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Summary. The DNA sequences of the mercuric resistance
determinants of plasmid R100 and transposon Tn507 distal
to the gene (merA) coding for mercuric reductase have been
determined. These 1.4 kilobase (kb) regions show 79% iden-
tity in their nucleotide sequence, and in both sequences
two common potential coding sequences have been identi-
fied. In R100, the end of the homologous sequence is dis-
rupted by an 11.2 kb segment of DNA which encodes the
sulfonamide and streptomycin resistance determinants of
Tn21. This insert contains terminal inverted repeat se-
quences and is flanked by a 5 base pair (bp) direct repeat.
The first of the common potential coding sequences is likely
to be that of the merD gene. Induction experiments and
mercury volatilization studies demonstrate an enhancing
but non-essential role for these merA-distal coding se-
quences in mercury resistance and volatilization. The poten-
tial coding sequences have predicted codon usages similar
to those found in other Tn507 and R100 mer genes.
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Introduction

The mercuric resistance system found on bacterial plasmids
and transposons is both the most complex of the heavy
metal resistance systems and also that best understood
(Summers and Silver 1978 ; Robinson and Tuovinen 1984;
Foster 1983). The system is basically the same for plasmid
R100 and transposon Tn501 (Misra et al, 1984, 1985). First,
there is a regulatory gene, merR, which encodes a trans-
acting diffusable regulatory molecule (Foster et al. 1979;
Misra et al. 1984; Barrineau et al. 1984). This is followed
by an operator-promoter region, at which site the merR
gene product acts. There then follows an operon consisting
of three small genes in R100 (or two of these in Tn501)
followed by the 1.7 kilobase (kb) gene mer A for the enzyme
mercuric reductase (Foster et al. 1979; Brown et al. 1983;
NiBhriain et al. 1983; Misra et al. 1984, 1985; Barrineau
et al. 1934). The small promoter proximal genes are thought
to function in the transport of mercury from the outside
of the cell to the cytoplasmic mercuric reductase enzyme.
Beyond the merA gene, there is an additional gene, merD,
of yet unknown function (NiBhriain et al. 1983). The evi-
dence for this gene consists of the isolation of transposon
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insertion mutations (NiBhriain et al. 1983) and nitroso-
guanidine-induced point mutations (T.G. Kinscherf and S.
Silver, unpublished data) in which the lesions mapped just
promoter-distal to merA. Both groups of mutants were
more sensitive to Hg?™ than were cells with an intact mer
operon, and in neither group were the K, and heat resis-
tance properties of the mercuric reductase enyme affected
(NiBhriain et al. 1983). As a functional role for the merD
gene has not been established, the existence of the gene
has been questioned by Barrineau et al. (1984), with the
suggestion that it is an artifact of the cloning and mutagene-
sis procedures used.

In this paper we present the nucleotide sequence of the
region of the mercuric resistance operons of plasmid R100
and transposon Tn501 from the end of the merd mercuric
reductase gene (Brown etal. 1983; Misra etal. 1985)
through to and beyond the position at which the sequences
diverge. In the 1.4 kb DNA after the merd gene both sys-
tems contain a plausible open reading frame corresponding
to the position of the merD gene and a second common
open reading frame. Growth and mercury volatilization stu-
dies with a group of Tn501 deletion mutants (Itoh et al.
1984; Haas et al. 1984; Itoh and Haas 1985) and the R100
merD insertion mutants (NiBhriain et al. 1983) provide fur-
ther support for the existence of a determinant which adds
to the level of mercuric ion resistance and affects the rate
of mercury volatilization, but which is not essential for a
low level of operon function. The nucleotide homology be-
tween transposon Tn507 and plasmid R100 is very high
(79%) out to a point at which the two sequences abruptly
become dissimilar. Immediately beyond this point the nu-
cleotide sequence of Tn507 is homologous with the transpo-
sition region of transposon Tn2! (Diver et al. 1983), on
which transposon the mercury resistance determinant of
R100 lies. This region of Tn2{ is separated from the mer
genes by an 11.2 kb region, which contains the sulfonamide
and streptomycin resistance determinants (de la Cruz and
Grinsted 1982). The nucleotide sequence data show that
this 11.2 kb has terminal inverted partial repeats and is
flanked by 5 bp direct repeats. The function and evolution
of the mercuric resistance operons (and surrounding DNA)
can now be discussed with the help of the complete nucleo-
tide sequences.

Materials and methods

The chain-termination nucleotide sequencing methods of
Sanger etal. (1977) were used for both sequences. The
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ALIGNHENT OF R100 AND TKR501 merD AMINO ACID SEQUENCES
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R100
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Tn501 MNAYPVSRLALDAGVSVHIVRDYLLRGLLRPVACTPGGYGLFDDAALQRLCFVRAAFEAGIGLDALARLCRALDAADGDE

R100

Tn501 AAAQLALLRQFVERRREALADLEVQLATLPTEPAQHAESLP

90 100 110 121

50 60 70 80

ALIGHHENT OF R100 AND TNK501 URF-1 AMINO ACID SEQUENCES

10 20 30 40

10 20 30 4G

50 60 70 78

50 60 70 78

Fig. 2. The amino acid sequences deduced from translating the merD and URF-1 open reading frames marked in Fig. 1. The sequences
were aligned using the program of Wilbur and Lipman (1983). The upper sequence in each case is that from R100. Standard one
letter abbreviations for amino acids are used. Colons indicate identical amino acids. The dash indicates a missing amino acid in the

R100 merD sequence when the two sequences were optimally aligned

Tn501 sequence was determined from both strands with
randomly cloned restriction enzyme fragments in bacterio-
phage M13mp7 (Messing et al. 1981) using methods pre-
viously described (Brown et al. 1983; Diver et al. 1983).
The R100 sequences were determined on both strands by
cloning 3 to 4kb fragments from plasmid pDU1003
(NiBhriain et al. 1983) into M13mWB2344 and generating
ordered deletions from the primer location (Barnes et al.
1983 ; Misra 1985).

Growth curves and 2°*Hg volatilization assays were run
as previously described (Clark etal. 1977; Foster et al.
1979; NiBhriain et al. 1983).

Results

Nucleotide sequence of the merD region

Figure 1 shows the nucleotide sequences of the last part
of the mercuric resistance region of plasmid R100 and trans-
poson Tn501, including the last 52 nucleotides of the merA4
gene, which were published previously (Brown et al. 1983;
Misra et al. 1985). The first 1.3 kb of the two sequences
shown in Fig. 1 have strong homologies, with identical base
pairs at 79% of the positions. From position 4272 in Tn501,
the sequence is entirely unrelated to that of R100. This
position is preceded by the pentanucleotide sequence
ATGGA (positions 4264-4268), which marks the endpoint
of the homology between the transposition functions of

Tn501 and Tn27 from the right hand end of both transpo-
sons (Diver et al. 1983). However, in Tn2{ the pentanucleo-
tide appears twice, once at the end of the homology in
the mercury resistance genes, and once at the start of the
homology between the transposition regions; these two pen-
tanucleotide sequences being separated by 11.2 kb. This is
considered in more detail in the Discussion section.

Several restriction endonuclease sites which are impor-
tant in delimiting functional regions of the mercury resis-
tance determinants have been identified in the Tn507 and
R100 sequences. These are marked in Fig. 1, and are dis-
cussed in the section below on growth and mercury volatili-
zation studies.

The merAd gene termination codon is at position 3013
in the Tn501 sequence (3439 in R100) and is followed by
a potential ribosome binding site starting at position 3020
(3446 in R100), which has a run of 9 bases complementary
to the 3’-end of 16S rRNA (Stormo et al. 1982); there is
then an open reading frame that would code for a polypep-
tide of 121 amino acids (M, =13014 in Tn501; or of 120
amino acids, M, =12723 in R100; Fig. 2). These highly-
conserved reading frames show 83% base pair identity and
would encode polypeptides with 81% amino acid identity.
From the available genetic data (NiBhriain et al. 1983), this
is likely to be the coding sequence for the merD gene. The
codon usage of the gene is very similar to that described
for the other mer genes of Tn507 and R100 (Brown et al.
1983; Misra et al. 1984, 1985), and the only base deletions

Fig. 1. The nucleotide sequences of the end of the mercuric resistance operon of plasmid R100 (upper) and transposon Tn501 (lower).
The sequences start toward the end of the 1.7 kb merd genes (Brown et al. 1983; Misra et al. 1985) and continue beyond the region
of close homology between the sequences. The sequences were aligned using the program of Wilbur and Lipman (1983). Only the
strand equivalent to the mRNA is shown. The numbering system for R100 starts immediately following the IS insertion, while that
for Tn501 starts with the beginning of the inverted repeat (Misra et al. 1984). There is a difference of 426 bp in numbering at the
end of merA due to an additional gene in R100 prior to the sequence shown. Colons between bases indicate identical nucleotides
in those positions. Potential ribosomal binding sites (RBS), and start and stop codons are boxed. URF, unidentified reading frame.
The three dashes indicate missing bases, when the two sequences were optimally aligned. The sites of some restriction nuclease cleavage

targets (that have been used as described in the text) are indicated
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Fig. 3. Alignment of the amino acid sequences of the merD and the merR open reading frames for R100 and Tn501 using the Wilbur
and Lipman (1983) alignment program with parameters K-tuple =2, window size 20 and gap penalty =3

between the reading frames occur as a single group of three,
thus maintaining the polypeptide sequence, as would be
expected for a functional reading frame.

The amino acid sequence of merD was compared with
those of all other mer operon genes using the protein align-
ment program of Wilbur and Lipman (1983). Surprisingly,
the merD amino acid sequence showed a strong homology
with the divergently-transcribed open reading frame now
known to encode the merR regulatory DNA-binding pro-
tein (Foster and Brown 1985; Lund et al. 1985). These two
amino acid sequences would be identical in 25 of the first
72 (34%) amino acids of the merD sequence (Fig. 3), which
is a highly significant correlation. Some of the differences
in additional positions are very conservative replacements
of hydrophobic amino acids such as isoleucine to valine
and other positions have amino acids that have been found
in members of the family of DNA binding proteins thought
to have a similar ““helix-turn-helix” structure (Pabo and
Sauer 1984) and recently studied by Ebright (1985). The
invariant glycine that occurs at the turn position is Gly 4
of merD and Gly, g of merR (Fig. 3); the hydrophobic bond
would be between Ala,, in the first alpha helix and Ile,,
in the second helix of merR (Ebright, personal communica-
tion); this would correspond to a hydrophobic bond be-
tween Ala,o and Val,g of the merD protein, for the same
spacing interval. Valine is found in the comparable position
to position 20 of merD in at least eight other members
of this class of DNA-binding regulatory proteins (Fig. 12
of Pabo and Sauer 1984), including the repressors of the
lac and gal operons. This possibility of a role for the merD

polypeptide as a DNA binding regulatory protein is highly
tentative, since it is based entirely on analysis of amino
acid sequences of two open reading frames of the mercuric
resistance system for which the corresponding polypeptides
have not been directly identified. Furthermore, it is based
largely on a theoretical analysis of sequences of other DNA-
binding regulatory proteins (Pabo and Sauer 1984 ; Ebright
1985) for which there is only partial experimental support.
The amino acid sequence homology in Fig. 3 is striking
enough to justify presenting these data and analysis, but
hardly convincing on this point.

The amino acid sequence predicted from the merD open
reading frame (Fig. 2) shows no pronounced hydrophobic
regions and no other striking structural features. The three
cysteine residues are well separated on the linear sequence,
rather than being closely paired as in other mer gene prod-
ucts. Cysteine pairing is suggested to be important in the
role of these other gene products (Misra et al. 1984, 1985;
Brown etal. 1983). Comparisons between the predicted
amino acid sequence and the Protein Information Resource
database revealed no significant homologies.

Overlapping the stop codon of the presumptive merD
reading frame is the initiation codon for another potential
reading frame, and this is preceded by a reasonable ribo-
somal binding site sequence (position 3381-3387 in Tn5071;
position 3804-3810 in R100). The reading frames in Tn501
and R100 are highly conserved (76% base pair identity),
and could encode polypeptides of 78 amino acids (Fig. 2)
which show 72% amino acid identity. This reading frame
has a codon usage similar to those of the known functional
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mer genes, although there is no direct evidence for a genetic
function beyond merD which is involved in mercuric ion
resistance. Again, homology comparisons and structural
predictions yielded no information that was useful in deter-
mining a possible function for this polypeptide. Two cys-
teines are predicted, and these are close together, as ob-
served in the predicted products of the promoter-proximal
inducible mer genes. We will use the designation URF-1
for this unidentified reading frame in this paper (Fig. 1).

Overlapping the termination codon for the URF-1 read-
ing frame is the start of another potential reading frame
(position 3628 in Tn501, and position 4051 in R100; Fig. 1).
However, this reading frame goes beyond the break-point
of homology between the Tn507 and R100 systems. In
Tn501 the reading frame is 987 base pairs long, giving a
potential polypeptide product of 329 amino acids; whereas
in R100 the reading frame is 609 base pairs, giving a poten-
tial product of 203 amino acids. The reading frame in Tn501
extends 151 nucleotides beyond the sequence presented in
this paper, into the sequence presented by Diver et al.
(1983); in that paper the TGA termination codon starts
at nucleotide 493.

The first 369 bp of the R100 sequence shown in Fig. 1
have recently been published by Barrineau et al. (1984).
The independent determinations agree, with the exception
of the G at position 3721, which is absent from their se-
quence. We have carefully checked the sequence on both
DNA strands, and consistently find a G at this position.
The corresponding nucleotide in the Tn307 sequence (a C)
has also been checked as correct.

Growth and Mercury volatilization

Tn501 variants with deletions of some of the sequence
shown in Fig. 1 and R100 variants with transposon inser-
tions in the merD region have been used in studies of inhibi-
tion of growth by Hg?* and by organomercurials and of
mercury volatilization. These build on the related studies
by NiBhriain etal. (1983). Itoh and Haas (1985) con-
structed a series of smaller plasmids from the 29.2 kb plas-
mid pVS1 on which Tn501 was first found (Stanisich et al.
1977). Plasmid pME265 (7.5 kb) contains the mer sequence
from the left inverted repeat of Tn501 (Misra et al. 1984)
to the Awval site at position 3404 of the Tn501 DNA se-
quence (Fig. 1), i.e. to just beyond the end of merD. Plas-

mids pME291 (8.4 kb) and pME285 (10.6 kb) both contain
mer DNA from the HindIlI site at position 136 of Tn501
(see Misra et al. 1984) to the Haell site at position 3245
and thus do not contain a complete merD gene.

P. aeruginosa strains carrying the deletion plasmids
pME265, pME285 and pME291 consistently showed a
somewhat greater sensitivity to Hg?* inhibition than the
P. aeruginosa strain with plasmid pVS1 (Fig. 4A). There
was no reproducible difference in sensitivity to Hg?* be-
tween the three deletion plasmids. The slightly greater sensi-
tivity to Hg?* of these three plasmid-containing strains was
similar to that with the R100 merD insertion mutants
(Fig. 4B). This difference was reproducible and (although
small) could lead to a two-to-five fold difference in cell
mass (Fig. 4). The P. aeruginosa strain with plasmid
pMEA446, which contains the entire mercuric resistance
operon (Itoh and Haas 1985) was even more resistant to
Hg?* than was the isogenic strain with the wild type plas-
mid pVS1. As will be shown below, this appears to be due
to constitutive expression of the mercury volatilization ac-
tivity.

The merD insertion mutants of the R100 mercury resis-
tance system in E. coli plasmid pDU1003 of NiBhriain et al.
(1983) also showed an intermediate resistance to Hg?™*
(Fig. 4B; see also NiBhriain 1985) and to the organomer-
curials merbromin, fluorescein mercuric acetate and p-hyd-
roxymercuribenzoate (data not shown). The organomercur-
ial resistance of P. aeruginosa with plasmids pME265,
pME285, and pME291 was also intermediate between the
strain with plasmid pVS1 and that with the plasmid-less
sensitive strain (data not shown). Thus the merD region
confers intermediate resistance toward both inorganic Hg?*
and toward the organomercurials toward which pVS1
confers resistance (Clark et al. 1977). Uninduced cells were
used in the experiments in Fig. 3; when a similar experiment
was run with P. aeruginosa strains that had been induced
for mercury volatilization by exposure to 5 uM Hg2" for
1k prior to addition of higher Hg?>* concentrations, the
differences in resistance levels persisted and the strain with
plasmid pME446 was more resistant than that with pVS1;
and that strain was more resistant to Hg?* than were those
with plasmids pME265, pME285 and pME291 (data not
shown).

In order to understand better the basis for the somewhat
greater Hg?™ sensitivity of the three deletion plasmids,
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Fig. 5. Induction of mercury volatilization activity with Tn507 dele-
tion variants. P. geruginosa strains with the indicated plasmids
were grown into log phase of growth in nutrient broth and induced
for 1 h at 37° C with the indicated concentration of Hg?*. The
cells were harvested by centrifugation and added (0.27 mg/ml dry
weight) to assay buffer (NiBhriain et al. 1983) containing 5 pM
203 1g?*. Samples were removed periodically and remaining radio-
activity was measured to determine the initial rates of mercury
volatilization

pME265, pME285 and pME291 (Fig. 4A), we studied the
effect of different inducer concentrations on the rate of
volatilization of mercury by the cells under conditions of
constant substrate concentration (5uM). The results
(Fig. 5) show that high induction occurred in the range
1 to 10 pM Hg?* for the strains with the deletion plasmids
pME265, pME285 and pME291, as well as with the wild
type plasmid pVS1. There was a notable correlation be-
tween the mercury volatilization activity of cells previously
exposed to high inducer concentrations (more than 20 pM
Hg?*; Fig. 5) and mercury resistance (Fig. 4A). Plasmid
pME446 conferred the highest volatilization activity at in-
ducer concentrations above 20 uM and protected against
the highest concentrations of Hg?™ in growth studies;
whereas pME265, pME285 and pME291 conferred the
lowest activities and resistance to lower maximum Hg?*
concentrations. The strain with plasmid pME446 showed
a partially constitutive mercury volatilization activity that
was increased only by 30% on induction. The uninduced
volatilization rates in the current experiment were higher
than those observed in some earlier experiments (Nakahara
et al. 1979; NiBhriain et al. 1983) but higher uninduced lev-
els have been seen before (Clark et al. 1977). Cells contain-
ing pVS1 consistently showed a higher uninduced cell activi-
ty (about 30% of the optimally induced rate; Fig. 5) than
cells containing the deletion plasmids. Net inhibition of
whole cell volatilization activity was found after exposure
for 1 hour to high Hg?" concentrations. There was no dif-
ference between the induction kinetics of an E. coli strain
with plasmid pDU1003 and strains with the merD mutant
plasmids pDU1047 and pDU1073 in an experiment similar
to that in Fig. 5 (data not shown).

As a first approach to establish whether the somewhat
greater sensitivity of the Tn507 deletion variants (Fig. 4A)
was entirely due to a difference in induction (Fig. 5) or
might also reflect a difference in volatilization activity, the
appropriate P. aeruginosa strains with the plasmids were
grown and induced at a constant and optimum mercuric
ion concentration, and then assayed for volatilization activ-
ity of both intact whole cells and of disrupted cells (Fig. 6).
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Fig. 6 A, B. Mercury volatilization by (A) intact cells and (B) dis-
rupted cells of P. aeruginosa with plasmid pVS1 (o) or deletion
variants pME265 (), pME285 (a), pME291 (a), or pME446 (o).
A The cells were grown, induced (with 5 uM Hg?™" in each case),
harvested and assayed with the conditions in Fig. 5 but with the
203Hg2* concentration varying from 5 to 100 pM. B Portions
of the same cells used intact in part A were disrupted by passage
through a French Pressure Cell at 16,000 pounds per inch? (110
MPa). The assays of disrupted cells were run under the same condi-
tions as with intact cells except 200 uM NADPH was added

There was no significant difference between the cells with
different plasmids (Fig. 6A). The slightly lower rates for
the cells with plasmid pME265 were not reproducible and
probably reflected slightly lower induction in this experi-
ment. Although there were no significant differences be-
tween the strains, the intact cells showed both a higher
Vmax and a higher K, at lower substrate concentrations
(i.e. before substrate inhibition; Fig. 6 A) than did the dis-
rupted cells (Fig. 6B). The ratio of the K, values was ap-
proximately 8 and that of the V,,,, values about 3.

Discussion

To advance our understanding of the mechanism of mercu-
ry resistance, we have sequenced the mercuric resistance
determinants of plasmid R100 and transposon Tn301 from
the beginning of the mercury resistance operon (Brown
et al. 1983; Misra et al. 1984, 1985). There is still some
question as to how far the mercuric resistance determinant
extends in each of these systems. There is no doubt that
the DNA from the HindIlI site at position 136 of Tn50?
to at least the end of the merd gene at position 3015 is
required, but the extent of the operon distal to this point
is not certain. The sequence of this region of the DNA
is presented for the first time in this paper. Together with
the recently published sequence of the Tn501 tmpA gene
(Brown et al. 1985), this completes the 8356 base pair se-
quence of Tn501. Although published in different sections,
the Tn501 sequence has been deposited in the EMBL library
as a continuous sequence.

There is evidence from three reports (NiBhriain et al.
1983; Itoh and Haas 1985; and this paper) that mutations
beyond the end of the merd gene result in a lowering of
the mercuric resistance level, but not in a total loss of resis-
tance nor of volatilization activity. The initial results of
NiBhriain et al. (1983) with R100 led them to propose an
additional gene, merD, that lay beyond the merAd gene;
and Itoh and Haas (1985) isolated merA-distal deletion mu-
tants of Tn501 which showed greater sensitivity to Hg**



toxicity. The nucleotide sequences of R100 and Tn501
shown in Fig. 1 each contain a good candidate for the merD
gene, with an open reading frame starting at position 3033
(in Tn501; or 3459 in R100) preceded by a potential ribo-
some binding sequence. Following this reading frame there
is another unidentified open reading frame common to both
sequences, URF-1, starting at nucleotide 3395 (in Tn501;
and 3818 inR100), and preceded by a potential ribosome
binding sequence. This reading frame overlaps by two base
pairs the stop codon for merD. The polypeptide sequence
obtained from translation of URF-1 (Fig. 2) showed no
homology to other mer sequences nor to sequences in the
PIR database. If the URF-1 sequence does not have a cur-
rent function, one can wonder about the sequence conserva-
tion between R100 and Tn507 in this region. It may also
be involved in mercuric ion resistance (see below). We pro-
visionally reserve the mnemonic “merE” for the gene repre-
sented by this reading frame, pending a more convincing
elucidation of its role. A third reading frame found (URF-
2; nucleotides 3628—4617 of Tn501) occupies all the remain-
ing coding capacity of the DNA up to the site of action
of the transposition resolvase (Rogowsky and Schmitt
1984), but the analogous reading frame in R100 (nucleo-

tides 4051-4723) is disrupted by 11.2 kb of DNA starting
at position 4692. URF-2 lacks a suitable ribosomal binding
site preceeding it. The URF-2 reading frames of R100 and
Tn501 become unrelated after R100 position 4694 and ter-
minate at different positions. That for R100 is shown in
Fig. 1. There are other differences between the mercuric
resistance systems of R100 and Tn501 (for example, there
is an additional reading frame in R100 immediately prior
to the merA gene, which is not found in Tn507; Misra
et al. 1985). The extra reading frame in R100 does not show
sequence homology to URF-2 of Tn507 or R100, either
in the nucleotide sequence or between the predicted gene
products.

The mercuric resistance operon of R100 is present on
the transposon Tn21, the tnpR gene of which has been se-
quenced and compared with that of Tn501 (Diver et al.
1983). The homology between the transposition functions
starts at exactly the same place in Tn507 at which the ho-
mology between the mercuric ion determinants stops. The
two homology breakpoints in Tn27 are 11.2 kb apart. In-
spection of the DNA sequence from R100 (Tn27) at ends
of the nonhomologous region (Fig. 7) reveal an inverted
repeat sequence with 23 out of 25 base pairs matching,
flanked by a direct repeat of five base pairs. This suggests
an evolutionary scheme in which the sulfonamide and strep-
tomycin resistance determinants of Tn2/ were present on
a DNA fragment, with inverted repeats, which transposed
into the URF-2 region of an ancestral mercury resistance
transposon, and generated five base pair direct repeats as
part of the transposition process. This ancestral mercuric
resistance transposon may be the progenitor of both Tn21
and Tn501, as envisaged by Grinsted and Brown (1984).

The results presented in this paper of growth and mercu-
1y volatilization experiments with a number of deletion mu-
tants of Tn507 have further demonstrated that sequences
distal to the Haell site at position 3246 of Tn501 are not
essential to mercuric ion resistance. However, mutants
(pPME285 and pME291) in which the deletions extend from
this site (Haas et al. 1984; Itoh and Haas 1985) showed
a reduced level of mercuric ion resistance as measured by
their ability to grow on high levels of mercuric salts
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Fig. 7. Nucleotide sequence of R100 (Tn27) between the region
of homology with the mercury resistance genes of Tn507 (Fig. 1)
and the region of homology with the transposition functions of
Tn501 (Diver et al. 1983). The sequence data are drawn as a single
strand to emphasize the 5 bp direct repeat (Jower case) at the ho-
mology breakpoint from both directions, and to show the partial
inverted repeat structure at the ends of the non-homologous region,
which is 11.2 kb in length and contains the determinants for sulfon-
amide (Su) and streptomycin (Str) resistances

(Fig. 4A), and in their tolerance to high concentrations of
inducing mercuric ion (Fig. 5). In our experiments, the mu-
tant pME265 was indistinguishable from the mutants
pME285 and pME291 in its response to mercuric ion. The
restriction data of Haas and coworkers (D. Haas, personal
communication) suggest that the deletion in this mutant
extends from the Aval site at position 3404 (Fig. 1);
PME265 would therefore contain the complete coding se-
quence designated merD. The relative roles of the merA-
distal reading frames in this effect is not clear, but these
data suggest that the reading frame designated URF-1 may
play a role in the optimal expression of mercury resistance.

The designation of the number and function of genes
involved in mercuric ion resistance requires the construction
of well-defined mutants and the identification of the gene
products involved in mercury resistance. The availability
of the nucleotide sequences of two separate mercuric resis-
tance operons will facilitate such efforts.

Nomenclature of the mer genes

This paper completes the nucleotide sequence of the mer
operons of the R100 and Tn507 systems. NiBhriain et al.
(1983) identified two genes in R100 (merC and MerD) addi-
tional to those (merR, merT and merA) originally identified
by Foster et al. (1979), and these genes were initially corre-
lated with the available nucleotide sequence of Tn501. The
R100 system was subsequently shown to have an extra read-
ing frame compared with Tn3507 (Misra et al. 1985), and
this has allowed N. NiBhriain to directly compare her ge-
netic and physical mapping data with the nucleotide se-
quence. She concluded (personal communication) that the
reading frame designated merC by Misra et al. (1984) is
not the reading frame in which the merC mutants of
NiBhriain et al. (1983) are located. Instead, the mutants
are in the extra reading frame of R100. Of her 4 mutants
designated merT, only 1 was in the reading frame desig-
nated merT by Misra et al. (1984) and Barrineau et al.
(1984); the remainder are in the reading frame designated
merC in the nucleotide sequence (Misra et al. 1984; Barrin-
eau et al. 1984). Because of this confusion we propose a
new nomenclature of the mercury resistance genes of R100
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and Tn501. This is with the agreement of the other groups
who are studying these systems (T.J. Foster in Dublin and
A.O. Summers in Georgia).

The regulatory gene retains the name merR, and is the
first gene of the mercuric resistance determinant. It should
be noted that there is an increasing body of evidence for
this gene being transcribed divergently from the rest of the
operon (Foster and Brown 1985; Lund et al. 1985), and
not in the same direction as suggested by Misra et al. (1984)
and Barrineau et al. (1984). The operator-promoter region
precedes a polycistronic region, which is likely to form a
single transcriptional unit. The genes are in order merT,
merP, merC, merA, merD and URF-1. The merT gene en-
codes a very hydrophobic polypeptide which is likely to
be a membrane protein; the merP (for possibly periplasmic)
gene in R100 contains mutants defective in membrane up-
take, which were originally mapped in merT (NiBhriain
et al. 1983) and is the reading frame designated merC by
Misra et al. (1984). Jackson and Summers (1982) and Bar-
rineau et al. (1984) have preliminary evidence that this gene
may code for a periplasmic polypeptide. The merC gene
is not present in Tn507 and the function of this gene is
unknown, although there are transposon-insertion mutants
of this gene (NiBhriain et al. 1983) and Barrineau et al.
(1984) suggested that it may be the gene for a second inner
membrane protein found in minicell experiments. Barrineau
and Summers (1983) independently isolated a series of mu-
tations in this region, which they also called merC. This
is followed by the merd gene (Brown etal. 1983; Misra
et al. 1985). The merA-distal region is the subject of this
paper, and is proposed to consist of gene merD, for which
point and transposon-insertion mutants are available in
R100, and, possibly another gene, URF-1, for which there
is some evidence of a role in mercuric ion resistance, since
the Tn501 deletion mutant pME265 has altered Hg?" resis-
tance (Fig. 4) while it has an intact merD gene and a dis-
rupted URF-1 reading frame.

The R100 sequence is part of a transposon, Tn27 (de
la Cruz and Grinsted 1982). The start of the nucleotides
of Tn507 and Tn27 include closely related inverted repeated
sequences (Misra et al. 1984; Grinsted and Brown 1984).
The close (over 80% base identities) homology between
the two systems continues from the inverted repeats for
more than 4 kb, except for the region of merC (which is
the reading frame found in R100 but not in Tn501; Misra
et al. 1985). After the sequences shown in Fig. 1, and the
1.2 kb sequence shown in Fig. 2 of Diver etal. (1983)
(which overlaps the Tn507 sequence shown here by 233
base pairs), there remains only the sequence of the tmpA
transpose gene of Tn3507 to complete the entire 8356 bp
of Tn501. That sequence was recently reported (Brown
et al. 1983). Direct comparison of the two sequences al-
lowed us to localize a 11.2 kb insert in Tn27 beginning
at position 4692, before which and after which the homolo-
gies between the two systems are very close. The presumedly
ancestral tansposition event led to a 5 bp repeat bounding
inverted repeated sequences (Fig. 7). This 11.2 kb element
is probably no longer functional as a transposon, or at
least there is no evidence for transposition of this segment,
which includes genes determining resistances to sulfon-
amides and streptomycin (de la Cruz and Grinsted 1982).
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