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The gene (aphASc) encoding for aminoglycoside-O-phosphoryltransferase (APH(3')-Vc) from
Micromonosporachalcea 69-683 was cloned by expression in Streptomyces lividans; it showed strong
nucleic and amino acid similarities with previously described streptomycetes aph genes. SI mapping
of the 5' region indicated that, as with several streptomycete genes, transcription apparently initiates
at the translation start codon, with no extragenic ribosome binding site. Comparisonof the flanking
sequences of the actinomycete aph genes indicates considerable divergence, whichis not consistent
with the notion that clustered biosynthetic genes for structurally related (or identical) antibiotics are

disseminated in their entirety between microbial species.

The processes conferring antibiotic resistance in aminoglycoside antibiotic-producing streptomycetes
appear various1*. Mechanisms of self protection can involve aminoglycoside modifying enzymes, target
site modifications, or alterations in antibiotic transport; these different mechanisms may also play roles
in antibiotic biosynthesis and its regulation. The close coordination of antibiotic modification and antibiotic
biosynthesis implies that resistance mechanisms are an integral part of antibiotic synthesis and that resistance
genes would be linked to the biosynthetic genes on the chromosome. This notion has now been established
by genetic analysis for a number of antibiotics; for example streptomycin biosynthesis in Streptomyces
griseus2). In the case of Streptomycesfradiae ATCC10745, a neomycin producer, an O-phosphotransferase
(APH) encoded by the aphA-5a gene and an N-acetyltransferase (AAC(3)) have been characterised3* (Table
1). The APH is assumed to be the more important function and the aph gene is not closely linked to aac.
The biosynthetic gene cluster(s) for this class of antibiotics has yet to be identified. Neomycin is also

Table 1. 4,6-Disubstituted 2-deoxystreptamine antibiotic producing-strains cited in this study;
produced antibiotics, genes and aminoglycoside modifying encoded enzymes.

Strain Antibiotic produced Gene Encoded enzyme
Streptomyces ribosidificus SF 733
S. fradiae ATCC 10745

Micromonospora chalcea 69-683

Streptomyces rimosus forma
paromomycinus

Bacillus circulans NRRLB3312

Ribostamycin aphA -5b
Neomycin aphA Sa

aacC8
Neomycin aphA -5c

aacC9
Paromomycin apha

aacC7
Butirosin aphA-4

APH(3')-Vb1 9)

APH(3')-Va1 8)

AAC(3)-VIII5)

APH(3 ')-Vc
AAC(3)-IX5)
APH(3')27)
AAC(3)-VII4 1)

APH(3')-IV2 1)

Note that this aph sequence is not yet published, and the encoded enzyme is not classified.
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produced by Micromonospora chalcea 69-6834) (Table 1) which, according to accepted classification
procedures is not closely related to Streptomyces. M. chalcea 69-683 was shown to possess an APH, and
with a view to comparing the pathways of neomycin biosynthesis in the two organisms, we have cloned,
expressed and characterised the aph from M. chalcea. In separate studies5) we have characterised the M.
chalcea aac gene.

Determination of the nucleotide sequence of genes controlling antibiotic resistance in producing
organisms, especially those of Streptomyces, has provided insights into the structural regions that regulate
transcription and translation in this genus. A variety of promoters have been found, sharing little or no
sequence resemblance with other bacterial promoters, suggesting that unique sigma factors may be involved
in transcription6). One approach to identifying regulatory functions in antibiotic production is to compare
gene sequences and organisation in producers of the same antibiotic belonging to different genera. Such
analyses mayalso suggest evolutionary relationships, for exampleif biosynthetic gene clusters or their
component genes diverged from a commonancestor, or if gene clusters are transferred intact between species.

APHenzymes are widely distributed in Gram-positive and Gram-negative organisms and have been
studied as a model of gene evolution7). While the seven reported APH(3') do not show extensive DNA
similarities, several conserved amino acid sequence motifs have been identified. Similar motifs have been
described in a variety of kinase-type enzymes and nucleotide binding factors, including adenylate kinase,
viral oncogene kinases and bacterial elongation factors8), which suggests that the APHmay have evolved
from other kinases. In comparing aph gene sequences of closely related antibiotic producers such as S.
fradiae ATCC10745, M. chalcea 69-683, Streptomyces ribosidificus SF 733 (ribostamycin) and Bacillus
circulans NRRLB3312 (butirosin) (Table 1) we provide additional information on this question, and on
the relationship between organisms producing the same class of antibiotic.

Materials and Methods

Bacteria and Growth Conditions
Neomycin producing M. chalcea 69-683 was kindly provided by A. Horan (Schering, Bloom field N.

J., U.S.A.). Streptomyces lividans 66 and plasmid PIJ 7029) were from D. A. Hopwood (John Innes Institute,
Norwich, England).

M. chalcea was grown in liquid mediumas recommendedby Wagmanfor neomycin production. S.
lividans was grown on liquid YEMEmedium10) supplemented with 34% sucrose, 5mMMgCl2and
thiostrepton 20 ^g/ml (Squibb) plus neomycin 10 /xg/ml (Upjohn) when required. Resistance to neomycin
after protoplast regeneration was examinedin R5mediumwith an overlay ofthiostrepton plus neomycin10).

Plasmid and Phage Constructions
The procedures for plasmid constructions, the preparation of chromosomalDNAand transformation

of S. lividans was as described10). Other DNAmanipulations were according to Maniatis et a/.n).
Restriction enzymes were purchased from Amersham International or Appligene (Illkirch, France). DNA
fragments for sequencing were subcloned into the polylinker of the replicative form of bacteriophage Ml 3
derivatives mp18 and mp 1912). E. coli JM10113) was transfected with the recombinant phage and
single-stranded DNAwas prepared.

DNASequence Analysis
Nucleotide sequences were determined by the dideoxynucleotide chain termination method14) using

Sequenase (United States Biochemical Corporation).
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RNAPreparation and SI Nuclease Mapping
RNAwas isolated from M. chalcea 69-683 and from S. lividans harbouring the cloned aph gene by

a modification of the method of Kirby10). Contaminating DNAwas removed by centrifugation through
a cushion of CsCl15).

RNAwas hybridized with a 35S-labelled single strand DNAprobe prepared from bacteriophage T7
polymerase using single strand Ml3 matrix constructed for sequencing. After annealing the M13matrix
containing the antisense strand (2^g) and a primer (lOpmol) (18mer synthetic oligonucleotide), the

polymerisation was performed in the presence of a limiting concentration (the same conditions as for
sequencing) of 35S-dATP and a large excess (1.5 him) of the remaining dNTPs. The reaction was terminated
by adding 1.5him dATP. The second strand of the M13 phage was complete but not ligated with the
primer at its extremity. For isolation of the probe, restriction endonuclease digestion was performed on
the primer-opposed point of the polylinker of Ml3. The labelled probe was then eluted overnight at 42°C
from a denaturing 5%polyacrylamide gel containing 7m urea with 0.3m sodium acetate buffer pH 5.2

after localization by autoradiography and excision with a scalpel.
This probe was hybridized overnight to 20 fj,g of RNAat 42°C in 20 jA ofhybridization buffer containing
50% formamide and digested with SI enzyme (Bethesda Research Laboratories16*).

Aminoglycoside Phosphorylation
Cell free extracts of soluble protein from early stationary phase S. lividans mycelium containing the
cloned aph gene were prepared by sonication and centrifugation. Aminoglycoside modifying enzyme assays
were performed by the phosphocellulose paper technique17). Labelled chemicals were purchased from

AmershamInternational.

Results

Cloning of the aphA-5c Gene

A genomic library was prepared by shotgun cloning of $au 3AI partial fragments of M. chalcea 69-663
DNAinto the Bglll site of PIJ 702. From this library, five S. lividans transformants resistant to neomycin
were isolated after protoplast regeneration, grown in YEMEand assayed for APHactivity. All five clones
expressed APHactivity. After plasmid DNAextraction, pDSA2containing a 3.2kb DNAinsert was
chosen for analysis (Fig. 1); the aph gene was subcloned on a Pstl - SphlDNAfragment of 1.28 kb (plasmid

pDSA212).

Fig. 1. Cloning ofaphA-5c in pDSA2 and subcloning in pDSA212.
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Fig. 2. Nucleotide sequence of the DNAfragment of Micromonospora chalcea containing the aphA-Sc
gene.

The deduced amino acid sequence of this gene is reported under the corresponding nucleotide
codons. The vertical arrow indicates the 5' end of the aph mRNAas determined by SI mapping. The
horizontal arrows indicate the two inverted sequences which could be involved in a putative transcription
terminator. The -35 and - 10 regions are underlined.
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Expression of APHActivity

APHactivity was assayed in crude extracts of M. chalcea 69-683, and S. lividans or E. coli carrying
recombinant plasmids. M. chalcea 69-683 and pDSA21 2/S. lividans extracts had characteristic aminocyclitol
3'-0-phosphotransferase type V activity; the substrate range includes neomycin, ribostamycin and

paromomycin but weak activity with butirosin (Table 2). Therefore, M. chalcea 69-683 APHis in the same
group as the S. fradiae APH. No other aminocyclitol modifying enzyme activity (AAC or ANT)was
detected with the M. chalcea 69-683 recombinant plasmids used in this work. APHactivity was not detected
in E. coli after transformation with plasmids harbouring the aphA-Sc containing Pstl - Sphl fragment.

Sequence of aphA-5c
The nucleotide sequence of the Sphl - Pstl aph-contaimng fragment is shown in Fig. 2. Comparison

with the APH(3>Vaof S. fradiae18) and APH(3')-Vb of S, ribosidificus19) permitted the localization of
the phosphotransferase open reading frame according to protein sequence similarities.

The 5' extremity of aphA-5c showed three ATGcodons in the same phase. Wewere unsuccessful in
obtaining amino terminal sequence of the purified APH, since the amino terminal appeared to be blocked.
Cleavage of the APHprotein with CNBrwas also unsuccessful, presumably because of the presence of
sulfoxydized methionine.

SI mapping, performed with the 0.4kb Sacl-
BamHl fragment as probe, indicated the transcrip-
tion start in the region of the ATG(nucleotide 283)
(Fig. 3). Comparison with the sequences of the aph
genes of S. fradiae18) and S. ribosidificusl9) (Fig. 4)
strongly suggests that this ATG is the initiation
codon, as judged by similarities in nucleotide
sequence and TV-terminal amino acid sequence of

the three APHproteins. At present only the amino
acid sequence for the S. fradiae protein has been

determined.

Comparison Between aphAfrom Strains
Producing Neomycin-like Antibiotics

1) Intragenic: Strong nucleotide sequence

Table 2. Substrate specificity ofMicromonospora chalcea
and Streptomyces fradiae APH.

Substrate M. chalcea S. fradiae
Neomycin
Lividomycin
Butirosin
Ribo stamycin
Paromomycin

100
0

ll
54

107

100
5

81
98

The results are expressed in percentage of activity
against neomycin. Amikacin, gentamicin Cla, kana-
mycin, tobramycin, streptomycin and hygromycin B

were not substrates (typical results).

Fig. 3. SI mapping ofaphA-5c.

Lanes T, C, G and A correspond to Sanger reactions.
Lane 1 is aph DNA protected by mRNA from
Micromonospora chalcea and lane 2 is aph DNA
protected by mRNA from Streptomyces lividans
harbouring PDSA 212 plasmid. The 18 mer synthetic
oligonucleotide used as primer was 5'-GGGCTGCT-
GTCCGGCGAG-3'(anneals to nucleotides 367 to 384
of sequence shown in Fig. 2). Asterisks indicate
possible transcription starting points.



o

o

o

2

O

Ed

s

§

Fig. 4. Comparisons of the promoter regions (A) and of the region just after the begining of transcription
(B) of the three aphA-5 genes.
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Table 3. Number of matched bases (A) or amino acids (B) between the three aphA-5 (A)
and their products (B).

(A)

DEC. 1991

Micromonospora Streptomyces
chalcea fradiae

Number of nucleotides 795 807

Streptomyces
rib os idificus

M. chalcea 641 (80%) 635 (80%)
S. fradiae 681 (86%)

M. chalcea S. fradiae S. ribosidificus

Number of amino acids 264 268 263
MW of APH 29,794 29,953 29,542

M. chalcea 223 (84%) 216 (82%)
S. fradiae 230 (87%)

The percentages are indicated in parentheses. The MW'sof the APHare calculated upon
number of each amino acid. Wehave considered here identical or conserved (ile=leu=val;
ser=thr; asp=glu; lys=arg; phe=tyr) amino acid residues.

similarities (at least 80%) were revealed by Wilbur and Lipman algorithm analysis20* between the three
aphA-5 genes (Table 3); only weak similarities were observed between the aphA-4 of B. circulans and the
aphA-5 group21\ The same high degree of similarity was also seen in APH(3')-V protein sequences;
APH(3')-IV has only 40% similarity to APH(3')-V22). However, the hydrophobicity patterns of the three
APH(3')-V and other APH(3') proteins are very similar (Fig. 6), and the conserved amino acid sequence
motifs23) identified in the known APH(3') enzymes and protein kinases24), are present. The G+C%and
codon usage of the aph of Micromonosporaand Streptomyces are different, consistent with the probability of
finding G or C in third position in the codons (84% for M. chalcea against 97% for S.fradiae, and 92%
for S. ribosidificus)25).

2) Flanking Sequences: Upstream of the three aphA-5 genes (Fig. 4), very strong nucleotide sequence
homologies were found in the - 1 to -20 region, but not in the -35 region. Another conserved region
was identified near - 60. Downstreamof the aph genes, after the translation stop codon (TAGin all three
cases), the similarity becomes very poor, even between S. fradiae and S. ribosidificus (38% for the 50 first
nucleotides, against 46% between M. chalcea and S.fradiae and 36% between M. chalcea and S. ribosidificus,

using the best alignment). A 12-base-pair imperfect repeated sequence determining a 25-base hairpin-loop
was found at positions 1112- 1160, 34 bp after the amber codon (AG= -28.8kcal/mol)26); this may be
implicated in transcription termination.

Discussion

M. chalcea aphA-5c Encodes an APH(3')-V
Antibiotic-producing strains avoid suicide by self protection mechanisms1*. The producers of

aminoglycoside antibiotics generally possess aminoglycoside modifying enzymes although other mechanisms
of resistance such as ribosome modification are known. S. fradiae ATCC10745, the neomycin producer,
possesses both APH and AACactivities; APH is assumed to be the primary mechanism of resistance, and
this function is also believed to be involved in biosynthesis although direct genetic or biochemical evidence
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is not available. The S.fradiae enzyme is classified APH(3')-V and the corresponding gene has been cloned
and sequenced. As M. chalcea 69-683 a memberof a different genus also produces neomycin, it was of
interest to compare these two organisms; does M. chalcea 69-683 have similar APHand AACactivities
to S. fradiae and what is the organisation of the resistance and biosynthetic genes in the two organisms?
Is it possible that the neomycin biosynthetic genes were transferred in toto between these different genera?
The APHof M. chalcea is also classified as (3')-V. Amongstrains producing antibiotics of the neomycin
type (4,5-substituted 2-deoxystreptamines), two classes of APH(3') have been characterized: APH(3')-V in

Fig. 5. Comparisons of amino acid sequences of APH(3') from aminoglycoside-producing strains.

Conserved or identical amino acids are boxed (L=V=I, F=Y, K=R, S=T, D=E). The asterisks
indicate aminoacids conserved amongthe seven reported types ofAPH(3'). The sequence of Streptomyces
rimosus forma paromomycinus APHis not yet available.
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M. chalcea (neomycin), S. fradiae (neomycin), S. ribosidificus (ribostamycin) and Streptomyces rimosus
forma paromomycinus (paromomycin)27); whereas B. circulans (butirosin) contains APH(3')-IV (Table 1).
The two types of APHdiffer substantially in substrate range28). The 4,5-substituted 2-deoxystreptamine
antibiotics possess a commonbiosynthetic intermediate in ribostamycin. The butirosin molecule harbours
an unusual substituent on the 1-position (hydroxy amino butyric acid), and it is not surprising that butirosin
modifying activity is specific to APH(3')-IV. Butirosin can be modified by other APH(3') enzymes found
in Gram-positive and Gram-negative bacteria (types II and III); APH(3')-IV possesses no more similarity
with types II and III than with type V8'22).

Wehave cloned and determined the nucleotide sequence of the M. chalcea neomycin-resistance gene
aphA-5 and compared with other aph genes and their derived proteins. Strong nucleotide similarities are
noted in the intragenic regions of the three aphA-5, but none with aphA-4, even though the latter may be

Fig. 6. Comparisons of hydrophobicity patterns of a number of APH(3').

Fig. 7. The possible evolutionary path from a commonancestor to protein kinases and APHof antibiotic-
producing and non producing bacteria.
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considered essentially identical with respect to its roles in resistance and biosynthesis. Although the
APH(3')-V protein from M. chalcea has no more than 30% sequence similarity to most of the clinical
isolates, it is similar to the seven types of APH(3') previously reported18'21~23'29~31> possessing the
conserved amino acid motifs8'22) (Fig. 5). Despite protein sequence differences among the seven APH(3 )
proteins, comparison of hydropathy profiles reveals that the physicochemical properties of certain sequence
stretches throughout the majority of the sequence are conserved32) (Fig. 6). Distler et a/.33* proposed
that the TV-terminal conserved region corresponded to the substrate recognition site of the enzyme, while
the C-terminal region was involved in substrate binding. Sequences similar to those of proteins interacting
with ATP34) have also been deduced8'22'33*. There is a plausible evolutionary route to APH of

antibiotic-producing organisms or clinical isolates from the protein kinase genes of intermediary metabolism,
or alternatively they may have evolved divergently from a commonancestor (Fig. 7).
The fact that amino acid sequence similarities are more numerousamongaphA-5than with aphA-4

translation products is probably due to a divergent evolution of the latter (Fig. 7). The same feature has
been observed between the aphA-1 genes from transposon Tn 903 and plasmid RP432), where the amino
acid similarities are higher than with the other genes. It was proposed these latter two genes were the
result of a more recent divergent evolution. In the case of the aph associated with production ofneomycin-like
antibiotics, the low G+Ccontent of B. circulans obviously accentuates the differences. The divergence
between the Streptomyces and Micromonospora aph may be due to the fact that the frequency of G or C
in the third position in codon triplets is significantly lower in Micromonospora. Until more Micromonospora
sequences are available, it will be difficult to identify cases of adaptation of a Streptomyces gene to

Micromonospora, as might have followed gene transfer from one genus to the other. The strong similarities
between aph genes of S. fradiae, S. ribosidificus and M. chalcea could be explained by interspecies transfer
within related organisms.

5' and 3' Transcription Signals
The - 10 and -35 regions of the three aph genes from neomycin and ribostamycin producers show

no similarity to the E. coli consensus promoter sequence6*. The -35 regions of three aph show limited
sequence similarities, whereas the - 10 regions situated just before the transcription initiation point as
shown by SI mapping (Fig. 4) are virtually identical. The presence of cytosine residues one, two, and five
nucleotides in front of the translational start codon of each of these genes is consistent with the suggestion
that an accumulation of C residues is a general feature of translation initiation sites in Streptomyces35)\
this conclusion can nowbe extended to Micromonospora.In all three cases, no ribosome binding site
consensus sequence was shown. Otherwise, wenote the presence of three ATGtriplets in phase at the
beginning of all three genes, the first at the - 10 position in each case (Fig. 4). Is this just a coincidence?
Upstream of the proposed promoter region, there is strong similarity in the - 65 region of the aphA-5 genes.
The nature of transcription terminations signals in Streptomyces is not well understood36*. Inverted

repeat sequences distal to the 3' ends of coding regions may lead to the formation of hairpin-loop structures
which represent termination signals analogous to those observed in E. coli. Such a structure is present 3'
of the aph of S. fradiae (16-base-pair repeated sequence 20 base pairs after the amber codon, and
zJG= -43kcal/mol) and also 34 bases after the stop codon in the M. chalcea gene (25 base pairs,
JG= -28.8 kcal/mol).

SI mapping with a 5' end fragment of the aph gene of S. fradiae revealed the presence of two
transcription starts37*. The presence of tandem promoters is commonin streptomycetes and has been
demonstrated in the genus Micromonospora38); it has been suggested that such tandem promoters provide
a mechanismfor selective gene expression under different growth conditions. In the case of the aph of M.
chalcea and S. ribosidificus, only one promoter was detected by SI mapping. SI mapping of the aph of S.

fradiae31\ indicated five additional promoters near the initiation point, oriented in the opposite direction,
but such features were not found for the aph of M. chalcea.

Genes involved in the biosynthesis of identical antibiotics in different organisms usually have strong
similarities in functionality and sequence, for example as described for S. griseus and Streptomyces

glaucescens respectively, streptomycin and hydroxystreptomycin producers2*, and more recently with the
various organisms that produce /Mactam antibiotics39*. In the case of the polyketide family, similar genes
have been detected in diverse microbes by hybridisation40* and this is likely to be the case for other antibiotics,
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such as for example, the peptides. Are there commongene sequences associated with the biosynthesis of
the neomycin-like antibiotics? This is currently being investigated using sequences flanking the resistance
genes. Finally, do these biosynthetic gene clusters diverge from a commonancestor, or are they the result
of multiple interspecific gene transfers? An approach to this question may come from studying the
organization and the functionality of the sequences flanking the aph in a variety of producing organisms.
To date the genes of the biosynthetic pathway to neomycin antibiotics remain unidentified and no potential
"clusters" have been indicated.
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