re-
sistance to chloramphenicoL was provided by L.
Sands. E. coli JR66/W677 (containing plasmids
pJR66a and pJR66b) (5) was supplied by K. Price of
Bristol Laboratories, Syracuse, N.Y. E. coli JSRO
(Pro- Met-, sensitive to aminoglycoside antibiotics
and to chloramphenicol) (K-12 strain J53) and E. coli
RP1/MRPO were from J. Shapiro. E. coli JSRO-N
was a spontaneous nalidixic acid-resistant mutant of
JSRO. Strains were kept at -20°C in Trypticase (BBL
Microbiology Systems, Cockeysvile, Md.) soy broth-
heat-inactivated horse serum (1:1).

Media. Rich media were Muelier-Hinton (M-H)
broth and agar (BBL Microbiology Systems). The PA
minimal agar medium (20) included 1.2% agar (Difco
Laboratories, Detroit, Mich.). Glucose was added to
0.8%, and proline and methionine were each supple-
mented at a concentration of 50 pg/ml.

Chemicals and reagents. Kanamycin, amikacin,
lividomycin A, and dideoxykanamycin B were gifs
from Bristol Laboratories; gentamicin complex and
the C1, C18, and C2 components were from Schering
Laboratories, Bloomfield, N.J.; gentamicin A and pa-
romomycin were from S. Kabins; neomycin was from
J. Shapiro; butirosin and chloramphenicol were from
Parke, Davis & Co., Detroit, Mich.; ribostamycin was
from Meiji Seika Keisha, Ltd., Tokyo, Japan; and
nalidixic acid was from Winthrop Laboratories, New
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York, N.Y. Streptomycin was purchased from Pfizer
Inc., New York, N.Y.; proline and methionine were

from Calbiochem, La Jolla, Calif.; adenosine 5'-tri-
phosphate (ATP) was from P-L Biochemicals, Mil-
waukee, Wis.; ['4C]acetyl coenzyme A was from Amer-
sham Corp., Arlington Heights, Ill.; and [8-'4C]ATP
was from New England Nuclear Corp., Boston, Mass.
[y-32P]ATP, synthesized by the method of Glynn and
Chappell (8), was kindly provided by N. Cozzarelli and
K. Agarwal.

Determination of antibiotic susceptibility.
Antibiotic disk susceptibility testing was performed by
the Kirby-Bauer method (2). Minimal inhibitory con-

centrations (MICs) of antibiotics were determined by
an agar dilution method. Suspensions of test organisms
at around 108/ml were applied with a pronged repli-
cator (22) to M-H agar containing antibiotics in two-
fold dilutions. After the plates were incubated at 370C
for 18 h, they were scored for growth or no growth.
The lowest antibiotic concentration at which no

growth appeared was the MIC.
Conjugal transfer of kanamycin, amikacin, or

gentamicin resistance. Aminoglycoside-resistant
transconjugants of JSRO-N were selected by spread-
ing mating cultures of JSRO-N and resistant donors
onto M-H agar containing 3 ,ug of nalidixic acid per ml
and 25 Ag of kanamycin, 12.5 ,tg of amikacin, or 6.25
/lg of gentamicin per ml. Alternatively, in crosses with
JSRO as the recipient, counterselection against the
donors was accomplished by plating mating cultures
onto PA agar containing proline and methionine along
with kanamycin or amikacin. With either method of
counterselection, there was no growth on control
plates spread with samples of cultures lacking a donor
or recipient. All transconjugants grew on PA agar

supplemented with proline and methionine but not in
their absence.

Isolation ofmutants with decreased resistance
to amikacin. Two cultures ofMP1 were mutagenized
with ethyl methane sulfonate (Eastman Organic
Chemicals, Rochester, N.Y.) (14) and then diluted and
cultivated overnight in M-H broth at 370C. Diluted
samples from each culture were spread onto M-H agar

plates, and colonies which grew up were replica plated
onto M-H agar containing amikacin (12.5 ,ug/ml), kan-
amycin (200 ug/ml), gentamicin (25 ,ug/ml), or no

antibiotic. After the plates were incubated overnight
at 370C, colonies which grew on all plates except those
containing amikacin were picked.

Selection ofmutants with increased resistance
to amikacin. A sample of an overnight culture of
MP5, a mutant of MP1 with a decreased level of
resistance to amikacin, was spread onto M-H agar
containing 25 .ug of amikacin per ml. Mutants which
grew spontaneously after 24 h at 370C were purified
on M-H agar containing amikacin.

Preparation of sonic extracts. Sonic extracts
were prepared as described previously (21). After son-

ication, the suspensions were centrifuged at 12,000 x
g for 15 min at 20C, and the supernatants (sonic
extracts) were aspirated and kept on ice. Extracts
which were to be assayed for aminoglycoside phospho-
rylation alone were prepared in 0.6 M sodium caco-

dylate, pH 7.0.
Assay of aminoglycoside-modifying activity.

In each case, enzymatic modification of an aminogly-
coside was assayed by adsorption of the radioactive
product onto phosphocellulose filter disks (Whatman
P 81) by the method of Ozanne et al. (19). A unit of
activity was 1 umol of aminoglycoside modified per
min at the assay temperature.

(i) Phosphorylation. Reaction mixtures of 0.120
ml included 0.1 M cacodylate (pH 7.0), 7.5 mM MgCl2,
2.5 mM dithiothreitol, 0.0825 mM [y-32P]ATP (5 x
1012 to 10 X 1012 cpm/mol), and 0.167 mM aminogly-
coside. Enzyme was added to the reaction mixtures on
ice, and the reactions were started by transfer to 250C.
Samples of 0.100 ml were spotted onto phosphocellu-
lose filter disks at 3 or 20 min, or samples of 0.035 ml
were spotted at 1, 2, and 3 min, and the disks were
dropped into water at 800C to stop the reaction.

(ii) Adenylylation. Reactions were carried
out as for phosphorylation, except 0.033 M
tris(hydroxymethyl)aminomethane (Tris)-hydrochlo-
ride (pH 7.8) and 0.33 mM ['4C]ATP (4 Ci/mol) re-
placed cacodylate buffer and [y-3P]ATP, and incu-
bation was at 370C for 3 min, for 20 min, or for 1, 2,
and 3 min.

(iii) Acetylation. Reaction mixtures of 0.120 ml
included 0.1 M Tris-maleate (pH 5.7), 0.01 M MgC12,
2.5 mM dithiothreitol, 0.0825 mM ["4C]acetyl coen-
zyme A (4 Ci/mol), and 0.167 mM aminoglycoside.
Enzyme extracts were added to reaction mixtures on
ice, and the reactions were started by transfer to 370C.
Samples were withdrawn at 20 min.

Assay for the presence of chloramphenicol acetyl-
transferase (CAT) activity was carried out by the
radioenzymatic method of Robison et al. (21).

Preparation of amikacin-agarose. Agarose
(Sepharose 4B; Pharmacia Fine Chemicals Inc., Pis-
cataway, N.J.) was activated with cyanogen bromide
and coupled with amikacin by the method of Kawabe
et al. (12).

Purification of amikacin phosphorylating ac-
tivity. A culture of an amikacin-resistant transconju-
gant from a cross of MP1 with JSRO was subjected to
osmotic shock (18). After centrifugation at 27,000 x g
for 15 min at 20C, the supernatant was purified on
amikacin-agarose by the method of Kawabe et al. (12).
The column was eluted with 250 ml ofa linear gradient
from 0.05 to 0.75 M NaCl in the column buffer. Frac-
tions with phosphorylating activity for amikacin were
pooled, dialyzed against column buffer without salt,
and kept on ice.

Protein determination. Protein concentrations
were determined by the method of Lowry et al. (15).
Demonstration of plasmid content. Extracts of

bacterial plasmid deoxyribonucleic acid were prepared
by the method of Meyers et al. (17) from cultures
grown overnight in Trypticase soy broth at 370C.
Samples were analyzed for the presence of plasmids
by electrophoresis on agarose gels (17).

RESULTS
Antibiotic susceptibilities of MP1, JR66/

W677, and JSRO-N. As shown in Table 1,
whereas MP1 was resistant to amikacin, its an-
tecedent strain, JR66/W677, was susceptible to
amikacin and had lower MICs of gentamicin and
tobramycin but greater resistance to tetracycline
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TABLE 1. Antibiotic resistance of strains
Antibiotic resistancea

Strain
Amib Kanb Livb Ddkb Genb Tobb Strb ChlC Tec Suc

JR66/W677 3.12 >100 12.5 100 25 12.5 100 6 6 6
MP1 50 >200 25 >100 >50 >50 >100 6 15 6
MP5 12.5 >200 12.5 >100 >50 50 >100 6 17 6
MP9 50 >200 100 >100 >50 >50 >100 6 6 6
JSRO-N 3.12 6.25 12.5 6.25 0.78 1.56 0.78 20 20 22
JSRO-N(pJR66a) 3.12 >100 12.5 6.25 3.12 3.12 100 24 21 27
MP2 50 >200 25 12.5 3.12 1.56 50 20 23 24
MP2g 50 >100 NDd NDd 25 50 >100 6 12 6
MP6 3.12 >200 12.5 6.25 0.78 0.78 50 22 23 27
MPLO 50 >200 100 12.5 0.78 3.12 >100 22 22 27

a Ami, Amikacin; Kan, kanamycin; Liv, lividomycin A; Ddk, dideoxykanamycin B; Gen, gentamicin; Tob,
tobramycin; Str, streptomycin; Chl, chloramphenicol; Te, tetracycline; Su, sulfisoxazole.
bMIC (micrograms per milliliter).
c Kirby-Bauer disk diameter (millimeters).d ND, Not done.

than did MP1. The MIC of lividomycin A for
MP1 was twice that for JR66/W677. Strain
JSRO-N was susceptible to all antibiotics tested.
Conjugal transfer of amikacin resistance

from MP1 to JSRO-N. In a cross between MP1
and JSRO-N, colonies appeared on amikacin
and kanamycin plates at a frequency of 5 x 106
per donor. In the same cross, selection on gen-
tamicin yielded lo-5 colonies per donor. Putative
transconjugant colonies resistant to amikacin,
kanamycin, or gentamicin were then replica
plated onto M-H agar containing 3.12 ,tg of
amikacin, 25 ,ug of kanamycin, 3.12 ,tg of genta-
micin, or 3.12 ,Ag oftobramycin per ml. All strains
selected for resistance to amikacin were also
resistant to kanamycin; all kanamycin-resistant
transconjugants grew on amikacin. None of the
transconjugants had acquired a clinically signifi-
cant level of resistance to gentamicin or tobra-
mycin. One transconjugant selected for resist-
ance to amikacin (MP2) and another selected
for resistance to kanamycin were picked for fur-
ther study. As shown in Table 1, MP2 acquired
resistance to streptomycin as well as to amikacin
and kanamycin, but had only a modest rise in
the MIC of gentamicin and no change in suscep-
tibility to dideoxykanamycin, tobramycin, chlor-
amphenicol, tetracycline, or sulfisoxazole. The
transconjugant selected for its resistance to kan-
amycin had a profile of resistance to these anti-
biotics similar to that of MP2 (data not shown).
A transconjugant strain similar to MP2 (MP2a)
was selected in a cross between MP1 and JSRO
by growth on PA agar containing amikacin, pro-
line, and methionine. All of the transconjugants
selected for resistance to gentamicin also grew
on tobramycin, and 98 of 100 also grew on ami-
kacin and kanamycin. One of these picked for
further study (MP2g) acquired resistance to the

same spectrum of antibiotics to which MP1 was
resistant (Table 1).
To compare the transfer of aminoglycoside

resistance from MP1 with that from JR66/
W677, we crossed the latter strain with JSRO-N
and selected kanamycin-resistant transconju-
gants with a frequency of 4 x 1i-' per donor.
None of 75 tested grew on amikacin, gentamicin,
or tobramycin. Transconjugant strain JSRO-
N(pJR66a), picked for further study, had ac-
quired clinically significant resistance to only
streptomycin in addition to its kanamycin re-
sistance (Table 1).

Isolation of a mutant of MP1 with en-
hanced susceptibility to amikacin. From a
mutagenized culture of MP1, one strain (MP5)
had an MIC of amikacin one-fourth that of the
parental MP1 (Table 1). MP5 was still resistant
to kanamycin, dideoxykanamycin B, and genta-
micin, but the actual limits were not determined.
A kanamycin-resistant transconjugant (MP6)
from a cross of MP1 with JSRO-N remained as
susceptible to amikacin as did the recipient
(Table 1).

Selection ofa mutant ofMP5 with greater
resistance to amikacin. Spontaneous amika-
cin-resistant mutants of MP5 appeared at a fre-
quency of 106. One of these, MP9, was chosen
for further study. Its increased level of resistance
to amikacin (MIC, 50 ,ug/ml) is shown in Table
1. MP9 also showed an increase in MIC of livi-
domycin A. MP10, an amikacin-resistant trans-
conjugant, was selected in a cross between MP9
and JSRO-N. The resistance to lividomycin A
was also transferable to MP10.
Aminoglycoside-modifying activities.

Specific activities for phosphorylation of ami-
kacin and kanamycin by sonic extracts of all
strains in this study are listed in Table 2. Ex-
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TABLE 2. Phosphotransferase activity in crude
extracts of strains

Sp act'
Strain

Amib Kanb

JR66/W677 1.35 4.15
MP1 10.2 24.4
MP5 1.7 4.1
MP9 16.7 63.3
JSRO-N 0.1 0.1
JSRO-N(pJR66a) 0.59 3.8
MP2 2.0 5.6
MP2g 2.6 6.0
MP6 0.87 3.6
MP1O 5.1 12.5

a Specific activity is stated in milliunits per mili-
gram of protein at 250C.

'Activity for each substrate: Ami, amikacin; Kan,
kanamycin.

tracts of MP1 phosphorylated amikacin and
kanamycin and also gentamicin A, neomycin,
butirosin, ribostamycin, paromomycin, and
streptomycin. Lividomycin A was phosphoryl-
ated weakly, at about 7% of the rate of kana-
mycin. An extract of MP1 failed to phosphoryl-
ate gentamicins Cl, Cla, and C2, tobramycin,
sisomicin, netilmicin, spectinomycin, and dide-
oxykanamycin B. The phosphotransferase activ-
ity for each aminoglycoside was less for JR66/
W677 than for MP1. In fact, activity for livido-
mycin A was hardly detectable in an extract of
JR66/W677. JSRO-N had no phosphotransfer-
ase activity for any of the antibiotics tested.
There was no acetylation by extracts of MP1,
JR66/W677, and JSRO-N of any of the amino-
glycosides tested for phosphorylation, but CAT
activity was demonstrated in MP1. Of these
aminoglycosides, only gentamicin C complex,
tobramycin, dideoxykanamycin B, and kana-
mycin were adenylylated by MP1 and JR66/
W677.
A crude extract of MP2 phosphorylated the

same aminoglycoside spectrum as did extracts of
MP1. Similarly, JSRO-N(pJR66a) acquired
phosphotransferase activity against all of the
aminoglycoside substrates of phosphorylation
by JR66/W677. MP2 failed to acquire from MP1
its adenylylating activity for dideoxykanamicin
B, gentamicin, or tobramycin or its CAT activ-
ity. On the other hand, MP2g, the transconju-
gant selected for gentamicin resistance, did ac-
quire the adenylylating and CAT activities of
MP1 and also its phosphorylating activities.
MP2a, the amikacin-resistant transconjugant of
MP1 obtained in a cross with JSRO, acquired
the same phosphorylating activity as MP2 (data
not shown). As shown in Table 3, amikacin
phosphorylating activity partially purified from

TABLE 3. Phosphotransferase activity ofMP2a
purified on amikacin-agarose

Substrate Phosphotransferaseactivitya
Amikacin ..................... 32
Kanamycin ................... 70
Gentamicin A ................. 240
Neomycin .................... 180
Butirosin ..................... 240
Paromomycin ................. 220
Streptomycin ................. <0.1

aSpecific activities, in milliunits per milligram of
protein at 250C, reflect curves obtained by sampling
at 1, 2, and 3 min.

MP2a by affinity chromatography on amikacin-
agarose was active against all of the substances
phosphorylated by a crude extract except strep-
tomycin (lividomycin A not tested).
MP5, the mutant of MP1 with enhanced ami-

kacin susceptibility, had reduced phosphorylat-
ing activity for amikacin and kanamycin (Table
2). Its kanamycin-resistant transconjugant,
MP6, acquired the same phosphotransferase ac-
tivities. MP9, the amikacin-resistant mutant of
MP5, had an increase in amikacin and kanamy-
cin phosphotransferase activities over those of
MP5 and even MPl. MP9 also had increased
phosphotransferase activity for lividomycin A.
Extracts of MP10 phosphorylated the same ami-
noglycosides as did extracts of MP9.
Plasmid content of strains. The agarose gel

in Fig. la shows that MP1 and MP2g have two
plasmids of the same size as those of JR66/
W677: a larger plasmid, pJR66a, which is 57
megadaltons in size (7), and a smaller plasmid,
pJR66b (5), which appears intermediate in size
between pJR66a and RP1 (40 megadaltons) (9).
JSRO-N has no detectable plasmid. MP2 (Fig.
lb) and JSRO-N(pJR66a) (Fig. la) have each
acquired a plasmid equal in size to the larger
plasmid of MP1. Figure la also shows that MP6
and MP10 acquired a plasmid of the same size
as the larger plasmid present in MP1, MP5, and
MP9.

DISCUSSION
We have confirmed the presence of two plas-

mids in the progenitor strain JR66/W677 (5).
The larger (57 megadaltons) is able to transfer
resistance to kanamycin and streptomycin and
is presumably equivalent to pJR66a, a self-trans-
missible plasmid of 57 megadaltons (7> which
confers resistance to kanamycin and strepto-
mycin and determines I pili (5). The smaller
plasmid is presumably equivalent to pJR66b, a
non-self-transmissible plasmid which is a mem-
ber of compatibility group FII, confers resistance
to kanamycin, gentamicin, streptomycin, chlor-
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FIG. 1. (a) Electrophoresis of deoxyribonucleic acidpreparations in 0.6% agarose gel after 6 h at 150 V. E.
coli JR66/W677 has aplasmid of57megadaltons in size (pJR66a) (7) and a smallerplasmid (5). RP1/MRPO
contains RPJ, a plasmid of 40 megadaltons (9). (b) Electrophoresis of deoxyribonucleic acid preparations in
0.8% agarose gel after 3 h at 150 V.

amphenicol, tetracycline, and sulfisoxazole, and
could be mobilized by pJR66a (5).
JR66/W677 has weak phosphorylating activ-

ity for amikacin and is susceptible to it. The
origin of MP1 from this strain is somewhat ob-
scure. The greater phosphotransferase activity
for amikacin found in MP1 and its increased
resistance to amikacin resulted either from the
nitrosoguanidine-induced mutation that led to
increased activity of CAT and to higher resist-
ance to chloramphenicol or from some other
mutational alteration.
The concomitant transfer from MP1 to JSRO-

N of resistance to amikacin, phosphotransferase
activity for this drug, and the 57-megadalton
plasmid suggests that amikacin resistance in
MP1 and MP2 is due at least in part to a gene
borne on this plasmid, likely the structural gene
for the phosphotransferase with activity for
amikacin. MP2 acquired phosphorylating activ-

ity for the full substrate spectrum of MP1, but
failed to gain high-level resistance to gentamicin,
tobramycin, dideoxykanamycin B, chloram-
phenicol, tetracycline, or sulfisoxazole. MP2 also
failed to acquire adenylylating activity for gen-
tamicin, tobramycin, or dideoxykanamycin B (3)
or CAT (21) known in JR66/W677. These results
suggest that genes for these antibiotic-modifying
enzymes and for resistance to tetracycline and
sulfisoxazole lie on the smaller plasmid of MP1.
In fact, selection for transfer of gentamicin re-
sistance from MP1 into MP2g resulted in the
acquisition of the other resistance markers of
pJR66b from MP1, as well as those of pJR66a,
corresponding to the transfer of both plasmids.
The partial purification of the phosphotrans-

ferase activity of MP2a by affinity chromatog-
raphy with amikacin as the bound ligand showed
that the 57-megadalton plasmid codes for at
least two aminoglycoside phosphotransferases,

602 PERLIN AND LERNER

1-1

t.)-
.D

N.-.
11

i;;L

.pl
2.1 z

11.,
I.,.-, .14 1 -1

.T .L x
C.1.1; S



AMIKACIN PHOSPHORYLATION IN E. COLI 603

one that acts on streptomycin and another with
activity for a series of other aminoglycosides
including amikacin. Except for its activity on
amikacin and on lividomycin A, this latter phos-
photransferase has a spectrum of aminoglyco-
side substrates similar to that of the 3'-neomy-
cin-kanamycin phosphotransferase II (3, 11).
Amikacin phosphorylation by this enzyme has
not been reported in gram-negative bacteria.
Previous work on it either failed to detect ami-
kacin phosphorylation (3, 11) or to test for it
(19). In assays carried out in Tris-maleate at pH
7.1, diminished phosphorylation of amikacin
may have been ignored as insignificant. Under
our assay conditions in cacodylate buffer at pH
7.0, the ratio of specific activities for kanamycin
and amikacin was generally in the range of 2:1
to 3:1 in extracts ofJR66/W677, MP1, MP2, and
MP2a and in the partially purified phospho-
transferase preparation from MP2a. In similar
assays of an extract of MP1 carried out in Tris-
maleate at pH 7.0, the activity against amikacin
was markedly diminished, so that the ratio of
activities against kanamycin and amikacin in-
creased to 15:1.
The role of the amikacin phosphotransferase

in resistance to amikacin was supported by the
demonstration that mutations in a plasmid-
borne gene can lower and raise the level of
resistance to amikacin along with the phospho-
transferase activity for this drug. The actual
level of activity in the transconjugant from each
mutant was less than that in the corresponding
donor. This may be due to a decreased level of
expression in the genetic background of the re-
cipient, JSRO-N. It is unlikely that the lower
activity in the transconjugants was due to the
absence of additional amikacin phosphorylating
activity for which the untransferred plasmid
pJR66b might be responsible, since transconju-
gant MP2g had both plasmids and yet its level
of phosphotransferase activity for amikacin was
less than that of MP1.
The aminoglycoside phosphotransferase ac-

tivity, as usually assayed with excess aminogly-
coside substrate, does not necessarily correlate
well with the levels of resistance to different
aminoglycosides. Our transconjugants were al-
ways much more resistant to kanamycin as com-
pared with amikacin than would be predicted by
the levels of phosphotransferase activity against
these substrates. Crude kinetic studies of initial
rates of phosphorylation (1, 2, and 3 min) of
amikacin and kanamycin by extracts of MP1
indicated that the Km of kanamycin was 1/10 or
less than that of amikacin. Such differences in
affinity were proposed to explain the suscepti-
bility to amikacin of various strains of Staphy-
lococcus aureus recently reported to possess a

3'-phosphotransferase activity for amikacin and
other aminoglycosides (4). Although rates of
phosphorylation are indicative of phosphotrans-
ferase activity, our assays were plagued by prob-
lems with poor linearity over time. A similar
decline in the rate of phosphorylation with time
was reported for the phosphotransferase in S.
aureus (4).
The mutations of JR66/W677 which led to

strains MP1 and MP9 resulted in a phospho-
transferase activity with a broadened substrate
spectrum. The mutant enzyme would appear to
fall into a different class from the phosphotrans-
ferase reported for JR66/W677 (3'-neomycin-
kanamycin phosphotransferase II), since it phos-
phorylates amikacin and lividomycin A more
actively. Perhaps this type of mutation is re-
sponsible in part for the diversity of aminogly-
coside-modifying enzymes.
The ability of spontaneous mutation to en-

hance the level of transferable resistance to
amikacin is of concern. A strain such as MP5
with clinical susceptibility to amikacin (MIC,
12.5 ,g/ml) mutated to MP9 with clinically sig-
nificant resistance (MIC, 50 ,ug/ml). Whether
similar mutants of pathogenic strains will be
selected under conditions of increasing anmikacin
usage remains to be seen.
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