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For the enviconmental manizoring of genotoxee elfects of chamicals, a new test system was developed
using immunochemical detection of a cell surface reporter protein of Escherichia coll. A umu-thud
operon fusian was construcled on plasmid pST12, which is Inducible viz the SOE system by the
mulagenic agent maethyl-mathane-sultonate (MMS). The expression of the auler membrane pratein
Fhua asareporter was dateciable on the gall surtace with-a monocional anti-Fhuf antibody, Enzyme-
linked immunaosorbent assay tests and immunoflyorescence microscopy revealed thal the operon
fusion of PST12 led Lo specific and strong induction of the reportar protein Fhud after genotoxic

treatment with MMS. € 18984 Jokn Wiley & Sans. fnc

INTRODUCTION

Environmental pollution and the increased oceourrence
of genotoxic chemicals in soil and witer 15 a perlinem
fact. To monitor mutagenic polentials in the environ:
ment, different tesl svstems have been developed,
some of which meusure genotoxie potentials by the
activation of the 8OS svstem of bacteria (Kwan er al.,

* Vo whem correspendence shonld be addressed

1990, Chnllardet and Hofoung, 1985). The genetically
complex SO8 regulatory system of hacteriy is induced
by DNA damage, probably by single-stranded DNA.
viin RecA-mediated cleavage of LexA, This inducing
cascade iniliates the expression of af least 16 penes
wvolved i DNA repar, mutagenesis, and other SOS
functions (for reviews, see Lilthe and Mount, 1982,
Walker. 19841, 505-dependent test svstems detecr ge-
notoxic potental by measunng the mdoction of re-
pisrter genes Tused 1w SOS-regulaled genes such ns
amneC o sul AL Thesetests are able todetect mutagenic
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TABLE |I. List of plasmids

Plasmid Charpoteristics Source or Reference
0| S A, bl 6.3 kh Carmel and Coulton
(1991}
pSKI002  umuCilacd, bla, Shinaguwn et al.
I15kh L1983}
PSTOY Jhud, linker inserted,  This study
B, 5.8 kb
pSTI2 4.5 kb wnu fragment. This study
Before MinA, bla,
10.3 kh
pST200~ 1.1 Kb wmu (Tagment  This study
pST224  Before fhuA, bla,

6.9 kb

effects in agqueous solution, Therefore sediment ar soil
samples have to be extracied or suspended in waler
CERowin mnd Dutka, 19921 This implics that the bioavuil-
ability of genoloxins could be dramatically altered be-
fore the test. The true mutagenic effects of chemicals
in undisturbed soil or sediment are not yvet possible 1o
detect, It is therefore of basic ccotoxicological impor-
tince Lo measure in situ the effects of genotoxing m
soils or sediments (Al el al,, 1993).

Using immunostaining technigues, it is possible to
identify single bacteria in soil when antibodies against
cell surface structures nre used (Asanuma et al., 1985),
We adapted the approach of an in situ 1est svstem by
combining sensitivity of the 508 induction of the umn
aperon with o well-chiractenized reporter protein that
is exposed on the cell surface of a indicator bacterium,
ldentification by immunological techniques permits
highly sensitive, specific, and nondesiructive measure-
ment! of the SOS induction level. We chose The ler-
richrome-iron receptor of Escherichia coli (Fhud pro-
teind, which is detectuble on the bacterial cell surfiice
by the moneclonal antibody Fhu. 1, The FhuA profein
is part of the high-affinity lerrichrome uptake syslem
i EC eoli and is normally induced under iron limited
conditions (Braun, 1985; Carmel and Coulton, 1991),

In this drticle we report the construction of wne-
e aperon fusions and the identification of genstoxic
cffects of methyl-methanc—sulfonate IMMS by immu-
noreactivity of the SOS-induced outer membrane re-
porter protein FhuA.

MATERIALS AND METHODS

All tests were performed using E, colf IME3 (Viera and
Messing, [982). The plasmids are listed in Table |
Buacteria were grown in LB broth or on LB agar {Sam-
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Fig. 1. Time course of induction of the umuC-fac? fusion
with MMS. Symbols: {{J) negative control; (@) 30 ppm
MMS, (V) 7 ppm MMS; (V) 170 ppm MMSE:; (L) 670
ppm MMS.

brook et al., 1989), Ampicillin (100 pg/mL) was added
to the media 1o maintain the selective pressure for
the plasmids.

DNA isolation, digestion with endonucleases, liga-
tion, and transformation were done as described {Sam-
brook et al.. 1989). The linker was synthesized on a
Pharmuacia Gene Assembler, Pharmacia, Germany,

Induction of the wmuyC-lacZ fusion wis by wdding

TABLE Il, Immunelogical reaction of whole cells of
E. coli with the monoclonal antibody Fhu3.1 under
ditferent conditions in the ELISA test"

Cells

E. coll IMR3

E. coli IME3, grown unider .
iron starvalion condi-
oS

E. ooliy pGOn1

£, caolf, pGCOI1, grown -
dier tron slurvation con-
ditions

Reaction with the antibody

P
+-++

* Iron stervation of the cells was achieved by growing E.
coli Tor wwo days in LB meditm that contnined 40 M
EDDHA. Reaction of the annbody was tested i tnplicate
by ELISA against whole cells as described m Materinl and
Methods, Symbals! mipus. no reaction; plus: weak reaction;
four plus signs; sirong reaction of the sntibody,



MMS wt different concentrations to logurithmically
growing cultures. Cell density was measured turbidi-
metrically ot 600 am. The G-galoctosidase activily wis
tested as deseribed by Quillarder and Holnung { 1983).
Enzymatc units were calculated according to Miller
(1972).

hie enzyme-linked immunosorbent assay (ELISA)
was performed with the znubedy Fhul. b and the per-
pxidase system, aveording 1o Schloter e al. (1992),
with the following modification; the ELISA plates were
coated with the bacterial suspension [ophical density
(436) = 0.9] using polylysine for couting of the plates
iHartow and Lane, 1989, Fhud.l is 4 mouse mono:
clonal antbody (sotype 1gG20) raised against FhoA
that was purified fram the outer membrane of £ coli
K=12. The specificity of Fhu3.| was cconfirmed by
(i) BLISA aeainst total outer membrane protems: and
i) immumoprecipitation of FhuA from radiolabeled
cell extrncts (data not shown b Fhud. | s also reactive
in flow cvtomelry agunst inluct cells overexpressing
FhuA, mdicating that its epitope on Fhud s cell-sur
face exposed. For the immunological detection of the
bactery, the monoclonal anubody Fhod. ! and o flue-
rescem-coupled  secondury  antibody  were  used
iSchloteret al,, 19931 Phuse contrast and immunofiuo-
rescence mucroscapy were performed using o Aeiss
Axioplan epifluorescence microseope; the exeitation
wavelength wis 485 nn snd the emission wavelength
was 335 .

RESULTS

Induction of the umu Operon

To establish & molecular test system, it is necessary
1o know the time ¢ourse and the induction level of the
relevant operon. The induction of the amu operon wits
measured with a fusion of wpmC to lac/ on plasmid
pSKIOO2 (Fig. 1) Thiny minutes after addition of
MMSE, im increase of f-galnclosidase wis: evidenl:
maximum induction was achieved ut 130180 min.

Different concentrations of the mutagen yielded dif-
ferent induction levels, indicating that the |evel of in-
duction is . dependent on the amount of DNA damage
to the cells. A maximum inducing value of 6 was Calen
lated s the relative increase of Fegalactosudnse activiry
#s compared to the noninduced control. Between |50
and 180 min the specific g-galactosidase activity de-
creased, while cell growth continued until 300 min (not
shown). The induction ended about 180 min. There-
fore. the measurement of i specific indection of the
e genes by MMS a5 possible under the conditions
used.
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Fig. 2. Canstruction of the umy-fhuA operon fusions
Starting from plasmid pGCOT, a linker was inserted in
the EcoRl/Sfu| inearzed plasmid yielding pST01. In the
cloning sites of this finker 2 4.2 kb Eco Rl Hindlil fragment
ol pSK1002 cantaining the trenscriptional regulalion sig-
nals of the umu operan and parls of the coding region
of umuC were insered.
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TABLE Ill. Specificity of induction of FhuA under $0S-inducing conditions

in E. coli/p8T12*

Cells

E. coli IMB3 Mo
E. colt JMBY (nega-  Yes
tivie contrnly

E.coli IME3/pGCO1 No
tpositive contral)

£ poll IMEYPpSTIZ Ne
Eoveli IMBIpSTIZ Yes

SO8 induced

ELISA

Immumofinorescence
#AEE ¥4 F 4
SO N o e e o

* The induction with MMS wis in duplicate 2= desgribed in Resulis, Reaction ol the untibody
Fhu 3.1 was mensired wilh Ruorochrome (Le., Nuoreszeing coupled secondiry uptibody und
followed by epiluorescene micrascopy, ELISA using o peroxulane-coupled secondary anti-
body were performed. Symibols: minus: no reaction; four plus siges: strong reaction of the an-

tilndy

Expression Levels of the Reporter
Protein FhuA

The reparter protein alan in sitw fest mst be detectable
serologically at the cell surface of an imdicator bacte-
riums. The expression of the reporter profein should be
highly specific vnder the particular inducing condi-
tinns,

The renctivity of the monoclonal antibody Fhu 3.1
against FhuA on whole cells of E, cofi was tested using
ELISA (Table ). The wild-type strain JME3 did not
react with the antibody . Induction of wild-type Fhud
under iron-starvistion conditions duddition of 40 M
EDDHA) vielded cells that reacted weakly with the
monoclynal anbbody. Ingontrast, the el copy tpm-
ber plasmisd pGCOL, contiining the MuA mene cloned
mio the pRR3I22 replicon, fed 1o a constitutive and
strong induction of the outer membrane protein wnd, W
high sigmals in the serological test. Inhibition of growih
ol the kactens comaining pGCOT was not detected (not
shown), indicating thit strong expression ol the re-
porter protein did not have adverse effects on normal
cell mentbihism. We therefore chose to use the kA
gene on the multicopy plasmid pGCOT s the desired
serologically detectable reporter function,

Construction of umu-fhuA Operon Fusions

Thee strategy [or construction of an wreflinA operon
fision had to consider that an outer membrime protein,
alteved through o pene fusion st (he smino-terminiis,
would oot be localized properly at the gell surface
(Shicr erul., 19893, To avoeid the lormation ol protein
fusions. a linker was constructed that contmned stop
codons in#ll three reading frames behind the cloning
sites FroRL fedL and HiadIL This linker was in-
serted mto the EcoRI-Sf | linearized pGCOL yielding

pST (Fige 23 A 4.5 Kilobose (Kb] EeoRLHndl
Fragment wits derived from pSK 002, which continns
the promoter and panl of the coding region of wnnC,
wats inserted into the eloning sites af pSTOL yielding
plasmid pST| L

Escherichia eoli, \vansformed with plasmid pSTI12,
wits tested for #y ability to induce fha A specifically
under the control of the SOS svstem, To obtan goad
induction in 1 W, 300 ppm: MMS was used o ligud
culture. The appearance of the FhuA reporter proten
wais demonstrated by immunolliorescence lnbeling us-
ing 4 fluorescem-liheled secondary antibody {Table
). Cells comtaining pGCOT, which express FhuA con-
stitutively., reacted very strongly with the monoelonal
antiboady, but showed no flamentition, In the presence
ol MMS, pSTIZcontiining  hucteria showed both
strong fluorescende and filimentation (Fig, 31, The lut-
ter is i well-known phenamenom of SOS-induced cells
(Little and Mount, 1982). Escherichia cali JMBY did
notexpress FhoA with of withont SO8 indoetionunde
iroan-sufficient conditions. This showed that specific in-
duction with the genotoxin MMS was achieved by
pSTI2 o wddition, the specific induction of the timei-

ShueA fusion by MMS was confirmed by ELISA (Tuble

11y, showing the sume patterns of response us the -
munofluorescence micruscopy

DISCUSSION

The effects of zénotoxins in undisturbed soil or sedi-
ments are difficolt to measure bul are of great ecoloxi-
cological importance (AhIF, 1993), A test with a new
¢liass of reporter protein: such as a cell-surface exposed
protedn tit e be detected misitu with immunological
techniques, s required. Such in situ detection tech-
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(k)

Fig. 3. Phase contrast and immunolluarescence microscopy al S0S-induced £ coll/pST12 aftar staining with Nugres-
cein coupled secandard aptibody. (a) The cell shape of all cells showed filamantation. s phenomenogm of SOS-induce:d
bacteria: (D) By flusrescence microscopy, &l cells could be detactad
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niques are wlready used for the identification and logal-
izution of some specific bactera in their natural hubitats
(Asamumu et al., 1985, Schloter et al.;, 19933

We chose the fervichrome-iron: receptor FhuA as
reparter protein i g senoloic test systens thot s based
or the indoction of the amr operon, Vhe induction of
the s operon wus dependent on genotoxins such as
MMS and the level of induetion correlited with sensi-
uive detection hy the enzymatic g-galactosulose ussay
The detection of Fhua protein on the cell surface was
possible with the monoclonal antibody Fhui L. Fhu
3.1 stnining of negative contrdls was compantble to
hackeground levels of stuining. These experiments
showed thal the inducing properties of the wmw operon
andd the surfice accessibility of FhuA s reporter pro-
et gre sultable for the desired ecotoxicological test
syslen,

Simee changes.in 1he amino-terminal amino agid se
guence of 4 membrane protein were predicted 1o pre-
vent the loealizution of this prolein to the outer meni-
o, o strategy 1o avoid protein fussions of Fhud
was employved, A linker inserted in front of the facA
pene contained stop codons inall three reading frames
to terminate transtation from the wmaC ribosome hind-
ing site. Synthesis of the reporter protein could there-
fore unly mitide from the ordgmal aA translation
start, This ensured that expression of hybrid proteins,
which mighl have perturbed the expression level of the
reporter protein FhuA, did not occur, Furthermuore.,
the linker contaned cloning sites that fecilitated the
insertion of fragments of pSKI002 with the regulation
signals of the e operon upstream of fhuA.

Escheriehia collipSTI2 was tested for specific
induction of FhuA when subjected 1o genoloxic Treat-
ment. Both ELISA and immunofluoresvence micros:
copy showed specific and strong induction under SOS-
inducing  conditions.  Furthermore, immunofluores-
vence microscopy vevedled o good conelition of the
Mamentation phenolype of SOS-nduced cells with
FhuA production when plusmid pST12 wus presented
in the eells. Nonspecitic reactions of the antibody or
background signals were nol ebserved, In the ELISA
test, which 1s more sensitive, uninduced E. coli/pSTI2
cells reacted like nontransformed E. coll IM 83 cells.
In the immunofluorescence assay, a method that is
used for insitu esperiments, only nonfluorescent bacte-
Fin were detectable withoutl mulagene stiess, hese
experiments demonstrated thist the construdtion of the
nmite-fle A fusion was successiil and the v A genz in
thie smi=fMa A fusion of pSTI2 wus specifically and
strongly induced spon the addition of & mutiagen such
as MMS.

For o tre i siig jest system of sails and sediments,
it 5 not possible to use bacteria such as £ colf thal
are not members of the natural microhial community,

To greate a successtul in st lest means thiat the hoy
for the test has 1o be o bueteriom that can stably inte-
grate into the soil mijcrobinl community, Therelore,
test bactenia isolated from soil huve Lo be chosen for
I'u[uru EKP'L‘HIH\I:IH!'\. Ihis could 1'!{,: u Psepdlommonins
stratn o another gram-negative hactervns. To avoid
stramnsspecific reactions, different strains 1s hosts for
the testsystem need 1o be used, The wmu-tha A operon
fuston is o prevégquisite for the development ol o new
glass of in s ecotoxicologicil test systen.

We greatly apprecmte the kind gift of plasmud pSK1002
by Hiroshi Twastki (hpand This rescarch was suppored m
part by Girant QGPOOOTISG from the Nalurml Scepces und
Engincering Rosearch Connetl, Cunidy,
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