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Interdependence of respiratory NO reduction and nitrite reduction
revealed by mutagenesis of nirQ, a novel gene in the denitrification gene
cluster of Pseudomonas stutzeri
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An open reading frame, designated #irQ, was identified upstream of nirS, the structural gene for the respiratory nitrite reductase ol Pserdoinonas

strtzeri ZoBell, Its derived gene product (275 amino acids, M, = 30,544) shows similarity to the NirC protein family of transcriptional activators.

Deletion-replucement mutagenesis of the nirQ gene restlied in the simultaneous loss of nitrite reduction and NO reduction in vivo. However, both

reductases were still synthesized, with only nitrite reduciase being active in vitro. NO reductase was overproduced by a luctor ofabout 2. Qur resulls
indicate that the systems for nitrite reduction and NO reduction are functionally coupled.

Nilrite respiration; Cylochrome cd,; Nitric oxide reductase; Denitrification; NtrC fumily, Nucleotide sequence; Pseudomonas stut=zert; Pseudomonas
weruginosd

1. INTRODUCTION

The stoichiometric denitrification pathway estab-
lished from genetic and biochemical evidence comprises
four sequential reactions: NO;” — NO,” - NO —
N,O — N,. Nitrite reductase (cytochrome cd,, EC
1.9.3.2) is the enzyme in the sequence that in Pseuclo-
monds stutzerf forms nitric oxide (NO) as the first gase-
ous species. Mutational evidence {I], NO trapping [2],
and isotope studies {3,4] convincingly argue for NO as
the intermediate that is reduced to nitrous oxide (N,O)
by NO reductase, a cytochrome bc complex (EC
1.7.99.7) [5]. In spite of its role as an intermediate, NO
is toxic to denitrifiers and the loss of NO reductase
constitutes a conditionally lethal mutation under deni-
trifying conditions [1]. Genes for nitrite respiration (si)
and NO respiration (nor) are located in two adjacent
clusters in P. siutzeri [6). Here we characterize nirQ, a
novel gene of the #ir gene subcluster. Its deletion re-
sulted in the simultaneous loss of nitrite reduction and
NO reduction. OQur results reveal an interdependence of
both processes controlled by the nirQ gene sroduct, and
support a concept for denitrification with the reaction
sequence NO,” — NO — N,O forming a functional
unit.

Correspondence address: W. Zumft, Lehrstuhl fir Mikrobiologie,
Universitdt Karlsruhe, Kaiserstrasse 12, W-7500 Karlsruhe 1, Ger-
many. Fax: (49) (721) 608 4290.
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2. EXPERIMENTAL

2.1. Baeterial strains ancd plasmicts

The spontaneously streptomycin resistant sirain, MK21, of P.
sturzeri ZoBell (ATCC 14405) was used Lo represent wild-type traiis,
Plasmid pNIR44 was used to generate the subclones for sequencing
and for construction of plasmid pNIR1a [7]. The DNA fiagment for
mulagenesis of n/rQ was obtained from the cosmid, cDENI, which
carries the entire denitrification gene cluster of ca. 30 kb [61. The
casselle with the genlamicin resistance gene of the transposon Tn2l
family was derived from plasmid pR209CII [8]. For recombinant
DNA techniques and conjugative plasmid transfer the Esclierichia coli
strains, HB101 [2], BMH71-18 [10], und SM10 {11], were used, Clon-
ing and sequencing veclors were pBR325 [12], pSUP104 [13], pSUP203
[11], M13mpl0,11 {14], and M13mpl8 [15].

2.2, Media, antibivtics, and growtlh conditions

P. stutzerf and E, coli were grown for recombinant DNA work in
Luria-Bertani medium at 37°C, For physiological studies P. stutzerf
was groswn in 4 synthetic asparagine- and citrate-containing medium
and induced for denitrilication by O, limitation in the presence of
nitrate [16]. Antibiotics were used in the following concentrations (in
Mgmi™'): ampicillin (Ap} 50; chloramphenicol (Cm) 30; gentamicin
(Gm) 10: tetracycline (Tc) 10; kanamyein 50; and strepltomycin 200.
Cells were huarvested by cenirifugation and washed in 100 mM potas-
sium phosphate bufler, pH 7. Forin vitro assays the cells were broken
in a French pressure cell by iwo passages at 136 MPa.

2.3, DNA sequencing and Sonthern blotting

DNA was sequenced by the Sunger method with deoxyadenosine
5'-[a"S]thio-phosphale und Sequenuse 2,0. Details of recombinant
DNA work are described elsewhere [7,17]. Genomic DNA of strains
MK 21 and MK2181 was digested with EcoRI for Southern blot anal-
ysis. About 10 ug of DNA was separated on a 0.79 agarose gel, and
transferred to nylon membranes (Hybond-N, Amersham, Braunsch-
weig, Germany). The appropriale gene probes were purified from
agarose by squeezing [18), extraction wilh phenol, and ethanol precip-
itation. They were denatured and labeled with digoxigenin by Klenow
polymerase using random oligonucleotides as primers [19]. Hybridiza-
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cCCGGGGACTTCTTCTTTTTGCGACTTGGATGCTATGAGAGCGGCAATCCGAAAGCGCTT 60
~ Fnr =
GBCGGCAATCAAGAGAGCCACCGGCACCCCCCGAACQEGACGCCTEQECGCGGGCGCAAC 120
* & Er LYY '~ Fnr
ACGCCGAAACGTCTGGAATCGGCTTCGATTGGCAGGCATCCGGCGCGGGACTTGA&CGCA 180
HindIITY ®kkx% RBS
ATCAAGCTTTGCCGGCGGATGGCTTGAGGGGGCAAAGCGGGGCCGGTAGCTTGGCGAT&Q 240
Akhhn
ARATAACCAACTGCTGCCGTGAGCGTACITCGCCTGTGAATGCGATTGAANTCCCCGACTACC 300
nirc- M R Y L P V N A I E I P T T 14
GCCCEGCACGCCTCACCCCCCCTTCTACCAACCCTTGGGCAATGAAGAGCAGCTGTTCCAG 360
A G T P D A P F ¥ Q@ P L G N E E Q@ L F Q 34
CAGGCCTGGCAGCACGGCATGCCCGTGCTTATCAAGFQQCCGACQGQCTGCGGCAAGACC 420
Q A W @ H ¢ M P V L I K|l P T G ¢ G K T 54
A
CCTTTCCTACAGCACATCGCGCATCGCCTGAATCTCCCECCTCTACACCGTGCCCTGCCAT 480
R F V Q H M A HRLDNUILWPULUZY T V A ¢ H 74
CACGACCTCTCGCCCGCCGACCTGGTCGGCCGACACCTCGATCEGCGCACAGCGCACCTGG 540
D DL 8 A A DL VY 6 R HUL I G A Q G T W 94
TGGCAGGACGCCTCCCCTGACCCECCCECTCCGCGAAGGAGGCATOTGCTACCTGGACGAA 600
W @ D ¢ P L T R A V R E [ ¢ T ¢ ¥ 1. b E| 214
B
GTGCTGGAAGCACCGCAGGACACCCCCGTCGTACTGCACCCGCTCGGCCGATGATCGCCGC 660
v v E A R Q DT A V vV L H P L A D D R R 134
GAACTGTTCATCGAGCGCACCGGCGAGGCCCTCAAGHCGCCEGCCGGGCTTCATGCTGGTG 720
E L F I E R T ¢ E A L K A P P G FPM L V 154
GTGTCCTACAACCCCEGTTAGCCARAACCTGCTCAAGCGCATCAAGCCCAGCACCCGCCAG 780
vV 8 ¥ N P €6 ¥ @ N L L K 6 M K P & T R Q 174
CCCTTCCTCGCCATCCECCTTCGACTATCCCCCGACCCGCCGAGCGAAGAGCGCATCGTCGCC 840
R F vV A M R F D Y P P T A BE E E R I V A 194
HindIITI
AACGAGGCGCACGTCGATGCCGCGCTCGCCGCCCAGGTGETCARAGCTTGGCCAGGCACTC 900
N E A Q ¥ D A A L A A Q V vV K L G Q@ A L 214
COGTCGCCTGCAACAGCACCATCTCCAGCAAGTCGCCTCCACCCCCCTEGCTGATCTTCACC 960
R R L E @ H b L E E V A 8 TR L L I F T 234
GCACGCATGATCCGCTCCGGCATGACGCCGCGGCAGGCLCTGCCTGGCCTGCCTCGCCGAA 1020
A R M I R &S ¢ M TP R Q A ¢ L A C L A E 254
CCCGCTGTCCGATGATCCGCAGACCCTTCCCGCGCTGATGGATCTCCTCTATGTCCACTTC 1080
P L &8 D D P ©Q T VvV A A L M DV V ¥ V H F 274
GCCTGAACGEGTCECCCAGCCGTLCCERCCCCTOCCAGETCACCTERCGATGTSCTTTTT 1140
G end 275
CATCCTCGCCGAG 1153

Fig. 1. Nucleoiide and derived amino acid sequences of the n#/rQ gene from P. stwizeri ZoBell. RBS, putative ribosome-binding site; Fnr, polential

binding site for the transcriptional activalor of anaerobic pene expression [36); the consensus molif, TTGATNATCAA, is labeled by asterisks;

A, B, presumed nucleotide-binding motifs (37]. Polential stem-and-loop structures are underlined by opposing arrows. The first 189 nucleolides

overlap with the uirS gene previously described [25]. The #irQ sequence has been submitted to the EMBL data bank and assigned the accession
number Z17423.

tion was done at 42°C in 50% formamide [17]. Detection was with
anlidigoxigenin antibodies following the protocol of the manufacturer
{Boehringer GmbH, Mannheim, Germany).

2.4, Analytical methods
Protein concentration was measured by the procedure of Lowry.

Nitrite and NO reduction were assayed in vivo with lactale as the
electron donor. Ascorbate-reduced phcna.zine methosulfate (PMS)
was used as eleciron donor for in vitro measuremenis {5,20] The
reduction of NO or nitrite was followad by gas chromatography [21].
Nitrite reductase and NO reductase were detected in cell extracts by

immunoblotting [22]. After SD5-gel elecirophoresis [23] the proteins
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by semi-dry blotting and
clectrophoretically separated cytochrome subunits of NO reductase as
described for cytochrotie od, [20]. The immunoconjugate was detected
with_a: protein: A -horseradish peroxidase conjugate (Sigma Chemice
GmbH, Deiscohofen, Germany) and 4:chloro-1-naphthol as chromo-
gen 24}

embranc

o

reacted with polycl

3. RESULTS

3.1. Sequence of nirQ and analysis of the derived gene
product

Sequence data were obtained from NIR44, a 3.4 kb
EcoR1 fragment which carries nirQ, nirS, and about
75% of nirT. The EcoR1 restriction sites result from the
construction of the lambda gt11 expression library from
which this fragment was originally obtained [7]. The 3.4
kb EcoRI fragment, a 0.7 kb HindIII fragment, and a
1.2 kb Smal-EcoRI fragment derived thereof, were
cloned into M13 vectors and sequenced with the M13
universal primer or with sequence-derived primers.
Both directions of the 1.2 kb Smal-EcoR1 fragment
were sequenced; ambiguous regions were resolved with

| a

© 1000 2000 3000 4000 5000

Nucleotide position

Fig. 2. Codon preference plot for the sir gene subcluster from 2
stuzzeri. The window size is 25 codons. The anatvsis is shown for the
six possible phases in (a) the complementary #irQ sequence of Fig. 1
and the published #i7STBMC sequence; nirC was formerly ORFS [25];
(b) the complementary strand of the nirfSTBMC sequence and nirQ.
Opcen ban, in each pancl indicate open reading frames; those defined
as coding are identified by the corresponding gene acronyms. Swipled
bars represent the frequency of rare codons. The algorithm of [38) was
used as implemented in the HUSAR software, release 2.1 (Deutsches
Krebsforschungszentrum, Heidelberg, Genmnany).
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Fig. 3. Physical map of the nir region and strategy of deletion-replace-
ment mutagenesis for the nirQ gene. The organization of denitrifica-
tion genes of P, stutzeri wild-type (MK21) is shown by open arrows
denoting gene size and direction of transcription. The bar (Gm™} indi-
cates the gentamicin interposon which became part of plasmid
pNIRS81 (vector DNA not shown). The Hpal restriction site in
pNIR81 was lost during the construction. Plasmid pNIR1a was used
for complementation of strain MK2181. Restriction enzymes: B,
Belll; E, EcoR1; H, HindlIl' 1p. Hpal; K, Kpul. S, Smal.

dITP. A sequence of 1,153 nucleotides was established
(Fig. 1). The coding strand was identified from a codon
preference table (Fig. 2), generated from the genes nirS,
nirB {cytochrome css.), and #irM {cytochrome ¢s,,) for
which confirmatory protein sequence data are available
[25])- An open reading frame, designated nirQ (formerly
ORF38 in [6] and [25]), extends {rom position 259 to
1,086. It is divergently transcribed from #nirS. The gene
has the capacity to encode a protein of 275 amino acids
(M, = 30,544). Since the derived product has an overall
hydrophilic character and has no features of a secretory
presequence, we assume a cytoplasmic location. Specific
sequence motifs are indicated in Fig. 1. The incidence
of rare codons (Fig. 2) suggests that most nir genes may
be expressed at a comparable, moderately high level,
with nirM somewhat stronger.

3.2. Construction of the nirQ deletion mutant, MK2181

Most of the nir gene subcluster is located on an 8.6
kb EcoRI fragment which was obtained from cosmid
cDBENI [6]. This fragment was first cloned into the plas-
mid, pBR325. A 5 kb EcoRI-Hpal fragment thereof,
carrying the nirS and nirQ genes, was subcloned into the
EcoRI-EroRV restriction sites of pBR325 to yield plas-
mid pNIRS. For replacement of the nirQ gene a 0.7 kb
Hindlll fragment was deleted that begins in the pro-
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Fig. 4. Evidence for mutagenesis of MK2181 by DNA-DNA hybrid-
ization and imrunchlot analysis for nitrite reductase and NO reduc-
tase. (A) Hybridization with the 0.7 kb HindIll fragment of the #irQ
gene; (B) hybridization with the 2.6 kb HindItl gentamicin interposon.
Lane 1. mutant sirain MK2181; lane 2, parental strain MK21. Frag-
ment size is given in kb. Immunoblot analysis for (C) cytochrome cd,;
(D} the cytochrome b subunit of NO reductase. Lane 1, purified
cytochrome cd,, 0.5 pg; lanes 2 and 3, cell extracts of strain MK 21 and
mutant MK2[81, respectively (25 ug applied in C, 80 gg in D); lanc
4, purified cytochrome b, 0.5 ug. Apparent molecular mass in kDa.

moter region of #irQ and covers 76% of the translated
region (Fig. 3). Care was taken in the replacement strat-
egy to retain the two Fnr-binding motifs of the inter-
genic region, in case the one proximal to mirQQ would
also influence »irS expression.

The Hindlll fragment was replaced in pNIRS by the
2.6 kb Gmy' interposon derived from plasmid pR209CI].
This resulted in plasmid pNIRS! (Fig. 3). For transfer
to P. stutzeri and marker exchange, the 7.1 kb EcoRI-
BamHI fragment of pNIRS! (composed of the 6.9 kb
insert and a 0.2 kb EcoRV-BamHI fragment from the
vector) was subcloned into the mobilizable and non-
replicative plasmid pSUP203 to vield the replacement
vector, pSUNS1. The donor strain for conjugation was
E. coli SM10, the recipient was P. stuzzeri MK21. The
double crossover event was screened for by Gm' and
Ap'. Mutant MK2181 was chosen and phenotypically
characierized. The gene replacement was verified by
Southern analysis (Fig. 4A.B).

3.3. Properties of mutant MK2181
Cell extract of MK2181 was assayed for the presence
of nitrite reductase and NO reductase by immunoblo:-
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ting. Both reductases were found (Fig. 4C,D). NO re-
duclase was. usually mom_tored thh the ‘cytochrome b= .

cells of the mrQ mutant had lost thelr NO-redumng'
activity; nitrite reduction was weak. On anaereb:c'

arawth in the nrecencs of nitrate  tha mutant accimil-
5“’“ SAE LB MEDW y.‘a~.l- AFE REALLGISAry SARLs SAGASLEEIAT SRWALSIEESS

lated nitrite. However, nitrite reductase was active in
vitro in strain MK2181, whereas NO reductase re-
mained inactive (Table I). Nitrate reduction and N,O
reduction of mutant cells were not affected.

To complement the deleted #irQ pgene, plasmid
pNIR 1a was used [7]. This plasmid was constructed by
cloning NIR44 as the 3.4 kb EcoRI fragment into the
Cm’ gene of the mobilizable and replicative vector,
pSUP104, oriented in such a way that the transcrip-
tional direction of nirQQ and that of the resistance gene
were identical (Fig. 3). Plasmid pNIR la was introduced
by conjugation into MK 2181 and transconjugants were
plated on LB agar containing gentamicin and tetracy-
cline. Strain MK2181(pNIR1a) showed again nitrite
and NO reduction (Table I). Since expression from
pNIR 1a complemented the defect of MK2181, the mu-
tation in #irQ is not polar on a downstream-located,
putative denttrification gene.

4. DISCUSSION

Our results reveal a functional coupling between ni-
trite reduction and NO reduction mediated by the #irQ
product. The complementation of strain MK2181 with
plasmid pNIR la implies that the nirQ gene is an inde-
pendent transcriptional unit. The #irQ and #irS genes
represent an example of divergent transcriptional or-
ganization [28), the significance of which has to be ex-

Table I

Activities of nitrite reductase and NO reductase in vivo and in vitro
of wild-type and the #irQ mutant of P. stutzeri ZoBell

Strain Enzymatic activity (nmol per min per mg,
protein)
With nitrite as With NO as
substrate substrate
In vive Invitro  In vivo  In vitro

MK2i{Sm") 21 37 17 30
MK218MdnirQ}) traces 42 0 0
MK2US1(pNIR14) 11 nd* 19 nd

“nd. not determined

31
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Fig. 5. Amino acid alignment of the derived i
NifA from Klebsiella preuntoniae §40]
pv. phaseolicolz {43). Highly conserved positions are box
helix—turn-helix motifs [44]. The N-terminal parts of the p

{4s).

plored. The complex phenotype observed on deletion of
nirQ is not amenable to a straightforward interpreta-
tion. NO reductase is overproduced in MK2181, but is
inactive in vivo and in vitro. The latter obscrvation
strongly suggests regulation at the enzyme level, hith-
erto not described for any denitrification enzyme. We
have not observed a mobility shift in the mutant vs. the

312

78
295
272

199
205
68

116
337
314
241
247
111

16l
379
356
283
289
152

132
427
403
331
355
200

218
478
454
385
38l
244

246
531
493
441
413
276

275
566
524
468
4438
302

December 1992

rQ gene product with regulatory proteins of the NtrC family. XyIR from Pseudomonas putida 139),
. NurC from E. coli [41], DetD from Ritizobiumt leguminosarum [42}, and HrpS from Pseudomonas syringae

ed. well-conserved positions are marked with asterisks. HTH, region of C-terminal
roteins are not included. The sequence alignment was made by the program CLUSTAL

wild-type protein that could give an indication for pro-
tein modification. It should be noted, however, that the
electrophoretic mobility of the strongly hydrophotic
cytochrome b subunit is much higher than would corre-
spond to its mass (53,137 Da) derived from the primary
structure (C. Braun and W. G. Zumft, unpublished
data). Nitrite reduction is simultancously affected by
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nirQdeletion, but only in vivo. A functional enzyme was
yed in cell extract with ascorbate-reduoed PMS. .

protem has a lmuted sequence sumlanty 10 the NtrC
famlly of transcnptlonal activators (Fig: 5). The similar-

ity is strongest within the nuc!eonde-bmdmg regions.
Most members of this protein family belong to the two-
component systems of regulators [27]. The presence of
a potential DNA-binding metif indicates that the NirQ
protein would constitute the regulatory component.
Whether this is the case and whether a complementary
sensing component exists requires further studies.

The similarity search based on the nucleotide-binding
region also picked up the TyrR protein involved in the
regulation of aromatic amino acid biosynthesis of E.
coli[29], and the MoxR protein (M, = 36,900) necessary
for methylotrophic growth of Paracoccus denitrificans
[30]. Insertional inactivation of the moxR gene results
in the loss of methylamine dehydrogenase activity, but
the enzyme subunits and cytochrome ¢, a component
of the electron transport chain to the enzyme, are still
synthesized. MoxR is believed to directly modify a sub-
unit of methylamine dehydrogenase, or influence ex-
pressicn of genes required for the formation of an active
enzyme. The immediate target(s) on which the NirQ
protein acts need to be identified to find out whether
kanown common denominators for the systems of nitrite
and NO reduction. like protein transport or heme ¢
requirement, or other possibilities of transcriptional
regulation or post-transcriptional modification are in-
volved.

An independent line of evidence indicates that mut-
agenesis of #irS also influences NO reduction. Tn$ in-
sertions in nirS of P. fluorescens cause a low activity of
NO reduction. The '*O exchange pattern is drastically
altered in these mutants [31). While #irS mutants of P,
stutzeri are not markedly affected in their NQ-reducing
activity [20], the amount of NO reductase is substan-
tially reduced (H. Kdrner, personal communication).
This raises the possibility that nitrite reduction and NO
reduction interact at several leveis. A tight cellular con-
trol of the two processes would prevent accumulation
of the toxic denitrification intermediate, NQ. The
steady-state concentration of free NO during denitrifi-
cation of P. stutzeri ZoBell has been estimated at about
30 nM. In other denitrifying bacteria it can be as low
as | nM [32].

Within the intergenic, non-coding region of #irQ and
nrirS two Frr-binding motifs arc tentatively assigned to
their vicinal genes. Cytochrome ed, is synthesized an-
aerobically. The presence of two Fnr consensus motifs
suggests that the far genc is involved both in the regula-
tion of nirS and nirQ [33). The NirQ protein would thus
be synthesized only under denitrifying conditions. Two
Far-binding motifs have also been found in strain
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JM300 of P. srutzeri upstream of nirS [34]. Very likely

sequence. translated from anucleotide fragment (O
reported in. [35] for P. aeruginosa ‘indicates a gene 0-
mologous to nirQ.

17 TPDA-PFYQPLGNEEQLFQQAWQHGMPVLIKG
oyl Ptz AR RERRN AR
1 MRDATPFYEATGHEMQVFERAWRHGLPVLLKG

This gene is also divergently transcribed from nirS
{ = denA). An anaerobically induced promoter activity
was found in the transcriptional direction of #irQ [35].
The presently available sequence data (with the reserva-
tion that they still lack overlap at an EcoRI site) appear
to indicate for P. aeruginosa only one Fnr motif in the
intergenic region of »irS and nirQ.

Acknowledgements: We are grateful to H. Cuypers for helpful advice,
and to H. K&rner for the data bank scarch. D. Erhard and B. Wohlfan
provided skillful technical assistance, We thank P. Majer and A.
Dreusch for photographic and computer artwork. The work was sup-
ported by the Deutsche Forschungsgemeinschaft and Fonds der
Chemischen Industrie.

REFERENCES

[t] Braun, C. and Zumfit, W.G. (1991) J. Biol. Chem. 266,
22788.

[2] Goretski. J. and Hollocher, T.C. (1988) J. Biol. Chem. 263, 2316
2323,

(3] Firestone. M.K.. Firestone, R.B. and Ticdje. J.M. (1979} Bio-
chem. Biophys. Res. Commun. 91, 10-16.

4] Goretski. ). and Hollocher, T.C. (1990} J. Biol. Chem. 265. 889-
895,

[5] Heiss, B.. Frunzke, K. and Zumft, W.G. (1989) J. Bacteriol. 171,
3288-3297.

{6] Braun, C. and Zumft, W.G_(1992) ). Bacteriol. 174, 2394-2397,

[7] Jungst, A_, Braun, C. and Zumft, W.G. (1991) Mol. Gen. Genet.
225, 241-248,

{81 Wohlicben, W., Amold, W., Bissonnectte, L., Pelicticr, A., Tan-
guay, A., Roy, P.H., Gamboa, G.C.. Barry. G.F., Aubert, E..
Davics, 1. and Kagan, S.A. (19839} Mol. Gen. Genet. 217, 202-
208.

[9] Bover., H.W. and Roulland-Dussoix, D. (1969) J. Mol. Biol. 41,
459-472.

[10] Messing. J., Gronenborn, B., Miiller-Hill, B. and Hofschneider,
P.H. (1977) Proc. Natl. Acad. Sci. USA 74. 3642-3646.

[t1] Simon, R.. Pricfer. U. and Pithler, A. (1983) Bio/Technology 1.
784-791,

[12) Bolivar, F. (1978) Gene 4, 121-136.

[13] Pricfer, U.B.. Simon, R. and Pihler A. (1985) J. Bacicriol. 163,
324-330.

{14] Messing. i. (1983) Methods Enzymol. 101, 20-78.

[15] Yanisch-Perron. C.. Vicira. J. and Messing, J. (1985) Gene 33,
103-119.

[16] Coyle. C.L.. Zumit. W.G., Kroneck. P.M.H.. Kamer. H. and
Jakob, W, (1985) Eur. J. Biochem. 153, 459-467.

[17] Maniatis, T.. Fritsch, E.F. and Sambrook. 1. (1982) Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Labora-
tory. Cold Spring Harbor. NY.

{18} Heery. D.M.. Gannon, F. and Powell. R. (1990; Trends Genet.
6. 173.

22785~

33

a7

32



Volume 314, number 3

[19] Feinberg, A.P. and Vogelstein, B. (1983) Anal. Biochem. 132,
6-13.

[20] Zumft, W.G., Dohler, K., Kbrner, H,, Lochelt, S., Viebrock, A.
and Frunzke, K. (1988) Arch. Microbiol. 149, 492-498,

[21] Frunzke, K. and Zumft, W.G. (1984) J. Chromatogr. 299, 477-
483,

[22] Towbin, H., Staehelin, T. and Gordon, J. (1979) Proc. Natl.
Acad. Sci. USA 76, 4350-4354,

[23] Laemmli, U.K. (1970) Nature 227, 680-685.

[24] Nakane, P.K. (1968) J. Histochem. Cylochem. 16, 557-560.

[25] Jungst, A., Wakabayashi, S., Matsubara, H. and Zumft, W.G.
(1991) FEBS Lett, 279, 205-209.

[26) Pearson, W.J. and D.J. Lipman (1988) Proc. Natl, Acad. Sci.
USA 85, 2444-2448,

[27] Gross, R., Aricd, B. and Rappuoli, R. (1989) Mol. Microbiol. 11,
1661-1667.

[28] Beck, C.F. and Warren, R.A.J. (1988) Microbiol. Rev. 52, 318-
326.

[29) Cornish, E.C., Argyropoulos, Y.P., Pittard, J. and Davidson,
B.E. (1986) J. Biol, Chem. 261, 403-410,

[30] Van Spanning, R.J.M., Wansell, C.W., De Boer, T., Hazelaar,
M.J., Anazawa, H., Harms, N., Oltman, L.F. and Stouthamer,
AH. (1991) J. Bacteriol. 173, 6948-6961.

[31] Ye, RW,, Arunakumari, A., Averill, B.A. and Tiedje, J.M.
(1992) 1. Bacteriol. 174, 2560-2564.

132]) Goretski, J., Zafiriou, O.C. and Hollocher, T.C. (1990) J. Biol.
Chem. 264, 11535-11538,

[33]) Cuypers, H. and Zumft, W.G, (1992) in: Pseudomonas, Molecular

314

FEBS LETTERS

December 1992

Biology and Biotechnology (Galli, E., Silver, S. and Witholi, B.
eds.) pp. 188-197, American Society for Microbiology, Washing-
ton, DC.

[34] Smith, G.B. and Tiedje, J.M. (1992) Appl. Environ. Microbiol.
58, 376-384,

[35] Arai, H., Igarashi, Y. and Kodama, T. (1991) FEBS Lett. 280,
351-353,

[36] Green, J., Trageser, M., Six, 8., Unden, G. and Guest, J.R. (1991])
Proc. R. Soc. Lond. B 244, 137-144,

{37] Walker, J.E,, Saraste, M., Runswick, M.}. and Gay, N.J. (1982)
EMBO J, 1, 945-951.

[38] Gribskov, M., Devereux, J. and Burgess, R.R. (1984) Nucleic
Acids Res. 12, 539-549,

[39] Inouye, 8., Nakazawa, A. and Nakazawa, T. (1988) Gene &6,
301-306.

[40] Arnold, W., Rump, A., Klipp, W., Priefer, U.B. and Ptihler, A,
(1988) J. Mol. Biol. 203, 715-738.

[41] Miranda-Rios, J., Sanchez-Pescador, R., Urdeu, M. and Covar-
rubias, A.A. (1987) Nucleic Acids Res. 15, 2757-2770.

[42] Ronson, C.W., Astwood, P.M,, Nixen, P.M, and Ausubel, F.M.
(1987) Nucleic Acids Res. 15, 7921-7934,

[43] Grimm, C. and Panopoulos, N.J. (1989) J. Bacteriol. 171, 5031
5038.

[44] Pabo, C.O. dand Sauer, R.T. (1984) Annu. Rev. Biochem. 53,
293-321.

{45] Higgins, D.G. and Sharp, P.M. (1989) Comp. Appl. Biol. Sci. 5,
151-153.



