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A B S T R A C T Clinical isolates of enterococci (Strep-
tococcus faecalis) with high-level resistance to both
streptomycin and kanamycin (minimal inhibitory con-
centration >2,000 ,ug/ml), and resistant to synergism
with penicillin and streptomycin or kanamycin were
examined for aminoglycoside-inactivating enzymes.
All of the 10 strains studied had streptomycin adenylyl-
transferase and neomycin phosphotransferase activi-
ties; the latter enzyme phosphorylated amikacin as
well as its normal substrates, such as kanamycin. Sub-
strate profiles of the neomycin phosphotransferase
activity suggested that phosphorylation occurred at
the 3'-hydroxyl position, i.e., aminoglycoside 3'-phos-
photransferase. A transconjugant strain, which acquired
high-level aminoglycoside resistance and resistance
to antibiotic synergism after mating with a resistant
clinical isolate, also acquired both enzyme activities.
Quantitative phosphorylation of amikacin in vitro by a
sonicate of the transconjugant strain inactivated the
antibiotic, as measured by bioassay, and the phos-
phorylated drug failed to produce synergism when
combined with penicillin against a strain sensitive
to penicillin-amikacin synergism.
No differences were found in the sensitivity of ribo-

somes from a sensitive and resistant strain when exam-

This work was presented in part at the Interscience Con-
ference on Antimicrobial Agents and Chemotherapy. October
1977, New York.

Dr. Perzynski's present address is the Institute of Bio-
chemistry and Biophysics Polish Academy of Sciences,
Warsaw, Poland. Dr. Krogstad's present address is the Micro-
biology Laboratory, Bames Hospital, St. Louis, Mo. 63110.
Address reprint requests to Dr. Moellering.
Received for publication 8 November 1977 and in revised

form 31 March 1978.

ined in vitro using polyuridylic acid directed [14C]-
phenylalanine incorporation in the presence of strep-
tomycin, kanamycin, or amikacin. Therefore, we con-
clude that aminoglycoside-inactivating enzymes are
responsible for the aminoglycoside resistance, and
resistance to antibiotic synergism observed in these
strains.

INTRODUCTION

Enterococci are less sensitive to penicillin than other
streptococci (1). Since the demonstration by Hunter
in 1947 (2), and by Jawetz et al. in 1950 (3) that penicil-
lin and streptomycin produce synergistic killing of
enterococci, combinations of penicillin and an amino-
glycoside have been used in the treatment of serious
human enterococcal infections.
During the last 10-15 yr, centers in various parts

of the United States (4, 5) and overseas (6) have found
25-50% of clinical enterococcal isolates resistant to
high levels of streptomycin and(or) kanamycin (mini-
mal inhibitory concentration >2,000 ,ug/ml). Entero-
cocci with high-level aminoglycoside resistance are
refractory to synergism with penicillin and that amino-
glycoside (7). Therefore, infections with such resistant
organisms require treatment with penicillin and an
aminoglycoside to which they are not highly resistant
to produce synergism. As a result, we have been inter-
ested in studying the mechanism of this resistance to
determine which aminoglycosides should be used in
the treatment of enterococcal infections.
Because previous work has demonstrated that high-

level resistance and resistance to synergism were trans-
ferable by conjugation into a sensitive recipient strain
(8), we have examined a series of Streptococcus fae-
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calis strains for aminoglycoside-inactivating enzymes:
10 clinical isolates with high-level resistance to strep-
tomycin and kanamycin, a transconjugant strain pro-
duced by mating a sensitive recipient with one of the
resistant strains, the sensitive recipient, and 5 sensitive
clinical isolates were studied. A 45-Mdalton plasmid
has been identified in five resistant isolates, which
was not present in strains without high-level amino-
glycoside resistance; this plasmid was also found in
transconjugants of the sensitive recipient strain, after
they had acquired high-level aminoglycoside resist-
ance from resistant clinical isolates (8).
Additional experiments were designed to assess the

role of enzymatic modification in the high-level amino-
glycoside resistance and resistance to synergism found
in clinical isolates of enterococci. To relate phospho-
rylation to drug resistance, amikacin was phosphorylated
with a crude extract of the resistant transconjugant
strain, and then used with penicillin in a synergism
experiment against a strain sensitive to penicillin-
amikacin synergism. To evaluate the possible role of
ribosomal aminoglycoside resistance, we isolated
ribosomes from a sensitive and resistant strain, and
measured the effect of streptomycin, kanamycin, and
amikacin on protein synthesis in vitro. The, results
of these studies and a discussion of the relationship
between aminoglycoside-inactivating enzymes, amino-
glycoside resistance, and resistance to synergism found
in these strains form the basis of this report.

METHODS

Strains and media. Strains used were clinical isolates of
S. faecalis obtained from blood cultures of patients hospi-
talized at the Massachusetts General Hospital between 1968
and 1976. Screening for high-level resistance to streptomycin
and kanamycin was performed with a modified Steers repli-
cator on brain heart infusion (BHI) plates containing 2,000
,ug/ml of antibiotic. The recipient strain of S. faecalis, JH2-7,
was kindly provided by Jacob and Hobbs (9) and is resistant
to 25 ug/ml fusidic acid and 100 ,ug/ml rifampin. Cultures
were grown at 37°C on a Gyrotory shaker (model G-10, New
Brunswick Scientific Co., Inc., Edison, N. J.) set at 5 cycles/s.
Aminoglycoside-inactivating enzyme assays. Single

colony isolates were inoculated into BHI broth and incubated
overnight. The following morning, 0.5 ml of overnight cul-
ture was added to 50 ml of BHI broth and incubated with
shaking for 6-7 h. Cells were harvested by centrifugation
for 15 min at 4,500g and 40C. The pellet was resuspended
in 5.0 ml ofTMN buffer (10) and frozen overnight at -200C.
The next morning, after thawing at room temperature, cells
were maintained in an ice bath and sonicated (sonifier cell
disrupter, model W140 D, Heat Systems-Ultrasonics, Inc.,
Plainview, N. Y.) at a setting of 5.5 using three 30-s bursts
separated by 60-s pauses. Cell walls and other debris were
removed by centrifugation at 4,500 g for 15 min, and the super-
nate was used as a crude enzyme preparation in the amino-
glycoside-inactivating enzyme assays.
On two occasions, sonic extacts were centrifuged at 100,000 g

for 3 h at 8°C before use in the enzyme assays. Assays were
performed according to the method of Benveniste and Davis

(11), with the following modification: aminoglycoside anti-
biotics were prepared at a concentration of 0.4 mg/ml in glass-
distilled water. Thus, the concentration of aminoglycoside
was -57 ug/ml; 5 ,ul of aminoglycoside solution was added
to 10 ,ul of buffer, 10 Al of radioactive substrate, and 10 Il
of sonicated enzyme preparation in a total reaction volume
of 35 I1. Enzyme activity in sonicates was quantitated rela-
tive to standard substrates, i.e., relative to neomycin for amino-
glycoside 3'-phosphotransferase activity and relative to strep-
tomycin for streptomycin adenylyltransferase activity (11).
Enzyme assays to determine substrate profiles were incu-
bated for 20 min because preliminary studies showed that
this period of time was within the linear portion of the curve
obtained by plotting counts per minute versus time.

Isotopes were obtained from the ICN Pharmaceuticals,
Inc., Irvine, Calif. These included [y-32P]ATP (1,000-2,000
Ci/mmol), [U-14C]ATP (200-400 mCi/mmol), and [1-14C]-
acetyl coenzyme A (30-50 mCi/mmol). For use in enzyme
assays these were diluted with distilled water and unlabeled
ATP or acetyl coenzyme A to specific activities of 65 mCi/
mmol of [y-32P]ATP; 20 mCi/mmol of [U-14C]ATP; and 20
mCi/mmol of [1-14C]acetyl coenzyme A. ATP was obtained from
Sigma Chemical Co., St. Louis, Mo., and trilithium acetyl
coenzyme A from P-L Biochemicals, Inc., Milwaukee, Wis.

Purified aminoglycoside analogs were kindly provided by
Dr. Kenneth Price, Bristol Laboratories Div., Bristol-Myers
Co., Syracuse, N. Y., and included lividomycin A, butirosin
(85% A, 15% B), dideoxykanamycin B, and ribostamycin.
Other antibiotics used in these experiments included: amika-
cin and kanamycin A (Bristol Laboratories Div., Bristol-Myers
Co.); gentamicin, sisomicin, and netilmicin (Schering Corp.,
Schering-Plough Corp., Kenilworth, N. J.); streptomycin
and tobramycin (Eli Lilly and Company, Indianapolis, Ind.);
spectinomycin and neomycin (The Upjohn Co., Kalamazoo,
Mich.).
Quantitative phosphorylation of aminoglycosides. Quan-

titative phosphorylation of amikacin and kanamycin was
performed according to the method of Davies.' Each flask
contained the sonicated enzyme preparation (2.0 ml), Tris
buffer (0.2 ml of 1.0 M, pH 8.0), MgCl2 (0.04 ml of 1.0 M),
aminoglycoside (0.33 ml of a 10.0-mg/ml solution), ATP
(0.1 ml of 0.2 M ATP in Tris buffer, 1.0 M, pH 7.6), dithio-
threitol (Calbiochem, San Diego, Calif.; 0.03 ml of 0.5 M),
and glass-distilled water (2.2 ml). All reagents except the
enzyme preparation (cell sonicate) and aminoglycoside solu-
tion were sterilized before use by passage through a 0.45-Am
Millipore filter (Millipore Corp., Bedford, Mass.). The reaction
mixture was incubated at 300C in a water bath with slow
shaking for 30 h. Extra ATP (0.1 ml of 0.2 M ATP) was added
to each flask after 6 and 18 h of incubation. The contents
of each flask were checked for bacterial growth before use
in synergism experiments. Biologic activity of the antibiotic
in each flask was determined at the start and conclusion of
the incubation using a bioassay, with Bacillus globigii as the
indicator organism (12).
Synergism experiments. Synergism experiments were

performed according to the protocol of Moellering et al. (13).
Synergism was defined as a 100-fold or greater increase in
killing at 24 h by the combination of both drugs as compared
to the most effective drug (penicillin) alone. The concentra-
tion of aminoglycoside used (20 ,g/ml for amikacin and
dideoxykanamycin B) was less than the minimal inhibitory
concentration, and did not interfere with growth ofenterococci.
Ribosomal studies. Cells were grown in broth, harvested

in the early logarithmic growth phase, and washed twice in

1 Davies, J. E. Unpublished data.
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TABLE I
High-Level Aminoglycoside Resistance, Aminoglycoside-

Modifying Enzymes, and Resistance to Antibiotic
Synergism among Isolates of S. faecalis*

Clinical isolates Trans-
conjugant

Resistant Sensitive strain

High level resistance to
Streptomycin + - +
Kanamycin + - +

Aminoglycoside-modifying
enzymes

Streptomycin adenylyl-
transferase + - +

Neomycin phosphotrans-
ferase + - +

Resistance to antibiotic
synergism

Penicillin-streptomycin + - +
Penicillin-kanamycin + - +

* High-level resistance equals minimal inhibitory concen-
tration > 2,000 ,ug/ml. 10 resistance clinical isolates, 5
sensitive clinical isolates, and 5 transconjugant strains,
were examined for aminoglycoside resistance and amino-
glycoside-modifying enzymes. Synergism studies were per-
formed on 3 resistant isolates, 2 sensitive isolates, and 20
transconjugant strains.

TMN buffer with 0.5 mM spermidine. They were then frozen
at -700C, and disrupted after thawing by grinding with twice
their wet weight of alumina (14). An S-30 crude cell extract
was prepared according to the method of Nirenberg (14), and
used in subsequent studies. Protein synthesis was assessed
using ['4C]phenylalanine incorporation into trichloroacetic
precipitable material with polyuridylic acid as messenger
RNA in crude cell extracts (14). Aminoglycoside inhibition
of protein synthesis was measured by the reduction in counts
per minute diue to addition of streptomycin, kanamycin,
and amikacin (15).

RESULTS

Aminoglycoside-inactivating enzyme assays. All of
the 10 clinical isolates of enterococci with high-level
resistance to streptomycin and kanamycin had strepto-
mycin adenylyltransferase and aminoglycoside phos-
photransferase 3' (neomycin phosphotransferase) ac-
tivity. Neither enzyme was detected in the five sensi-
tive clinical isolates nor in the sensitive recipient strain
(Table I). However, after mating JH2-7 with a resistant
clinical isolate, the transconjugant strain JH2-7 (pDR 1)
(8) acquired both adenylyltransferase and phospho-
transferase activities, as well as high-level resistance to
streptomycin and kanamycin, and resistance to anti-
biotic synergism (Table I). Neither resistant nor sensi-
tive clinical isolates had measurable acetyltransferase
activity against streptomycin, neomycin, kanamycin,
amikacin, or gentamicin.

The streptomycin adenylyltransferase activity pres-
ent in resistant strains was not active against spec-
tinomycin (Fig. 1). No adenylyltransferase activity
was found in either resistant or sensitive strains when
tested against neomycin, kanamycin, gentamicin,
and tobramycin.

Substrate profiles of the aminoglycoside phospho-
transferase 3' (neomycin phosphotransferase) activity
found in resistant strains are shown in Fig. 1. Neomycin,
kanamycin, amikacin, ribostamycin, and butirosin
(all of which have a 3' hydroxyl group) were phos-
phorylated; gentamicin, tobramycin, netilmicin, and
sisomicin (which do not have a 3' hydroxyl group) were
not (Fig. 1, data for netilmicin and sisomicin not shown).
Lividomycin A, although it does not contain a 3' hy-
droxyl group, was phosphorylated as well.
Examination of sonicates from resistant isolates

after centrifugation for 3 h at 100,000 g to remove ribo-
somes revealed no loss ofadenylyltransferase or amino-
glycoside phosphotransferase 3' (neomycin phospho-
transferase) activity.
Quantitative phosphorylation of aminoglycosides.

A sonicate obtained from the resistant transconjugant
strain JH2-7 (pDR 1) inactivated all the amikacin pres-
ent in the flask after 30 h of incubation (Table II).
The same concentration of kanamycin exposed to the
sonicate ofJH2-7 (pDR 1) for 30 h was also inactivated.
However, when an amikacin-containing flask was incu-
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FIGuRE 1 Substrate profiles of enzyme activities found in
sonic extracts of clinical isolates of S. faecalis with high-
level resistance to streptomycin and kanamycin (minimal
inhibitory concentration > 2,000 ,ug/ml). Activities are cal-
culated relative to neomycin for phosphotransferase (stippled
area) and to streptomycin for adenylyltransferase (hatched
area) activities as 100%. Neo, neomycin; Km, kanamycin A;
Ami, amikacin; But, butirosin; Rib, ribostamycin; Liv A,
lividomycin A; DKB, dideoxykanamycin B; Gm, gentamicin;
Tob, tobramycin; Sm, streptomycin; Spc, spectinomycin.
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bated with a crude extract of the sensitive recipient
strain JH2-7 (before mating with the resistant clinical
isolate), no significant loss of activity was detected
by bioassay (Table II).
Synergism studies. When used with penicillin,

phosphorylated amikacin (produced as described
above) did not produce synergism against JH2-7, the
sensitive recipient strain, which is sensitive to peni-
cillin-amikacin synergism (Fig. 2). The control for this
experiment, which produced synergism, was penicillin
with amikacin that had been incubated with the soni-
cate of the sensitive recipient strain, JH2-7 (Fig. 2).
After substrate profiles had demonstrated that neither
sensitive or resistant strains had enzymatic activity
against dideoxykanamycin B, we studied a resistant
clinical isolate, EBC-22 (pDR 1), and found that it was
sensitive to penicillin-dideoxykanamycin B synergism
although resistant to synergism with penicillin and
kanamycin, amikacin, or streptomycin (Fig. 3).
Ribosomal studies. Ribosomes from a resistant

clinical isolate, EBC-22 (pDR 1), were compared with
those from the sensitive recipient strain, JH2-7. No
significant differences were observed in the inhibition
of radioactive phenylalanine incorporation into poly-
peptides by 3 aminoglycosides (streptomycin, kana-
mycin, and amikacin) over a wide range of concen-
trations (0.1-100 ,ug/ml) (Fig. 4).

DISCUSSION

Plasmid-mediated production of aminoglycoside-
inactivating enzymes has been well established among
gram-negative organisms, and clearly confers resist-
ance to clinically achievable concentrations of amino-
glycosides which is transferable by conjugation (16, 17).
More recently, aminoglycoside-inactivating en-

zymes have been found among gram-positive bacteria
as well. Courvalin and Davies (18) have reported a
3'-neomycin phosphortransferase, which also phos-
phorylates amikacin, in some strains ofStaphylococcus
aureus. However, the strains with this enzyme activity
were still susceptible to amikacin.
Among enterococci, an S. faecalis strain from Jacob

TABLE II
Quantitative Phosphorylation ofAmikacin

Amikacin concentration,
('tg/ml)*

Crude sonicate firom Zero time Plus 30 h

JH2-7 (pDR 1) 88.0 0.0
JH2-7 100.0 96.0

* Amikacin levels were determined by bioassay (12) using
a 10:1 dilution of the reaction mixture, (see text for details
of incubation).
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FIGuRE 2 Effect of phosphorylated and unphosphorylated
amikacin alone and in combination with penicillin against
the sensitive recipient strain, JH2-7. PCN, penicillin; AMI,
amikacin; PHOS AMI, phosphorylated amikacin.

and Hobbs (9) with high-level streptomycin and kana-
mycin resistance has been found to have streptomycin
adenylyltransferase and neomycin phosphotransferase
activity by others2 and by ourselves. We have now
described in this paper, clinical isolates with high-
level resistance to both drugs, resistance to antibiotic
synergism, and both enzyme activities which transfer
together by conjugation into a sensitive recipient strain.
Because both enzymes are found in transconjugant
strains which contain only the 45-Mdalton plasmid
transferred from resistant clinical isolates (8), we have
concluded that this plasmid controls the synthesis
of both enzymes.
The association between high-level aminoglycoside

resistance, resistance to penicillin-aminoglycoside
synergism, and the presence of the two aminoglyco-
side-inactivating enzymes suggested, but did not prove
a cause and effect relationship. The fact that phosphoryl-
ation of amikacin by a sonicate from a resistant entero-
coccus led to inactivation of the drug by bioassay sug-
gested that the phosphorylated drug might also be inac-

2Courvalin, P. M., A. E. Jacob, and W. V. Shaw. Personal
communication. Unpublished data.
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using penicillin and phosphorylatec
mine if phosphorylation of aminogl

pg/ml) phosphorylated neomycin and kanamycin are unlikely
to do so. The exact mechanism(s) by which aminogly-
coside-inactivating enzymes produce aminoglycoside

/ resistance is not clear. Previous work using ribosomes
CONTROL isolated from Escherichia coli has shown that adenyly-

lated streptomycin was not capable of inhibiting in
vitro protein synthesis (19). Likewise, it has also been
shown that purified (3') phosphorylated kanamycin

'CN (IOU/ml) does not inhibit ribosomal protein synthesis.' There-
fore, it seems likely that (3') phosphorylated amikacin
is also unable to inhibit protein synthesis.
However, recent work, especially from the laboratory

of Bryan and Van Den Elzen (20), has suggested that
resistance to aminoglycosides may result from de-

A+PCN N0 creased uptake across cell wall or cell membrane or
decreased binding to the ribosome, as well as ribosomal
resistance to the inhibition of protein synthesis. There-
fore, additional studies will eventually be necessary
to determine the relative importance of these several
stages in enzymatically produced aminoglycoside
resistance in enterococci as well as other bacteria.

Previous studies of streptomycin adenylyltransferase
activity in gram-negative organisms have shown that
the enzyme is characteristically active against spec-

16 20 24 tinomycin, and inactive against certain blocked strep-
tomycin derivatives such as N-methyl-dihydrostrep-
tomycin. Because the enzyme we have studied is inac-

in B and kanamycin tive against spectinomycin (Fig. 1), it seems likely
cillin against clinical that adenylylation may be taking place on the strepti-
ensitive to penicillin- dine ring at the 6 position as Suzuki et al. (21) has postu-esistant to penicillin-
:ykanamycin B; KM, lated in S. aureus, rather than at the 3' position as it

does among gram-negative bacteria. Because we have
not yet been able to obtain either N-methyl-dihydro-
streptomycin, or streptidine, we are presently unable

wever, because the to localize the site of adenylylation by these resistant
ssay was B. globigii, enterococci.
that the phosphoryl- Because aminoglycosides with a 3' hydroxyl group
gainst enterococcus. (neomycin, kanamycin, amikacin, ribostamycin, and
ient was designed, butirosin) were phosphorylated, and those without a
i amikacin, to deter- 3' hydroxyl group were not (gentamicin, tobramycin,
Iycosides accounted netilmicin, sisomicin, and dideoxykanamycin B), it

for the observed resistance to penicillin-aminoglyco-
side synergism seen with amikacin, kanamycin, and
other aminoglycosides susceptible to phosphorylation.
We chose amikacin because it is used more frequently
today in clinical practice than either kanamycin or
neomycin, and because previous work had demon-
strated a 3'-phosphotransferase in clinical isolates of
S. aureus which phosphorylated amikacin but did not
confer amikacin resistance (18). The results of the syn-
ergism experiment demonstrated that phosphorylated
amikacin does not produce synergism with penicillin
against an enterococcal strain which is sensitive to
penicillin-amikacin synergism (Fig. 2). Therefore, we
have concluded that phosphorylated amikacin cannot
synergize with penicillin against enterococci, and that
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FIGURE 4 Inhibition of polyphenylalanine synthesis in cell-
free extracts of S. faecalis strains JH2-7 and EBC-22 (pDR 1)
by streptomycin, kanamycin, and amikacin.
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seemed most likely that phosphorylation was occurring
at the 3' hydroxyl position. The exception to this gen-
eralization was lividomycin A, which does not contain
a 3' hydroxyl group, but was phosphorylated by these
strains and is also phosphorylated by gram-negative
organisms with 3' phosphotransferase activity (22).
Because previous studies of gram-negative organisms

have shown that lividomycin A is phosphorylated at
the 5' position by neomycin phosphotransferases I,
and III (23), which characteristically phosphorylate
at the 3' position of neomycin, kanamycin, ribosta-
mycin, and butirosin, but are inactive against amikacin
(presumably due to steric hindrance), we assume this
is also taking place in S. faecalis. Therefore, it appears
that the phosphorylation of neomycin, kanamycin,
and amikacin observed in these strains is most likely
at the 3' position, and that the enterococcal phospho-
transferase is a type III (phosphorylates ribostamycin
and butirosin), i.e., aminoglycoside phosphotransfer-
ase 3' (III). Our results with dideoxykanamycin B
strengthen the argument that phosphorylation is taking
place at the 3' position, and that phosphorylation pro-
duces resistance to antibiotic synergism. Dideoxykana-
mycin B differs from kanamycin A by the absence of
hydroxyl groups at both the 3' and 4' positions. Because
an aminoglycoside with a hydroxyl group at the 4' posi-
tion but not at the 3' position (tobramycin) is not phos-
phorylated by resistant strains, these results (penicillin-
dideoxykanamycin B synergism against a resistant
strain and lack of phosphotransferase activity against
dideoxykanamycin B among resistant clinical isolates)
are consistent with a critical role of the 3' hydroxyl
group and with the hypothesis that phosphorylation
at the 3' position is necessary for biologic inactivation
of these drugs. However, nucleo-magnetic resonance
or other similar studies will eventually be required
to document the structure ofthe phosphorylated amino-
glycoside.
Because previous studies in our laboratory demon-

strated that a mutant enterococcal strain with high-
level streptomycin resistance contained ribosomes
that were relatively insensitive to the effects of strep-
tomycin (15), we had originally speculated that the
resistance in clinical enterococcal strains might also
be due, at least in part, to aminoglycoside resistant
ribosomes. However, comparative study of ribosomes
from a sensitive strain and a highly resistant clinical
strain which contained aminoglycoside-inactivating
enzymes revealed no differences in the effect of strep-
tomycin, kanamycin, or amikacin on the inhibition of
protein synthesis, and we have concluded that the
aminoglycoside resistance found in these strains is not
due to resistant ribosomes. However, we have exam-
ined only strains with high-level resistance to both
streptomycin and kanamycin, and these results do
not exclude the possibility that some strains re-

sistant to streptomycin alone may contain resistant
ribosomes.

In addition to the site of adenylylation by strepto-
mycin adenylyltransferase in resistant enterococcal
strains, several other questions remain unanswered.
Although the simplest explanation of our findings is
that the plasmid codes for the synthesis of two amino-
glycoside-inactivating enzymes, we cannot exclude
the possibility that one or both gene(s) are situated
on the chromosome, and that the plasmid regulates
enzyme synthesis by coding for a derepressor(s). Simi-
larly, because neither enzyme has been purified, we
cannot exclude the possibility that more than one en-
zyme may be involved in producing the phosphotrans-
ferase activity we have found in crude extracts of resist-
ant cells. The data reported here also do not localize
the position of aminoglycoside-inactivating enzymes
in enterococci, although activity remained in the super-
natant fraction after centrifugation of a sonicate for
3h at 100,000g.
Our results demonstrate that plasmid-mediated pro-

duction of aminoglycoside-inactivating enzymes is
responsible for high-level resistance to both strepto-
mycin and kanamycin, and resistance to penicillin-
streptomycin and penicillin-kanamycin synergism
among some clinical isolates of enterococci. Strep-
tomycin is inactivated by an adenylyltransferase;
2-deoxystreptamine aminoglycosides with a 3' hydroxyl
group such as neomycin, kanamycin, and amikacin
are inactivated by the phosphotransferase activity of
resistant strains, and thus fail to produce synergism
with penicillin. Conversely, aminoglycosides lacking
a 3' hydroxy group such as gentamicin, tobramycin,
netilmicin, sisomicin, and dideoxykanamycin B are
not inactivated by the enzyme, and consistently pro-
duce synergism with penicillin against S. faecalis
strains with or without high-level resistance to strep-
tomycin and kanamycin.3
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