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A 17.1 Kb genetic element encoding for mercury

resistance (OCT-Hgr) was shown to translocate from its

original location on the OCT plasmid to the resistance

plasmid, RPl, in Pseudomonas putida. Analysis of RPl-Hgr

recombinant plasmids revealed that insertion of mercury

resistance genes into RPl could occur at a variety of sites,

with all recombinants having common EcoRI restriction

fragments of 9.4, 3.8, 2.3, and 1.6 Kb, derived from the

insertion. Hybridization analysis suggested the existence

of extensive homology between this insertion and the

prototypic mercury resistance transposon, Tn501, as well as

the location of a similar merA sequence. Although the

overall size was shown to be quite different from Tn501,

striking physical similarities are shared between these two

elements.



Introduction

The genetic basis of mercury resistance in bacteria has been

described in detail for several cases. Most information has

been obtained primarily from organisms of clinical relevance

(Kono et al. 1985; Nakahara et al. 1977; Novick and Roth

1968; Weiss et al. 1977), although more recently, mercury

resistance has also been reported in naturally occurring

environmental isolates, including members of the genus,

Pseudomonas (Jobling et al. 1988; Spangler et al. 1973).

In nearly all instances studied thus far, the genes

encoding mercury resistance have been found in association

with plasmids, which may vary greatly in size (Clark et al.

1977; Izaki 1977; Summmers and Lewis 1973; Summers et al.

1974; Summers et al. 1978). Plasmid encoded mercury

resistance is often classified into one of two general

categories based on the type of mercury-containing compound

to which resistance is offered (Schottel et al. 1974).

Narrow spectrum resistance involves the catalytic reduction

of inorganic Hg 2+ to metallic mercury, Hg0, and offers

resistance to certain organomercurials, such as merbromin

and fluorescein mercuric acetate, as well. Broad spectrum

resistance includes resistance to the above compounds, and

allows for the reductive biotransformation of additional

1
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organomercurials, such as phenylmercuric acetate, methyl

mercury, and thimerosol.

Regardless of classification, plasmid determined

mercury resistance in Gram-negative organisms, involves the

expression of at least a single detoxifying enzyme (mercuric

reductase) as well as a group of accessory proteins involved

with Hg2+ uptake. Mercuric reductase is a NADPH-dependent

intracellular flavoprotein, which is responsible for the

reductive conversion of Hg + to volatile Hg It is located

primarily in the cytoplasm, but probably has at least a

transient association with the inner face of the cytoplasmic

membrane (Jackson and Summers 1982). This enzyme bears a

strong structural and mechanistic resemblance to oxido-

reductases of mammalian origin, namely glutathione reductase

and lipoamide dehydrogenase (Fox and Walsh 1983). With

glutathione reductase, over 65% DNA sequence homology is

shared, as well as a similar active site organization (Brown

et al. 1983). The gene designated merA encodes for mercuric

reductase, while in broad spectrum resistance systems, an

additional detoxifying enzyme, organomercurial layase, is

specified by the merB gene. This enzyme is responsible for

the catalytic cleavage of C-Hg bonds, thus releasing Hg+

for reduction by mercuric reductase.

Other proteins directly involved with mercury resis-

tance include those of the Hg2+ uptake system. This

"shuttle" system is believed to allow for the sequestering
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and transport of mercury-containing compounds safely into

the cell for subsequent detoxification. A scheme depicting

the respective roles of proteins involved with this pathway

based on that proposed by Brown (1986) is shown in Figure 1.

Initially, as Hg passes through the cell wall into the

periplasmic space of Gram-negative organisms, it becomes

bound by a so-called periplasmic-binding protein (merP gene

product). In this sequestered state, the mercury is no

longer free to exert its cytotoxic effects, and remains so

until becoming reduced to a non-toxic form. Next, the Hg2 +

is transferred to an extensively hydrophobic protein located

in the cytoplasmic membrane. This transmembrane protein,

the product of merT, is responsible for transporting Hg to

the inner face of the cytoplasmic membrane. At this

location, the Hg becomes bound by mercuric reductase and

0
is reduced to Hg . This lipid soluble molecule is believed

to diffuse readily from the cytoplasm, becoming rapidly

volatilized. Additional open reading frames have been

proposed to function at some level in this resistance

pathway (i.e., merD and urfl), but at this time, evidence

for their existence is ambiguous (Foster 1987).

Whether mercury resistance is narrow or broad, the

genes responsible reside within operons. The expression of

these genes is induced by Hg or by various organo-

mercurials, which are not themselves volatilized, and thus

act gratuitously as inducers. Transcription of structural
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Fig. 1. Proposed pathway for the detoxification of inorganic
mercury in Gram-negative bacteria (Brown 1986). Gene
products involved with detoxification as well as their
suggested locations are provided. Mercuric reductase,
periplasmic-binding protein, and mercury transport protein
are designated by merA, merP, and merT, respectively.
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genes in the operon is initiated when the inducer molecule

interacts with a regulatory protein (merR gene product),

which itself is transcribed from a separate promoter. This

protein has been shown to regulate expression of the

structural genes in a positive (in the presence of inducer)

and negative (in the absence of inducer) fashion and, also,

negatively regulates its own expression (Foster and Ginnity

1985). In some systems, the merR gene product is also

thought to play a role in the regulation of transposition

functions (Kitts et al. 1982).

Several mercury resistance determinants are known to

reside on transposable elements (Bennett et al. 1978; de la

Cruz and Grinsted 1982; Friello and Chakrabarty 1980; Kitts

et al. 1982). The best characterized of these include Tn501

from plasmid pVS1 in P. aeruginosa (Bennett et al. 1978;

Stanisich et al. 1977) and Tn2l from plasmid R100 in E. coli

(de la Cruz et al. 1982; Misra et al. 1984). Both are

members of the Tn3 family of transposons. These, and all

other transposons, are discrete DNA segments encoding for at

least a single gene product (transposase), which have the

ability to relocate into other DNA sequences at a relatively

large number of locations. Transposition can result in the

inactivation of genes receiving the insertion and in

deletions of surrounding loci. Members of the Tn3 family

share other features in common, namely the formation of

cointegrate transposition intermediates, the coding capacity

I
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for an additional protein involved with the resolution of

the intermediate structure (resolvase), and the presence of

38 base pair terminal inverted repeats, the substrates on

which transposase is believed to act during recombination.

A number of other mercury resistance transposons have been

identified, however, to date, they lack sufficient

characterization.

Of particular relevance to this report is the 220

megadalton (Mdal) plasmid known as OCT, whose presence was

initially associated with the ability of the host

(Pseudomonas putida, strain PpG6) to utilize n-octane as a

carbon source (Chakrabarty et al. 1973). In addition to the

phenotypic trait of octane utilization, this organism,

curiously, displayed resistance to inorganic mercury, HgCl2 '

a compound which is toxic to most organisms in low

concentrations (Seneca 1971). The genes responsible for

this resistance were later determined to physically reside

on the OCT plasmid, itself (Harder and Kunz 1986). In the

course of those studies, the loss of mercury resistance was

occasionally observed during conjugation experiments,

rendering the Oct+ Hgs phenotype. This observation prompted

additional investigation as to the molecular nature of this

determinant. Because genes encoding for mercury resistance

have been found to reside on transposable elements in other

systems (Friello and Chakrabarty 1980; Kratz et al. 1983;

Radford et al. 1981; Stanisich et al. 1977; Summers et al.
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1980; Tanaka et al. 1983; de la Cruz and Grinsted 1982),

experiments were performed to determine if the OCT-derived

mercury resistance genes might behave in a similar manner.

The purpose of this study was to characterize, at the

molecular level, the genes of the OCT locus involved with

mercury resistance and to determine the degree of similarity

with other known mercury resistance determinants.

Materials and Methods

Bacterial strains and plasmids. These are listed in Table

1.

Growth of bacteria. Cells were grown at 30 0C. Lennox broth

(L-broth, Lennox 1955) was the complex liquid medium of

choice. It contains 5.0 gm Bacto-yeast extract, 5.0 gm

sodium chloride, 10.0 gm Bacto-tryptone, pH adjusted to 6.8

and diluted to 1.0 liter; complex solid medium consisted of

L-broth medium solidified with 2% agar. Minimal medium

consisted of PN solution (67mM KH2PO4 (pH=7.0), 0.12%

(NH 4 )2 So4 ) and inorganic salts containing 0.04% MgSO4 and

0.001% FeSO4 (Kunz and Weimer 1983). Sterile concentrated

(200 X) inorganic salts were added to separately sterilized

PN solution by diluting a stock solution 200-fold. Glucose

was supplied at a concentration of 10mM, or alternatively,

octane (99+%; Aldrich Chemical Co., Milwaukee, WI) was

supplied as a vapor. When necessary, L-amino acids were
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Table 1. Bacterial strains and plasmids used

Strain

P. putida
PH1068

PpG1343

Chromosomal/Plasmid-
encoded phenotype

trpB615/

Oct CbrHgrKmrTcr

met616

Reference or
Source

this paper

Hermann
et al.

PH1070, PH1076,

PH1085, PH2001-
2018

PpG972

P. aeruginosa
PA025

E. coli
Di410

met616/

CbrHgr KmrTcr

trpB615/Oct+Hgr

argF leulO/CbrKm Tcr

lac mal leu str rp

minA minB lamB/Col Hg

this paper

I.C. Gunsalus

this paper

A. Summers

Plasmids

OCT

RPI

pHAl-pHA2 0

CoIEl::Tn501

Oct +Hg

Cbr KmrTcr

CbrHg KmrTcr

Col +Hgr

Harder and
Kunz (1986)

Grinsted
et al.(1972)

this paper

A. Summers

Phenotype abbreviations are as follows: Oct+, octane utiliza-
tion; Hg , mercury resistance; Cb , Km , Tc , resistance to
cargenicillin, kanamycin, and tetracycline, respectively;
Col , colicin production.
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supplied at a concentration of 25-50 pg/ml in minimal medium

solidified with 2% agar. The concentrations of drugs used

(with abbreviations) were: kanamycin sulfate (Km), 100

pg/ml; tetracycline hydrochloride (Tc), 25 pg/ml;

carbenicillin (Cb), 1 mg/ml; phenylmercuric acetate (PMA),

25-50 pg/ml; and mercuric chloride (HgCl2), supplied at

concentrations of 100 pg/ml or 10-25 pg/ml for complex and

minimal solid media, respectively.

Growth on phenyl mercuric acetate. Organisms displaying

resistance to inorganic mercury (HgCl2 ) were challenged to

grow in the presence of phenylmercuric acetate (PMA). For

each of the organisms tested, namely PH2000, PH1070, PH1085,

PpG1343, PpG6, and PpS79 (Table 1), three-single colonies

were transferred to an L-agar plate and incubated overnight

at 30 0C. These were then replicated to separate L-agar

plates supplemented with PMA at concentrations of 25, 35,

and 50pg/ml, respectively. Each plate was incubated at 30 0 C

and scored for growth at 24 and 48 hours.

Transfer of plasmids. Single clones from the donor and

recipient were first grown independently in L-broth (5ml)

to a density of approximately 1.0 X 108 cells/ml at 300C,

with shaking. Donor and recipient cells (0.lml of each)

were then mixed by spreading onto L-agar plates and

incubated overnight at 30 0 C. The following day, cells were

harvested from the surface of the plates by successive

additions of 2.5ml sterile saline (0.85%, w/v). After the
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cells were washed twice in 5ml sterile saline, they were

either diluted, or plated directly to selective medium. The

plates were incubated at 30 0 C for 3-6 days, until

transconjugants appeared. Transconjugants were purified

twice on selection medium, and once on L-agar, before

individual colonies were replicated to selective and non-

selective media for phenotype determination.

DNA preparation. Methods for isolation of plasmid DNA

depended upon the intended use. Mini-preparations, as

described by Kado and Liu (1981) or Maniatis et al. (1982)

were employed mainly for the detection of native (undigest-

ed) plasmids from transconjugants. The alkaline lysis

method (Maniatis) was preferred for these purposes, and was

occasionally used for plasmid preparations to be digested

by restriction endonucleases. Large scale plasmid prep-

arations were performed for cases in which the DNA was to be

used for more extensive analysis. The method, as reported

by Timmis et al. (1978), was used for obtaining plasmid DNA

from E. coli, while the Johnston and Gunsalus (1977)

procedure was used extensively for Pseudomonas organisms.

The latter procedure involved inoculating a single colony

from an appropriate selection plate to a 5ml L-broth starter

culture, which was incubated at 30 0 C on shaker. When the

cell density reached approximately 1.0 X 108 cells/ml, 2.5ml

were used to inoculate 1.0 liter of L-broth. Following a 12

hour incubation period with shaking at 300C, the cells were
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collected by centrifugation at 7,000 rpm in a Sorvall RC5C

centrifuge (Sorvall GSA rotor), at 40 C. The supernatant was

discarded and the resulting pellet resuspended over ice in

100ml of tris-sucrose solution (50mM tris-chloride, 25%

sucrose w/v, pH=8.0) using a spatula. Next, 20ml of a

freshly prepared lysozyme solution [5 mg/ml lysozyme,

(Sigma, gradeI) in 0.25M tris-chloride, pH=8.01 were mixed

into the suspension. Following a 20 minute incubation

period (on ice), 20ml of 0.25M EDTA (pH=8.0) was added at

room temperature and the mixture gently swirled. One minute

after this addition, 90ml of NaCl/sarcosyl-DOC solution

prepared as described by Johnston and Gunsalus (1977) was

added. The mixture was gently swirled and inverted three

times to insure thorough mixing. At this point, the

preparation was placed on ice, in the cold room for 2 hours.

Next, the mixture was transferred to centrifuge tubes

compatible with the Sorvall T647.5 rotor. Centrifugation

was allowed to proceed for 30 minutes at 27,000 rpm and the

resultant supernatant (80-100ml) poured into a non-glass,

pre-chilled graduated cylinder (in ice); great care was

exercised not to dislodge the loosely adhering, gelatinous

pellet. A 0.25 volume of carbowax (50% w/v polyethylene

glycol, 7,000-9,000 molecular weight) was then added to

precipitate plasmid DNA overnight at 40C. The following

day, the preparation was centrifuged at 10,000 rpm for 10

minutes at 4 0 C (GSA rotor in Sorvall OTD75B centrifuge) to
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pellet the precipitated DNA. The supernatant was poured off

and a kimwipe used to remove residual moisture from the

walls of the tube. The pellet was then suspended in 30ml of

TES buffer (50mM tris-chloride, 50mM NaCl, 5mM EDTA, pH=8.0)

by stirring gently with a magnetic stir bar. Following

pellet dissolution, CsCI was added to a final concentration

of 1.05 gm/ml and gradient tubes were prepared by adding lml

of ethidium bromide (4 mg/ml in TES) to approximately 10ml

of sample. The tubes were sealed, placed in the rotor (T-

1270, Sorvall) and centrifuged for at least 40 hours at 140 C

in a Sorvall OTD75B ultracentrifuge at 39,000 rpm.

Following centrifugation, plasmid bands were visualized

under ultra-violet radiation and carefully removed using a

20 gauge needle and syringe. Ethidium bromide and CsCl were

removed by extracting three times with an equal volume of

TE-saturated butanol followed by dialysis of the sample for

24 hours (in cold room with magnetic stirrer) against three-

1.0 liter changes of TE (50mM tris-chloride, 5mM EDTA,

pH=8.0), respectively. The DNA concentration of each sample

was determined by reading the O.D. at 260 nm with a Beckman

DU-40 spectrophotometer. A small amount of sample (5-10pl)

was electrophoresed to determine the extent of contamination

by chromosomal DNA.

Concentration of plasmid DNA was usually a necessary

step. This was accomplished using centricon-30 micro-

concentrator tubes (Amicon Division, WR Grace & Co, Danvers,
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MA). For these purposes, the sample was transferred to the

centricon device (2ml maximum volume) which was placed in

the rotor (Sorvall SA-600) and centrifuged at 2000 X g for

25-35 minutes or until the retentate (plasmid-containing

fraction) volume was approximately 100ul. The filtering

device was inverted and the contents collected according to

the manufacturer's instructions. DNA samples treated in

this manner typically yielded concentrations of 150-170

ug/ml.

Restriction endonuclease cleavage and electrophoresis of

DNA. Plasmid DNA (0.15-0.3pug) in TE (50mM tris-chloride,

5mM EDTA, pH=8.0) or TES (50mM tris-chloride, 5mM EDTA, 50mM

NaCl, pH=8.0) was routinely digested with 10 units of

appropriate enzyme obtained from Bethesda Research

Laboratories (BRL, Gaithersburg, MD). Commercially prepared

restriction buffer (BRL) was added at concentrations as

specified by the manufacturer. For digestions involving the

enzymes EcoRI and SalI, REact3 restriction buffer [50mM

tris-HCl (pH=8 .0), 10mM MgCl2 , 100mM NaCli was used , while

HindIII and PstI digestions were performed with REact2

restriction buffer [50mM tris-HCl (pH=8.0), 10mM MgCl2 , 50mM

NaClI. Sterile, deionized/distilled water was added such

that the final volume of the mixture was 20pl and the reac-

tion initiated by the addition of enzyme (BRL). The

digestion was allowed to proceed for 1.5-2 hours at 370C,

followed by 5 minutes incubation at 650C to inactivate the

1 -7-
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enzyme. When possible, double restrictions were carried out

with both enzymes simultaneously. However, in cases where

the salt concentration of the buffer differed between

enzymes initial digestion was carried out with the enzyme

requiring a lower salt concentration followed by adjustment

with 1M NaCl before addition of the second enzyme.

Electrophoresis of digested plasmid DNA was performed

using 0.7% agarose (International Biotechnologies, Inc., New

Haven, CT) melted in TBE (89mM tris-hydrochloride, 89mM

boric acid, and 8mM EDTA, pH=8.0). The dimensions of the

gel measured 15cm X llcm X 0.6cm. TBE was used as the

running buffer in a horizontal gel apparatus and electro-

phoresis was carried out for 15.5 hours at 30 volts. The

marker dye consisted of 0.1% bromophenol blue, 0.1% xylene

cyanol, and lmM EDTA in 10% glycerol and gels were stained

in ethidium bromide (0.5 mg/ml) for 30 minutes. DNA bands

were visualized under ultra-violet radiation, and photo-

graphed using Polariod type 55 film.

Native plasmid DNA (0.15-0.3pg) was analyzed similarly,

except that electrophoresis was carried out at 120 volts for

2.5 hours.

Isolation of DNA restriction fragments from agarose gel.

Following digestion and agarose gel electrophoresis of

plasmid DNA, individual fragments could be isolated for

further analysis with the aid of a GENECLEAN kit (BIO 101,

Inc., La Jolla, CA). Under UV illumination , the ethidium
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bromide-stained DNA bands were visualized and excised with a

razor blade. The resulting DNA-containing agarose cubes

were weighed, placed in separate 1.5ml microcentrifuge

tubes, and an appropriate amount of sodium iodide solution

(refer to manufacturer's protocol for preparation) was add-

ed; generally, 2.5 volumes were added to each cube. To

facilitate gel dissolution, the tube was incubated in a 55 0C

water bath for a total of 3 minutes with the contents being

mixed once each minute. After the agarose had completely

dissolved, 5pl of silica matrix (i.e., "glassmilk" of

GENECLEAN kit) were added to the mixture, which was gently

vortexed and placed on ice for 5 minutes to promote DNA

binding to the silica. The suspension was then placed in a

microcentrifuge (Savant, HSC10K) and spun for 5 seconds

after attaining maximum speed. The supernatant was poured

off and the resulting pellet resuspended (by vortexing) and

washed three times in 700pil of NEW solution (included in the

GENECLEAN kit; refer to manufacturer's protocol for

preparation). After discarding supernatant from the final

wash, residual moisture was removed from the walls of tube

with a kimwipe. To elute DNA from silica, the pellet was

resuspended in 5pl of TE buffer (10mM tris-chloride, lmM

EDTA, pH=8.0) and incubated in a 550 C water bath for three

minutes. The suspension was pelleted by 30 seconds

centrifugation, and the supernatant (containing DNA)

transferred to a second 1.5 ml micro-centrifuge tube. The
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pellet was again resuspended in 5pl of TE buffer, with

elution of the remaining DNA performed as before.

DNA hybridization experiments.

Electrotransblotting of DNA. Restricted plasmid DNA to

be hybridized was transferred from agarose to a GeneScreen-

Plus hybridization membrane (E.I. du Pont de Nemours & Co.,

Inc.). This was achieved by, first, incubating the gel in

0.4N NaOH for 30 minutes, with gentle agitation at room

temperature. This was followed by an equivalent period of

neutralization, during which the gel was gently agitated

(room temperature) in 12mM tris-hydrochloride, 6mM sodium

acetate, 0.3mM EDTA, pH=7.5. The hybridization membrane

was prepared by cutting a section to match the dimensions of

the gel. A marker was used to indicate the concave surface

(curls upward when dry) as the appropriate membrane surface

for transfer. The membrane section was equilibrated for 15

minutes in 12mM tris-hydrochloride, 6mM sodium acetate, 0.3

mM EDTA, pH=7.5. Following assembly of the gel into the

blot transfer unit (LKB 2005), transfer was allowed to

proceed in 5 liters of transfer buffer (12mM tris-

hydrochloride, 6mM sodium acetate, 0.3mM EDTA, pH=7.5), for

2 hours, 1.5 amps, 40C. The current required frequent

adjustment.

Following transfer, the membrane was removed from the

gel surface, rinsed for 15 minutes in transfer buffer (with

I I I I
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gentle agitation), and placed face-up on filter paper before

being allowed to dry at room temperature.

Radiolabelling of the DNA probe. Either of two methods

were routinely employed to generate radiolabelled DNA probes

for use in hybridization studies. Nick translation was used

mainly for labelling DNA fragments greater than 2.4 Kb in

length, while a random primers labelling system (BRL,

Gaithersburg, MD) was used for smaller fragments. In either

case, dCTP [alpha- P1 (ICN Biomedicals, Inc., Costa Mesa,

CA) was the nucleotide of choice.

For the purposes of nick translation, a commercially

prepared kit (BRL) was used. Into a 1.5ml microcentrifuge

tube (on ice) was placed 5pl of dNTP solution. This

solution consists of three types of dNTPs (minus that which

will be incorporated in radioactive form) at a final

concentration of 0.2mM in the nick translation mixture. To

this was added lpg of DNA to be labelled, along with 60pICi

(156 pmoles) of dCTP [alpha- P1. The final volume was

adjusted to 45pl with sterile deionized water and the

reaction initiated by adding 5il of DNA polymerase I/DNAse.

The mixture was allowed to incubate for 60 minutes at 150C,

and the reaction terminated upon the addition of 5pl of Stop

Buffer (300mM EDTA).

The random primers method of labelling was carried out

using a commercially prepared kit (BRL). To a sterile

microcentrifuge tube (on ice), the following additions were

I I I
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made: 2pl dATP solution, 2pl dTTP solution, 2)A dGTP

solution, 15pl random primers buffer, and 60pCi (156 pmoles)

of dCTP [alpha- P1. Next, 25-40ng of DNA to be labelled

(previously denatured by boiling 5 minutes, then placing

immediately on ice) was combined with the mixture and the

volume adjusted to 49pl with sterile deionized water. The

reaction was initiated by adding 1)l1 of Klenow fragment.

Incubation was allowed to proceed for 2-3 hours at 25 
0 C

before the reacton was terminated by adding 5pl of Stop

Buffer (200mM EDTA).

The amount of radiolabelled nucleotide incorporated was

determined by precipitation with trichloroacetic acid (TCA),

followed by liquid scintillation counting. To a 12mm X 75mm

tube, 150pg of sonicated carrier DNA was added along with 2-

5pl of the labelled sample. After thorough mixing, 2ml of

20% TCA were added and the mixture incubated over ice for 15

minutes. The contents of the tube were poured over a glass

filter (25mm, Whatman), which was washed with 5% TCA

followed by 95% ethanol, and then allowed to dry at room

temperature. The dried filter was finally placed in a

scintillation vial and the total activity determined by

scintillation counting (Beckman, LS7000).

Hybridization with radiolabelled DNA probe. Gene-

ScreenPlus membranes containing immobilized DNA were first

sealed in a hybridization bag with 10ml of prehybridization

fluid (1% sodium dodecyl sulfate, 1M sodium chloride, 10%
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dextran sulfate), and incubated for a minimum of 15 minutes

in a 65 0 C water bath, with gentle agitation. During this

time, the DNA probe along with sonicated Herring sperm DNA

(Sigma, Type IV) and radiolabelled lambda HindIII fragments

were, denatured in a 1.5ml microcentrifuge tube by heating

for 15 minutes in a 90 0 C water bath. For this purpose, a

quantity of probe and lambda DNA was used such that each

emitted 4 X 105cpm. In addition, Herring DNA was added to a

final concentration of 100 pg/ml. The final volume of 1.0ml

was attained by the addition of an appropriate amount of

sterile, deionized water. Following denaturation, the DNA

mixture was immediately cooled on ice and transferred into

the bag containing the pre-hybridized membrane. Incubation

was carried out for 18-24 hours at 65 0 C with constant,

gentle agitation.

Subsequent to hybridization, the membrane was removed

from the bag and washed with constant agitation according to

the following steps: a) 2 X 100ml of 2X SSC (0.3M sodium

chloride, 0.03M sodium citrate, pH=7.0), for 5 minutes at

room temperature b) 2 X 200ml of 2X SSC + 1% sodium dodecyl

sulfate, for 30 minutes at 650 C c) 2 X 100ml of 0.lX SSC

(0.015M sodium chloride, 0.0015M sodium citrate, pH=7.0) for

30 minutes at room temperature. The membrane was allowed to

dry at room temperature and placed on a filter paper

support, which had been sized to fit within the 20.3cm X

25.4cm x-ray exposure holder. Both membrane and filter
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paper support were then enveloped in plastic film and placed

within an exposure holder. Exposure was carried out using

diagnostic film (20.3cm X 25.4cm, Kodak XAR-5) at -800 C, for

10-24 hours.

Results

Growth on phenylmercuric acetate.

Organisms harboring the OCT-derived mercury resistance

genes, previously showing resistance to inorganic mercury

(HgCl2 ), were tested for the ability to grow in the presence

of phenylmercuric acetate. This was done in order to

determine if broad-spectrum resistance is offered to

organisms harboring these genes. Strains PH2000, PH1070,

and PH1085, each carrying the RPl-Hgr recombinant plasmid,

were challenged to grow on L-agar containing PMA at

concentrations of 25, 35, and 50 pg/ml. Both the Hg s

isogenic control (PpG1343) and these test organisms grew

with PMA at 25 pg/ml, however, no growth growth was observed

with concentrations of 35 or 50 pg/ml. Correspondingly, the

isogenic wild type strains PpG6 (Oct+ Hgr) and PpS79 (Oct-

Hgs) behaved in a similar manner. Since the mercury (HgCI2 )

resistant organisms were unable to grow at PMA

concentrations above that which the controls could

withstand, it may be concluded that the mercury resistance
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genes from OCT do not appear to provide broad-spectrum

resistance to this organomercurial.

Genetic matings.

As stated previously, studies were performed in which

segregation of the OCT-associated mercury resistance

determinant was occasionally observed (Harder and Kunz

1986). As mercury resistance transposons have been

identified in other systems, experiments were devised in an

attempt to determine if these genes might behave in a

similar manner. For these purposes, the broad host range

resistance plasmid, RPI (Thomas and Smith 1987), was intro-

duced into the OCT-carrying strain, PpG972. Translocation

of the Hgr genes from OCT onto RPU was selected by taking

advantage of the poor transmissibility of OCT. This was

achieved by mating the dual-plasmid donor with a plasmidless

recipient (PpG1343) and selecting for resistance to mercury.

The results in Table 2 reveal that transconjugants could be

obtained at low frequency when selecting on HgCl2 , or on

kanamycin in addition to HgCl2 . Of the transconjugants

selected on HgCl2 , all were resistant to Km, Tc, and Cb, but

had lost the ability to utilize octane. The simultaneous

coinheritance of these markers with mercury resistance,

coupled with the absence of octane utilization suggested a

physical linkage of the mercury resistance genes with RPI,

accompanied by segregation from OCT. Transconjugants were
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also obtained when selection was imposed for Km, however, in

this case, only in one out of 150 transconjugants tested,

was mercury resistant. As expected, transfer of RPI alone

was several orders of magnitude greater than transfer of the

mercury resistance determinant with RPI. These results

indicated that selection on mercury was necessary to achieve

apparent translocation onto RPI.

Analysis of RPl-Hgr cointegrate plasmids.

Twenty independently isolated transconjugants, each

resistant to mercury and the markers of RPl, were analyzed

for plasmid content. Agarose gel electrophoresis further

revealed that each contained a single plasmid, approximately

17.1 Kb larger than RP1, which were indistinguishable from

one another on the basis of size (data not shown). One such

r
RPl-Hg recombinant is shown in Figure 2a. Upon digestion

with the endonuclease EcoRI, recombinant plasmids were cut a

minimum of six times; RPl, as expected, was cleaved only

once. Furthermore, the EcoRI restriction patterns differed

for many of the plasmids isolated from these strains,

however, fragment sizes of 9.4, 3.8, 2.3, and 1.6 Kb were

shared in common. Three such recombinants are represented

in Figure 2b. Diversity in restriction pattern among the

cointegrates is believed due to differing sites of insertion

of the mercury resistance genes into RPl.
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Fig. 2 A, B. Agarose gel electrophoresis of RPl-Hg hybrid
plasmids. A: migration of intact RPl-Hgr (obtained from
PH1070) relative to molecular weight standards. LT2
(cryptic, 96 Kb), RPl-Hgr (77.1 Kb), RP1 (60 Kb), pVS1 (29.6
Kb). B: EcoRI digests of RPI (1); RPl-Hgr hybrid plasmids
pHAl, pHA2, and pHA3 (2-4, respectively), and ColE::Tn50l
(5). Lamda DNA (6)is provided as a molecular weight
standard.
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The fact that the OCT-derived mercury resistance

determinant (i.e., OCT-Hgr as it will be referred to for

simplicity) shares a functional similarity with the

prototypical mercury resistance transposon, Tn501, suggested

a possible structural relationship between the two. In

order to gain this insight, the EcoRI restriction patterns

r
of one RPl-Hg hybrid, namely pHAl, and ColE::Tn50l (as

isolated from E. coli, DS410) were compared (Fig. 2b). In

previous findings, Tn501 was determined to possess three

sites sensitive to EcoRI (Bennett et al. 1978). Two are

located at either termini with the third being positioned

such that fragment sizes of 2.3 and 5.5 Kb are generated.

Although a similarly sized 2.3 Kb EcoRI fragment is obtained

from OCT-Hgr, four additional sites were found, indicating a

clear difference between the two. Futhermore, the mercury

resistance portion of the RPl-Hgr hybrid was found to

contain three HindIII, two PstI, three SalI sites, and no

XhoI or BamHI sites. Tn501, by comparison, is unaffected by

PstI, and is cleaved only once by HindIII and SalI (Itoh et

al. 1984).

Through a series of endonuclease digestions (in con-

junction with hybridization analysis), a restriction map of

OCT-Hg was generated using the enzymes EcoRI, HindIII,

PstI, and SalI (Fig. 3). Digestions were carried out with

individual enzymes or with various enzyme combinations.

These experiments allowed the position of insertion relative
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Fig. 3. Restriction map of OCT-Hg . The arrangement and Kb
sizes of EcoRI fragments are specified by the double-arrow
lines above. RP1 is defined by ----. Abbreviations refer
to restriction enzymes as follows: E: EcoRI; H: HindIII; P:
PstI; S: SalI.
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to the single EcoRI restriction site of RPl to be determined

for many of the recombinant plasmids. These are summarized

in Table 3. Figure 4 further shows the region of insertion

for three such plasmid recombinants, namely pHAl-pHA3.

While the position of insertion into RPI was variable, it

does not appear to be completely random. For example, in

over half of the recombinants selected (Table 3), the

mercury resistance genes were found to reside within a 2.5

Kb region, 12-14.5 Kb to the right of the single EcoRI site

of RPl.

Hybridization analysis

In addition to restriction analysis, hybridization was used

to establish the arrangement and orientation of the EcoRI

fragments comprising the insert (OCT-Hgr). This was

accomplished by isolating, radiolabelling, and hybridizing

each fragment with RPU-Hgr recombinant plasmids (pHAl, pHA2,

and pHA3) digested with PstI and HindIII (data not shown).

Using these procedures, the 2.3 and 9.4 Kb EcoRI fragments

were found to occupy terminal positions of the insertion,

while the 3.8 and 1.6 Kb fragments were internally located.

By correlating the data obtained from hybridization studies

with that rendered by restriction analysis, a physical map

of restriction fragments of OCT-Hgr, as described earlier,

could be constructed (Fig. 3).
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Table 3. Distance from insertion to the EcoRI site of RPl

Distance (Kb)

0.0
0.0
4.8L
5.7
7.6
7.6
7.6
12.0
12.0
12.5

Plasmid

pHA9
pHA14
pHA7
pHAll
pHAI8
pHAl9
pHA6
pHAI6
pHAl O
pHA2

Distance (Kb)

12.5
13.0
13.5L
13.5
14.0
14.0
14.5
14.5
18.0
31.0

Note: L denotes insertion of OCT-derived mercury resistance
genes to the left of the single EcoRI site of RPl. When no
direction is specified, insertion occurs to the right of
this site.

Plasmid

pHA5
pHAl3
pHAl2
pHA17
pHA3
pHA20
pHA15
pHAl
pHA4
pHA8
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Fig. 4. RP1 (Thomas and Smith, 1987), showing relevant
restriction sites, resistance markers, and insertion sites
of OCT-derived mercury resistance genes for three represent-
ative RPl-Hgr recombinants. Plasmids pHAl, pHA2, and pHA3
carry genes which have inserted 12.0, 31.0, and 7.6 Kb,
respectively, from the single EcoRI site of RPl.
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Having obtained some information on OCT-Hg , our

further intentions included a comparison of this element

with Tn501, since no other detailed comparisons of mercury

resistance genes from Pseudomonas have been performed with

this transposon. Moreover, EcoRI digests, as mentioned

previously, indicated that both of these elements contained

a fragment of noticeably equal size (2.3 Kb), suggesting a

possible resemblance. Hybridization analysis was further

utilized to determine DNA sequence homology, if any, which

might be shared between the two. To this end, ColEl::Tn50l

DNA was radiolabelled and used to probe RPl-Hg DNA digested

with EcoRI. When two different recombinant plasmids (pHAl

and pHA3) were so examined, all EcoRI fragments except for

the 1.6 Kb species were found to hybridize with Tn501 DNA

(Fig. 5). Further homology between the two was investigated

by comparing the 2.3 Kb EcoRI fragments generated from each.

For this purpose, the 2.3 Kb EcoRI fragment from Tn501 was

isolated, radiolabelled, and hybridized to pHAl DNA. As

shown in Figure 6, in this case, only the 2.3 Kb fragment

from pHAl hybridized with the Tn501-generated probe.

Discussion

This work shows that the OCT-derived mercury resistance

determinant appears capable of translocation from one

replicon to another, although it remains to be shown that
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Fig 5. Hybridization analysis using ColEl::Tn50l to probe
OCT-Hg for sequence homology. Lanes a, b: EcoRI digests of
plasmids pHAl and pHA3, respectively; lane c: EcoRI digest
of ColEl::Tn50I plasmid DNA. Size markers given in Kb.
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Fig. 6. Hybridization analysis in which the 2.3 Kb EcoRI
fragment of Tn50l was used to probe pHAl. Lane a: HindIII
digest of lambda DNA; lane b: EcoRI digest of pHAl; lane c:
EcoRI digest of ColEl::Tn50l. Size markers given in Kb.
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this occurs in a recA host cell background. Evidence in

support of this is provided by the fact that transconjugants

with the inability to utilize octane, but displaying

resistances to mercury and all the markers of RPl, could be

obtained at low frequency. Futhermore, a constant 17.1 Kb

increase in size of RPl was physically evident when plasmid

DNA was analyzed from transconjugants displaying this

phenotype (Fig. 2a). These results suggested that the

mercury resistance genes had somehow segregated from OCT and

become linked with the markers of RPl.

Although some transpositional events are known to

result in deletions of the recipient vector (Grinsted et al.

1978), no deletions were apparent in the RPl-Hgr recom-

binants since no discernable loss of RPl DNA was evident

from restriction patterns. The size values of the EcoRI

fragments retained in common between each of the recom-

binants sum to account for the 17.1 Kb increase above that

observed for RPl. Variation in restriction pattern among

the cointegrate plasmids is due to differing sites of

integration of the mercury resistance genes relative to the

single EcoRI site of RPl (Fig. 4). Though insertion into

RPl was observed at several positions, there was a marked

inclination for its occurrence at a limited number of

regions (Table 3. and Fig. 4). The most preferred of these

regions coincides very closely with that previously

demonstrated for Tn501 (Grinsted et al. 1978). This

I I I
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tendency toward regional preference is consistent with that

described for other known transposons (Calos and Miller

1980). Transposons, however, are normally observed to

recombine at random positions within the regions of

insertional preference. It may be noted that several of the

RPl-Hgr recombinant plasmids in this study carried

insertions at apparently identical locations.

In transposition experiments performed with Tn501,

mercury resistant transconjugants were obtained, though

infrequently, which displayed sensitivity to one (and only

one) of the markers of RPI (Stanisich et al. 1977; Bennett

et al. 1978). In nearly all instances, these sensitivities

were attributed to the insertion of Tn501 into the drug

resistance gene in question. Thus far, the translocation of

OCT-Hgr into RPl has not been shown to result in the

inactivation of any of the drug resistances encoded by this

plasmid. This is especially surprising since three of these

RPl-Hgr recombinants appear to carry mercury resistance

genes which have inserted at identical positions within Tnl

(Cbr). It is, however, quite possible that insertion into

Tnl occurred at a location not critical to the expression of

functional B-lactamase, since the gene encoding this enzyme

occupies less than 18% of the transposon (Heffron et al.

1979).

In this study, a restriction map of OCT-Hg is reported

(Fig. 3). When this is compared to that of Tn501 (Bennett
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et al. 1978) it is evident that these two elements appear

identical with respect to restriction sites and apparent

homology extending 2.3 Kb to the right of the left end

(Fig. 7). It may be noted that, while terminal EcoRI

restriction sites appear to define the boundary of this

element, it has not been possible, thus far, to confirm

this, definitively. Evidence suggestive of their terminal

location is derived from the 17.1 Kb size increase observed

in the RPI-Hgr recombinant plasmids along with the EcoRI

restriction fragments of the insert, which also sum to 17.1

Kb.

Hybridization studies using ColEl::Tn50l DNA to probe

OCT-Hgr revealed extensive homology between the two. This

conclusion is based on the observation that, with the

exception of the 1.6 Kb fragment, all EcoRI fragments of

OCT-Hgr hybridized to ColEl::Tn50l DNA used as a probe (Fig.

5). It is worthy to note, however, that the possibility of

non-specific hybridization of ColEl DNA with RPl-Hgr

restriction fragments could account for some of the hybrid-

ization observed, but this seems unlikely.

Of particular interest was the relationship between the

2.3 Kb EcoRI restriction fragments of these elements. In

previous studies, the merA gene of Tn501 (encoding for

mercuric reductase) was reported (Brown et al. 1983) to span

the internal EcoRI site of the transposon (Fig. 7). In

particular, the majority (60%) of the 1747 bases comprising
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Fig. 7. Physical comparison of Tn501 and OCT-Hg . The gene,

merA, of OCT-Hgr is indicated in hash marks to denote prob-
able location.
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this gene, were shown to reside on the smaller, 2.3 Kb EcoRI

fragment. With a significant portion of the merA sequence

localized to this relatively small fragment, the attempt was

made to determine if a similar DNA sequence might exist

within OCT-Hgr, and if so, what position it might occupy.

The results suggest that a sequence similar to that carried

by the 2.3 Kb fragment of Tn501, does indeed, occur on OCT-

Hgr (Fig. 6). Furthermore, this homology is confined to the

r
2.3 Kb counterpart in OCT-Hgr. By inference, it is tempting

to conclude that at least a portion of the merA of OCT-Hgr

may be located on this fragment as illustrated in Figure 7.

It is necessary to note, however, that shared homology

between the two could be due to sequences exclusive of merA,

as this gene occupies only 46% of the 2.3 Kb fragment.

In summary, a 17.1 Kb genetic element conferring

resistance to inorganic mercury, as originally derived from

the OCT catabolic plasmid, was partially characterized.

This determinant has been shown to be translocatable,

however, transposition in a recA host cell background must

be demonstrated before it may be classified as a true trans-

poson. Verification of the existence of terminal inverted

repeats, and determination of the degree of similarity with

those described for Tn501 (and Tn2l) will also help to

clarify the relationship of OCT-Hgr to these elements.

These studies are currently in progress.



45

Comparison of OCT-Hgr with Tn501 as shown in Figure 7,

indicates that, although they differ in size and overall

restriction pattern, they do share the following properties:

(i) a high degree of sequence homology, (ii) a similar

location and sequence of the putative merA gene, (iii) a

similar restriction pattern with respect to the left-most

terminus, and (iv) both are capable of translocation.
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