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The chromosomal mercury resistance determinant of Bacillus cereus RC607 confers resistance to inorganic
mercury and to organomercurials. The order of genes in the completed mercury resistance determinant is
operator-promoter 1 (O/P1) merRI merT open reading frame 3 (ORF3) ORF4 mer4A O/P2 merR2 merB2 merBI.
The previously undetermined 1-kb DNA sequence between the mer4 and merBI1 genes includes two significant
ORFs, whose predicted protein products are homologous with MerR (the transcriptional regulator) and MerB
(the organomercurial lyase enzyme). Two transcriptional start sites (promoters), O/P1 at the beginning of the
determinant and O/P2 immediately upstream of the sixth ORF, the newly identified merR2, were mapped by
reverse transcriptase (RT) primer extension. A long 6.3-kb mRNA traversing all eight ORFs was shown by
RT-PCR. Growth sensitivity measurements in liquid media and cellular mercury volatization assays charac-
terized inducibility and differences in functional activity in B. cereus RC607 and after cloning of the mer

determinant into plasmids in Escherichia coli.

Metal resistance systems are well known in many bacterial
types. The genes governing these resistances are generally (but
not always) found on plasmids and encode resistances to toxic
metal(loid) ions including Ag™, AsO, ", AsO,*>~, Cd**, Co**,
CrO,*~, Cu**, Hg**, Ni**, Pb**, Sb**, TeO;*, TI*, and
Zn** (e.g., references 26 and 27). While most resistance sys-
tems function by energy-dependent efflux of toxic ions, some
involve enzymatic transformations. The best-known example
of these is mercurial resistance (16, 23, 27) that involves one or
two enzymes: mercuric reductase, which converts soluble inor-
ganic Hg?" to Hg® which is rapidly eliminated from aerobic
microbial cultures as a gas, and organomercurial lyase, which
cleaves the Hg-C bond of more toxic methylmercury, phe-
nylmercury, and other organomercurials to less toxic inorganic
Hg>". In addition, all mercurial resistance systems have genes
for Hg?" transport to bring extracellular Hg*" into the cell,
where mercuric reductase is found. The logic for this counter-
intuitive finding of a transport system to bring a toxic com-
pound into the cell is that extracellular Hg>" itself is highly
toxic and needs to be chaperoned from the initial binding site
outside the cell to the intracellular reductase enzyme that
depends on the high-energy intracellular cofactor NADPH. A
regulatory protein, MerR (28, 30), provides tight control of
expression, so that the gene products are made only at times of
need. MerR is a positively acting regulatory protein that binds
to the transcriptional mRNA start site, and on addition of
Hg?>*, MerR twists and bends the DNA to a conformation
suitable for opening and initiation of mRNA synthesis (1, 30).

Although all mercury resistance systems have these func-
tions (and genes) in common, the organization, and sometimes
the occurrence, of genes differs between gram-positive and
gram-negative bacteria (e.g., references 23 and 27). With one
known exception, all mercury resistance systems of gram-neg-
ative bacteria start with a divergently (and therefore sepa-
rately) transcribed merR gene. For mercury resistance systems
of low-G+C gram-positive bacteria (18, 34), the merR gene is
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the first gene of the major transcript. In both gram-positive and
-negative bacteria, the genes determining the Hg”* transport
system are promoter proximal, located upstream of the long
merA gene for mercuric reductase. Most mercury resistance
systems of gram-negative enteric bacteria lack a merB gene for
organomercurial lyase (and are therefore called narrow spec-
trum since they do not confer resistance to most organomer-
curials). To date, all mercury resistance systems of gram-pos-
itive bacteria are broad spectrum and have the merB gene for
organomercurial lyase.

The mercury resistance determinant of Bacillus cereus
RC607 is unusual in several aspects, and it is also the most
thoroughly studied mer system from a gram-positive bacte-
rium. The Bacillus mer resistance determinant is located on the
chromosome and not on a plasmid. The initial studies by Wang
et al. (33, 34) reported two sequences with a gap in between.
The first gene (initially called open reading frame 1 [ORF1]
but now renamed merRI) encodes the positively acting ho-
modimeric MerR protein, which has been studied in depth
(12-14). We have identified a second regulatory gene, called
merR2, in the newly sequenced gap region and the presence of
a second operator-promoter region (O/P2) just upstream of
merR2. This is the first occasion when two similarly oriented
transcriptional start sites have been identified in a mercurial
resistance system. The merA gene is long, with 632 codons and
two 5’ motifs for metal-binding domains. The structure of the
MerA protein of B. cereus RC607 was solved by X-ray crystal-
lography (25) and is used as the model for all mercuric reduc-
tases from gram-positive or -negative bacteria (8). B. cereus
MerA is still the only mercury resistance protein with a struc-
tural solution from crystallography. The crystal structure was
missing the first 160 amino acids, forming the metal-binding
motifs (25), leading to the suggestion that they lack a fixed
position in the protein crystal. A second merB gene, now called
merB2, has been identified (below) in the new sequence in B.
cereus RC607. This is the first time two merB genes have been
found in a single system in gram-positive bacteria, although
two merB genes have been found previously in a Pseudomonas
strain (17).

Understanding of the genetic and molecular properties of
the mercury resistance determinant of B. cereus RC607 is im-
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A. Mercury resistance genes Sequence in Fig. 1B
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FIG. 1. (A) Diagram of the chromosomal mercury resistance determinant of B. cereus RC607 showing the two determined O/P regions, the names of the genes,
and the sizes of the gene products in amino acids (aa). The locations of the two oligonucleotide primers used for RT-PCR analysis and the three mRNA transcripts
are shown. (B) DNA sequence of the region between merA and merB1 (as shown in panel A), with 100 nt per line, showing the newly completed region between the
end of the sequence with GenBank accession no. M22708 and the start of the sequence with accession no. M22709. The final amino acid translation and termination
codon of merA, the amino acid translation sequences of the new MerR2 and MerB2 protein products, and the first six amino acids of MerB1 are shown. The +1 first
mRNA position for O/P2 is marked, and the positions of the four oligomer primers used for sequencing are boxed.

Reductase assays. Whole-cell mercuric reductase assays (e.g., references 21
and 34) for the conversion of Hg?>" to Hg" was measured with B. cereus RC607
and E. coli IM109(pYW33) as test strains, E. coli IM109(pUC19) as a negative
control, and E. coli J53(pGN120) (21) as a positive control. Overnight bacterial
cultures were inoculated into fresh LB broth (at 20 ug [wet weight] of cells per
ml) and grown at 30°C to a turbidity reading of about 50 to 70 Klett units. An
aliquot of the uninduced (UT) cells was harvested by centrifugation and kept on
ice. The remaining culture was induced (T) for 1 h by the addition of 1 uM Hg?*.
The cell pellets were washed with chilled suspension buffer (50 mM sodium
phosphate [pH 7.4], 0.5 mM Na,EDTA) and suspended at the equivalent of
2,000 Klett units. The cell suspension was added to 2**Hg?*-containing assay
buffer (total volume, 250 pl containing 50 mM sodium phosphate [pH 7.4], 0.5
mM Na,EDTA, 0.2 mM magnesium acetate, 1 mM B-mercaptoethanol, 5 pM
HgCl, [containing 2**Hg?*], 0.5 mg of bovine serum albumin fraction V [Sigma
Chemical Co., St. Louis, Mo.) per ml, and 250 pg of chloramphenicol per ml) to
give a final turbidity value of 200 Klett units. The assay mixture was incubated at
30°C with rapid (200 rpm) shaking, and 25 pl of the assay mixture was period-
ically removed to 3 ml of water-miscible scintillation fluid. The remaining radio-
activity in the samples was counted by a Packard Tri-Carb 1900CA liquid scin-

portant because very similar systems have been found in other
laboratories with isolates of diverse environmental origins. Na-
kamura and Silver (20), Bogdanova et al. (3), and Hart et al.
(11) found chromosomal determinants of mercury resistance
with DNA properties similar to those of this Boston Harbor
sediment B. cereus RC607 (19) in bacteria from marine sedi-
ments in Japan, soil samples from Russian mining sites, and
freshwater river sediments in the United Kingdom, respec-
tively. A system identical to that of B. cereus RC607 has now
been identified in anaerobic gram-positive marine bacteria
(bacilli and clostridia) in Japan (7a, 16a).

MATERIALS AND METHODS

Growth studies. Resistance to HgCl, and phenylmercuric acetate (PMA) of B.
cereus RC607 (19), Bacillus subtilis 168, and Escherichia coli JM109,
JM109(pUC19) (2), IM109(pYW33), and IM109(pYW40) (plasmids are de-

scribed in reference 34) was measured in Luria-Bertani (LB) broth (2) contain-
ing HgCl, or PMA. LB broth was inoculated with log-phase cells at a turbidity of
2 Klett units (equivalent to 20 wg [wet weight] of cells per ml), and growth
(increase in Klett turbidity units) was measured after 20 h at 37°C.

tillation counter.

DNA sequencing. To obtain the DNA sequence between the two Bacillus mer
determinant sequences of Wang et al. (34), plasmid pYW40 was transformed
into E. coli DH5a. Plasmid DNA was isolated and purified by Qiagen (Santa
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Clarita, Calif.) spin column purification and used for sequencing at the Univer-
sity of Illinois-Urbana DNA Sequencing Facility. The dye terminator dideoxy
sequencing reaction protocol of Applied Biosystems was used, and analysis was
done with an Applied Biosystems 373A automated DNA sequencer. Primers
(boxed in Fig. 1B) were synthesized that started (i) 696 nucleotides (nt) after the
stop codon of merA (5'CGCTAGTATCAAGGAAACGG3'; forward) and (ii)
110 nt upstream from the start of merBI1 (5'CATAGCTTGTCTGATTTTTGA
3") and in the opposite orientation (reverse). From the first sequence data, a
second set of primers was designed and used: 5’AGCTAAGCTGCCTAAAGA
ATC3', starting 635 nt down from the start of the first forward primer, and
5’AACTGCCTGCCCATCACGAAT3', starting 552 nt upstream from the start
of the first reverse primer. The sequences were compiled and provided 1,200 nt
of double-stranded data including 1,114 previously undetermined positions. Sin-
gle-stranded sequences from the second set of primers extended in both direc-
tions more than 100 nt beyond the initial primers into the previously determined
sequences of Wang et al. (34).

Transcript analysis. RNA was isolated from uninduced cells or cells exposed
to HgCl, or PMA for 2 h at 37°C during growth in LB broth by using the RNeasy
total RNA preparation kit (Qiagen Inc., Santa Clarita, Calif.). E. coli
JM109(pYW33) (UI or I by growth with 5, 10, or 25 pM HgCl, or 5 or 10 pM
PMA) and B. cereus RC607 (UI or I with 10 pM HgCl,) were included. The
RNA was treated with DNase (RNase free; Life Technologies, Gaithersburg,
Md.). For reverse transcriptase PCR (RT-PCR) (10), 1 ug of RNA was used for
cDNA synthesis with Superscript II RT in accordance with the manufacturer’s
(Life Technologies) protocol. PCR was performed with PlatiTaq polymerase
(Life Technologies), and amplification products were visualized in agarose gels
after ethidium bromide staining and recorded by a Nucleotech gel documenta-
tion system with GelExpert 97 version 2.0.

For identification of transcription start sites by primer extension, 1 ug of RNA
was used as the template for cDNA synthesis with Moloney murine leukemia
virus RT (Promega Corporation, Madison, Wis.) in accordance with the manu-
facturer’s protocol. Sequencing ladder reactions were obtained with the Seque-
nase version 2.0 DNA sequencing kit (Amersham Life Science, Cleveland, Ohio)
and the same oligonucleotide primers as used for primer extension. Primer
extension and sequencing ladder products were separated on 7% polyacrylamide
gels containing 7 M urea and visualized by exposure to X-Omat AR film (East-
man Kodak Company, Rochester, N.Y.).

Nucleotide sequence accession number. The new sequence and assembled mer
determinant of B. cereus RC607 has been assigned GenBank accession no.
AF138877.

RESULTS

DNA sequence analysis. Although this is a report on the
transcriptional organization and expression of the mercurial
resistance determinant of B. cereus RC607, the presence of a
gap in the previous sequence (34) needed to be eliminated.
Figure 1A shows the overall completed structure of the chro-
mosomal Bacillus mer determinant with additional data ob-
tained by sequence walking (starting with position 4100 of the
sequence with accession no. M22708 and ending with position
216 of the sequence with GenBank accession no. M22709 [Fig.
1B], which is equivalent to positions 4100 to 6205 of the as-
sembled new sequence in the GenBank database). The central
1,114 nt (shown in Fig. 1B) are new data, and the total se-
quence now consists of 7,029 nt and is available from GenBank
under accession no. AF138877. The order of genes in the
complete mercury resistance determinant is operator-pro-
moter 1 (O/P1) merR1 merT ORF3 ORF4 merA O/P2 merR2
merB2 merB1 (Fig. 1A). The sequence shown in Fig. 1B starts
just before the end of the merA gene (position 4100 of the
sequence with GenBank accession no. M22708) and continues
to just after the beginning of merBI (position 210 of the se-
quence with GenBank accession no. M22709). The final posi-
tion (nt 4875) of reference 34 (sequence with accession no.
M22708 including merA) and the first position (nt 1) of refer-
ence 34 (sequence with accession no. M22709 including
merBI) are noted in Fig. 1B.

Two significant ORFs were found in the new sequence, as
shown in Figure 1. An ORF of 130 codons has a predicted
product homologous (29% identical amino acids) to MerR of
B. cereus RC607 (34). The corresponding gene is called merR2,
and the previous gene is now called merRI. Overlapping the
termination codon of merR2 by a single base (ATGA) (Fig. 1B)
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FIG. 2. (A) Growth of B. cereus RC607 and E. coli containing cloned frag-
ments in LB broth with added Hg>* (A) and phenylmercury acetate (B) at 37°C
for 20 h. Symbols: O, B. subtilis 168 (sensitive control); @, B. cereus RC607
(resistant); A and A, E. coli IM109 and JM109(pUC19) (both sensitive); O and
u, E. coli IM109 with cloned Bacillus mer fragments in plasmids pYW33 (resis-
tant) and pYW40 (missing O/P1 and transport genes).

is the start codon of the second ORF, which is now called
merB2, since from sequence homologies it appears to be the
gene for an additional organomercurial lyase with (again) 29%
of its amino acids identical to those of the previous gene
product (now called MerB1). These sequence homologies will
be considered further in the Discussion. Wang et al. (34) noted
an AT-rich inverted repeat as a strong candidate for termina-
tion of transcription after merA. In the region between this
proposed transcriptional stop site and the beginning of merR2,
an additional transcriptional start site (Fig. 1) was identified by
primer extension (see below).

Resistance to inorganic mercury and PMA. The mercury
resistance determinant confers resistance to both Hg?>* and
PMA (Fig. 2), in comparison to a control sensitive strain, B.
subtilis 168. When it was cloned into plasmid pUC19 in E. coli
(pYW33; reference 34), a higher level of resistance was ob-
tained than with B. cereus RC607 (Fig. 2). This difference may
reflect differing expression of gene products or different resis-
tance levels of the host cells. Unexpectedly, transformation of
the pUCI9 control vector into E. coli resulted in a slightly
higher level of resistance to both Hg>* and PMA. The deletion
form of pYW33, missing the merO/P1 promoter and the first
four genes (pYW40), contains the intact merA, merR2, merB2,
and merBI genes and conferred an intermediate level of resis-
tance to both Hg?" and PMA (Fig. 2).

Volatilization of radioactive mercury. To measure inducibil-
ity and overall expression of mercuric reductase, the volatiliza-
tion of radioactivity from added 5 pM 2**Hg?" was monitored
(Fig. 3). B. cereus RC607 showed the most rapid loss of
203Hg?* and the uninduced Bacillus cells showed approxi-
mately 3% of the rate of volatilization of induced cells. With E.
coli IM109(pYW33) carrying the cloned Bacillus mer determi-
nant, a much lower rate of volatilization was seen (70 times less
than with B. cereus RC607; Fig. 3). This difference is not
consistent with the higher resistance level (Fig. 2). How assay
conditions such as media, temperature, and timing differences
between growth and volatilization experiments explain this is
not known. It was not a question of the bacterial species, E. coli
versus Bacillus, as E. coli J53(pGN120) cells (21) with a mer-
cury resistance determinant from a gram-negative bacterium
volatilized ***Hg*" rapidly (Fig. 3).

Transcription of the mercury resistance determinant. The
transcription from the mercury resistance determinant of B.
cereus RC607 was characterized by Northern blot RNA-DNA
hybridization, primer extension determination of transcript
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FIG. 3. Volatilization of 2**Hg?* from cells of B. cereus RC607 (O [UI] or @
[1]), and E. coli J53(pGN120) (A [UI] or A [1]), and E. coli IM109(pYW33) (O
[UI] or m [I]) and JM109(pUC19) (V [UI] or ¥ [I]). Cells were grown in LB
broth, I or UI, harvested, and suspended in assay buffer with 5 uM 2°*HgCl, at

30°C with aeration and shaking. Samples were removed periodically, and residual
radioactivity was counted in scintillation fluid.

start sites, and RT-PCR determination of which genes were
traversed by a single transcript. Northern blot analysis with
RNA from induced Bacillus cells did not show specific tran-
scripts (data not shown). Whether this was due to instability of
long transcripts (Fig. 1A) is not clear, but it is not unusual to
be unable to isolate intact long transcripts in sufficient amounts
for Northern blot analysis (e.g., reference 10).

Primer extension determination of transcriptional start
sites. To locate the O/P1 transcriptional start site and to de-
termine whether the second predicted transcriptional start site,
O/P2, is used in vivo, primer extension analysis was used (Fig.
4). Sufficient RNA transcript for these experiments was not
found in induced cells of B. cereus RC607 (data not shown), so
the Bacillus mercury resistance determinant cloned in E. coli
was used. RNA isolated from E. coli JM109(pYW33) cells
induced with Hg>" or PMA served as the template for cDNA
synthesis using primers situated near the 5’ region of the first
gene in each predicted transcript, merRI (Fig. 4A) or merR2
(Fig. 4B). Specific products mapping to the start sites of both
transcripts were obtained (Fig. 4), and the sites are marked in
Fig. 1B and 4. O/Pl-initiated transcription was induced by
addition of Hg*>" (Fig. 4A) or PMA (data not shown). O/P2-
initiated transcription was also induced by addition of either
Hg>" or PMA (Fig. 4B). A much longer untranslated mRNA
region appears before the presumed ribosomal binding site
(RBS) for the first gene after O/P2 than after O/P1 (Fig. 4C).
Although 20 nt occur between the predicted —10 and —35
RNA polymerase binding sites of O/P1 (unusually long and
associated with the bending and twisting of the DNA region
with the 19-nt distance in the better-studied mer O/P in gram-
negative bacteria; references 1 and 30), the distance between
the predicted RNA polymerase binding sites for O/P2 is 18 nt,
closer to the canonical length of 17 = 1 nt. Both regions
between the —10 and —35 sites contain inverted repeats (a
perfect 4-4-4 repeat for O/P1 and an imperfect 7-1-7 repeat for
O/P2; marked in Fig. 4C). Control reactions showed no corre-
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TATAAAATTGCACTTGACCTTCCCCTAAGGTGAACGTIGTAAACTCTAGTT
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AATTCAGTGATGGTCTTCCAGTTAACGAAAAGGGGGGAGATAATG
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FIG. 4. Primer extension for start sites of mRNA for mer O/P1 (A) and mer
O/P2 (B) with total cellular RNA from E. coli IM109(pYW33) either UTI or I with
added HgCl, or PMA (values above the lanes are micromolar concentrations)
for 2 h. The transcription start sites determined (marked by asterisks) were
mapped against sequencing ladders (lanes C, T, A, and G) using the same
oligonucleotide primers. (C) The mer O/P1 and mer O/P2 +1 mRNA initiation
nucleotides determined and the predicted —10 and —35 RNA polymerase bind-
ing sites are shown. The predicted RBS and start codons for first genes, merRI
and merR2, are marked on the sequence. The perfect 4-4-4 and imperfect 7-1-7
inverted repeats between the —10 and —35 sites are also marked.

sponding RT transcription product with RNA from an E. coli
strain lacking the plasmid-encoded mercury resistance deter-
minant (data not shown). The transcriptional start sites (+1),
deduced —10 and —35 RNA polymerase-interacting promoter
sequences, proposed RBS, and polypeptide-initiating ATG for
both transcripts are indicated in Fig. 4C.

RT-PCR transcript analysis. RT-PCR was used to analyze
the bacterial transcripts for the strain RC607 mercury resis-
tance system in both B. cereus and E. coli after cloning into
plasmid pYW33. The Bacillus mer determinant was expressed
from its own promoter(s) in E. coli, unlike the situation with
the previously studied mer operon from plasmid pI258 of an-
other low-G+C gram-positive bacterium, Staphylococcus au-
reus, which is not expressed in E. coli (6, 18, 29), presumably
because of a failure of the MerR protein to interact produc-
tively with the heterologous RNA polymerase. Subcloning into
E. coli allows comparisons of the mRNA products produced
with both gram-positive (homologous) and gram-negative (het-
erologous) bacterial RNA polymerases, comparable to the vol-
atilization assays shown in Fig. 3.

The Bacillus mer system might synthesize one or two tran-
scripts (Fig. 1A). To identify the number of transcripts and to
compare the expression of individual genes, total RNA was
isolated from cells grown under induced (I) (growth for 60 min
in medium supplemented with Hg®>") and uninduced (UI)
conditions. Total RNA was isolated from I and UI cultures of
B. cereus and E. coli and used as the template for RT reactions,
using primers situated at the 3’ end of mer4 or merB1 (Fig.
1A). Additional RT oligonucleotide primers corresponding to
the 3’ ends of the standardization control genes (for 16S
rRNA) from B. cereus and E. coli were included in the same
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A. Mercury resistance genes

RT reaction primer merAd merA merBl merB1 merB1
PCR primers merRI merA4 merAd merR2 merB1
U 1 1 U 1 U 1
Bacillus template m m ;
merRI merA merA merR2 merBl
0.34 kb 1.8 kb 1.8 kb 0.34 kb 0.62
E. coli template m
B. 16S RNA genes
. . 16S + 16S + 16S + 168 +
RT reaction primer [merA merBl merA merB1
PCR primers 168 16S 16S 16S
U I U 1 U 1 U I
1.5kb= - W e -

Escherichia coli

Bacillus cereus

FIG. 5. RT-PCR transcript analysis of the mercury resistance determinant
and control 16S rRNA with total cellular RNA from B. cereus RC607 and E. coli
JM109(pYW33), UI or I by growth with HgCl, for 2 h. (A) Mercury resistance
genes. RT primers and subsequent PCR primers are indicated for each reaction,
as are the sizes of the PCR products detected. (B) Control 16S rRNA gene
RT-PCR from the same reactions as with merA or merB1 primers. A quantitative
analysis of the ethidium bromide-stained PCR products is shown in Table 1.

RT reactions as with mercury gene-specific merA and merB1
primers. The products of the RT reactions were templates for
amplification of individual genes by PCR.

With RNA isolated from B. cereus cells and cDNA synthe-
sized from the merA RT primer, both merR1 and merA were
amplified by PCR (Fig. 5A). This shows that merRI through
merA were synthesized as a single transcript. The PCR prod-
ucts were quantitated (Table 1) from the original charge-cou-
pled device camera data shown in Fig. 5. mRNAs for both
merRI and merA were less abundant in the UI cells than in the
I cells. However, the induction ratio of apparent transcript
abundance was seven times more for merd than for merRI
(Table 1). With total cellular RNA from E. coli JM109
(pYW33), merR1 and merA were also PCR amplified by using
cDNA from RT with the merA4 primer. However, the amounts
of PCR products amplified for the UI and I E. coli cells were
essentially the same (Fig. 5A; Table 1), showing no indication
of induction by Hg®". In control reactions, PCR products were
not found when RNA was treated with RNase or when the RT
reaction was run without RT (data not shown). PCR amplifi-
cation products arising from contaminating DNA was ruled
out by the absence of products when DNase-treated RNA was
used and/or when the RNA sample was directly used as the
template for a PCR (results not shown).

Using cDNA from RT with the merBI primer, PCR products

J. BACTERIOL.

were amplified for three genes, merA, merR2, and merBI (Fig.
5A). This established that mercury resistance genes merA
through merBI are synthesized as a single transcript and that
the transcript does not invariably terminate after merA. Since
genes merRI through merA are cotranscribed and genes merA
through merBI are cotranscribed, all eight genes are consid-
ered to be cotranscribed as a single transcript of 6.3 kb. With
RNA from B. cereus and the RT product obtained with the
merB1 primer, the amounts of PCR products obtained with
merA, merR2, and merB1 were greater when I cells were used
than when UI cells were used (Fig. 5A; Table 1), although the
apparent induction ratios were less than those obtained with
the merA gene RT primer. There was no significant indication
of inducibility with RT-PCR amplification of mer4, merR2, and
merBl in the E. coli background (Table 1). Equivalent amounts
of RT-PCR products for the 16S rRNA genes from B. cereus
and E. coli were obtained with the I and UI cells (Fig. 5B;
Table 1), showing that equivalent amounts of RNA were taken
for the reactions.

DISCUSSION

Analysis of DNA sequence. By combining the two sequences
of reference 34 with the new sequence reported here, a con-
tinuous total of 7,029 nt (shown in Fig. 1A; available from
GenBank under accession no. AF138877) was obtained. The
G+C content is not uniform along the sequence. The first
4,875 nt have 39% G+C; the intermediate 2,100 bp in Fig. 1B
contain 36% G+C. However, the merBI gene contains 46%
G+C. The hypothesis is that the Bacillus mercury resistance
determinant evolved, probably originating with the merRI
through merA genes, with the additional genes merR2, merB2,
and merBI being added subsequently by horizontal transfer
from outside this region. The two merR genes and the two
merB genes are quite dissimilar in sequence, with only 42 to
43% nt matches upon alignment (analysis not shown), and
therefore probably did not arise by gene duplication. It is not
clear whether a segment containing the second promoter and
the genes merR2 and merB2 was inserted after merA and be-
fore merBI (Fig. 1). The merR2-merB2 region has a rather
constant low G+C content, similar to that of the upstream mer
region. The distal gene, merBI, alone shows a significantly
higher G+C content, indicating a different origin.

This assemblage of the Bacillus mercury resistance determi-
nant does not appear to have been a recent event. At least 95%
of the mercury resistance determinants analyzed from Mi-
namata Bay, Japan, marine Bacillus isolates have the same
sizes, and apparently the same arrangement, of genes (20) as
shown in this report for Massachusetts B. cereus isolate RC607

TABLE 1. Quantitation of PCR products from RT-PCR*

Intensity (no. of pixels)

Induction ratio (ULI)

RT primer PCR primer B. cereus E. coli

Ul 1 Ul 1 B. cereus E. coli
merA merR1 3,251 12,508 19,798 20,472 1:3.9 1:1.03
merA merA 1,458 40,583 47,007 46,436 1:28 1:0.99
merBl1 merA 1,035 8,541 20,681 29,319 1:8.3 1:1.4
merB1 merR2 6,472 8,682 12,535 16,666 1:1.3 1:1.3
merBl1 merBI 11,028 18,579 29,252 28,902 1:1.7 1:0.99
16S + merA 16S 25,627 24,900 38,573 42,136 1:0.97 1:1.09
16S + merBI 16S 27,423 28,416 39,608 39,150 1:1.04 1:0.99

“The ethidium bromide-stained gel was recorded by a Sony charge-coupled device camera attached to a Nucleotech gel documentation system. The RT-PCR

amplification products were analyzed by GelExpert 97 version 2.0 software.
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(19, 33). This similarity includes the 2.1 kb between the end of
merA and the beginning of merB1 (Fig. 1B), which shows pre-
cisely the same size within the limitations of agarose gel anal-
ysis of PCR products (20).

The MerR and MerB protein families. The MerR2 amino
acid sequence is only 29% identical to that of MerR1. In fact,
MerR?2 is similarly related (not more so) to MerR sequences
from gram-negative bacteria and to less-studied MerR paral-
ogs that appear to function in the regulation of other cation-
related genes (analysis not shown). The best characterized of
these is ZntR (4), which is an E. coli chromosomally encoded
MerR paralog that regulates cellular efflux of Zn**. Thus,
MerR2 appears to be a rather remote member of the larger
family of proteins homologous to MerR. In contrast, MerR1 is
58% identical to MerR of S. aureus plasmid pI258. MerR2 is
still less similar (about 20% of the amino acid are identical) to
MerD sequences for the secondary transcriptional regulator
from gram-negative bacteria, which are themselves weakly re-
lated to MerR, and MerR2 may be hypothesized to play a
similar secondary down-regulatory role (28). The three com-
pletely invariant cysteines, Cys79, Cysll4, and Cys123 in
MerR1, of Hg*"-responding MerRs from both gram-positive
and -negative bacteria (14, 28) are absent in MerR2 and are
replaced with Ile81, Ser116, and Gly126; there are no alterna-
tive nearby cysteine residues. Therefore, MerR2 cannot re-
spond to and bind Hg?* in a manner similar to that of MerR1
(12, 13, 22).

An alternative role for MerR2 may be as a more general
transcriptional regulator. In other systems, there are paralo-
gous proteins, such as SoxR of E. coli, which responds to
oxygen stress with an iron-sulfur cluster as a sensor (7, 15), and
BmrR from B. subtilis, which functions as a positive transcrip-
tional activator of multidrug resistance (35, 36). BmrR has a
MerR-like amino-terminal DNA-binding domain and a dissim-
ilar substrate-binding carboxyl-terminal region.

Helmann et al. (12) altered each of the four cysteine resi-
dues in B. cereus RC607 MerR1 to alanines and demonstrated
that three of the four, Cys79, Cys114, and Cys123, are required
for high-affinity binding of Hg>* to the dimeric protein and
also for transcriptional activation in vitro. The fourth cysteine,
Cysl12, is not required. By in vivo and in vitro heterodimer
formation between mutant proteins affected in different resi-
dues, Helmann et al. (12, 13) showed that the Cys79 residue is
required on one subunit of the MerR dimer and Cys114 and
Cys123 are required on the other subunit. The three essential
cysteines of Bacillus MerR are also found at equivalent posi-
tions in the MerRs of gram-negative bacteria, for which a
similar trithiol dimer bridging for Hg** binding and activation
has been shown (22, 31). The MerR transcriptional regulator
of the gram-positive bacterium Streptomyces lividans (5), alone
among MerR proteins, is not an activator but is a repressor and
shows sequence homology to the ArsR/CadR/SmtB family of
metal-responding transcriptional repressors in bacteria (27).

Purification of the MerR1 and MerR2 proteins and quanti-
tative in vitro analysis of binding to mer O/P1 and O/P2 are
needed to distinguish between the properties of MerR1 and
MerR2 and to understand the function of MerR2.

All known MerB organomercurial lyase sequences are ho-
mologous, although the diversity of sequences is great. For
example, B. cereus RC607 MerB1 and MerB2 show only 29%
identical amino acids. MerB2 is about equally similar to MerB
of S. aureus plasmid pI258 as to Bacillus MerB1. Organomer-
curial resistance was previously associated with the down-
stream region of the Bacillus mer determinant (34), before the
separate merB1 and merB2 genes were known. A more detailed
analysis is now needed to establish the substrate specificities of
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the two protein products, by separately eliminating merBI and
merB2 and testing against a spectrum of organomercurial com-
pounds. Kiyono et al. (17) undertook a similar analysis with the
two organomercurial lyase genes (and proteins) from a soil
Pseudomonas strain, which was, in fact, the first mercury resis-
tance strain to be studied in depth, more than 30 years ago.
The level of understanding of the organomercurial lyase en-
zyme (32) does not allow the drawing of conclusions with
regard to substrate specificity from the protein sequences.

Transcriptional control. The MerR1 protein binds specifi-
cally to the mer O/P1 region in vitro, as shown by gel mobility
shift assays and by protection against digestion by a GTAC-
cutting restriction endonuclease (14). Runoff transcription as-
says (14) demonstrated that addition of the MerR protein
repressed low-level activity in vitro and that addition of MerR
plus Hg?" resulted in positively regulated higher expression
from mer O/P1. However, the precise position of the +1 nu-
cleotide for mRNA synthesis had not been determined prior to
the experiment whose results are shown in Fig. 4A and the
existence of a second promoter site (Fig. 4C) had not been
anticipated. When E. coli RNA polymerase rather than B.
subtilis RNA polymerase (14) was used, no in vitro transcrip-
tion from mer O/P1 occurred. The experiments whose results
are shown in Fig. 3 (showing inducible volatilization of radio-
active mercury) and Fig. 5 [RT-PCR analysis of mRNA from
E. coli IM109(pYW33) cells] demonstrated that the B. cereus
RC607 mer determinant can utilize E. coli RNA polymerase in
vivo, although not equivalently to that of B. cereus RC607.
Previous heterologous-expression studies of the related mer
operon of S. aureus plasmid pI258 showed resistance when mer
was cloned into B. subtilis but no phenotype when it was cloned
into E. coli (18). Northern blot analysis (29) found that in S.
aureus, full-length mer operon transcripts were synthesized al-
though the genes are shorter and fewer than with B. cereus
RC607. In RT experiments, Skinner et al. (29) identified the
+1 mRNA start position equivalent to that shown here for B.
cereus RC607 mer O/P1. Furthermore, S. aureus MerR bound
and protected the S. aureus mer O/P DNA in DNase footprint-
ing experiments (6) between the —35 and —10 RNA polymer-
ase recognition sites as proposed here and in reference 14 for
the Bacillus system. By sequence alignment of O/P regions
from different mer systems, Park et al. (24) found that the
repeat sequence GTAC----GTAC between the —10 and —35
elements was conserved and may be required for operator
function in both gram-positive and -negative bacteria. In B.
cereus RC607, mer O/P1 has the GTAC----GTAC repeat in
equivalent positions (underlined in Fig. 4C), probably the site
for binding of MerR1. mer O/P2 lacks the conserved GTAC----
GTAC configuration but has a 7-1-7 repeat between the —10
and —35 elements (underlined in Fig. 4C). The 7-1-7 repeat
sequence of mer O/P2 shares only 3 of the 8 nt to the 4-4-4
repeat of mer O/P1. There is, however, a 7-nt region, CTAA
GGT, that is conserved between the repeat elements of mer
O/P1 and mer O/P2. It is hypothesized that MerR1, if involved
in the regulation of mer O/P2, may recognize the 7-nt con-
served region near the center of the operator.

The most thorough analysis of differential synthesis of tran-
scripts over the length of a mer operon was that of Gambill and
Summers (9) with the E. coli Tn21 operon, which has only four
genes in the major positively activated mer mRNA. Tn21 does
not have merB genes. With Northern blot DNA-RNA analysis
of abundance, Gambill and Summers (9) concluded that a
transcriptional gradient occurred. Distal genes were tran-
scribed more slowly and at lower levels. The quantitative anal-
ysis by RT-PCR started in the experiments whose results are
shown in Fig. 5 needs to be extended before a quantitative
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picture of the two promoter sites and relative rates of mRNA
synthesis and degradation can be made.
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