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ABSTRACT The mercuric ion-resistance operons of plas-
mid R100 (originally from Shigella) and transposon Tn501
(originally from a plasmid isolated in Pseudomonas) have been
compared by DNA sequence analysis. The sequences for the
first 1340 base pairs of Tn501 are given with the best align-
ment with the comparable 1319 base pairs of R100. The ho-
mology between the two sequences starts at base 58 after the
end of the insertion sequence IS-1 of R100. The sequences in-
clude the transcriptional regulatory region, and the homology
is particularly strong in regions just upstream from potential
transcriptional initiation sites. The trans-acting regulatory
gene merR consists of 180 base pairs in both cases and codes
for a highly basic polypeptide of 60 amino acids, which is also
rich in serine. The Tn501 and R100 merR genes differ in 25 of
the 180 base positions, and the resulting polypeptides differ in
seven amino acids. The regulatory region before the major
transcription initiation site contains potential —35 and —10 se-
quences and dyad symmetrical sequences, which may be the
merR binding sites for transcriptional regulation. The first
structural gene, merT, encodes a highly hydrophobic polypep-
tide of 116 amino acids. The R100 and Tn501 merT genes dif-
fer in 17% of their pesitions, leading to 14 (12%) amino acid
changes. This region had previously been shown to encode a
protein governing membrane transport of mercuric ions. The
second structural gene, merC, would give a 91 amino acid
polypeptide with a hydrophobic amino-terminal segment. The
Tn501 and R100 merC genes differ at 37 base positions, lead-
ing to 10 amino acid changes.

Mercuric ion resistance, like many other resistances to toxic
heavy metals in prokaryotes, is governed by genes on plas-
mids and transposons (1-3). Plasmid R100 is the initial anti-
biotic-resistance plasmid that appeared in 1956 in a Shigella
flexneri strain in Japan (4, 5), and its total size is 90 kilobase
pairs (kb). It encodes resistance to chloramphenicol, fusidic
acid, tetracycline, sulfonamide, and streptomycin, as well as
to mercuric ions (6). The last three resistances are encoded
on the 19.9-kb transposon Tn2/ (7, 8) that occurs between
flanking 768-base-pair insertion elements IS-1a and IS-1b (7,
9), which are not part of the transposon (7). Transposon
Tn501 is an 8.5-kb transposable element that encodes resis-
tance to mercuric ions in addition to transposition functions
(10). It was first found in a Pseudomonas aeruginosa strain
(11), and it was moved into Escherichia coli for subsequent
study (10, 12). The organization of the mercuric ion resis-
tance determinant of plasmid R100 is well known. Transpo-
son mutagenesis studies (13-15) and cloning studies (16, 17)
determined the orientation of the operon and that the mercu-
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ric ion-resistance determinant starts close to the right bound-
ary of IS-1. The operon was initially (13, 16) shown to con-
sist of a regulatory gene (merR) that encodes a frans-acting
positive/negative regulatory product, followed by an opera-
tor-promoter region, and then by a large transcriptional unit
for a gene (merT) governing a membrane transport function,
followed by the 1.7-kb gene for the enzyme mercuric reduc-
tase (merA). More recent studies (14) with Tn5 transposon
mutagenesis of the mer region cloned from plasmid R100 es-
tablished two additional genes: merC, of unknown function,
but located between merT and merA; and merD, also of un-
known function and located operator—distal from merA. Ad-
ditional transposon mutagenesis and cloning studies of
Tn501 (12, 17) and R100 (15) gave results consistent with a
similar overall organization of the genetic determinants.

We report here the sequences of the beginning of the mer
operons in both Tn50/ and Tn2!. The two systems are strik-
ingly similar, having the same gene orders, and having iden-
tical bases in =85% of the positions in the first three genes.
Most base changes between the two systems occur in non-
coding regions or in third “wobble” positions. This remark-
able degree of conservation indicates that the two systems
have a common and recent evolutionary ancestry. The nu-
cleotide sequence and the predicted amino acid sequences of
the gene products allow us to suggest a more detailed molec-
ular mechanism for mercury detoxification by these sys-
tems.

MATERIALS AND METHODS

The chain-termination DNA sequencing methods of Sanger
et al. (18) were used for both sequences. The Tn50! se-
quence was determined with randomly cloned restriction en-
zyme fragments in bacteriophage M13mp7 (19), using the
methods described (17, 20). The R100 sequences were deter-
mined from larger 2- to 4-kb fragments cloned into
M13mWB2344 by the method of generating ordered dele-
tions from the primer location into the cloned sequence (21,
22). Both sequences have been determined completely from
both DNA strands. The Tn50! sequence was cloned from
the plasmids described in ref. 17, and the R100 sequence was
from plasmid pDU1003 (14).

RESULTS

DNA Sequence. Fig. 1 shows the first 1319 bases of plas-
mid R100 plus the terminal 22 right-end nucleotides of IS-1
(9). The R100 sequence is numbered from the end of IS-1.
Only that strand equivalent to the messenger RNA is shown.
In determining this sequence, we sequenced from a cloned
fragment starting at the Tth111I site in IS-1 and, therefore,

Abbreviations: kb, kilobase pair(s); IR, inverted repeat.
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-22 end of ISl = start of IR Tnz2l
R100  TCAATAAGTTGGAGTCATTA CCCCCCGGACGAGTGGGAAT CCATGGTAGGGATTTTTACC GAAATGGAAGAACACTATTA 'GGGGGCACCTCAGAAAACGG 78
. * N N . v *s B R KR K RAE AR AREARERRRREER
tn501  GGGGGAACCGCAGAATTCGG AAAAAATCGTACGCTAAGCT AACGGTGTTCTCGTGACAGC TCTTTGACTAGGCTTTCTAA GGGGTCGTCICAGAAAACGG 100
start of IR Tn501 23 end of IR
1
end of Tn2l IR =35 =10
RI00  AAAATAAAGCACGCTAAGGC ATAGCIGACCTTARTAGGCC TGCICGCCCTTAGTGACG CGATCAACGGGCAGGARACA THCCCCTTTCGIGCATUGCA 178
RARRRKRRRRRRRRRARRAR KRAE KK K RRRKR AN K AR K RNKRRRRRRKRNKD KARKR KRANKRRRRARR & RAKRN ARAE RARARRAE
Tn30l AAAATAAAGCACGCTAAGGC ATAGCCGAACCTGCCAAGCT TGCTCCACCCTGTAGIGACG CGATCAGCGGGCAGGAAACG TTCCCCCTTCGCGCATGGCA 200
HindIII
S0 —
RLOU  GGCGCACACGAGTTCAGACA GCACGGTTTCGATACGCGCC AAGTCGGCCATCTTCICGCG CACGTCCTTGAGCTTGTGTT CGUCCAGGCTGCTGGCCTCT 278
RARRERERR K NRRRRAR RRRNRE  KRMRANRARRRR K ARR ARKRE KANRNERR NRNNRRRRRRARRARRNE & ARNARRR RNRNRRNR KRN
Fn301  GGCGCACACCAACTCAGACA GCACGGCCTCUATGCGCGCC AGGTCAGCCATTTTCTCGCG CACGTCCITGAGCTTGTGCT CGGCCAGACTGCTGUCTICC 300
merR start
RI00  TCGCAGPGGGTGCCATCGTC GAGCCGCAACAGCTCGGCAA TCTCGTCCAGACTGAACCCC AGCCGCTGTGCCGATTTCAC GAATTTCACCCGAACCACGT 378
ArRkE AaR o Ak RRAR RRRRR RKRAR KRK KARRRRAN KK KARRRENR KRN KRRNAR aon Fic.1. DNA sequences of the
In30L TCGCAATGGGTGCCATCCTC CAGCCGCAGCAGCTCGGCGA TCTCATCCAGGCTGAAGCCC AGCCGCTGGGCTGATTTCAC GAAGCGCACCCGCGTTACAT 400 e
dincLt - beginning of transposon Tn50!
R100  CCGCCTCCCCATAGCGGCGE ATGCTGCCGTAAGGCTTGTC CGGTTCCCGCAACAGGCCCT TGCGCTGATAGAAGCGGATT GTCTCCACGTTGACCCCGGC 479 and the corresponding region of
SARRRRE ARHRRARRA R KRRAARNR KR RARAKRRE KK AR KRARKR RRAKR KRRRKRRRRNRRR RANRE  RRRRANRR RRARRARRAAR . p
Tn50l  CCGCCTCGCCATAGCGGCGG ATGCTGCCATAGGGCTTGTC AGGCTCCAGCAACAAGCCCT 'TGCGCTGATAGAAACGGATG GTCTCCACATTGACCCCGGC soo plasmid R100. The sequences
end merR . .
o — -35 -10 start at the first nucleotide of
R100  CGCCTTGGCAAAAACGCCAA TGGTCAGGTTTTCCAAATTA TTTICCATATCGCTTGACTC CGTACATGAGTACGGAAGTA AGGTTACGCTATCCAATCCA 578 Tn501 (20) and with the final 22
RARRRARAN AR AN RN R * LE 2] RERRAANRE RRARRARNRARRRRR AR RN R R RNRRR AR A RN RN
Pn501 CGCCTTGGCGAAAACGCCAA TGGTCAGGTTCTCCAAATTG TITTCCATATCGCTTGACTC CGTACATGAGTACGGAAGTA AGGTTACGCTATCCAATTIC 000 bases of IS-1 (9). On]y the strand
- ————— . .
sp . equivalent to the mRNA (anti-
R100  AATTCAAAAGGGCCAACGTA TGIFCTGAACCACAAAACGGG CGCGGTGCGCTCTPCGCCGG CGGGCTGGCCGCCATICTTG CATCGACCTGCIGLCISGGG 678 : :
SAREE GeEEE % % AR % AREESGSSES A48 Aees feees Seesssaer % 4% Aeees Aeesesus 44 4 & ase 4 Aeaesess tes coding strand) is shown. Aster-
rn501 Mncumcsncuccch?:;ag‘rsrlt::ﬁc;\chcsm CGCGGCGCGCTCTTCACTUG AGGGCTTGCCGCCATCCTCG L&'lLGuk’l"l‘(aL'lGC:‘l;‘:t;b(; 700 isks between the sequences indi-
cate identical bases in those posi-
R100  CCGCTAGTACTGGTCGCCCT GGGCTTCTCCGGTGCTTGGA TCGGCAACCTGACGGTGCTG GAACCCTATCGACCGTTGTT CATCGGCGUGGCGCTAGIGS 778 tions. The end of IS-1 and the
AAR k Ak kAN RRARR ok kAR ARk RRR MR R AR RN AR RRN Ak ARRAN AR AR RR AR ARk Ak * WRRAAAR KRR R AR RA . .
Tn50L CCGTTGGTTCTGATCGCCTT GGGGTTCAGCGGCGCTTGGA TCGGCAACTTGGCGGTGTTG GAACCCTATCGCCCCATCTT TATCGGCGTGGCGCTGUTGS s00  limits of the IRs of Tn50! and
R10U  CGCTGTTCTTCGCCTGGAAG CGGATTTACCGGCCCGTGCA GGCATGCAAGCCAGGTGAGG TCTGCGCGATTCCGCAGGTG CGCGCCACCTACAAGCTGAT 878 Tn21 are indicated. Possible —35
A RRRRRRRRRRRRRR  h Rk Kk RRRRNRE R RRR RARRR NRRNARRRRRE ARRNRRANRRRNR AN KRR KR RX Ak RARRARAR A4 - ot initiats
In50L  CGTTGTTCTTCGCCIGGCGG CGCATCTACCGGCAGGCAGC GGCCTGCAAACCGGGTGAGG TCTGCGCGATTCCCCAAGTG CGAGCTACITACAAGCICAT so0 and _10 tranSCﬂP§10qal Initiation
and ribosomal binding signals
end merl SD Start merC .
R100  TTTCTGGATCGTGGCCGTGC TGGTCCTGGTCGCGCTTGGA TTTCCCTATGTCGITCCATT TTTCTATTAACCAGGAGTTC ATCATGAAGARACTGILTTGC 978 [Shme—Da.lgarno sequence (SD)]
ANRRRRRRRRRARNNRR Ak RARR RRERRRRNANNN AR RRANRNRR KRR & AN RR RAARRN & & ARRARAN & AR AR AR AR . .. .
Tn501 TTTCTGGATCGTGGCCGCGC TGGTTCTGGTCGCGCTCGGA TTTCCCTACGTCATGCCATT TTTCTACTGAT CGGAGITC ACCATWAAGAAACTGITIGC 999 from comparison with canonical
R100  CTCCCTTGCCCTCGCCGCCG CTGITGCCCCGGTGIGRUCC GCTACCCAGACCGTCACGCT AGCGGTTCCCUGCATGACIT GCGCCUCCTGCCCuatcaca  1u7g  COMSENSUS sequences (24-?6) are
RRRNAN RARRRRRRRARER  REANRRRRD A% NANARR AR RRRAARRRRARRRRRAR & AN Rk RRRRRRAR & AR RRRRRRRRRANNNRRS shown. The dyad symmetrical se-
CATG P eetieteiptytotebl . . Y. Y
n501 CICCCTCGCCCTCGCCGCCG PTGTTGCCCCCGTCTGGGCC GCCACCCAGACCGTCACGCT GTCCGTACCGGGCATGACCT GCTCCUCCIGCCCUATCACT 109y "\
L., duences (——e——) are dis-
R100  GTCAAGAAAGCGCTCTCCAA GGTCGAAGGCGTGAGCAAGG TCGATGTGGGCTTCGAGAAG CGCGAGGCCGTCGICACTTT TGACGACACCAAGGCCAGLS [ . PR
eeNeaus 4he & KAE & NERNRANRAENN REAAE & % RE ARE  AEANRRR  kak A KA AAKARRAE K& RAERA ERREA REAREE cussed in the text. The initiation
501 GICAAGAAGGCGATTTCCGA GGTCGAAGGCGTCAGCAAAG TTGACGTGACTTTCGAGACA CGCCAAGCGGTCGTCACCTT CGACGATGCCAAGACCAGUG 19 and termination codons of the
RI00  TACAGAAGCTGACCAAGGCC ACCGCAGACGCCGGCTATCC GICCAGCGTCAAGCAGTGAG CCAGCAAGCCAACGACAACA GCUAGAGCCGCriCAtssGa 1278 proposed reading frames are
A RARRNNRNNR NN RAR RRRRRRAARAE AACARNAR KRR R RN A AR RR AR ARy L1 - r LR * LR L L L B
£n501 TGCAGAAGCTGACCAAGGCA ACCGCAGACGCGGGCTATCC GTCCAGCGTCAAGCAGIGAG TCACTGAAAACGGCACCGCA GCACAACGGACGTCATTGIC 1299 marked. The substrate sequences
end merl Cope
RI00  CTGATGACACGCATTGCCGA TAAAACCGGCGCGTCGGCAGC 1319 for three restriction endonuclease
- * *h o H H
Tn501 TGGCGCCACAAACGATAAAG GATCTGITGGATGACCCATCT 1340 enzymes Hmdll[, Hincll, and

Start merA

the terminal 56 base pairs of IS-1. This is compared with the
first 1340 bases of Tn501. The sequences are aligned starting
with base 58 of R100, approximately the start of the left in-
verted repeat (IR) of Tn21 in the R100 sequence. There is no
significant sequence homology before position 58 of the
R100 sequence and the corresponding position 80 in the
Tn501 sequence. Both sequences are from mercuric ion-
resistance transposons, yet the terminal 38-base-pair IRs of
the two transposons do hot align when the remainder of the
sequence is aligned; rather, the functional IRs are displaced
by 80 base pairs. Once aligned after base position 58 of R100,
the two sequences are of identical length until position 949 of
the R100 sequence, which has no counterpart in the Tn501
sequence. The sequence alignment then continues with iden-
tical lengths through the end of the merC gene (at position
1237 of R100). From that position, the intragene sequences
between merC and the next gene merA show no homology,
and they differ in length. The lengths of the three significant
reading frames are identical in the two sequences. The three
restriction endonuclease sites shown (HindIII at position 136
of Tn501, Ava I at position 694 of Tn501, and Hincll at posi-
tion 467 of R100), which have been used in mapping gene
functions (12, 14), are absent from the alternative sequence
because of single base changes. The R100 sequence lacks
restriction endonuclease sites for the 14 enzymes that were
experimentally shown not to cut the mercuric ion-resistance
region of R100 (14).

Likely transcriptional starts have been identified on the
sequence. RNA polymerase binding data (unpublished ob-
servations) suggest that there are two transcriptional starts
in Tn50I: one in the first 200 nucleotides and one between
nucleotides 499 and 700. Sequences corresponding to the ca-
nonical —35 and —10 transcriptional initiation sequences (24)
are shown within these two regions in Fig. 1. The first such

Ava | are indicated.

sequence (positions 110-135 of the R100 sequence) precedes
an open reading frame (for the merR gene; see below) at the
end of which is a dyad symmetrical sequence in both sys-
tems (positions 400-421 of the Tn501 sequence). This could
form a stem-loop structure in mRNA and may be involved
in transcription termination, although the uracil-rich se-
quence typical of a p independent terminator (25) is absent.
Other dyad symmetries in one system in this region (e.g.,
positions 356-372 and 431-460 in Tn501) are not fully con-
served in the other system; the significance of this is not
known. The second potential transcriptional initiation se-
quence is at positions 554-583 and is part of the regulated
mer promotor. The —35 and —10 sequences are within a 57-
nucleotide sequence that is identical in both Tn50] and
R100. In this region are two dyad symmetries. One of these
is at positions 505-520 (six symmetrical nucleotides in Tn501
and five in R100), which is approximately 80-95 nucleotides
before the likely transcriptional start point; the other is at
positions 559-576 (seven symmetrical nucleotides) between
the —35 and —10 sequences. With one unpaired base in each
strand, this sequence extends to 12 matching nucleotides.
Following the merR coding sequence and preceding the —35
region for the next transcriptional initiation start, there is a
region including an approximate inverted repeat, a series of
guanines and cytosines, and a stretch rich in thymines (be-
tween positions 483 and 533 of the R100 sequence) consist-
ent with a transcriptional termination site (25).

There are three significant open reading frames in Fig. 1
(the initiation and stop codons are marked), and these appear
from their positions to correspond to the genes merR, merT,
and merC of Ni'Bhriain et al. (14). The three reading frames
are the same length (180, 348, and 273 base pairs) in both
R100 and Tn501. The first (merR) reading frame is not pre-
ceded by a strong consensus translation initiation sequence
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Tn501 ®ET ARG ALA ARG SBR ALA ILE PHE SER ARG TdR SER LEU SER LEU CYS SER ALA ARG LEU 20

R100 * * * LYS * * - * - - * - - - * - * * . -

v v v 12 v v v
Tn501 LEU ALA SER SER GI‘..N TRP VAL PRO SER SER SER ARG SER SER SER ALA ILE SER SER ARG 40
+ +

R100 * * - - - * * * - * * + ASN « - * . - - -

v

(+) ()
« ASN PHE «

) 7
fnS0l LEU LYS PRO SER ARG TRP ALA ASP PHE THR LYS ARG THR ARG VAL THR SER ALA SER PRO 60
(+)

- - * -

+
* CYS * * a'r.m-

* ASN -

R100

(26), which suggests that the gene product may be produced
only in low amounts, compatible with a regulatory function.
The other two reading frames (merT and merC) have better
translational initiation consensus sequences (Fig. 1). Addi-
tional potential reading frames in the sequences are unlikely
to be biologically functional, because they do not contain
suitable translational initiation sequences (26) and they do
not fit with the available genetic (14) and transcriptional
data. For Tn501, the merA gene starts at position 1330
(which corresponds to position 29 in figure 3 of ref. 17). The
region between merC and merA in Tn501 contains 71 nucleo-
tides. In R100, the region between the end of merC and the
start of merA contains 507 bases, which are not homologous
to those in Tn50I. Note that the transcriptional direction
both for merR and for the long structural gene transcript is
from left to right in Fig. 1. This agrees with previous conclu-
sions from mer—lac fusion studies (14) and from cloning and
transposition polarity studies (13-16).

The Predicted Amino Acid Sequences. The first long open
reading frame of 180 base pairs in each sequence corre-
sponds to the position and orientation for the gene for the
trans-acting merR regulatory protein (13, 14). The predicted
merR gene product of 60 amino acids (Fig. 2) has an unusual
composition. After the arginine—lysine substitution at posi-
tion 4, there are 28 amino acids that are completely identical.
The sequences contain a total of 17 (R100) or 18 (TnS501)
serines out of the 60 amino acids, which makes it difficult to
predict secondary or tertiary structure. The sequences con-
tain 7 (R100) or 9 (Tn501) arginine residues, 1 or 2 lysines,
and a net positive charge of 7 or 10 in R100 and in Tn501,
respectively. There is a common cysteine at position 16, of
potential interest for a regulatory protein whose regulatory
cofactor is ionic Hg?* (2, 13-16) and a second cystemc at
position 46 of the R100 polypeptide sequence. It is apparent
from inspection that the merR polypeptide has the potential
of a highly positively charged DNA-binding protein. Com-
paring the R100 and Tn50! sequences, one sees only 7 amino
acid changes out of 60 amino acids and only 25 base pair
changes (marked with ticks in Fig. 2) out of 180 base pairs,
giving 86% nucleotide identity between R100 and Tn501.

merT. The second long open reading frame, corresponding
in position to the merT gene (13, 14, 16), whose product
functions to transport Hg?* across the cell membrane, would
give a translation product of 116 amino acids (Fig. 3) for both
R100 and Tn50!. Even by visual inspection, this polypeptide
£n501 MET SER GLU PRO L{z? -m;« GLY ARG GLY ALA LEU PHE T’Hl: GL; GLY
* AM *

v v v
LEU ALA ALA ILE LEU

- +
» * * 'k(}LNASN‘ . - - * -

R100

Tn501 ALA SER ALA CYsS CYs LBU GLY PRO LBU \IAL LEU ILE ALA LEU GLY PHE SbR oLY ALA TRP

R100 - * pHR * - - * * * * . * -

‘ 12 v [ 2 v
fn501 ILE GLY ASN LEU ALA VAL LEU GLU PRO TYR ARG PRO ILE PHE ILE GLY VAL ALA LEU VAL

* ALA Y #

RI00 * + + & pgr * o+ R LEU * o+

v ATt v
‘fn501 ALA LEU PHE PHE ALA TRP ARG ARG ILE TYR ARG GLN ALA ALA ALA CYS L‘IS PRO GLY GLU
+

...mmm.....:

- - - * -

Proc. Natl. Acad. Sci. USA 81 (1984) 5977

F1G. 2. Amino acid sequences of the merR polypeptides
of R100 and Tn 501 deduced from the DNA sequences. Aster-
isks represent identical amino acids in a given position; only
differences in amino acids are noted. Ticks above a given po-
sition represent a nucleotide difference in the first, second, or
third position in the corresponding codon in the DNA.
Charged amino acids are marked; parentheses indicate a dif-
ference in charge between the two polypeptides.

is extraordinarily hydrophobic. The distribution of charged
and hydrophobic residues has enabled predictions of mem-
brane-spanning regions (27) and a functional model (see Dis-
cussion). From the sequences in Fig. 3, there are 14 amino
acid changes of 116 amino acids (88% conserved) and 59 nu-
cleotide-pair changes of 348 (83% conserved).

merC. The third reading frame in the sequence shown
(Fig. 1) corresponds in position to merC, which was found in
R100 by Tn5 insertional mutagenesis studies (14). The pre-
dicted translation product of the merC gene is a polypeptide
of 91 amino acids (Fig. 4), starting with a charged NH,-ter-
minal tripeptide, followed by a very hydrophobic region of
37 amino acids, and then a region containing many charged
and hydrophobic amino acids continuing to the carboxyl ter-
minus. This NH,-terminal sequence is homologous to the
“leader sequences” of known membrane-associated and
periplasmic proteins (28). Only 10 amino acids differ be-
tween the merC polypeptides of R100 and Tn501, and these
include the compensating Lys—Glu change at position 46
and the Glu—Gln change at position 61. Only 37 base
changes are seen between the two reading frames (86% con-
served), while the polypeptides are 89% conserved in amino
acid residues. Although the function of merC is unknown
(14), this high degree of evolutionary conservation suggests
that the gene is essential.

DISCUSSION

The DNA sequences shown in Fig. 1 provide two useful and
interesting sets of information. First, the sequences and their
analysis further our understanding of the structure and func-
tion of the mercuric ion-resistance determinants, which are
the most thoroughly understood of the plasmid-borne heavy
metal resistance systems (2, 3, 13-16). Second, the compari-
son of homologous sequences originating from Shigella
(R100) and Pseudomonas (Tn501) affords an opportunity to
study questions of gene evolution and codon usage with
functional genes under tight evolutionary constraints.

The DNA sequence analysis of the mercuric ion-resis-
tance determinants of R100 and Tn50! confirm the positions
and orientations of the first three genes (merR, merT, and
merC) deduced from genetic and cloning experiments (13,
14, 16), as well as an operator promoter region between
merR and merT (Fig. 1). From Tn5 mutagenesis experiments
and restriction endonuclease digestion analysis, Barrineau

20
40
60
80

100
Fi1G. 3. Amino acid sequences of the merT polypeptides
of R100 and Tn50! deduced from the DNA sequences.
Symbols are as in Fig. 2. Hydrophobic amino acids are un-
derlined.
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+
TnS01 * * * * * - * * * * *

R100

Tn501 * - * * *
v/ v

* SER ¥ * * - *

R100

+
* ILE * GLU * * * * * * * *
14 v [ v v

Tn501 * *
vl

* THR *

<

R100

(=)
‘Tn501 GLN * * * * * *
v
R100 ALA ASP ALA GLY TYR PRO SER SER VAL LYS GLN 91
- . = +

Tn501 * * - - - * * * - * *

and Summers (15) have generated a slightly different picture
of the beginning region of R100 from that developed also
from TnS insertions and restriction endonuclease analysis
(14). The reading frames (genes) in Fig. 1 and the amino acid
sequences (Figs. 2—-4) derived from them are entirely consist-
ent with the genetic results described in ref. 14.

There have been attempts to correlate the Hg?*-inducible
synthesis of polypeptides with A mer phage (29), minicell
(refs. 14 and 30; unpublished results) and maxicell (17) ex-
periments, with segments of cloned DNA and with the posi-
tions of polat insertion mutants. Only the merA polypeptide,
the subunit of the mercuric reductase enzyme, has been
unambiguously identified (14, 17, 29, 30). The molecular
weights of other Hg?*-inducible polypeptides on polyacryl-
amide gels (14, 17, 29, 30) are somewhat higher than those
from translation of the DNA sequences (M,, 12,500, 9,500,
and 6,500 for the primary translation products of the merT,
merC, and merR genes, respectively). This may be account-
ed for by the hydrophobicity of the merT and merC prod-
ucts, which may cause them to run anomalously in NaDod-
SO,/polyacrylamide gels, and by the small size of the merR
protein. The DNA sequences presented here should allow
these proteins to be identified more easily by gene cloning
and by site-directed mutagenesis.

The predicted primary structures of the merR, merT, and
merC gene products (Figs. 2-4) and the sequence of the reg-
ulatory region (Fig. 1) enable us to propose a detailed model
for the mechanism of action of the mercuric ion-resistance
determinants. The highly basic merR gene product represses
transcription of the mer operon (13), and we suggest that it
does this by binding to the dyad symmetrical sequence at
positions 537-554 of the R100 sequence. Mercuric ions may
bind to the cysteine residue (Cys-16) in the Tn50/ and R100

* yAL * * * * * *

* SER * * * * -

* ALA * THR * * * x * x x &

Proc. Natl. Acad. Sci. USA 81 (1984)

v 2 v 2 v
MET LYS LYS LEU PHE ALA SER LEU ALA LEU ALA ALA ALA VAL ALA PRO VAL TRP ALA ALA 20
+
*
Vo 2 v 1 v v
THR GLN THR VAL THR LEU ALA VAL PRO GLY MET THR CYS ALA ALA CYS PRO ILE THR VAL 40
*
v - / .o 17 "
LYS LYS ALA LEU SER LYS VAL GLU GLY VAL SER LYS VAL ASP VAL GLY PHE GLU LYS ARG 60
+ o+ +/- - -

(+)
* THR

+
*

v
GLU ALA VAL VAL THR PHE ASP ASP THR LYS ALA SER VAL GLN LYS LEU THR LYS ALA THR 80
- + + +

FiG. 4. Amino acid sequences of the merC polypeptides
of R100 and Tn50! deduced from the DNA sequences.
Symbols are as in Fig. 2.

merR gene products, altering the specificity of DNA binding
of these proteins and causing derepression of the mer oper-
on. In addition, we hypothesize that the Hg?*-protein com-
plex binds to the dyad symmetrical sequence at positions
483-490 of the R100 sequence and causes increased tran-
scription from the mer promoter. The merR gene of R100 is
known to have both positive and negative regulatory func-
tions (13, 14). The differences in net charge (+10 or +7) and
in the number of cysteine residues (1 or 2) of the merR gene
products of Tn50! and R100, respectively, and the different
symmetries of the proposed binding sites on DNA for posi-
tive regulation (nucleotides 483—498) suggest that there may
be subtle differences in the regulation of the two systems.

Calculations of the hydropathic index (27) along the pre-
dicted amino acid sequences of the primary translation prod-
ucts of the merT gene of Tn501 and R100 suggest that these
polypeptides could form three transmembrane helices with
two highly polar regions (residues 1-8 and 67-92; Fig. 3) at
the membrane surface. This would place Cys-76 and Cys-82
on one face of the membrane and Cys-24 and Cys-25 within
the transmembrane helix.

The predicted amino acid sequence of the primary transla-
tion product of the merC gene has a good “leader sequence”
(28), suggesting that the polypeptide is likely to be vectorial-
ly synthesized across the cell membrane and may be pro-
cessed by signal peptidase (31); the absence of a second hy-
drophobic region suggests that the polypeptide may move
through the membrane into the periplasmic space. Barrineau
and Summers (15) have reported from unpublished experi-
ments the presence of a Hg?*-inducible small polypeptide
that is 50% released into the periplasm. It is tempting to sug-
gest that the role of the merC gene product is to scavenge
Hg?* ions in the periplasmic space.

Table 1. Codon usage frequencies i merR, merT, and merC genes*
R100 Tn501 R100 Tn501 R100 Tn50! R100 Tn501

UUU Phe 4 4 UCU Ser 1 1 UAU Tyr 4 2 UGU Cys 2 0
UUC Phe 10 10 UCC Ser 9 11 UAC Tyr 2 4 UGC Cys 6 7
UUA Leu 0 0 UCA Ser 0 2 UAA Ter 1 0 UGA Ter 1 2
UUG Leu 4 7 UCG Ser 9 6 UAG Ter 1 1 UGG Trp 5 6
CUU Leu 3 1 CCU Pro 0 0 CAU His 0 0 CGU Arg 0 0
CUC Leu 3 7 CCC Pro 5 6 CAC His 0 0 CGC Arg 7 10
CUA Leu 3 0 CCA Pro S 4 CAA GIn 1 3 CGA Arg 2 1
CUG Leu 15 10 CCG Pro 6 5 CAG GlIn 6 4 CGG Arg 2 2
AUU Ile 4 4 ACU Thr 2 4 AAU Asn 1 0 AGU Ser 0 0
AUC lle 6 9 ACC Thr 9 9 AAC Asn 4 1 AGC Ser 7 9
AUA Ile 0 0 ACA Thr 1 2 AAA Lys 2 4 AGA Arg 1 1
AUG Met 4 5 ACG Thr 5 3 AAG Lys 12 10 AGG Arg 2 2
GUU Val 3 6 GCU Ala 3 5 GAU Asp 2 2 GGU Gly 3 1
GUC Val 12 11 GCC Ala 24 20 GAC Asp 3 3 GGC Gly 8 7
GUA Val 2 1 GCA Ala 5 3 GAA Glu 3 3 GGA Gly 1 2
GUG Val 10 8 GCG Ala 8 12 GAG Glu 3 3 GGG Gly 3 4

*Total of 270 codons including 61 for merR, 117 for merT, and 92 for merC. The stop codons in each reading frame (Ter) are

included.



Biochemistry: Misra et al.

The pairing of cysteine residues in the polypeptide prod-
ucts of the merC gene (Cys-33 and Cys-36; Fig. 4), the merT
gene (Cys-24 and Cys-25; Cys-76 and Cys-82; Fig. 3), and in
the merA mercuric reductase (Cys-10 and Cys-13; Cys-136
and Cys-141; Cys-558 and Cys-559; ref. 17) suggests a plausi-
ble pathway for Hg?>* during its detoxification. Mercuric
ions might be initially sequestered by binding to the thiol
groups of the merC gene product, and “handed-on” by a se-
ries of redox exchange reactions through the two pairs of
thiols in the merT gene product (one pair on or near each
face of the inner membrane) to the thiols of the mercuric
reductase. The biological advantage of such a redox-transfer
system is that toxic Hg?" is sequestered and never released
to interact with cellular constituents until it has been reduced
to nontoxic Hg’. Direct experimental evidence to support
this model is lacking, but the availability of the nucleotide
sequence facilitates the design of experiments to test the hy-
pothesis.

The sequences presented here support the proposition that
the two mercuric ion-resistance determinants have a close
evolutionary relationship, although R100 originated in S.
flexneri (4, 5), which has an overall chromosomal G+C con-
tent of 51% (32), while Tn50! originated in P. aeruginosa
(11), which has an overall G+C content of 67% (32). The
G+C content of the Tn501 and R100 sequences are both 59
mol %, which is reflected in a codon usage in which codons
ending in C or G are preferred (78% in R100 and 79% in
Tn501I) to those ending in U or A (Table 1). Brown et al. (17)
argued that this preference for G and C at the third codon
position may reflect a typical codon usage for Pseudomonas
genes, where the bulk DNA has a G+C content of 67 mol %
(32). Recent descriptions of other Pseudomonas genes sup-
port this assertion (33, 34). The G+C content of Shigella
genes would be expected to be closer to that of Escherichia
than to that of Pseudomonas, and the ompA gene of Shigella
dysenteriae has a G+C content of 50 mol % (23). The simi-
larity between the sequences of the Tn50/ and R100 mercu-
ric ion-resistance determinants argues for a common origin;
and the base composition and predicted codon usage (Table
1) imply that this origin was in a G+C-rich genus, such as
Pseudomonas.

The nucleotide sequences of the start of the Tn50/ and
R100 mer regions presented in this paper show a remarkable
degree of homology; yet they differ markedly in two regions
in the sequence—namely, at the beginning of the sequences
and between the merC and merA genes. The start of the ho-
mology between Tn50! and R100 coincides with the Tn21
inverted terminal repeat. It is natural to assume that Tn501
and Tn2/ might have homologous IR regions. Indeed, the
IRs of the two systems are identical in 30 of 38 positions
(79%) for the left IRs (Fig. 1) and 28 of 38 positions (74%) for
the right IRs (7, 35), but the two sequences do not occur in
comparable positions for the left IRs (Fig. 1). There are 80
additional base pairs in Tn50!I. This additional sequence in-
cludes a virtual repeat of the left-most functional IR in Tn501
with a sequence that is identical in 35 of 38 bases in Tn50/
with the functional IR for Tn2! (Fig. 1; refs. 7 and 8). Al-
though the sequence between positions 81 and 118 of Tn501
has 37 of 38 identical bases to the left IR of Tn50!, it does
not generally function for the transposon as a terminal se-
quence in transposition. Nucleotides 81-118 of Tn50!
(which align in Fig. 1 with the inverted repeat of Tn2/) con-
stitute a functional inverted repeat for complementation of
transposition by Tn2/ (unpublished results) and it is pro-
posed that Tn50! arose by the transposition of a Tn21-like
mercury-resistance transposon into a site 80 nucleotides
from the start of a transposable element, with subsequent
deletion of the Tn2/ transposition genes.
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