Volume 279; number 2, 208~209

dﬂC’NJS 001459 eI 292

FEBS 09406
1990 Federminn ol Buropeas Blmhemleal Sovietle HN4ETOL91 233,50

February 1991

The nirSTBM regton codmg for cytochrome cd dependent nitrite
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Genes for respiritary nitrite reduclwn denitrifiention) of Prewttomunus sharzeri uee clumred wnlnn 7 kbp. A 4.&kbp Himd UT-Kpn | feagment

“cureying #irS, the siructural gene For evlothrome ed,, was sequeneed. Ap open reading frame immedinicly downstream of nir$ codes fora 22.4-kDu -

protein with four heme e-binding mulifs. Mutigenesis af thic gene causes nn apparent defeel in electron donativn o eytechrome et Following

this ORF ar¢ the siructural gencs I’areyluuhrome ey Cytochrome ¢y, und ORFS thur ¢odes fara 1. -k Dy menoheme prolein. MI cylochromcs
: have a mnul sequence far protein export.

Nnrtte mlpnmuan Cylm:hmme ey Cytochreme egy1: Cytochrome o,y Tetruheme protein: Slgnal pepudc. Pwudamum:.r.wm.rri

1. INTRODUCTION

Pseudomonas. snuzeri (1] and  Pseudamonas
-aeruginosa [2] synthesize cytachrome ¢4, as respiratory
nitrite reductasc (ferrocytochrome cssiioxygen ox-
idoreductase; EC 1.9.3.2) for their denitrification

system {3,4). The structural gene, nirS, for cytochrome

cd, of P. stutzeri is vicinal to genes for nitrous axide

respiration, which are part of the overall denitrification

process (5], The primary structure of AiS from P
aeruginosa was recently elugidated [6]. Contiguous to
"nirS is the gene coding for cytochrome css, [7,8], the in
vitro electron donor for cytochrome cd; (in certain
systems interchangeable with azurin). Heére we report
" the substantially extended nucleotide sequence of the

nirS region from P. sturzeri with the primary structure -

of five heme proteins and their respective precursor

forms, and establish a gene order different frorn that of

P. aerugmosa '

2. MATERIALS AND METHODS

~ The nirS region of P. stutzeri strain ZoBell (formeriy P. perfec-
tomaring ATCC 14405) was cloned froim a lambda gl expression

library [5]. Genera:iqn of subclones from cosmids, DNA sequencing,
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Unwersltﬂl Karlsruhe, lxmserstr 12, D:7500 Karlsruhe i, Gcrmuny

Abbreviatiohs: ORF(s), open reading frame(s). PAGE,
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and ather detalis of recombinant DNA work are déscribed elsewhere
[5.,9,10). Cytochrome ed,, eylochrome css; and éytochronuc €15y Were
purified from cunerobically, nitrate-grown cells [4), The conditions of -
iso.dalt elccuophoresis were as in [11]. Iron was delermined by
atomic absorption spectroscopy. Molecular masses were estimated by

gél filtration, by porc-gradient ¢lectrophoresis and by SDS-PAGE,
- Manual and awtomated Edman degradations were used to determing

the N-terminal sequences of Cmecytochrome ¢d) and pepticdes [12].

3. RESULTS

3.1, Gene map, sequencing srraregy, open readmg

frames
Fig. 1 shows the restncuon map . of the 4.6- kbp
Hind i11-Kpn 1 fragment and the sequencing strategy.
Both directions were sequenced by the dideoxy-chain
termination method ; GC-rich regions were verified with -

. dITP. The sequenced DNA region revealed five ORFs

in the same transcriptional direction (Fig. 1), which

- showed a codon preference typical of Pseudomonas

genes. Three ORFs could be ‘assigned to known
cytochromes.

3.2, Sequence of the nirS regi‘oh
The nucleotide sequence and the derived gene pro-

‘ducts of the nirSTBM region are shown in Fig. 2. The

first ORF codes for the structural gene of cytochrome.
ed1. The nir§ gene product carries a presequence of 26
amino acids, 14 of which are positionally identical 16
those of the P. aeruginosa nitrite reductase, Overall, the

- two proteins have 36.4% identity and 13.6% conser-
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vative rep[acemema when alisned by the algorithm of
[13]. Fig. 3A shows an alignment of (he N<terminal

regions which have the greatest divergence due to inser- -

~tions adjacent o the heme c¢-binding site without
~equivalent in the other protein; the binding site itself,
- however, is highly conserved, OF 14 histidine residues in
cytochrome «dy 11 are invariant. Histidine (besides
methionine) coordinates heme ¢ and is a likely ean:
didate also for the axial ligand of the @ heme. His-167
resides within the most conserved neighbourhood;

other conserved regions are around the histidine:

residues 261, 311, 353, and 362,
_ The nirs gene is foliowed by ORF2, assigned to the
- nirT gene whose mutagenesis leads to a Nir™ phenotype
(4]. ' [ts derived gene product carries four heme ¢-
binding motifs. These motifs show an apparent pair-
wise arrangement (Fig. 2), yet there is no conspicuous
sequence similarity between the N-terminal and C-
terminat domains. A s¢reening of the MIPSX data bank

(Martinsried ' [nstitute for Protein Sequence Data,

release 17) by the FASTA program (14} did not reveal
significant maiches with other multiheme cytochromes
including that of the photosynthetic reaction center. [n

all four motifs the cysteines are spaced by two residucs

and not by four as found in the ¢3-type cytachromes of
the sulfate-reducing bacteria [15]. The motif starting
with Cys-88 is unusual in having a proline residue [16].

No heme-binding motif with proline was found in the
cytochrome ‘entries of the SWISS-PROT Protein Se-

- quence Databank (release 15), A c-type cytochrome
with four heme groups within asingle polypeptide chain
has not been identified so far in any pseudomonad. The
nirT product has a presumed [eader sequence with a
predicted cleavage site at Gly-28 {171 and a

'hydrophobic, potential membrane anchor of 17 antino
acids directly following the N-terminus.

Immediately downstream of #irT the structural gene
for the diheme cytochrome css2, termed nirB, was
found (Fig. 2). A comparison of the N-terminus of the
purified protein [18] and the nirB gene product revealed
a preseguence of 23 amino acids (Table I). One of the
two heme-binding sites of cytochrome ¢ss2 is unusual
with tryptophan as a third residue spacing the thioether-
forming cysteines, The derived aminu acid sequence

confirms this unique heme-binding motif of the

cytochrome family and extends the C-.terminus 21
residues beyond the previously reported, incamplete se-
quence of this protein [18]. The two uncertain amino

acids Ser-245 and Asn-247 of that sequence were iden-

tified as arginine and histidine; for Asp-36 and Asn-206
the derived NirB sequence indicates alanine and aspar-
tate, respectively.

The fourth ORF in rbw ass1gned to mrM codes for .

cytochrome ¢ss5;. The amino acid sequence of this
cytochrome from P. sturzer! strain 221 [19] shows 11

- replacements (5 of which are of conservative nature).

versus the strain ZoBell used in this work (Fig. 2).
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FEBS LETTERS

Febiruary iBN

Cymchrume cm carries a signal peptide of 22 amino
acicds (Table ). The nirM gene is immediately follewed
by ORFS. Thix QRF iy tikely to eode for & further
monaheme e-type eytochrome, [1s derived gene praduct
is & hydrophilic protein with a eanonical heme-binding
motifl and a predicted export tignal sequence.

313, Propemes of deri ved gene produc!s
Propernes of the derived gene products. are sum-
marized in Table [, The molecular mass of cytochrome

~edy determined from iron analysis, $DS- PAGE, non-

denaturing pore-gradient PAGE, and gel filtration,

- gave values of 35.3, 61.2, 135, and 119 kDa, respective-

ly. Like the cytochrome cdy from other denitrifying

-bacteria the P, stuszeri protein is in solution a dimer,

carrying pairs of heme c and dy groups. Its experimens
tally determined isoelectric point is 6.5 £ 0,25 (n = 3).

Cytochrome cd, (see also (20}), cytochrome css) and
. eytochrome ¢ssz were localized in the periplasm by two- .

dimensional electrophoretic analysis of this compari-
ment, Purified cytochrome ¢, and eytochrome cua;
separatcd in isoelectric focusing into several ‘charge
isomers. Their positions were identified on the gels by
comparison with the purificd components, and for
cytochrome ¢d| alsa by immunoblotting (C.. Siegel, B,
Goos and W.G. Zumfi, unpublished). In agresment
with the periplasmic location of the three cytochromes
is the presence of signal peptides (Table I1). Mature
cytochrome ¢s52 has a calculated A4, of 29 413 Da in-

cluding the two heme groups. A value of 25 800 Da was

determined from sedimentation equilibrium {21}, The
same method indicated 7660 Da for cytochrome css
[22] versus 9180 Da from the composition, ‘ ‘

HSBK K 5a8 Hp K Sa B88a K

| | | 1 { 14 - |
. 820 >(22e)[ 30a --
S T B M onFs

(cdyd) ‘ (Cas2) (C55|) :
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0 1 2 3 4 kbp

Fig, 1. Gene map, open reading frames, and sequaricing strategy of
the nirS region from P. stuizeri. Open arrows show the location and
direction of transcription of the genes for #irS (cytochrome cd,), nirT
(tetrahame protein), nirB (sytochrome cssa2), AlrM (cytochrome csz)),.

- and ORFS (monoheme protein), Numbers indicate molecular masses
" of the precursor forms, Small arrows show the sequenced part of

subclones. Atrows beginning with'a dot identify clones sequenced
with synthetic, others with M13 universal primers; filled-in ar-
rowheads denote clones sequenced also with dITP, Physically map-
ped restriction sites are B, Bgl 1L; H, Mind 111; Hp, Hpal K, Kpnl,

‘ . 8, Smal and Sa, Sall, .
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Fig, 2. Nuclectide and derived amino acid szquence of the nirSTBM genes and ORFS of P. stutzeri ZoBe]l Potentlal ribosome-binding sites (SD)

are overlined. 8top codons are termed end, Inverted repeals are shown by opposing arrows. Underlined amino acids of the nirS product were deter- .

‘mined by peptide sequencing. Asterisks denote identical, dots similar residues In comparlson with the NirS.protein from P. aeruginosa (61 gaps

for alignment are not shown. The triangle at nucleotide position 2474 of nirT indicates the Tn$ insetiion site of mutant MK201, which was deter-

mined by sequencing. The amino acids which differ iu cytochrome ¢ss from P. stutzeri strain 22) [19] are shown as subscripts in the nirM sequence.

Boxed residues indicate heme c-binding motif's. The N-terminal amino acid of a processed protein is cir¢led. The nucleotide sequence data will ap-
pear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under secéssion no. X56813.
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Fig.. 3 Alismnenl of the N«erminal domains of (A} c.ym:hfame ey

“and {B) ORF4 from P. sruczeri (PSEST) and P, aeruginosu (PSEAE),
tdentleat amino acids are shawn by colony, canyervalive replacements

by dots; heme c-binding sites and N-1ermini are printed in bold-face.

Negative numbers label the signal sequence, Data for P, seruginosa
cylachrome ¢/, and ORFS are from ref. 6 and 8, rcspcelivclly.

4. DISCUSSION

The genes for nitrite respivation, air, and the nos
genes required for nitrous- oxide respiration of P,
stutzeri are closely linked, Of the former genes, nirD
" (presumably involved in hemie ¢ synthesis or process-
ing) and nirS have been previously identified. The two
genes are separated by about 4 kbp [5]. Sequencing the

nirS region towards nirD has revealed five ORFs allt
coding for heme proteins. The gene order of P, stutzeri

with respect to cytochrome ¢d) and cytochrome ¢ss) (cf‘
Fig. ) is unexpectedly different from that found in P.
" aeruginosa, given the systematic relation between these
- bacterial species as members . of the tight rRNA
homology group [. The nirS gene of P, aerug;inosa is
follewed by nmirM [7,8] and ORFS. Arai ¢t al. [8]
reported 232 nontranslated nucleotides beyond the 3°-
end of nirM. We found that this sequence harbors an
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ORF that gverlaps four nucleotides witly the preceding
nirM gene. A patential ribosome-binding sire is located
= [2 nucleotides upstiream af the pututive stapt codon,
Translation of this region revealed that it corresponds
10 the ORFS gene produet of £, srmzerl‘ xhcwing 62.8%

‘ tdennty (Fig. 3B);

In P. stiizeri the genes mr.S‘ and nirAf-ORFS are

" separated by intercalation of the genes. 22T and airB,

The nlrT geme product of P, srurzeri has features of o
novel tetraheme protein. Mutagenesis of this gene with

‘the transpoeson Tns leads 1o a Nir~ phenotype (mulant
strain MK201}, yet eatalytically active cytochrome ed)

ig still synchesized [4). This I8 indicative of a defeet in
¢lectron donation.: As a result of the Tn5 insertion, mu-
tant MK20! also overproduces cytochrome ¢z The
hydrophabic part at the mature N-terminus of the NirT
protein might anchor it in the membrane, and allow -
clectron’ flow between the respiratory chain and a

periplasmic acceptor. Elecirons could pass directly

from NirT to the reductase or, as deduced from in vitro
evidence, via cytochrome ¢ss1. Given the proximity of

“nirT to nirS, it will depend on the transcriptional con-

trol exerted by the inverted repeat downstream of nir$§
with a free energy of formation of — 126 ki/mal |23},
whether readthrough is possible and airT expression
will be regulated like 7irS. Anaerobic regulation is in-

- dicated from the organizational feature that the wirT

gene forms probably a transcriptional unit with the im- -
mediately following nir8 gene. The nirB product
(cytochrome cm) is not fcund in aerobically grown
cells [22).

Cytochrome cm shows peromdase activity on pro- ..
teolytic modification [18]. The funection of this compo-
nent-in vivo and of its acquired peroxidase activity is
unknown, Like cytochrome c¢di the synthesis of
cytochrome cssx depencs on anaerobic culture condi-.
tions and the concentration of this component increases
with rising cellular nitrite reductase activity [22,24]. A
role in nitrite reduction has been suggested, The loca-
tion of the nirB gene next to a gene involved in electron

: Table |
: ) Properties of the derived products of the nirSTBM gene cluster and ORFS of P. stuizer! sirain ZoBen
Gene Residue M@® ‘ Prasequence’ pl*-® Heme-c binding
produet: number® _ . . © motifs :
. MirB- 268 28 18D MKKTLMASAVGAY . 4.93 CAGCH, CWGSCH |
Lo ‘ ‘ JAFGTHCAMA-A ‘
NirM ' I 8 563 MKKILIPMLALG 5.45 " CAACH
: ' ‘ ' : : GALAMQPALA-Q. ‘
NirS ‘ . 514 59 3532 MSNVCKPILAGLIA 6.43 CAGCH
: ‘ : GLSLLGLAVAQA-A ‘ ‘
NirT Bk : 19 738 MTDKDGNKQQKGGIL 632 CISCH, CPDCH
‘ ‘ ALLRRPSTRYSLG-G® CRNCH, CIACH
MTYARHAVSRLGLA 5.79 . CGSCH

ORFS 87 9 202

LASFLLFPLALA-A®

“Valie for mature proteln bAL value without heme groups ‘Cleavagc sdte mdxcaled by a dash 9Calculated value *Presequence ot confirmed by N-

terminal sequenclns
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danation to cytachrome ¢d), and perhaps within t!\e
same operon as AlrS, adds further cirumastantial
evidence -to this Implication, Transposon mutants
MK202 and MK206/207 which had last ¢ytachrome ¢,
‘or had only a low content alse had a reduced
cytoehrome casz level [4).

Unlike cylochrome .¢d), cytmhrumc ¢ss) I8 not
regulated anacrobically [22,25]), questioning on ex-
- clusive rolein nitrite reduction. The invergenic regionof
320 nucleotides between /PR and nirM has mulviple in-

- verted repeats (Fig. 2) with the potential to Form various

transcriptional | termination, attenuation or other
regulatory structures, We assume from this that the
genes for eylechrome ¢dy and cytochrome sy of P.
sturzeri will belong to separate operons,
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