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Site-specific recombination promotes linkage

between trimethoprim- and sulfonamide resistance genes.
Sequence characterization of dhfrV and sull

and a recombination active locus of Tn27
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Summary. A new gene for trimethoprim resistance, dhfrV,
found in several plasmid isolates with different characteris-
tics, was sequenced and found to correspond to a peptide
of 157 amino acids showing 75% similarity with the pre-
viously characterized, drug resistant dihydrofolate reduc-
tase of type I. The sequenced surroundings of dhfrV in
plasmid pLMO20, were found to be almost identical with
genetic areas surrounding resistance genes in transposon
Tn2! and in R plasmid R388. The trimethoprim resistance
genes of pLMO20 and R388 and the spectinomycin resis-
tance gene of Tn21 could be regarded as having been in-
serted, by recombination, into an evolutionary older struc-
ture containing the sulfonamide resistance gene, sull. The
latter gene was sequenced and found to correspond to a
peptide of 279 amino acids and with a molecular weight
of 30126 daltons. The inserted genes were found to be gov-
erned by a promoter situated in the highly conserved struc-
ture and also controlling expression of sull. The insertion
points of the different resistance genes were precisely de-
fined, and at the 3’ ends of the inserted genes inverted re-
peats allowing the formation of stem and loop structures
were found. Similar structures were found at the 3’ ends
of the antibiotic resistance genes in Tn7, which could indi-
cate similar recombination mechanisms to be effective in
the evolutionary construction of all these different resis-
tance elements.
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Introduction

The wide and rapid spread of antibiotic resistance among
different pathogenic bacteria seems to involve a continuing
recombinational incorporation of resistance genes into plas-
mids and transposons, which are efficient vehicles of
transfer. In previous work a remarkable similarity was ob-
served between the restriction enzyme digestion maps of
parts of plasmids pLMO20, R388 and R100 (Tn27), carry-
ing antibiotic resistance genes (Sundstrém et al. 1987). The
different resistance genes seemed to have been inserted by
a recombinational event.

In plasmid pLMO20 a 3.51 kb BamHI fragment was
characterized and found to contain a new gene (dhfrV) for
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trimethoprim resistance. This fragment, carrying dhfrV, was
found in several, otherwise different plasmids and was in
turn demonstrated to be very similar to a 3.79 kb BamHI
fragment in Tn2/ carrying the spectinomycin resistance
gene aadA and a 3.82 kb fragment in R388 mediating type
II trimethoprim resistance (dhfril). The three different resis-
tance genes dhfrV, aadA and dhfrIl could be regarded as
being inserted into a common structure carrying the gene
sull, which codes for a sulfonamide resistant dihydropter-
oate synthase.

In order to analyze the genetic organization of the resis-
tance genes in pLMO20, R388 and Tn27, and to study
the previously uncharacterized dhfrV and sull genes, these
were subcloned and investigated regarding expression and
nucleotide sequences. Plasmid R6-5 was used in this work
as source of the 3.79 kb BamHI fragment representing Tn21
(de la Cruz and Grinsted 1982), since R100 and R6-5 were
shown to be identical in this area (Sharp etal. 1973;
Schmidt and Klopfer-Kaul 1984).

Drug resistant dihydrofolate reductase of type V was
found to be related to the previously characterized enzyme
of type I mediated by transposon Tn7. The expression of
dhfrV seemed to be governed by the same promoter as that
controlling the dihydropteroate synthase of sull. The se-
quence for the latter, given here, is the first known for
an enterobacterial dihydropteroate synthase gene.

The sequence data also define a locus of insertion,
flanked by GTTA sequences, for the dhfrV, aadA and dhfrll
genes. The regions surrounding the insertions in pLMO20,
R388 and Tn2! are almost identical. The regions down-
stream of the insertions including the sull gene are com-
pletely identical. At the 3" ends of the inserted genes are
potential stem and loop structures, which could be involved
in recombination.

Materials and methods

Materials. Trimethoprim lactate was a gift from Wellcome
Research Laboratories, Beckenham, England. Tetracycline
and sulfathiazole were obtained from ACO Likemedel,
Solna, Sweden, and ampicillin was from Astra Likemedel
AB, Sédertilje, Sweden. Spectinomycin was obtained from
Upjohn S.A., Puurs, Belgium.

Plasmids, bacterial strains and growth conditions. The plas-
mid vectors used were pBR322 (Bolivar et al. 1977) and
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Table 1

Plasmids Relevant characteristics Reference or derivation

pLMO20 Ap Hg Km Su Te Tp Sundstrom et al. 1987

R388 Su Tp Ward and Grinsted 1982

R6-5 Cm Hg Km Spc Su Timmis et al. 1978

pLKO1B Ap SuTp Sundstrém et al. 1987

pLKO2 Ap Tp Sundstrém et al. 1987

pLKO22A  ApTp 0.48 kb Hpal fragment
from pLKO1B in Smal
of pUC18

pLKO22B Ap Like pLKO22A, but the
Hpal fragment is
inverted

pLKO24 Ap Su 1.3 kb HindIII-BamHI
fragment from pl.LKO1B
in pUC19

pGS72 Ap Su Swedberg and Skold 1983

pGS74 Ap SuTp Swedberg 1987

pGS105 Ap Spc Su Swedberg 1987

pSUL101 Ap Su 1.23 kb HindIII-Sacl
fragment from pGS105
in pUC19

pSUL102 Ap Like pSUL101, but in
pUC18

Abbreviations: Ap, ampicillin resistance; Cm, chloramphenico] re-
sistance; Hg, mercuric chloride resistance; Km, kanamycin resis-
tance; Nal, nalidixic acid resistance; Spc, spectinomycin resistance;
Su, sulfonamide resistance; Tc, tetracycline resistance; Tp, trimeth-
oprim resistance

pUC18/19 (Yanisch-Perron et al. 1985). Other plasmids
used and their derivations are listed in Table 1. Escherichia
coli strain C600 [F~ thi thr leu lac tonA supE] (Bachmann
1972) was used as host for pBR322 and its derivatives,
and JM83 [ara 4 (lac-proAB) rpsL ¢ 80lacZ'M15] (Yanisch-
Perron et al. 1985) was used as host for pUC18/19. E. coli
strain JM105 [thi rpsL. endA sbcB15 hspR4 A(lac-proAB)
T’ traD36 proAB lacPFZAM15)] was used for the propaga-
tion of M13 bacteriophage derivations mp18 and mp19
(Yanisch-Perron et al. 1985), used for cloning of DNA frag-
ments at sequence analysis. To effect inhibition by trimetho-
prim and sulfonamide, Iso Sensitest medium (Oxoid, Bas-
ingstoke, UK) was used. Otherwise cultures were grown
in either the rich LB medium (Miller 1972) or in the mineral
salts medium M9 (Maniatis et al. 1982).

Construction of recombinant plasmids and analysis of them
by digestion with restriction enzymes and gel electrophoresis.
Recombinant derivatives of pBR322, pUC18/19 and of the
replicative form of M13mp18/19 were constructed accord-
ing to Davis et al. (1980). For screening purposes plasmid
DNA was prepared from fresh bacterial colonies by the
boiling method of Holmes and Quigley (1981). The condi-
tions for restriction nuclease digestion, ligation and trans-
formation, and for gel electrophoresis and purification of
DNA fragments were as described previously (Sundstrom
et al. 1987).

Nucleotide sequencing. All the studied nucleotide sequences
were determined by the dideoxynucleotide chain termina-
tion method of Sanger et al. (1977). Single-stranded se-
quencing templates from recombinant bacteriophage
M13mp18/19 were prepared from 1.5 ml cultures. Over-
night cultures of JM105 in rich LB medium were diluted
1:100, and infected with recombinant M13 phage freshly
picked from plaques. After 5h of culture at 37° C, cells
were carefully removed by centrifugation, and phages were
precipitated by the addition of 200 pl of a 20% w/v
polyethylene glycol (PEG-6000) solution in 2.5 M NaCl.
Precipitates collected by centrifugation were resuspended
in 100 pl of 10 mM Tris-HCI, 1 mM disodium EDTA, pH
8.0; DNA was extracted with phenol and chloroform and
finally precipitated with ethanol. Estimation of the size of
recombinant, single-stranded DNA in mp18/19 was per-
formed by sampling 20 pl from cell-free phage suspensions,
mixing with 2 pl of 2% sodium dodecyl sulfate solution,
and gel electrophoresis.

Chain elongation was performed with E. coli DNA
polymerase (Klenow fragment) at 30° C. For labelling,
adenosine 5'-[*°S] thiotriphosphate (New England Nuclear,
Dreieich, W. Germany) was used. The pPLMO20 and R388
sequences were determined from both strands. About half
of the Tn2! sequence, including the regions around the
homology branch points at each side of the aadA gene,
was determined from both strands. The rest of the sequence
from Tn2! was determined from one strand only. Frag-
ments from the recombinant plasmids listed in Table 1 were
obtained by digestion with one or several of the restriction
nucleases Aval, BamHI, Bgll, Bglll, EcoR1, EcoRV, Hin-
dIIL, Hpal, Pstl, Poull, Rsal, Sacl and Sphl. As sources
for DNA fragments of pLMO?20, the cloned derivatives
of it, pLKO1B, pLKO2, pLKO24 were used. Similarly the
derivatives pGS72 and pGS74, cloned from R388, were
used. The derivative pGS105 from R6-5, was used as a
representation of Tn21. The fragments obtained were either
cloned directly into M13mp18/19 or they were further di-
gested with Tagl and/or Hpall. The small fragments ob-
tained in this way were randomly cloned by ligation into
the Accl site of M13mp18/19. Alternatively, small frag-
ments were generated by Sau3A digestion and ligated into
the BamHI site of the vector phage. By such stepwise ran-
dom cloning a good and even representation of the analysed
DNA was obtained.

Results

Related sequences around the antibiotic resistance genes
in plasmids pLMO20, R388 and R6-5(Tn21)

In previous work (Sundstrom et al. 1987), detailed restric-
tion enzyme digestion maps of parts of pLMO20, R388
and Tn2! demonstrated that the trimethoprim resistance
genes dhfrll and dhfrV and the spectinomycin resistance
gene aadA could be regarded as inserted in a common genetic
structure containing the sulfonamide resistance gene su/l.
In order to analyse further the genetic organization of the
resistance traits in the transferable resistance elements men-
tioned, and to characterize the new trimethoprim resistance
gene dhfrV and also the previously known gene for sulfona-
mide resistance, sull, nucleotide sequence determinations
were performed according to the plan shown in Fig. 1. This
figure shows the precise locations of dhfrV in pLMO20,
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Hind Il
BamHI Pvull Sphl P Hpal Hpal HindIl Pstl Bgl I Sacl BamHI
pLMO20 l - AR R,
dhfr¥ sull
BamHI Pvull Sphl P HindaIll Pstl Bgll Sacl BamHI
R6-5 L Lot O, 77777777 7777777777)
(Tn21) aadA sull
Pstl .
BamHl Pvull Sphl P EcoRl BamHl HindII Pstl Bgll Sacl BamH!
R388 L L1 > f [l]Iﬂ]]IIHD\’ L } L
dhfrll sull
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1.0 kb

Fig. 1. Physical maps of the interrelated BamHI fragments from plasmids pLMO20, R388 and R6-5 (Tn21). The sequenced parts
are continuously underlined, while the dotted line marks the sequence quoted from other published work (Swift et al. 1981; Zolg and
Hinggi 1981). Nonhomologous regions are within brackets. The common promoter is indicated by P and the arrows indicate the

transcription direction

of aadA in Tn21 and of dhfrll in R388, and also of sull
in all the three elements. The sequence data for pLMO20,
shown in Fig. 2 demonstrate almost exact identity between
the leftmost BamHI-Hpal fragment (Fig. 1) and a corre-
sponding part (Pvull to bracket, Fig. 1) of R388 (Swift
et al. 1981; Zolg and Héanggi 1981). There were only four
nucleotide discrepancies, which are listed in Table 2. In the
comparison with the corresponding part (BamHI to
bracket, Fig. 1) of Tn21 from R6-5 the DNA sequences
were identical except for three discrepancies, one of which
was an insertion of GGG at position 1173 in the Tn2{/
sequence (Fig. 2, Table 2). At the leftmost Hpal site in
pLMO20 (left bracket in Fig. 1, box in Fig. 2) the homology
ceases abruptly. At a position about 200 nucleotides to the
left of the conserved double HindIIl site (Fig. 1) the homo-
logy resumes (right bracket in Fig. 1, box in Fig. 2), and
from this well-defined point the corresponding sequences
are identical all the way to the right BamHI site (Fig. 1)
in pLMO20, R388 and Tn27. The similarity between these
three genetic elements will be discussed in more detail be-
low.

Identification of the dhfrV gene coding for type V
dihydrofolate reductase

The drug resistant dihydrofolate reductase expressed from
plasmid pLMO20 is distinct from the other previously
known plasmid mediated, trimethoprim resistant enzymes
of type I, II, IIT and IV (Sundstrém et al. 1987; Young
and Amyes 1986), and has been named type V. In the
pLMO20-specific portion, mentioned above, an open read-
ing frame in the same direction as the sul/l gene (see below)
and corresponding to 157 amino acids was found (Fig. 2).
This reading frame is flanked by Hpal cleavage sites, and
on digestion with Hpal a 0.48 kb fragment was obtained,
which included the assumed translation start but had lost
the termination codon TAA (Fig. 2). This Hpal fragment
was ligated into the Smal site of plasmid pUC18 (see the
Materials and methods) and thus transcribed from the lac

promoter of the plasmid. About 50% of the obtained re-
combinant plasmids, pLKO22A, mediated resistance to tri-
methoprim, while 50%, pLKO22B, were sensitive to this
drug. By restriction enzyme digestion analysis it was
demonstrated that expression of resistance was dependent
on the fragment orientation. Only those recombinant plas-
mids, where the reading frame found was governed by the
lac-promoted transcription of the plasmid, made resistant
transformants. Because of the lost termination codon in
the fragment, the translated product becomes fused, at its
carboxy-terminal end, to a peptide of 23 amino acids coded
for by the pUC18 linker region and out of frame with the
lacZ' sequence. The fused peptide thus does not seem to
interfere with the function of the drug resistant enzyme.

The relation of type V to other dihydrofolate reductases

The reading frame of 157 amino acids shown in Fig. 2 and
corresponding to a molecular weight of 17531 dalions,
seems to represent the dihydrofolate reductase, type V.
There is a possibility, however, that translation could start
at the ATG, 5 codons distal to the GTG given as the start
codon, resulting in a molecule that would be shorter by
5 amino acids. Comparison with other dihydrofolate reduc-
tases, on the other hand, makes GTG the most likely initia-
tion codon. A reasonable ribosome binding sequence
(GGAACQ) precedes the putative GTG start codon. The
dhfrl gene borne on transposon Tn7 has been sequenced
and studied in detail (Fling and Richards 1983; Simonsen
et al. 1983). The corresponding type I enzyme also com-
prises 157 amino acids, and a comparison of the amino
acid sequences shows that 75% (118/157) of the amino acids
are identical in the two enzymes I and V (Fig. 3). At the
nucleotide level the similarity is only 68%, however. This
discrepancy is explained by neutral substitutions in 67 co-
dons, of which 63 were third base changes. It was not estab-
lished whether the functional type V enzyme is also dimeri-
cal, as is type I. In Fig. 3 a further comparison is made
between the enzyme of type V and the E. coli K-12 chromo-



BamHI . . . . . . . . . .
GGATCCATCAGGCAACGACGGGCTGCTGCCGGCCATCAGCGGACGCAGGGAGGACTTTCCGCAACCGGCCGTTCGATGCGGCACCGATGGCCTTCGCGCA

GGGGTAGTGAATCCGCCAGGATTGACTTGCGCTGCCCTACCTCTCACTAGTGAGGGGCGGCAGCGCATCAAGCGGTGAGCGCACTCCGGCACCGCCAAC%
kK

TTCAGCACATGCGTGTARATCATCGTCGTAGAGACGTCGGAATGGCCGAGCAGATCCTGCACGGTTCGAATGTCGTAACCGCTGCGGAGCAAGGCCGTCS
CGAACGAGTGGCGGAGGGTGTGCGETGTGECGGGCTTCGTGATGCCTGCTTGTTCTACGGCACGTTTGAAGGCGCGCTGAAAGGTCTGGTCATACATGTG

ATGGCGACGCACGACACCGCTCCGTGGATCGGTCGAATGCGTGTGCTGCGCAAAARCCCAGAACCACGGCCAGGAATGCCCGGCGCGCGGATACTTCCGC

. . . . . . . Pvull. . .
TCAAGGGCGTCGGGAAGCGCAACGCCGCTGCGGCCCTCGGCCTGGTCCTTCAGCCACCATGCCCGTGCACGCGACAGCTGCTCGCGCAGGCTGGGTGCCA

AGCTCTCGGGTAACATCAAGGCCCGATCCTTGGAGCCCTTGCCCTCCCGCACGATGATCGTGCCGTGATCGAAATCCAGATCCTTGACCCGCAGTTGCAA

. SphI . . . . . . . . .
ACCCTCACTGATCCGCATGCCCGTTCCATACAGAAGCTGGGCGAACAAACGATGCTCGCCTTCCAGAAAACCGAGGATGCGAACCACTTCATCCGGGGTC

AGCACCACCGGCAAGCGCCGCGACGGCCGAGGTCTTCCEATCTCCTGAAGCCAGGGCAGATCCGTGCACAGCACCTTGCCGTAGAAGAACAGCAAGGCCG
GCAATGGCTGACGATGCGTGGAGACCGARACCTTGCGCTCGTTCGCCAGCCAGGACAGAAATGCCTCGACTTCGCTGCTGCCCARGGTTGCCGGGTGACG
CACACCGTGGAAACGGATGAAGGCACGAACCCAGTGGACATAAGCCTGTTCGGTTCGTAAGCTGTAATGCARGTAGCGTATGCGCTCACGCAACTGGTCC

AGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGTACAGTCTATGCCTCGGGCATCCAAGC
*

. . . . - . . . Hpal .
AGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAA! CCCGGAACCA

AAATT GTG AAA GTA TCA TTA ATG GCT GCA AAA GCG AAA AAC GGA GTG ATT GGT TGC GGT CCA CAC ATA CCC TGG
Met Lys Val Ser Leu Met Ala Ala Lys Ala Lys Asn Gly Val Ile Gly Cys Gly Pro His Ile Pro Trp
10 20

TCC GCG AAA GGA GAG CAG CTA CTC TTT AAA GCC TTG ACG TAC AAC CAG TGG CTT TTG GTG GGC CGC AAG ACG TTC
Ser Ala Lys Gly Glu Gln Leu Leu Phe Lys Ala Leu Thr Tyr Asn Gln Trp Leu Leu Val Gly Arg Lys Thr Phe
30 40
GAA TCT ATG GGA GCA CTC CCT AAT AGG AAA TAC GCG GTC GTT ACT CGC TCA GCC TGG ACG GCC GAT AAT GAC AAC
Glu Ser Met Gly Ala Leu Pro Asn Arg Lys Tyr Ala Val Val Thr Arg Ser Ala Trp Thr Ala Asp Asn Asp Asn
50 60 70

GTA ATA GTA TTC CCG éCG ATC GAA GAG GCC ATG TAé GGG CTG GCT éAA CTC ACC GAT CAC GTT ATA GTG TCT GGT

Val Ile val Phe Pro Ser Ile Glu Glu Ala Met Tyr Gly Leu Ala Glu Leu Thr Asp His Val Ile Val Ser Gly
80 90

GGC GGG GAG ATT TAC AGA GAA ACA TTG CCC ATG GCC TCT ACG CTC CAT ATA TCG ACG ATT GAT ATT GAG CCG GAA

Gly Gly Glu Ile Tyr Arg Glu Thr Leu Pro Met Ala Ser Thr Leu His Ile Ser Thr Ile Asp Ile Glu Pro Glu
100 110 120

GGA GAT GTT TTC TTT éCG AAT ATT CéC AAT ACC TTé GAA GTT GTT %TT GAG CAA CAC TTT AGC TCA AAC ATT AAC

Gly Asp Val Phe Phe Pro Asn Ile Pro Asn Thr Phe Glu Val Val Phe Glu Gln His Phe Ser Ser Asn Ile Asn
130 140
. . . Hpal . . . Hind1il . .
TAT TGC TAT CAA ATT TGG CAA AAG GGT TAA CAAAGCTATGCAATTGACGGTAAAAAGCTTCGTTCGCTTCGCTTGCTACGCTTCTTACCG
Tyr Cys Tyr Gln Ile Trp Gln Lys Gly
150

CAATTGATAACGGCEEEEGATGCACTAAGCACATAATTGCTCACAGCCAAACTATCAGGTCAAGTCTGCTTTTATTATTTTTAAGCGTGCATAATAAGCC

éTACACAAATTGGGAGATATATCATGAAAGGCTGGCTTTTTCTTGTTATCGCAATAGTTGGCGAAGTAATCGCAACATCCGCATTAAAATCTAGCGAGGG

. HindIll . . . . . . . .
CTTTACTAAGCTTGCCCCTTCCGCCGTTGTCATAATCGGTTATGGCATCGCATTTTATTTTCTTTCTCTGGTTCTGAAATCCATCCCTGTCGGTGTTGCT

. . . . . . . HindIII . .
TATGCAGTCTGGTCGGGACTCGGCGTCGTCATAATTACAGCCATTGCCTGGTTGCTTCATGGGCARAAGCTTGATGCGTGGGGCTTTGTAGGTATGGGGC

TCATAATTGCTGCCTTTTTGCTCGCCCGATCCCCATCGTGGAAGTCGCTGCGGAGGCCGACGCC ATG GTG ACG GTG TTC GGC ATT CTG AAT
Met Val Thr Val Phe Gly Ile Leu Asn

Fig. 2. The nucleotide sequence of dhfrV and its surroundings in pLMO20. Some of the restriction nuclease target sites are indicated
to allow alignment with the survey of the sequenced areas shown in Fig. 1. The translated dh/f¥ sequence comprises nucleotides 1306-1776.
The amino-terminal of the translated suwl/l gene (cf. Fig. 4) starts at nucleotide 2304. The GTTA sequences indicating where homology
with R388 and Tn2! ends and starts again, are boxed. The common promoter sequences are underlined. The start and stop codons
of orf2 which runs in the opposite direction, are marked by asterisks, and the suggested orf2 promoter hexamers by interrupted lines.
The sequence given here is identical to that found for the corresponding area (nucleotides 1-1289) of Tn27 with the exceptions mentioned

in Table 2
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Table 2. Observed sequence aberrations

Position in pLMO20 pLMO20 Tn2? R388
(Fig. 2)

901 G C C
907 G C C
1036 G G T
1061 G G A
1173 G GGGG G
1290-1852 no similarity

Data for R388 are from this work, from Swift et al. (1981), and
from Zolg and Héinggi (1981)

somal enzyme, the gene of which was sequenced and studied
in detail by Smith and Calvo (1980). The amino acid simi-
larity is 37% (58/157) and somewhat more pronounced than
the corresponding similarity of 31% (49/157) seen with the
type I enzyme. The unaltered amino acid sequences shared
by the three enzymes are in those regions observed in a
broader comparison of dihydrofolate reductases from var-
ious sources (Simonsen et al. 1983) to be most conserved.

The dhfrV and sull genes in pLMO20 have a common
promoter

The dhfrIl promoter in R388 was localized in mutagenesis
experiments (Swift et al. 1981). This localization is within
the region to the left (Fig. 1) of the antibiotic resistance
genes of R388, that is similar to the corresponding parts
of pLMO20 and Tn27. The nucleotide sequence found in
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pLMO20 (Fig. 2) is identical to that defined as the dhfrIl
promoter by Swift et al. (1981), with two exceptions: the
nucleotides at positions 1036 and 1061 in both the pLMO20
and Tn27 sequences are G instead of a T and an A, respec-
tively, in R388. The rest of the DNA sequences are almost
identical (cf. Table 2) down to the point of divergence be-
tween pLMO20, R388 and Tn27 and seem to be devoid
of E. coli promoters (Harley and Reynolds 1987). The dhfrV
gene then begins 16 nucleotides beyond the divergence point
(Fig. 2), and for the aadA gene in Tn21 this distance is
only 6 nucleotides (Fig. 5). These observations indicate that
the three inserted resistance genes are governed by the same
promoter located in the conserved area upstream of the
divergence point (Fig. 1). It was recently reported from this
laboratory (Swedberg 1987) that the expression of sulfona-
mide resistance from sull in Tn2{ was dependent on tran-
scription from a promoter located upstream of aadA. Also
in pLMO20 and in R388, there is no promoter structure
that could be connected to sull (Figs. 2, 5). This indicates
that the promoter described by Swift et al. (1981) and also
in this study for pLMO20 would be the common promoter
for dhfyV-sull in pLMO20, for dhfrII-suil in R388 and for
aadA-sull in Tn21. The inserted antibiotic resistance genes
would thus be expressed in an operon-like way together
with su/l. The distance between the promoter and the start
of the resistance gene is rather long in all three instances;
in pLMO20 for example, the distance is 233 nucleotides.
The function of these long leader sequences remains to be
explained. However, the leaders contain open reading
frames, the translation of which could be related to the
final expression of antibiotic resistance. It could be men-
tioned that the ATG, at position 1080 of Fig. 2, is the start

DHFRI (Tn7)
DHFRV (pLMO020)

Met LysLeuSerLeuMetﬁVallAla Ile Ser|Lys Asn Gly Val Ile Gly|Asn|Gly Pro|Asp|Ile Pro Trp Ser Ala Lys Gly Glu Gln Leu
Met L ValSerLeJPbtAlaAlaLysAlaLysAmclyValIleGlyCysGlyPnoHisIleProTrpSerAlaLysGlyGluGlnleu
DHFR (E.coli K-12) |Met] - Tle{Ser LeujllejAla Ala|Leu]Ala]Val Asp Arg]Val Ile Gly|

Met Glu Asn Ala Met|Pro Trp}Asn Leu Pro Ala Asp Leu Ala

Arg Projleu Pro{Gly|Arg Lys|Asn Ile Ile Leu - —ISer
30 40 50 60
Leu Thr Asn|Leu|Lys Lys Ile]Thr Asp His Val Ile Val Ser Gly Gly Gly Glu

Phe'I‘nr-Ser‘AspAsnGluAanalL.wIlePherSerIleLysAspAla
Ala Trp|Thr

Ma|Asp Asn Asp Asn Val|Ile Val|Phe Pro Ser Ile|Glu[Glu Ala[Met Tyr Gly{LeujAla Glu Leu|Thr Asp His Val Ile Val Ser Gly Gly Gly Glu

- |Ala Leu Pro Asn Arg Lys Tyr Ala Val Val Thr Arg Ser
- |Ala Leu Pro Asn Arg Lys Tyr Ala Val Val Thr Arg Ser

Gln Pro Gly Tar Asp|asp|arg|Val|{mr Trp Val Lys|Ser[Val aspleiu Ala]Tte a1a A1a Cys Gly Asp Va1 Pro Glu Tie Mot - IVa.ll IlelGly Qy Glylmg

0

90

Val Glu Gln Phejieu ProlLlys
100 110

Lys Ser Leu Ile Asp Gln Val Asp|Thr Leu His Tle Ser Thr Ile Asp Ile Glu Pro Glu Gly Asp Val'[yr-PnerGlu Ile| -
ArgGlu’Ihr-LequVetAlaSer’IhrLeuHisIleSer"l‘hr-IleAspIleGlquGluGlyAspValPhePher Ile- ThriPhe Glu
Ala ProAspAsp Glu

GIn Lys[Leu|Tyr Leu Thr Hlsl Ile AsplAlalGluIVallGlu Gly Asp|Thr His|Phe ProjAsp Tyr Glu

120

MMm-mmmm-wmm

Tyr Gln Ile Trp Gln Lys Gly Stop

DHFRI (Tn7)
DHFRV (pLM020)

Ser-ValPheSer‘GluPhePh.sAspAlaAspAlaGln
140

Pro|Val Phe} - Thr{Gln|Asp{Phe Ala Ser Asn Ile Ser| Tyr Gln Ile Trp Gln Lys Gly Stop]
- - |Driys
AsnlSer His SerlTyr Cys

Phe Glu|Ilejleu Glu Arg Arg|Stop DHFR

(E.coli K-12)

Fig. 3. A comparison of translated nucleotide sequences for difrV from pLMO20 (Fig. 2), dhftI from Tn7 (Fling and Richards 1983)
and the chromosomal fol gene of Escherichia coli K-12 (Smith and Calvo 1980). Regions of amino acid homology are boxed. The

numbering is according to the E. coli K-12 enzyme
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EcoRI . . . . . . . . . .
GAATTCCTCTCGAACCGTTTGGGGTTATGTACAGGACTCAGAGAGGACAATCT GCGCATACTTTGTTCAATGGACTGTGGGCGCTCCAGATCACTTTCCC 100

AACTTTGACTTTCTCATCGGAACATGGGGCGACGATGCAGTAAGTGACAAAGTTCTTTCCTCGTGGCTA%TCAATCCCGAAGCAGGTTCATTCATGATCA 200

. PstlI . . . . . . . .
TTGATGCTTCTAGTCGTCCTGCAGCGGCATCGGATATGTGCAACCACGCTCTTAGTCGTGCCGAGGTTCTTGCCGCACCGGGTATGAAGTCTTTGGCGTC 300

. .BamHI . . . . . . . .
CCAATGCCTAGATGCGGTCTGGATCCAAGACGAGCGCGTTGCGGAAATTCGGGGTTGGAAGAATGACGCCTAACCGGTCGTTCGAGCGGACTGCCCTCGG 400

CAAGCCTCGGTCAGCCGCTCAACTTCAACGTTAGATGCACTAAGCACATAATTGCTCACAGCCARACTATCAGGTCAAGTCTGCTTTTATTATTTTTAAG 500

CGTGCATAATAAGCCCTACACAAATTGGGAGATATATCATGAAAGGCTGGCTTTTTCTTGTTATCGCAATAGTTGGCGAAGTAATCGCAACATCCGCAT% 600

. . HindIII. . . . . . . .
AAAATCTAGCGAGGGCTTTACTAAGCTTGCCCCTTCCGCCGTTGTCATAATCGGTTATGGCATCGCATTTTATTTTCTTTCTCTGGTTCTGAAATCCATC 700

. B . . . . . . HindIII . .
CCTGTCGGTGTTGCTTATGCAGTCTGGTCGGGACTCGGCGTCGTCATAATTACAGCCATTGCCTGGTTGCTTCATGGGCAAAAGCTTGATGCGTGGGGCT 800

PTGTAGGTATGGGGCTCATAATTGCTGCCTTTTTGCTCGCCCGATCCCCATCGTGGAAGTCGCTGCGGAGGCCGACGLC ATG GTG ACG GiG TTC 894
Met Val Thr Val Phe

GGC ATT CTG AAT CTC ACC GAG GAC TCC TTC TTC GAT GAG AGC CGG CGG CTA GAC CCC GCC GGC GCT GTC ACC GCG 9269
Gly Ile Leu Asn Leu Thr Glu Asp Ser Phe Phe Asp Glu Ser Arg Arg Leu Asp Pro Ala Gly Ala Val Thr Ala
10 20 30

GCG ATC GAA ATG CTG CGA GTC GGA TCA GAC GTC GTG GAT GTC GGA CCG GCC GCC AGC CAT CCG GAC GCG AGG CCT 1044
Ala Ile Glu Met Leu Arg Val Gly Ser Asp Val Val Asp Val Gly Pro Ala Ala Ser His Pro Asp Ala Arg Pro
40 50
GTA TCG CCG GCC GAT GAG ATC AGA CGT ATT GCG CCG CTC TTA GAC GCC CTG TCC GAT CAG ATG CAé CGT GTT TCA 1119
Val Ser Pro Ala Asp Glu Ile Arg Arg Ile Ala Pro Leu Leu Asp Ala Leu Ser Asp Gln Met His Arg Val Ser
60 70 80
ATC GAC AGC TTC CAA CCG GAA ACC CAG CGC %AT GCG CTC AAG CGC GGC GTé GGC TAC CTG AAC GAT ATC CAA GGA 1194
Ile Asp Ser Phe Gln Pro Glu Thr Gln Arg Tyr Ala Leu Lys Arg Gly Val Gly Tyr Leu Asn Asp Ile Gln Gly
90 100
. . . . Pstl . .
TTT CCT GAC CCT GCG CTC TAT CCC GAT ATT GCT GAG GCG GAC TGC AGG CTG GTG GTT ATG CAC TCA GCG CAG CGG 1269
Phe Pro Asp Pro Ala Leu Tyr Pro Asp Ile Ala Glu Ala Asp Cys Arg Leu Val Val Met His Ser Ala Gln Arg
110 120 130

GAT GGC ATC GéC ACC CGC ACC GGT CAC CTT CGA CCC GAA GAC GCG CTC GAC GAG ATT GTG CGG TTC TTC GAG GCG 1344
Asp Gly lle Ala Thr Arg Thr Gly His Leu Arg Pro Glu Asp Ala Leu Asp Glu Ile Val Arg Phe Phe Glu Ala
140 150

CGG GTT TCC GCC TTG CGA CGG AGC GGG GTC GCT GCC GAC CGG CTC ATC CTC GAT CCG GGG ATG GGA TTT TTC TTG 1419
Arg Val Ser Ala Leu Arg Arg Ser Gly Val Ala Ala Asp Arg Leu Ile Leu Asp Pro Gly Met Gly Phe Phe Leu
160 170 180

AGC CCC GCA CCG GAA ACA TCG CTG CAC GTG CTG TCG AAC CTT CAA AAG CTG AAG TCG GCG TTG GGG CTT CCG CTA 1494
Ser Pro Ala Pro Glu Thr Ser Leu His Val Leu Ser Asn Leu Gln Lys Leu Lys Ser Ala Leu Gly Leu Pro Leu
190 200
TTG GTC TCG GTG TCG CGG AAA TCC TTC TTG GGC GCC ACC GTT GGC CTT CCT GTA AAG GAT CTG GGT CCA GCG AGC 1569
Leu Val Ser Val Ser Arg Lys Ser Phe Leu Gly Ala Thr Val Gly Leu Pro Val Lys Asp Leu Gly Pro Ala Ser
210 220 230
. . . . . . . BglII .
CTT GCG GCG GAA CTT CAC GCG ATC GGC AAT GGC GCT GAC TAC GTC CGC ACC CAC GCG CCT GGA GAT CTG CGA AGC 1644
Leu Ala Ala Glu Leu His Ala Ile Gly Asn Gly Ala Asp Tyr Val Arg Thr His Ala Pro Gly Asp Leu Arg Ser
240 250

GCA ATé ACC TTC TCG GAA ACC CTC GéG AAA TTT CGé AGT CGC GAC GCC AGA GAC CGA GGG TTA GAT CAT GCC TAG 1719
Ala Ile Thr Phe Ser Glu Thr Leu Ala Lys Phe Arg Ser Arg Asp Ala Arg Asp Arg Gly Leu Asp His Ala
260 270

éATTCACCTTéCGGCCGCCCéCTAGCGGACéCTGGTCAGG%TCCGCGAAG&TGGGCGCAGACATGCTGGGéTCGTCAGGATCAAACTGCACTATGAGGCG 1819

GCGGTTCATACCGCGCCAGGGGAGCGAATGGACAGCGAGGAGCCTCCGAACGTTCGGGTCGCCTGCTCGGGTGATATCGACGAGGTTGTGCGGCTGATGC 1919

. . . . . . . . . . Sacl
ACGACGCTGCGGCGTGGATGTCCGCCAAGGGAACGCCCGCCTGGGACGTCGCGCGGATCGACCGGACATTCGCGGAGACCTTCGTCCTGAGATCCGAGCT 2019

. . . . . . BamBI
CCTAGTCGCGAGTTGCAGCGACGGCATCGTCGGCTGTTGCACCTTGTCGGCCGAGGATCC 2079

Fig. 4. The nucleotide sequence of the sull gene and its surroundings in R388. Some of the restriction nuclease target sites are indicated
to allow alignment with the survey of the sequenced areas shown in Fig. 1. The translated su/l sequence comprises nucleotides 880-1716.
The GTTA sequence indicating the start point of homology (see text) is boxed. The nucleotide sequence from Tn2! corresponding
to the area shown here was also determined and found to be identical to that given here from nucleotide 429 onwards
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pLMO20-TTAACAAAGCTATGCAATTGACGGTAAAAAGCTTCGTTCGCTTCGCTTGCTACGCTTCTTACCGCAATTGATAACG

G

ACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATAATGTCTAACAATTCGTTCAAGCCGACGCCGCTTCGCGGCGCGGCTTAACTCAAGOGTTAGATG 1000
T C

* kK

A

R388--~GGGTTGGAAGAATGACGCCTAACCGGTCGTTCGAGCGGACTGCCCTCGGCAAGCCTCGGTCAGCCGCTCAACTTCA

CACTAAGCACATAATTGCTCACAGCCAAACTA--~-> sull

1032

Fig. 5. The nucleotide sequence of the area within the branch points (boxed, see text) of Tn2/ including the aadA gene and its surroundings.
The sequence between the start codon (marked by the asterisk) and stop codon (marked by the three asterisks) is identical to the
corresponding region of the aadA sequence given by Hollingshead and Vapnek (1985) for plasmid R538-1. Parts of the sequences
for pLMO20 and R388 close to the branch points are also shown. The numbered short arrows indicate direct repeats and the longer

ones indicate inverted repeats

of a reading frame that is open across the upper branch

point. In pLMO20 this potentially translated sequence is
out of frame with dhf¥V, but in Tn2! an in-frame fusion
is possible with aadA.

Nucleotide sequence analysis of the DNA region harbouring
the sull gene

There are two plasmid-borne sulfonamide resistance genes
known, sull and sulll. Both express drug resistant dihydro-
pteroate synthases and can be distinguished by DNA hy-
bridization methods (Swedberg and Skold 1983).

The new sequence data for R388 shown in Fig. 4, com-
prising 2079 nucleotides of the EcoRI-BamHI segment,
could be connected to published sequences (Swift et al.
1981; Zolg and Hinggi 1981) to cover the entire 3.25 kb
of antibiotic resistance in R388. A comparison of the se-
quence shown in Fig. 4 with the sequence for Tn27 demon-
strated complete identity from the point of convergence
at nucleotide 429 (Fig. 4) to the BamHI end of the presented
sequence. Earlier work demonstrated that the su/l gene is
located within a 1.75 kb fragment from R388 (Swedberg
and Skold 1983). Further subcloning localized the sull gene
to a 1.23 kb HindIII-Sacl fragment (cf. Figs. 1, 4) from
which, when it was ligated into vector pUC19, sulfonamide
resistance was expressed, that was under the control of the
lac promoter in this plasmid, pSUL101. When the same
fragment was ligated into plasmid pUCI18 and thus in the
reverse direction in relation to the promoter, (pSUL102)
no expression of sulfonamide resistance was observed. The

sull gene of the cloned fragment is thus expressed in the
HindIlI-Sacl direction and has no promoter of its own.
In this orientation two open reading frames coding for pep-
tides longer than 50 amino acids were found in the con-
served region of R388 and Tn21. The longer of these, which
starts entirely within the HindIII-Sacl fragment, starts with
a GTG at nucleotide 793 (Fig. 4). However, there is no
reasonable ribosome-binding site in front of this codon.
At position 880, however, there is an ATG preceded by
a GGAGG sequence, which could serve as the locus for
ribosome binding. With the ATG at position 880 as the
start codon a peptide of 279 amino acids would be pro-
duced. The molecular weight deduced for the putative pro-
tein is 30126. This is suggested to represent the dihydropter-
oate synthase mediating sulfonamide resistance. The com-
plete nucleotide sequence of the sull region in pLMO20
was not obtained, but for those 70% that were analysed
(cf. Fig. 1) there was identity to R388 and Tn2i, so it is
reasonable to assume identity between the three genetic ele-
ments in this vicinity. The other, shorter open reading frame
(orf1) mentioned above to occur near sull starts at nucleo-
tide 539 (Fig. 4), comprises 115 codons and overlaps sull
with its stop codon at nucleotide 884. Its function is unex-
plained.

Observations indicating a mechanism for the recombinational
insertion of dhfrV, dhfril and aadA

As described above, the antibiotic resistance genes dhfrV,
dhfrIl and aadA could be regarded as inserted into a nucleo-
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tide sequence that was found to be almost identical in
pLMO20, R388 and Tn2/. This is summarized in Fig. 5,
which shows the common points of divergence and conver-
gence, and also the complete sequence of aadA in Tn21
from R6-5. Parts of the sequences from pLMO20 and R388
are also shown (cf. Figs. 2, 4). It can be seen that the short
sequence GTTA is directly repeated at the two branch
points. This tetranucleotide sequence also occurs four times
in the 100 nucleotides of conserved sequence upstream of
the divergence point, although it would be distributed by
chance only once every 256 nucleotides. Several of these
GTTAs are also part of several 7- to 8-nucleotide-long di-
rect repeats shown by the arrows in Fig. 5.

In each of pLMOQO20 and Tn21, only one gene seems
to be situated between the two branch points. In R388,
however, there is a second open reading frame (orf3) down-
stream of dhfrll, with its translational stop at nucleotide
371, well above the point of convergence at nucleotide 429
(Fig. 4). The function of this open reading frame remains
to be explained.

The sequence for the aadA gene of R6-5 (Tn21), includ-
ing surrounding sequences with homology branch points,
is shown in Fig. 5. The longest reading frame between the
branch points translates into 263 amino acids and is in
perfect agreement with the corresponding part of the aad4
of plasmid R538-1 (Hollingshead and Vapnek 1985). The
start and stop codons of this reading frame are indicated
in Fig. 5. The aadA gene of Tn7, with the same start and
stop codons, is very similar but shows one lost codon
(849-851) and two base substitutions at positions 830 and
897 (Fling et al. 1985). This reading of aadA in Tn2{ is
in frame with the translatable leader sequence. Several pos-
sible start sites occur along this conserved sequence, which
could extend the protein at its amino-terminal end. In the
case of Tn7 the sequence following the aadA4 gene was ident-
ical to that shown in Fig. 5 down to GTTA.

This trailing sequence showed a feature that was found
to be common to all the genes within the branch points,
including orf3. This was the occurrence of sequences allow-
ing stem and loop structures to be formed with TAAC
at one end and the branch point GTTA at the other. This
is indicated by the arrows at the end of the aadA4 gene
of Fig. 5 and at the trailing parts of the dhfrV of pLMO20
and at the orf3 of R388, also indicated in Fig. 5. A similar
structure could also be discerned in the sequence associated
with the dhfrIl of R388 (Swift et al. 1981; Cameron et al.
1986).

Further analysis of the sequence upstream of the dhfrV’
gene in pLMO?20 also revealed another open reading frame
of 337 codons, orf2. It reads in the opposite direction com-
pared to the antibiotic resistance genes, and extends from
an ATG at nucleotide 1150 to a TAG at nucleotide 139
(Fig. 2). The considerable length of orf2 and the lack of
open reading frames of significant length in the other direc-
tion, suggest that orf2 could be a gene. This interpretation
is supported by the occurrence of potential promoter se-
quences at nucleotides 1182-1177 (-10, TAGACT) and at
nucleotides 1205-1200 (=35, TTGCTQG). Furthermore, the
carboxy-terminal part of the translated nucleotide sequence
showed a marked similarity to the proposed DNA-binding
region comprising about 40 amino acids in a group of phage
integrase proteins (Argos et al. 1986; Eisenstein et al. 1987).
The translated orf2 sequence is shown in Fig. 6, where a
consensus sequence for the proposed DNA-binding region

MKTATAPLPPLRSVKVLDQLRERIRYLHYSLRTEQAYVHWVRAFIRFHGggHPAT pLM0O20
MSNSPFLNSIRTDMRQKGYALKTEKTYLHHIKRFILFHKKRHPQT Tn7

LGSSEVEAFLSWLANERKVSVSTHRQPLPALLFFYGKVLCTDLgazQEIGRPRPS pLM0O20

MGSEEVRLFLSSLANSRHVAINTQKIALNALAFLYNRFLQQPLGDIDYIPASKP- Tn7

RRLPVVLTPDEVVRILGFLEGEHRLFAQLLYGTGMRISEGLQLRVKDLDFDHGTI

pLMO20
RRLPSVISANEVQRILQVMDTRNQVIFTLLYGAGLRINECLRLRVKDFDFDNGCI TnT7

IVREGKGSKDRALMLPESLAPSLREQLSRARAHWLKDQAEGRSGVALPDALERKY pLMO20

TVHDGKGGKSRNSLLPTRLIPAIK*LIEQARLIQQDDNLQGV GPSLPFALDHKY Tn7

PRAGHSWPWFWVFAQHTHSTDPRSGVVRRHHMYDQTFQRAFKRAVEQAGITKPAT pLMO20

PSAYR... Tn7

PHTLRHSFATALLRSGYDIRTVQDLLGHSDVSTTMIYTHVLKVGGAGVRSPLDAL pLMO20

H LRH A LEG sx IQ LGH I T Y consensus (integrases)

PPLTSER pLM020

Fig. 6. Comparison of the predicted amino acid sequence of orf2
in pLMO20 with a phage integrase consensus sequence (see text)
and with the sequence from an open reading frame to the left
of dhfrI in Tn7 (Simonsen et al. 1983)

close to the carboxy-terminals of the integrase proteins of
bacteriophages P2, 186, P22, 4, ¢80 and P4, of the bacterio-
phage P1 Cre recombinase and also of the fimB and fimFE
inversion proteins of E. coli is shown. This consensus se-
quence consists of those 18 amino acids which were identi-
cal in 4 out of 9 of the mentioned proteins (Eisenstein et al.
1987). It can be seen that the putative orf2 protein has
14 amino acids in common with this consensus sequence.
The orf2 sequence of pLMO20 showed, furthermore, a re-
markable similarity to the putative protein translated from
an open reading frame to the left of dhfirf in Tn7 (Simonsen
et al. 1983; cf. also Fig. 7). A similar observation was made
previously by Hall and Vockler (1987); part of the plasmid
pKM101 (R46) which is very similar to the resistance region
of Tn21, was found to contain an orf differing from our
orf2 by only 2 amino acids (Ala instead of Pro at positions
82 and 84, respectively).

Genetic organization of the right end of Tn21

When nucleotides 1-1289 of Fig. 2 (and Table 2), nucleo-
tides 141-992 of Fig. 5, and nucleotides 430-2079 of Fig. 4
are linked together, a sequence of 3794 bp covering the
antibiotic resistance region of Tn27 is obtained (cf. Fig. 1).
This segment could then be linked to previously published
sequence data for the mpA4 gene (Ward and Grinsted 1987),
for the tmpR gene (Diver et al. 1983) and for the suggested
modulator gene tnpM (Hyde and Tu 1985). Taken together
these data comprise the continuous sequence of 7.89 kb of
the right end of Tn21.

Discussion

The rapid spread of antibiotic resistance traits among path-
ogenic bacteria seems to depend on the recombinational
insertion of resistance genes into plasmids and transposons.
The highly conserved sequences surrounding dhfrV in
pLMO20, aadA in Tn21 and dhfrII in R388 described in
this work, could be regarded as a recipient structure featur-
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———————— —~ oo -
orf2 dhfrv sull
———————— e e >
orf2 dhfriI orf3 sull
< - e——{ T — -
tnpR tnpM orf2 aadA sull
— = Tn7
———————— R L BERD = bbbt BN S ol
orf dhfrI aadA

Fig. 7. A comparison of the genetic organization of the antibiotic resistance region of transposon Tn27 with that of plasmids pLMO20
and R388 and of transposon Tn7. Data for Tn7 are from Fling and Richards (1983), Simonsen et al. (1983) and Fling et al. (1985).
The GTTA sequences at branch points (see text) are indicated by the filled circles. Sequences corresponding to the potential stem
and loop structures described in the text are indicated by the open squares. Regions of unknown sequence are marked with an interrupted
line. The hatched areas denote that part of orf2 representing the suggested DNA-binding region, the sequence of which is shown

in Fig. 6

ing such a phenomenon. These sequences could then pro-
vide an evolutionary older background containing an effi-
cient promoter and thus receive and express recombina-
tional insertions of new resistance genes in response to
changing patterns of antibiotics usage. In the cases of dafrV
in pLMO20 and dhfril in R388 these recombinations result
in a genetic structure endowing its host with resistance to
both trimethoprim and sulfonamide, which could be seen
as a response to the very frequent use of this drug combina-
tion. The occurrence of sul/l in the presumed receptor struc-
ture could reflect an early distribution of this gene in re-
sponse to the early and widespread use of sulfonamides.
Sulfonamide resistance as represented by the two genes
sull and sulll, is known to be one of the resistance traits
most widely spread on resistance plasmids (Bukhari et al.
1977). Both of these genes express drug resistant variations
of the target enzyme for sulfonamide, dihydropteroate syn-
thase. The two plasmid-borne enzymes can sharply distin-
guish between sulfonamide and the normal substrate, para-
aminobenzoic acid, in that they are virtually insensitive to
the inhibiting effect of the drug, while showing an affinity
for the normal substrate similar to that of the chromosomal
enzyme (Swedberg and Skold 1980). The sequence of the
sull gene was determined and found to correspond to a
peptide of 279 amino acids with a molecular weight of
30,126. No other enterobacterial dihydropteroate synthase
has previously been characterized at the molecular level.
The precise point of insertion indicated in Fig. 5 for
the three genes dhfrV, dhfrll and aadA in the common se-
quence also containing su/l, is interpreted to be the target
site of a site-specific recombination mechanism. The short
GTTA sequence flanking the inserted genes could be the
part of a target sequence that gets duplicated at recombina-
tion. Furthermore, the four direct repeats situated close
to the suggested target site (Fig. 5) could indicate the occur-
rence of a DNA structure that is efficient as a substrate
for an enzymic recombination system. From Fig. 1 it can
be seen that the inserted sequences were not much longer
than the inserted resistance genes with the exception of
dhfrll in R388. In this case, another reading frame, orf3,
was found downstream of dhf¥Il. Its function is not known.

A recombination phenomenon similar to that inferred here
was experimentally demonstrated by Tanaka et al. (1985),
who observed a recombinational incorporation of the
OXA-1 f-lactamase gene into Tn21. The site of recombina-
tion was not determined precisely, but restriction nuclease
mapping indicated a location upstream of aad4 which
could coincide with the upper branch point described here.

At the 3’ ends of the inserted genes dhfrV, dhfrll and
aadA (also orf3) there were weakly conserved inverted re-
peats allowing the formation of stem and loop structures,
which included the GTTA sequence at the lower branch
points. The constant occurrence of these structures as re-
gions attached to the inserted genes suggests that they are
involved in the putative recombination phenomenon. Simi-
lar structures, with the potential of hair pin formation, were
observed in Tn7 within an element comprising 54 nucleo-
tides (Fling et al. 1985; Wiedemann et al. 1986). Similar
54-nucleotide-long elements were identified by Cameron
et al. (1986) and inferred to be involved in the recombina-
tional insertion of the aadA gene conferring streptomycin/
spectinomycin resistance and the aadB gene conferring gen-
tamicin resistance into R plasmids pSa and pDGO100, re-
spectively.

Finally, the predicted protein from orf2, described here,
with its remarkable similarity to site-specific recombinases
(Fig. 6) could be the effector of antibiotic resistance gene
insertion into pLMO20, Tn27 and R388. A similar proposal
has been made by Ouellette and Roy 1987.

In Fig. 7a comparison of similarities and genetic organi-
zation of the antibiotic resistance regions is made between
Tn27 and pLMO20, R388 and Tn7. As described above,
there is almost complete identity between Tn2! and
pLMO20 and R388 in the areas flanking the inserted genes.
This similarity can be extended to include pSa, which also
carries an aadA gene that shows 88% homology to that
of Tn27 and Tn7 (Tait et al. 1985; Cameron et al. 1986).
In Fig. 7 it is also shown that all the antibiotic resistance
genes in the compared structures, including Tn7 have, at
their 3’ ends, potential stem and loop structures starting
with TAAC and ending with GTTA (cf. also Fig. 5).

In Tn7, the two resistance genes dhfrl and aadA both
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have such a structure at their 3’ ends. A potential stem
and loop structure of the type described, also occurs at
the 5" end of aadA (Fig. 7). This could be interpreted to
have been involved in the insertion of another part of Tn7,
situated between the two resistance genes. This could be
seen as a parallel to the situation in R388, where two read-
ing frames, dhfrIl and orf3 are inserted in tandem (Fig. 7).
Furthermore, a similarity was also shown between the
dhfrV gene in the Tn21-like structure of pPLMO20 and the
dhfrl gene of Tn7. Both genes code for peptides of 157
amino acids and the deduced sequences of these showed
75% homology. It is thus quite likely that both genes have
a common ancestry and that they could have a common
mechanism of recombinational insertion.

A succession of recombinations could be discerned as
being responsible for the development of Tn21-like transpo-
sons, like the insertion of an 11.2 kb segment into an ances-
tral transposon, Tn501 (Brown et al. 1986), and the subse-
quent site-specific addition of many different genes for anti-
biotics resistance.
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