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The genetic and biochemical basis of a 200-fold increase in kanamycin (KM)-resistance
shown in Streptomyces griseus SS-1 198PR generated by protoplast regeneration was investi-
gated. A 15-kb Bel I-DNAsegment responsible for the KM-resistance was cloned into pIJ61
with Streptomyces lividans TK21as host. The KM-resistance segment was then subcloned
into pIJ702 as a 1.8-kb BamRl-BglII fragment with a BamRI site essential for the KM-
resistance. Both S. lividans TK21containing the cloned segments and S. griseus SS-1198PR
showed multiple resistance to KM, dibekacin and gentamicin C complex. Cell free extracts
from these strains inactivated the antibiotics in the presence of acetyl CoAin agreement with
their resistance pattern. The structure of the inactivated KM-Awas determined as 3-N-

acetyl-KM-Aindicating acetylation by an aminoglycoside acetyltransferase, AAC(3). jThe
substrate range of the enzyme was unique and was designated AAC(3)-V. No genetic linkage
was found between the cloned 15 kb Bell segment and the separately cloned streptomycin
resistance gene (str) segment (3.8 kb Sph I fragment). The str genes cloned from both the
parent (SS-1198) and the strain SS-1198PR were identical in their size, restriction site and

function. In addition, these strains showed no significant difference in the total DNAdiges-
tion pattern. These results indicate that protoplast regeneration may cause a critical change
in a specific region of DNAresulting in a high activity of an AAC(3) with a novel substrate

range.

Development of gene technology in Streptomyces has enabled the cloning and analysis of the
structure and regulation of antibiotic biosynthesis genes and antibiotic resistance genes. Consequently,
several gene clusters consisting of antibiotic biosynthesis genes and self-resistance genes have been

discovered1~7) and the promoter region of several genes identified8~n). Two forms of RNApoly-
merase holoenzyme have also been identified10.

In the course of studies on antibiotic resistance generated through interspecific protoplast fusion
between mutants of Streptomyces griseus and Streptomyces tenjimariensis that had lost the ability to
produce streptomycin (SM) and istamycin (IS), respectively12~14). Yamashita et a/.14) found that

protoplast regeneration of S. griseus strains resulted in the generation of clones with a dramatically
enhanced kanamycin (KM)-resistance. While the S. griseus strains that had not undergone protoplast
regeneration treatment were sensitive to 5 /^g/ml of KM,the resistant clones grew in the presence of
500~ 1,000 jwg/ml of KM.To our knowledge, such a dramatic phenotypic change seems to be unique,
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although it has been known that protoplast regeneration of Streptomyces strains caused a variety of
phenotypic and genetic changes such as morphological variations15^ increase16) or loss17) of antibiotic
production, reversion of auxotrophy15) and antibiotic resistance18), and curing of plasmids19).

Because the KM-resistance seemedto be dependent on an inactivating enzymewhoseexpression
is often proportional to levels of antibiotic resistance13), we reasoned that the gene(s) involved in the
KM-resistance could be a good model to learn what kinds of genetic changes {e.g. promoter or struc-
tural gene mutations or gene amplification) would result in a specific change in phenotype. Wecloned
the KM-resistance gene (kan) from a KM-hyper-resistant derivative (SS-1198PR) of S. griseus and
analyzed the biochemical mechanismof the resistance. In this report we show that the cloned gene
segment directs a novel aminoglycoside 3-7V-acetyltransferase, AAC(3), which makes its host strains
highly resistant to KM, dibekacin (DK) and gentamicin (GM) C complex.

Materials and Methods

Strains and Plasmids
Streptomyces griseus strains are listed in Table 1. Streptomyces Hvidans TK21 and plasmids

pIJ61 and pIJ702 were used as host and vectors for gene manipulation.

Preparation of DNA
Plasmid DNAwas extracted from S. lividans TK21 by the method of Birnboim and Doly20) and

cccDNAwas electroeluted from an agarose gel after electrophoresis by the method of Girvitz et <z/.21).
Total DNAswere prepared by the method of Okanishi and Gregory22) with the following slight
modification: CHC13- isoamylalcohol (1 : 1) was used for elimination of proteins after cell lysis with
lysozyme, Pronase E and SDS.

Transformation of S. lividans with Plasmids
S. Hvidans TK21 protoplast cells were prepared and transformed with plasmid DNAaccording

to the method described by Chater et al.23\ To make protoplasts, strain TK21was aerobically grown
in YEMEmedium containing sucrose 34%, MgCl2 5 mMand glycine 0.3% at 28°C for 2 days, washed
with P medium and then incubated at 28°C in P medium containing 3 mg/ml of lysozyme (Sigma).
To transform protoplasted cells, a suspension (50- 100 ^1) containing about 4xlO9 protoplasts
was mixed with 20 jA of DNAsolution followed by 0.4 ml of 25% PEG1000 in T medium (Nakarai)
and kept at room temp for 1 minute. The transformation procedure was terminated by addition
of 5ml of P medium and the suspension plated out onto R2YEagar plates and incubated for
16~ 24 hours at 28°C. The plates were then overlaid with 3 ml of soft R2YEagar mediumcontaining
50 //g/ml of thiopeptin (related to thiostrepton; Fujisawa Pharmaceutical Co., Ltd., Japan) and
incubated at 28°C to select transformants. Whenthe BamHI site of the plasmid pIJ61 was used
for cloning, ribostamycin (RM) was used instead of neomycin (NM) to confirm the insertional

inactivation since the aph gene in pIJ61 confers a higher level of resistance to RMthan NMin
this host (see Table 3).

Manipulation of DNA
To digest DNAswith restriction endonucleases, a buffer consisting of 10 him Tris-HCl (pH 7.5),

6 him MgCl2, 50 mMNaCl and 1 him DTTwas employed unless otherwise indicated. Ligation of
DNAswas performed in a solution containing 66 mMTris-HCl (pH 7.6), 6.6 mMMgCl2, 10 mMDTT,
1 mMATP, and T4 ligase (1~5 units; Toyobo, Japan). The ligation mixture (100 jul in total) con-
taining 1 ^g of a vector plasmid and 5 jug of donor DNAcleaved with appropriate restriction en-
donucleases was incubated at 15°C overnight. Digestion and ligation of DNAspecies were monitored
by agarose gel electrophoresis using ethidium bromide (0.5 ^g/ml)-containmg 0.8 % agarose (Seakem
ME) in TAE buffer (40 mMTris-acetate - 2 mMEDTA,pH 8.0). DNAfragments were extracted from
agarose gels by the method of Girvitz et al.21\
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Strains of S. griseus and S. lividans grown on ISP No. 2 medium(yeast extract - malt extract
agar; Difco) were incubated on ISP No. 2 medium supplemented with a series of concentrations of an
aminoglycoside antibiotic according to the method described previously243.

In Vitro Inactivation of Antibiotics by Cell Free Extracts
KM-resistant strains of S. griseus and S. Hvidans were cultured in TSBliquid mediumwithout

addition of KM. Cell' free extracts (S30) were prepared by the method described by Yamamoto
et al.25). To check inactivation of various aminoglycoside antibiotics in the presence of acetyl CoA,
the S30 fractions (10 //I) were mixed with 90 jul of a buffer/co factor solution consisting of 110 him
Tris-HCl (pH 7.8), ll mMmagnesium acetate, 0.55 mMacetyl CoA, 16 mMATP disodium salt (in
0.8 % NaHCO3) and 1 10 ^g/ml of an aminoglycoside antibiotic, and incubated at 37°C for 90 minutes.
The reaction was terminated by heating at 90°C for 5 minutes. Antibiotic activity remaining in the
mixture was bioassayed with Bacillus subtilis PCI 219 as the test organism.

The inactivated product of KM-Afrom a reaction mixture containing 20 mg of KM-A,2 ml of
the S30 from S. Hvidans containing pANT3-2and 2.5 mMacetyl CoAwas placed on a column of
Amberlite IRC-50 (25 ml; NH4+ type) and eluted with 1 n NH4OH. The eluate (5 ml fractions)
was monitored by ninhydrin color reaction following TLCusing Silica (Merck 57) and BuOH- MeOH-
CHC13- NH4OH(4 : 5 :2 : 5) as the developing solvent. The ninhydrin positive fractions were ap-
plied to a second column of Amberlite CG-50 Type 1 (25 ml; NH4+type). The adsorbed substances
were separated by eluting with a NH4OHgradient (0.05 - 0.25 n) and the ninhydrin positive fractions
with Rf 0.29 were evaporated (the Rf value of KM-Awas 0.22). The residue was dissolved in a
small volume of H2Oand its purity examined by TLC. The structure of the purified derivative was
determined by 13C NMR, :H NMR, ^^H correlated spectroscopy (COSY), ^C^H COSYand nuclear
Overhauser effect spectroscopy (NOESY) using Jeol JNM-GX400.

Results

Cloning of Kanamycin-resistance Gene
As shown in Table 1, protoplast regeneration of a SM-producing S. griseus SS-1198 and its non-

producing mutant NP1-1 yielded KM-resistant clones (SS-1198PR and NP1-1PR, respectively) at a
frequency of 10~6 without a change in SM-resistance. Phenotypically, the two KM-resistant strains
seemed to be identical or very similar. However, digestion of total DNAswith restriction endonu-
cleases revealed substantial differences in their DNAfingerprints as shown in Fig. 1. While the total
DNAfrom the strain SS-1198PR gave substantially the same fingerprint as that of its parent strain
SS-1198, specific amplified DNAsegments were clearly observed in the total DNAsfrom strain NPl-
lPR. Total DNAof S. griseus SK4-313) (KM-hyper-resistant) produced by interspecific protoplast

Table 1. Basic properties of the Streptomyc.es griseus strains used.

Resistance a Productionb
S M KM B HUT

152? Source

SS-1 198 200 <5
NP1-1 200 < 5
SS-1 198PR 200 1 ,000
NP1-1PR 200 500

325
0

0
0

125
0

75
0

- Soil isolate (wild type)
- UV irradiation of SS-1198
- PRC of SS-1198
+ PR of NP1-1

Resistance Og/ml) to streptomycin (SM) and kanamycin (KM) on ISP No. 2 medium.
Titration Og/ml) as streptomycin in B and HUTmedia. B: Potato starch 1 %, glucose 1 %, soy bean
meal 1.5%, K2HPO4 0.1%, MgSO4-7H2O 0.1% and NaCl 0.3%. HUT: Glucose 1% yeast extract
0.2%, meat extract 0.2%, peptone 0.4%, NaCl 0.5% and MgSO4-7H2O 0.025%.

PR: Protoplast regeneration.
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fusion between S. griseus NP1-1 and S. tenjimariensis NM16, was also found to contain amplified
DNAsegments different from those observed in strain NP1-1PR. Strain SS-1198PR was chosen as
sourse to clone the KM-resistance gene, due to the simplicity of the DNAdigestion pattern, although
it was recognized that amplified DNAsegments might be involved in the resistance.

As shown in Table 2, a 15-kb DNAsegment conferring the KM-resistance was first cloned from
the BelI-digested total DNAof the strain SS-1198PR into the BamRI site in aph gene of the low copy
number plasmid pIJ6126) with S. lividans TK21 as a host. The plasmid was designated as pANT3.
Transformants resistant to KMand thiopeptin and with sensitivity to RMwere selected. The segment
of pANT3was subcloned into the high copy number plasmid pIJ70227). The 4.2-kb Sph I fragment
and the 1.8-kb Bgl Il-BamH. 1 fragment were separately subcloned. These plasmids were designated
pANT3-l and pANT3-2, respectively (Fig. 2). The 1.8-kb Bgl ll-BamR I fragment was completely
contained within the 4.2-kb Sph I fragment; the Bglll-BamR I fragment inserted in the opposite
orientation also conferred KM-resistance. The unique BamHl site in the 1.8-kb Bglll-BamH I
fragment was found to be essential for KM-resistance.

Cloning of the Streptomycin-
resistance Gene

In order to verify that the SM-resistance

gene was not changed by protoplast regeneration,
the SM-resistance genes were also cloned from

the total DNAs of strain SS-1198 and the KM-
resistant strain SS-1198PR. The total DNAs

were cut with Sph I and ligated to the Sph I
site of pIJ702. Transformants were selected as
tsrjmel~ followed by SM-resistance. Thus, the
SM-resistance gene was directly cloned from both
strains SS-1198 and SS-1198PR into pIJ702 as the

3.8-kb Sph I fragment and found to be identical
in size, orientation, restriction site and function

as shown in Fig. 3 and Table 3. The cloned

3.8 kb Sph I fragments were identical to the SM-
resistance segments coding for SM-kinase cloned
from other strains of S. griseus2>z>2S).

No physical linkage was found between the
cloned SM-resistance gene segment (or the SM

Fig. 1. Fingerprint of total DNA digested with
BamU I.

(1) SK4-3, (2) NP1-1PR, (3) SS-1193PR, (4)

NP1-1, (5) SS-1198, (6) size marker.

Total DNA(1 ^g) from each strain was digested
with BamHI, ethanol-precipitated and loaded.
Hind Ill-digested 2DNAand Hae Ill-digested
0X174DNAwere used as size marker.

Table 2. Cloning of kanamycin-resistance gene.

Plasmid Size Cloned segment á" tranSo?ma°nt
Vector S ite transt ormant

pANT3 3o7o 15.0kb BelI-Bcll pIJ61 BamUl TSR, RMS, KMR
pANT3-l 10.0 4.2 kb Sph l-Sph I pIJ702 Sph I TSR, MEL", KMR

pANT3-2 7. 6 1. 8 kb Bgl ll-Bamft I pIJ702 Bgl II TSR, MEL", KMR

TSR : Thiopeptin (50 /ig/ml)-resistance, MEL: melanine formation, KMR: kanamycin (50 ^g/ml)-resis-
txnre* PMS i rihr»<itamvr'in (SO //cr/m1^ se.nsitivitv
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Fig. 2. Restriction endonuclease cleavage maps of pANT3, pANT3-l and pANT3-2.
kan : KM-resistance, tsr : thiostrepton-resistance.

gene cluster) and the cloned KM-resistance gene segment.

Antibiotic Resistance Conferred by the Cloned DNASegments
Coding for KM-resistance and SM-resistance

S. lividans TK21 harboring KM-resistance plasmids or the SM-resistance plasmids was examined
for levels and patterns of resistance to various aminoglycoside antibiotics, and compared with S.
griseus strains SS-1198 and SS-1198PR (Table 3). S. lividans TK21 containing pANTl and pANT2
was resistant to SMat 200 ^g/ml, the same level of resistance shown by S. griseus strains SS-1198 and
SS-1198PR. On the other hand, when S. lividans TK21 contained pANT3, pANT3-l or pANT3-2,
the strain was multiply resistant to KM,DKand GMat levels comparable to that of the strain SS-
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1198PR. The cloned genes conferred multiple aminoglycoside resistance comparable to that of S.
griseus SS-1 198PR, except SM.

It was noted that resistance levels to various aminoglycoside antibiotics were comparable between
the strain SS-1198PR and the strain TK21containing pANTl or pANT3-2, even though the copy
number of the resistance genes should be much higher in plasmid containing TK21 than in strain
SS-1198PR. It is possible that the expression of these genes was much lower in S. lividans than in
S. griseus.

Enzymatic Inactivation of Antibiotics by Cell Free Extracts from S. griseus
SS-1198PR and S. lividans TK21 containing pANTl or pANT3-2

Wepreviously suggested that the resistance mechanism of KM-resistant clones of S. griseus
generated by protoplast regeneration was not a function of ribosome structure but on enzymatic in-

activation by acetyltransferases and a phosphotransferase13). Accordingly, cell free extracts (S30)

from S. griseus SS-1198PR and S. lividans TK21
containing pANTlor pANT3-2were examined

for their ability to inactivate the antibiotics to
which these strains showed resistance. As shown
in Table 4, a cell free extract from S. griseus

SS-1198PR inactivated SM in the presence of
ATP suggesting phosphorylation. KM, DK,

GMand, to lesser extent, NMand paromomycin
(PR) were inactivated only in the presence of
acetyl CoA, indicating acetylation. Similarly,

cell free extracts from S. lividans TK21inactivated
SMin the presence of ATPwhen the strain con-
tained pANTl, and inactivated KM, DK, GM
and to lesser extent, NMand PR only in the
presence of acetyl CoAwhen the strain TK21

contained PANTS-2. Thus there was a strict

Fig. 3. Restriction endonuclease cleavage map of
pANTl and pANT2.

str : SM-resistance.

Table 3. Antibiotic-resistance conferred by the cloned resistance genes.

Resistance to aminoglycoside antibiotics (//g/ml)
Strain/plasmid

SM KM GM DK RM NM PR IS AP
Streptomycesgriseus SS-1 1 98 200 - _ __ __ _ __ __ _
$. griseus SS-1 19SFR 200 1 ,000 200 400 25 25 10 - -

S. lividans TK21 - _ __ _ _- _ __ 5 __
S. lividans TK21/pANTl 200 - -- å - - - - 5 -
S. lividans TK21 /pANT2 200 - - - - - - 5 -

S. lividans TK21 /pANT3 - 400 100 200 25 1 0 1 0 5 -
S. lividans TK21/pANT3-l - 1 ,000 200 400 5 10 10 5 -
S. lividans TK21/pANT3-2 - 1,000 200 400 5 10 10 5 -
S. lividans TK21/pIJ61 - - - - 200 25 100 5 -
S. lividans TK21/pIJ702 - - _ _ - _ _ 5 __

Abbreviations: SM; Streptomycin, KM; kanamycin, GM; gentamicin, DK; dibekacin, RM; ribosta-
mycin, NM;neomycin, PR; paromomycin, IS ; istamycin and AP; apramycin.
-: Sensitive to 5 /^g/ml of antibiotics tested.
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Table 4. Inactivation of aminoglycoside antibiotics by cell free extracts of Streptomyces griseus SS-1 198PR
and Streptomyces lividans TK21/pANT3-2.

S. griseus SS-U9SVR S. lividans TK21/pANT3-2
Antibiotics

APH AAC APH AAC

Streptomycin + + + + + - - -
Kanamycin A - +++++ - +++++

Dibekacin - ++++ - ++++

Gentamicin - +++ + - + + + +
Rib ostamycin - - - -

Neomycin - + + - -f -f
Paromomycin - -f + - + +

Istamycin - - - -

APH : Phosphorylation, AAC: acetylation.
Inactivation of each aminoglycoside antibiotic (100 /*g/ml) was scored; + + ++ + (100%), + + + +

(90%), ++ (30%) and - (little or no).

Table 5. 13C NMRchemical shifts of the inactivated kanamycin A.

Carbon Inactivated ^ A/r A Carbon Inactivated -it- tut aassignment KM-A Jvm-a assignment KM-A km-a
1 51.1 51.2 1" 100.8 100.8

2 34.8 36.1 2" 72.5 72.6

3 48.9 49.7 V 55.1 55.1

4 81.8 87.3 A" 69.9 70.0

5 75.7 74.9 5" 73.0 72.6

6 88.0 88.5 6" 61.1 61.0

V 99.4 99.8 C=O 174.3 -

2' 72.6 72.6 CH3 23.2 -

3' 73.6 73.6

4' 71.0 71.9

5' 72.0 72.9

6' 41.5 42.1

correlation between the resistance patterns and
enzymatic inactivation and the biochemical re-

sistance mechanismin the strains was attributed
to inactivating enzymes. Antibiotics such as

RMand IS, to which the strains were sensitive,
were not inactivated.

Structure of the Inactivated KM-A

In order to determine the position of acetyla-

Fig. 4. Structure of acetylated kanamycin.

tion, the structure of the inactivated KM-Aextracted from the reaction mixture containing acetyl CoA
was determined by physico-chemical methods: 13C NMR, XHNMR, "CVH COSY, TO-1!! COSYand
NOESYin comparison with the data available for 1-acetyl KM-A, 6'-acetyl KM-Aand KM-A29).
As shown in Table 5, signals in the 13C NMRspectrum of the inactivated KM-Awere assigned.

The signals assigned to the C-2 and C-4 of the 2-deoxystreptamine (DOS) moiety of the substance
were shifted to the higher field by 1.3 and 5.5 ppm, respectively, compared to those of KM-A. These
chemical shifts reflect the presence of TV-acetyl group at C-3 of the DOSmoiety. The assignment of
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the chemical shift of 81.8 ppm to C-4 (not to C-6) was confirmed as follows. The proton signals of
the DOS moiety were also assigned by '1!!-1!! COSY; H-4 was discriminated from 6-H by the NOE
between l'-H and 4-H, and 1"-H and 6-H observed by NOESY(data not shown). Pairing of 18C
and TO by 18QTO COSYconfirmed the assignment of 13C-chemical shifts shown in Table 5. Thus,
it was concluded that the inactivated KM-Awas 3-iV-acetyl KM-A(Fig. 4) and accordingly, the acetyl-
transferase involved in the inactivation of KM-Awas of the AAC(3) type. Compared to the sub-
strate specificity of the known AAC(3)80~34) this enzyme has a unique substrate range (Table 4), thus
it is designated AAC(3)-V.

Discussion

Protoplast regeneration of S. griseus SS-1 198 and its derivative strain NP1-1 yielded KM-hyper-
resistant strains, SS-1 198PR and NP1-1PR, respectively. In this report, a DNAfragment (designated
kan) encoding an inactivating enzyme - aminoglycoside 3-iV-acetyltransferase, AAC(3) - was cloned
from strain SS-1198PR into S. lividans TK21. Since there was a good correlation between the sub-
strate specificity of the AAC(3)enzyme and the antibiotic resistance range acquired by strain SS-
1 198PRon protoplast regeneration, the activity of this enzyme must play the major role in the acquired
antibiotic resistance.

The AAC(3) enzyme directed by the kan gene seems to be unique in its substrate specificity because
while KM, DK, GMand, to a lesser extent, NMand PR were inactivated by acetylation at the 3-
amino group of their DOSmoiety, RMwhich also contains DOSwas not inactivated. This was
supported by comparison with the substrate specificity30~34) and the genes35>36) of the known AAC(3)
enzymes [AAC(3)-I, -II, -III and -IV]. AAC(3)-I is discriminated from the others by its unique and
narrow substrate range (GM and fortimicin). The ^-directed AAC(3) did not inactivate this group
of antibiotics (IS). AAC(3)-II favors GMand KM, but it does not inactivate NMand PR. AAC(3)-
III and -IV have a wide substrate range (GM, KM, NM, PR and RM); furthermore AAC(3)-IV in-
activates apramycin. Based on these differences as well as the difference in size and restriction endo-
nuclease cleavage of corresponding DNA, the Ara/z-directed AAC(3) enzyme was designated as AAC(3)-
V. Kinetic studies with the enzymeare in progress.

No significant difference in DNAfingerprint was observed between SS-1198 (parent) and SS-
1198PRin spite of the generation of KM-hyper-resistance in the latter strain. This suggested that
protoplast regeneration caused a mutation resulting in the expression of a high AAC(3)activity
with a novel substrate range in the strain SS-1198PR. This hypothesis was supported by the charac-
terization and comparison of the cloned kan genes from these strains in terms of size, restriction sites
and function to be described in a subsequent report37).

No linkage was found between the cloned 15 kb Bell segment containing the kan gene and the
streptomycin-resistance gene {str). segment (3.8 kb Sph I fragment). The str genes cloned from both
of the strains were identical in size, restriction site and function with each other. This may indicate
that the location of the region sensitive to change as a result of protoplast regeneration is distant from
the str region.

It was of special interest that the str gene was identical with those cloned from different strains of
S. griseus by different research groups. These strains were isolated from soil samples collected at
different locations around the world. Studies on hybridization have revealed that the gene cluster
for SMbiosynthesis and SM-resistance was highly conserved in SM-producing strains of S. griseus,
while genes homologous to the kan gene are distributed specifically in S. griseus, independent of SM
production38).
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