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Abstract

By using the gene encoding the C-terminal part of the cd; -type nitrite reductase of Pseudomonas stutzeri IM300 as a
heterologous probe, the corresponding gene from Paracoccus denitrificans was isolated. This gene, nirS, codes for
a mature protein of 63144 Da having high homology with ¢d;-type nitrite reductases from other bacteria, Directly
downstream from nirS, three other nir genes were found in the order nirECF, The organization of the nir gene
cluster in Pa. denitrificans is different from the organization of nir clusters in some Pseudomonads. nirE has high
homology with a S-adenosyl-L-methionine;uroporphyrinogen I1I methyltransferase (uro’gen III methylase). This
methylase is most likely involved in the heme d; biosynthesis in Pa. denitrificans. The third gene, nirC, codes for a
small cytochrome ¢ of 9.3 kDa having high homology with cytochrome cssx of Ps. stutzeri ZoBell. The 4th gene,
nirF, has no homology with other genes in the sequence databases and has no relevant motifs. Inactivation of either
of these 4 genes resulted in the loss of nitrite and nitric oxide reductase activities but not of nitrous oxide reductase
activity. nirS mutants lack the cd;-type nitrite reductase while nirE, nirC and nirF mutants produce a small amount
of ¢d;-type nitrite reductase, inactive due to the absence of heme d. Upstream from the nirS gene the start of a
gene was identified which has limited homology with nosR, a putative regulatory gene involved in nitrous oxide
reduction. A potential FENR box was identified between this gene and nirS.

Abbreviations: SDS ~ sodium dodecyl sulfate, NBT — nitroblue tetrazolium, PAGE — polyacrylamide gel elec-
trophoresis

Introduction

Denitrification is the stepwise reduction of nitrate to
diatomic nitrogen. Nitrate is reduced via nitrite, nitric
oxide, nitrous oxide to nitrogen. The reduction of
nitrite to gaseous nitric oxide is catalyzed by a dis-
similative nitrite reductase and is the defining step
for denitrification, which separates it from assimilative
nitrite reduction in which nitrite is reduced to ammoni-
um. Two types of dissimilative nitrite reductases have
been isolated, a copper containing and a cytochrome

¢ and d, containing reductase. Both are located in the
periplasm in gram negative bacteria (Hochstein 1988;
Stouthamer 1991).

Paracoccus denitrificans is a gram-negative bac-
terium capable of growing under various growth con-
ditions. It can grow heterotrophically with a great vari-
ety of carbon compounds under aerobic conditions.
In the absence of oxygen it can use nitrate, nitrite,
with nitric oxide and nitrous oxide as terminal elec-
tron acceptors, but can not grow with nitric oxide as
the only terminal electron acceptor (VoBwinkel et al.



Table 1. Strains and plasmids.

Strains Relevant genotype References
E. coli
TOPI0F Ftet” (mrr-hsdRMS-mcrBC) lacZAMIS5 rpsLSm™ endAl  Stratagene
S17-1 Sm” pror~ mt RP4-2 integrated (Tc::Mu)(KmT::Tn7) (Simon et al. 1983)

P. denitrificans

Pd1222 Rif" (de Vries et al. 1989)
Pd7121 Pd1222 der., nirS ::Km" This study
Pd7221 Pd1222 der., nirk:;:Xm™ This study
Pd7321 Pd1222 der., nirC::Km" This study
Pd7421 Pd1222 der, nirF;:Km" This study

Plasmids
pGEM-TZf(+) Promega
M13mpi8/mpl9 (Sangeret al. 1980)
pPNIR1 11 kb HindIH Chrom. fr. Pd1222 in pGEM7-Zf(+) This study
pPNIR3 13 kb Pstl Chrom. fr. Pd1222 in pGEM7-Zf(+) This study
pUC4K Km" (Tn903) Pharmacia
pGRPDI oriV (ColE1) Amp” oriT Sm” (Tn1831) (van Spanning et al. 1990)
pRVSI1 oriV (ColE1) Amp” oriT Sm” (Tn1831) TnSp lacZ (van Spanning et al, 1991)

1991). The composition of the electron transport chain
varies with the growth condition and includes at least 8
¢ type cytochromes (Bosma 1989; Stouthamer 1991).
Under anaerobic conditions the expression of nitrate-
, hitrite-, nitric oxide- and nitrous oxide reductase is
induced. The nitrite reductase of Pa. denitrificans is
of the cd; type (Timkovich et al. 1982). It consists of
two identical subunits of about 63 kDa, each subunit
harboring one heme ¢ and one heme d; (Hochstein
1988; Moir et al. 1993). The heme d; cofactor of
the cd;-type nitrite reductase is different from the b
and ¢ type hemes. It has two oxo-groups attached to
the carbon tetrapyrrole skeleton and two extra methyl
groups at the C2 and C7 carbon. Little is known about
the biosynthetic pathway of heme o, but the carbon
skeleton has the same origin as protoporphyrinogen
IX, which is the precursor of the 4 and ¢ type hemes
(Matthews & Timkovich 1993). The heme d; biosyn-
thesis therefore probably proceeds via the precursor of
all tetrapyrrole cofactors, uroporphyrinogen Il (War-
ren & Scott 1990). The electron donors for the cd; -type
nitrite reductase in vivo are not known, but cytochrome
css1 and pseudoazurin (Ambler & Tobari 1985; Mar-
tinkus et al. 1980) can act as electron donors in vitro
in Pa. denitrificans (Moir et al. 1993). Genes for the
cd) -type nitrite reductase have been isolated from three
species of Pseudomonads and recently also from Pa.

denitrificans strain IFO12442 (Ohshima et al. 1993).
Here we report on the isolation of a gene cluster from
Pa. denitrificans Pd1222 containing a gene coding for
the cd; -type nitrite reductase and 3 other nir genes. The
construction and analysis of strains mutated in either
of these genes is described.

Materials and methods
Bacterial strains, plasmids and growth conditions

The strains and plasmids used are listed in Table 1. E.
coli was routinely grown in 2YT medium (10 g/l yeast
extract, 16 g/ltryptonand 5 g/l NaCl) at 37° C. Pa. den-
itrificans was grown in batch in either 2YT or mineral
salts medium (Chang & Morris 1962) supplemented
with Lawford trace solution (Lawford et al. 1976) and
25 mM succinate at 30° C. Pa. denitrificans was grown
anaerobically in the same medium supplemented with
100 mM KNOj3 in completely filled stationary bottles
at 30° C. Conjugations were performed as described
before (van Spanning et al. 1990). Antibiotics were
used at the following concentration; 100 pg/ml ampi-
cillin, 25 pg/ml kanamycin, 40 pg/ml rifampicin and
25 pg/ml streptomycin,



DNA manipulations

General cloning techniques and DNA manipulations
were essentially as described in Current Protocols
in Molecular Biology (Ausubel et al. 1993). Plas-
mid DNA was routinely isolated using the alkaline
lysis method (Birnboim 1983) from E. coli strain
TOP10F'. Genomic DNA from Pa. denitrificans was
isolated using the CTAB procedure (Current Proto-
cols) from stationary growth phase cultures. In south-
ern blot experiments, DNA was transterred from 1%
agarose gels to positively charged nylon membranes
(Boehringer Mannheim) via capillary transfer using
10 x SSC (1.5 M NaCl, 0.15 M Na-citrate pH 7.0).
Colonies were transferred to the membrane from 2YT
plates and replica plated on fresh plates. The DNA was
released from the colonies by placing the blots on filter
paper soaked with 0.5 M NaOH, 1.5 M NaCl, 15 min;
0.5 M Tris/HCI pH 7.5, 1.5 M NaCl, 5 min; 2 X
SSC, 0.1% SDS, 5 min and washed in 3 x SSC, 0.1%
SDS at 68° C, 60 min. Probes were made by labeling
DNA fragments with Dig-dUTP (DIG Nucleic acid
detection kit, Boehringer Mannheim) and hybridized
in 5 x SSC, 1% Boehringer Blocking Reagent, 0.1%
N-lauroylsarcosine, 0.02% SDS at 68° C for 18 h.
When heterologous probes were used (probe # 1 and
# 3) the blots were washed at lowered stringency
(2 xSSC, 0.1% SDS) at room temperature otherwise
the blots were washed in 0.1 x SSC, 0.1% SDS at
68° C. The bands were visualized using alkaline phos-
phatase labeled anti-dig antibodies and using either
the chromogenic substrate NBT/X-phosphate or the
chemiluminescent substrate AMPPD (Lumigen-PPD,
Boehringer Mannheim). Sequence reactions were per-
formed on single stranded M13mp18 and mp19 clones
using the dye-primer and dye-terminator cycle kits
from ABI and loaded on a ABI 373A fluorescent
sequencer (Applied Biosystems, Perkin and Elmer).
Random clones were made by partial Sau3A diges-
tion of clone pPNIRI and ligation in the BamHI
site of M13mp19. The Macintosh”™ computer pro-
grams used were DNA Strider 1.0 and GeneWorks™™
2.2.1. The eMail servers of NCBI running the BLAST
program, the FASTA and BLITZ server at Heidel-
berg and the BLOCKS server were used for compar-
ison of sequences with the sequence databases. For
evolutionary relationship the Unweighted Pair Group
Method with Arithmic Mean (UPGMA) method of the
GeneWorks”™ program was used (Nei 1987). To con-
struct the UPGMA tree, GeneWorks”™ does a pair-
wise position by position comparison of all of the

113

sequences to determine whether or not the sequences
are identical at that position. It then divides the number
of mismatches by the length of the shorter sequence.
The number of mismatches may be slightly higher than
expected, since the algorithm corrects for the possibil-
ity that several mutations could have occurred at one
site. This results in scores that reflect the relationship
of one sequence to another.

Preparation of cell free extracts and isolation of
periplasmic proteins

Cells were washed two times in 100 mM Tris/HCl
pH 8.0 and suspended in the same buffer at an optical
density of 100 cm~! at 660 nm. 50 uM MgCl; and
2 pug/ml DNase 1 was added and the cell free extract
was prepared using the French Pressure Cell. After cen-
trifugationat 100.000 g for 60 min the supernatant was
poured off and stored at - 30° C. Periplasmic proteins
were isolated by preparing spheroplasts essentially as
described before (Witholt et al. 1976). Protein concen-
tration was determined using the BCA kit (Pierce) with
BSA as a standard.

Protein assays and gel electrophoresis

In vitro nitrite reductase activity was determined at
30° Cin a buffer containing 100 pg sample in 100 mM
Tris/HCI pH 8.0, 30 M PMS, 10 mM ascorbic acid
and the reaction was started by adding KINO; to a final
concentration of 1 mM (Matchovi et al. 1993), Sam-
ples were taken every 5 min and NaOH (final con-
centration 10 mM) and H,O, (10 mM) was added
and boiled for 10 min. The nitrite concentration was
determined on diluted samples by adding 1 vol. 1%
sulfanilamide in 2.5 M HCI, 1 vol. 0.02% naphtyl-
ethyleen diamine (15 min at room temperature) and
4 vol. H,O and measuring the absorbance at 540 nm
using KNO, as a standard (0.2 mM, 0.15 mM, 0.1 mM
and 0.05 mM) (Lam & Nicholas 1969). In vivo nitrate-,
nitrite- and nitrous oxide reductase activities at 30° C
were determined by following the oxidation and reduc-
tion of cytochromes after addition of the substrates.
This was done by following the absorbance changes
at 552 nm minus 578 nm of whole cells (ODggp =
100 cm™!) under anaerobic conditions in an Amin-
co DW2 UV/Vis spectrophotometer (Boogerd et al.
1980). In vivo nitric oxide reductase activity was
determined by following the nitric oxide concentra-
tion using a Clark-type electrode with a polarizing
voltage of 1 volt (Zimmer et al. 1985), in a buffer
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Fig. 1. Genomic fragments of Paracoccus denitrificans containing the nir locus and comparison with the organization in other bacteria, Genes
are indicated by large arrows. Putative signal sequences arc indicated by triangles inside the genes. Probe # | and # 3 desi gnate the location of
the gene fragments from Pseudaomonas stuzeri IM300 used as heterologous probes, Sites of kanamycin insertions are indicated by grey arrows
above the Pa. denitrificans organization, B = Ball, E = EcoRI, N = Nrul, P = Psil, Sm = Smal, Sp = 8Sphl, Ss = Ssil and X = Xhol. Pa. den,
Pd1222 = Pa. deniitrificans Pd1222, Ps. st. IM300 = Ps. stutzeri IM300 (Smith & Tiedje 1992), Ps. st. ZoBell = Ps. stutzeri ZoBell and Ps.

ae. = Ps. aeruginosa (Zumft 1993).

containing 100 mM Tris/HCI pH 8.0, 10 mM Succi-
nate and about 3 mM nitric oxide. The reaction was
started by adding the cells to a cell density at 660 nm
at about 5 cm™". SDS PAGE was carried out using the
BIO-RAD mini-protean II gel system with 10 or 15%
slab gels (Laemmli 1970). The samples were diluted
in sample buffer and were not boiled but left at room
temperature for 10 min to prevent the loss of heme c¢.
The gels were stained for covalently bound heme using
60 mg 3,3',5,5'-tetramethylbenzidine (Janssen Chim-
ica) dissolved in 45 m) methanol and after dilution
105 m1 0.25 M Na-acetate pH 5.2 was added. The gels
were soaked for at least one hour and after addition of
250 1 30% Hy05 bands were visible after about 5 min
{Thomas et al. 1976).

Results
Isolation of the nitrite reductase gene cluster

Genomic DNA of Paracoccus denitrificans Pd1223
was digested with either HinDIII or Psil and, after
gel electrophoresis, probed with DNA harboring part
of the nitrite reductase locus of Pseudomonas stutzeri
JM300 (Smith & Tiedje 1992). One probe, a 1.2 kb
Sall-Clal fragment encoding the C-terminal part of
the cdy-type nitrite reductase (nirS) and N-terminaf
part of a tetra-heme cytochrome ¢ (probe # 3, Fig. 1),
hybridized with a single 11 kb HinDIII fragment and
with 2 PstI fragments of 13 and 7.5 kb. A second probe
was a 0.9 kb HinDUI-Accl fragment coding for the
N-terminal part of the cd)-type nitrite reductase of s,
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4401  TGGCCGAGATCGCCCOCACCBACCTAECCABCCAGCCaETCTTTGERCTEGCCCGTCCCEACAAGCGTGAGGTC TAISTIANTT CGCCCCOECCEACAA 4500
232 L A EL ARCTDLAGG QPVFALARGPRDEKT REVYWWYNTFAPEPDN 286

4501 CGACAAGCTéCAGGTGGTCéATGTGCTGA&CCATGAGGTC'CTGGACACG&TGACCCCCGL::CAAGGGCGTéCTGC .\CF\TGG.AAT’Z‘C SCCCéGCGCGGCCGC. 4600
266 D KL QVVDVLTHEVLDTLTZPGI KU GVL HMYETFAZPRGR 298

4601  GAGGTCTGGOTGTCGOTCCOCGACGAGAAGCOGATCGAGATCCGCGACACCEGEACCCSCOAGGTCCTGAGCGAGATSCEASGC503CGEECECTCGoaE 4700
299 E V WL SV RDESNT RTITETLRDTRTRETVTLSGETIRTGARALSG 331

4701 ATATTCTTCACCGACCGCGCGCATCGEACCGRGCTATGACGATGGACGACCTGAACCTACGCCTACTEGACOOCTTCIASCGSSACCTGOCGETGGAGEE 4800
332 D L L HRPRAGSDGAMTMDODLDLRLLTDGSGTF®QRTSTLPLE P 365
4801 CCGGCCCTT fu(.LuLLATGéCCALuLL.L,L, T Ll:LxLACCGG&G:\AGCCGAGG'TGATCLLLLL'- TCTCG LDL(;(:L TGCGC .vACC'.AGGGTAhLuI T n.un.GCATé 4900
366 R P FAAMATR RTLGTGEAEVTIARLVYE RLARDTETG GTIUVSRTI 398

4901  GGCGCCACCTGCCGOCCGARCACCGCCERCGCCTCGACOETEaCC00GETACaaATEECaECCCaCaCETGoACOATATCOoAGIACTGOTCGGEGCCSE 5000
399 G A T C R PNTAGASTLAALGRVYVGPA APRVYVDTETLAALVGEA 431

S00L  AGCCGGGCGTCARCCACTCCTATCTGCOCGAGEG0CACTECARCCTGTGGTTCGTCACC ACCGOCCCCGATACGCSECACTEICoBAMGECTTETCCS 5100
32 E P GV NHSYLREG G DWNLIMWPEFVATA APODTAGATLGATFETSTLUV R 46

5101 GATCGAGGCGGCGACGGGGCTTGCCGTGCTGTCCCTECCCTTETGeaCaCCT TCAACATCEACCTOGGETTTAOSCTEATE 3GCCCGEECCGCoCCATE 5200

166 I EAATGUL AV LS LPLVRAFNTIODDLTGT F 2 » I 392 RRAM 428
5201 GCACTGGACCGGCCCACCGACCTGRATGECCTGCACCCACGOGACAAGGAGCTGATGCAGBCECTTTCCTCCoGaC RatacsorecedeaccecTTed 5300
499 A L D R P A D L DALRPRDEKALTHKSEGATLTSSGULALVYVEPRTEPF 531
5301 TCGCGCTGGEACAGCCOCTACACCaCATEEAGGECGACETGATCTCORaEAT CaCECTOAGCCRAGACAACATCEmEACEa SO ITAGRTGTGATCTAA  §400
532 V A L G QP L HRSER®REVTISRTIGRAES PR RLGERT S3p 557

5401 AGCACCGCOCOCTTO0CTGGACCCAGAACEaCATAGTaoATCTEaEECCTaaCaAAGTA00CCITCRAGGCOGACEIACAC S 303CTABACGOAGTTCE 5500

tajele aley

R . . . .
§501 CGGAGTGACGC lulF\CT)\TCA\.'LQTLVA'\.ULUUJ\.LLLUK:ILlulhh‘qGALluuLLuL e, LLLA.-\ATG;.\TCC»\ $574

Fig: 2. DNA :nmd predicted inino acid sequence of the Pa. denitrificans nir locus. Predicted signal sequences and their cleavage sites are
indicated in itali cs and by astensk.s, respectlvel.y. Futative Shine-Dalgamo ribosome binding sites are boxed. Palindromic sequencesand inverted
repeats are underlined. The putative FNR box is underlined and indicated by FNR, The putative oxygen responsive clement (ORE) binding site

is in boldface, the putative - 10 promoter sequence in lowercase. The sequence has been submitted to the GenBank database under accession
number U05002.



Ps st JM300 cdl =  —=—meeemeee e e e e 315.“? 5
Ps st ZoBell cdl  ===memcece mme e e e e AAPY B 5
Pd PD1222 cdl AQEQAAPPKD PAAALEDHKT KTDNRYEPSL DNLAQQDVAA ( 3 50
Pd IF012442 cdl AQEQAAPPKD PAAALEDHKT KTDNRYEALA GQPCTAGRSG 50
Ps ae cdl = ~——=m—- HAKD ===w~- DMK- ~--~-~AAEQYQ GAASAVDPAH 33
Consensus 0 =—=—-- ..KD —=me— D.Ke ===~ . E. .. i 50
Ps st JM300 cdl 54
Ps st ZoBell cdl 55
Pd PD1222 cdl 98
Pd IF012442 cdl 98
Ps ae cdl 81
Consensus 100
Ps st JM300 cdl 104
Ps st ZoBell cdl 105
Pd PD1222 cdl 139
Pd IF012442 cdl 139
Ps ae cdl 122
Consensus 150
Ps st JM300 cdl 149
Ps st ZoBell cdl 155
Pd PD1222 cdl 189
Pd IF012442 cdl 189
Ps ae cdl 172
Consensus 200
Ps st JM300 cdl 198
Ps st 2Z2oBell cdl 205
Pd PD1222 cdl 239
Pd IF012442 cdl 239
Ps ae cdl 222
Consensus 250
Ps st JM300 cdl 247
Ps st ZoBell cdl 255
Pd PD1222 cdl 289
Pd IF012442 cdl 289
Ps ae cdl 272
Consensus 300
Ps st JM300 cdl i 296
Ps st ZoBell cdl TH 304
Pd PD1222 cdl § 339
Pd IF012442 cdl 339
Ps ae cdl 1 322
Consensus _.Z 350
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Ps st JIM300 cdl
Ps st ZoBell cdl
Pd PD1222 cdil
Pd IF0Q12442 cdl
Ps ae cdl

Consensus

Ps st JM300 cdl
Ps st ZoBell cdl
Pd PD1222 cdl

345
352
388
388
370

400

393

Pd IFQ12442 cdl
Ps ae cdl

Consensus

Ps st JM300 cdl
Ps st ZoBell cdl
Pd PD1222 cdl
Pd IFC12442 cdl
Ps ae cdl

Consensus

Ps st JIM300 cdl
Ps st ZoBell cdl
pd PD1222 cdl
Pd IF012442 cdl
Ps ae cdl

SDPEFKTLPI
SDPEFKTLPI
--~KYQVLPTI

Consensus

Ps st JM300 cdl
Ps at ZoBell cdl
Pd PD1222 cdl
Pd IF012442 cdl
Ps ae cdl

Consensus

402
433
433
415

450

441
450
483
483
463

500

490
499
533
533
510

550

525
534
568
568
545

585

Fig. 3. Multiple sequence alignment of ¢d)-type nitrite reductases. Ps st = Pseudomonas stutzeri, Ps ae = Pseudomonas aeruginosa and
Pd = Paracoccus denitrificans. Residues conserved in all sequences are in gray boxes, conservative substitutions are only gray. Differences
between the two Pa. denitrificans strains (Pd1222 and IFO12442) are indicated in boldface. Conserved histidine residues are indicated by a dot,
conserved methionine residues by a plus sign. Two of the histidine residues could be ligands for heme ;. One of the methionine residues could

be a ligand for heme c.

stutzeri IM300 (probe # 1). This probe hybridized with
asingle 11 kb HinDIII fragment and a single 13 kb PstI
fragment. Genomic DNA of Pa. denitrificans Pd1222
was digested with either HinDIII or Ps¢I and run on an
agarose gel. DNA ranging in size from 5 to 15 kb was
cut from the gel, extracted and ligated into the pGEM-
TZ£(+) vector. Colonies from this enriched bank were
screened with probe # 3 and two clones, pPNIR1 and
pPNIR3 that reacted positively were isolated (Fig. 1).

The observation that 2 fragments hybridized with het-
erologous probe # 3 on genomic DNA of Pd1222 cut
with Pstl may be an indication that the ORF with the
coding potential for a tetraheme ¢ containing protein
which is found in Ps. stutzeri IM300 is also present
in Pa. denitrificans. The first Pstl site in pPNIR1 is
located about 2 kb downstream from the end of the
nirS gene. This means that the second Pstl fragment
of 7.5 kb cannot hybridize with the nirS part of probe
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'9"9'@'— Pd PD1222 cdl
0.199
(£0.005)
0.028
0.127 ——— Pd IFO12442 cd1
(£0.022)
22
0.227 Ps ae cdl
DoBaoodssR
(£0.030)
.060
0 Ps st JM300 cdl
0.294

(i0.0073
0.060
== Pg st ZoBell cd1

Fig. 4. UPGMA tree of aligned cd|-type nitrite reductases from Pa. denitrificans and some Pseudomonads. Ps st = Pseudomonas stutzeri, Ps

ae = Pseudomonas aeruginosa and Pd = Paracoccus denitrificans.

R Y E P S L D N L
Pd1222 CGC TAT GAG CCC TCG CTIG GAC AAC CIT
IF012442 CGC TAT GAA GCC CTIC GCT QA CAA CCT
R Y E| A Q P

3
>
o

Frameshift

Q v A A L G A P E G I
CAG GIA GCG GOG CTA GGC GCC CCC GAG GGC ATC
QA OGA OGT AGC GGC GCT AQG CGC CCC AAG GGC ATC
A G R 8 G A R R P/l K G I

Frameshif

Fig. 5. Comparison of the DNA and the derived amino acid sequence of the two Pa. denitrificans strains, Frameshifts are indicated and codons
which have a codon preference of less than 10% are termed rare codons and are underlined. In IFO 12442 10 of 17 codons are rare codons, while

in Pd1222 4 of 17 codons are rare codons.

# 3 because the nirS gene of Pa.denitrificans is locat-
ed on a 13 kb PssI fragment (= pPNIR3) and that the
7.5 kb Pstl fragment could hybridize with the tetra-
heme part of probe # 3. The sequence presented here
does not show the presence of a tetraheme cytochrome
c as the 7.5 kb PstI fragment has not been completely
sequenced yet.

Sequence analysis of the nitrite reductase gene
cluster

The exact location of the cd-type nitrite reductase
gene was determined after southern blot analysis of
restriction fragments of the two clones using probe # 1
and # 3. Subsequent sequence analysis of the frag-
ments confirmed the presence of the gene for the cd;-
type nitrite reductase on these two clones, which are
overlapping. By using codon preference information
(Steinriicke & Ludwig 1993) 4 open reading frames
(ORF’s) and a possible 5th, could be identified (Fig.
2). Since the ORF’s were found to be involved in nitrite

reduction (see further) they were tentatively designat-
ed nir genes. An overview of the gene organization in
Pa. denitrificans as compared to some Pseudomanads
is given in Fig. 1.

The first gene of 1788 bp (596 aa) is the structural
gene for the cd, -type nitritereductase, rirS. It contains
one heme ¢ binding motif (CAGCH) and a predicted
signal sequence (Heijne 1983) of 28 aa. The predict-
ed molecular weight of the mature protein (568 aa),
including one heme ¢, is 63144 Da. The homology
with other known cd;-type nitrite reductases is given
in Fig. 3. The homology of the five published cd;-type
nitrite reductases is very high around the heme ¢ bind-
ing site and around some of the histidine residues. Two
of these histidine residues could be the 5th and 6th lig-
and of the iron in the d; heme (Sutherland et al. 1986).
Evolutionary relationship (Fig. 4) indicates that the Pa.
denitrificans cdj-type nitrite reductase is more related
to the Pseudomonas aeruginosa counterpart than to the
cytochrome cd; of either Pseudomonas stutzeri strains.
The structural gene for the cd)-type nitrite reductase
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CYSG_ECOLI MDHLPIFCQL RDRDCLIVGG GDVAEPKARL LLDAGARLTYV NALAFIPQFT 50
CYSG_SALTY MDHLPIFCQL RDRDCLIVGG GDVAERKARL LLEAGARLTV NALTFIPQFT 50
CYSG_ECOLI AWADAGMLTL VEGPFDESLL DTCWLAIAAT DDDALNQRVR QAAEARRIFC 100
CYSG_SALTY VWANEGMLTL VEGPFDETLL DSCWLAIAAT DDDTVNQRVS DARESRRIFC 100
CYSG_ECOLI NVVDAPKAAS FIMPSIIDRS PLMVAVSSGG TSPVLARLLR EKLESLLPLH 150
CYSG_SALTY NVVDAPKAAS FIMPSIIDRS PLMVAVSSGG TSPVLARLLR EKLESLLPQH 150
CYSG_ECOLT LGQVAKYAGQ LRGRVKQQFA TMGERRRFWE KLFVNDRLAQ SLANNDQKAI 200
CYSG_SALTY LGQVARYAGQ LRARVKKQFA TMGERRREWE KFFVNDRLAQ SLANADEKAV 200
DLZE memmmmmmes cmmmeemeen cmeeem—ee s VTNGAAQGKA 15
SUMT_PSEDE -MIDDLFAGL 49
CYSG_ECOLI TETTEQLINE 250
CYSG_SALTY NATTERLFSE j 250
SUMT_BACME =~ m=-===mme— —owe i i 36
nirk LR { ;i 65
SUMT_METIV ~  ————-rmomme —ecme- i) i RADH : 34
SUMT_PSEDE 99
CYSG_ECOLI 300
CYSG_SALTY 300
SUMT_BACME 86
nirE 115
SUMT_METIV 83
SUMT_PSEDE 149
CYSG_ECOLI 350
CYSG_SALTY 350
SUMT_BACME 136
nirE 165
SUMT_METIV 133
SUMT_PSEDE SSGLVEDRIN 199
CYSG_ECOLI KTG~--GELD 397
CYSG_SALTY KTG~-~GELD 397
SUMT_BACME KDS-KHDAIK 185
nirE ARD-AALDLD 214
SUMT_METIV DPT---KCKK 180
SUMT_PSEDE YCNEETPQUA ADVAAAGLEP 249
CYSG_ECOLI AVTOR GELA-QQMNS 445
CYSG_SALTY GELA-QQVES 445
SUMT_BACME DIVKEEQIEN PSMIIVGEVV 235
nirk AALARKPLPA PVLEIVGHVA 264
SUMT_METIV ---AGKDIKP ¥ { 224
SUMT_PSEDE RLRAALDWIG ALDGRKLAAD PFANRILRNP A 280
CYSG_ECOLI GLRDKLNW=-~ =em==m——w- ~FSNH==mmm - 457
CYSG_SALTY ALRDKLNW-= —-=m==nem- -FSNH=wm~m - 457
SUMT_BACME N-—mmmmmmm s “F§—m=mmmm - 238
nirE AMAEDCALPQ ELYRPEWRLV AHG—-===—= - 287
SUMT_METIV BMmmmm = e ~FLKK~ =~ - 230

Fig. 6. Multiple sequence alignment of the derived amino acid sequence of nirE from Pa. denitrificans compared to the correspondin gsequences
from other bacteria. CYSG_ ECOLI and CYSG— SALTY are the siroheme synthases encoded by the gene cysG from E. coli and S. typhymurium
respectively, SUMT—~PSEDE, SUMT_BACME and SUMT_MATIV are the uro’gen 111 methylases of Pseudomonas denitrificans, Bacillus
megateriumand Methanobacterivanovii respectively. Residues conserved in all sequences are in gray boxes, conservative substitutions are only
in gray.



of Pa. denitrificans strain IFO12442 has recently been
published (Ohshima et al. 1993). The main difference
with the one published here is located in the IFO 12442
DNA between base 405 and 456, coding for the N-
terminal region. This difference is the consequence of
two frameshifts and the codon usage in this part of the
sequence differs very much from codon preferences
published for Pa. denitrificans (Steinrticke & Ludwig
1993) as can be seen by the dramatic increase in the
number of rare codons (Fig. 5). Other differences in the
DNA sequence are also found, sometimes leading to
differences in the amino acid sequence (Fig. 3). These
differences may be due to strain differences, Down-
stream from the nirS gene, two inverted repeats were
identified. The first, a palindromic sequence, is also
present in the sequence published by Ohshima et al.
(1993). A second, larger inverted repeat could be iden-
tified just downstream from the palindromic sequence.
This inverted repeat is not present in the sequence pub-
lished by Ohshima et al. (1993).

Further downstream gene nirE was found. nirE
(861 bp, 287 aa) encodes a protein with a deduced
molecular weight of 30 kDa. The protein is over-
all hydrophilic and has no apparent signal sequence.
Thus this protein is probably located in the cyto-
plasm. It has high homology to a S-adenosyl-
L-methionine:uroporphyrinogen III methyltransferase
(uro’gen Il methylase; EC 2.1.1.10) which is involved
in siroheme synthesis in E. coli (Bell et al. 1989; Peak-
man et al. 1990) and Salmonella typhymurium (Wu
et al. 1991) and in vitamin B, (cobalamin) synthe-
sis in Pseudomonas denitrificans (Crouzet et al. 1990),
Bacillus megaterium (Robin et al. 1991), Methanobac-
terium ivanovii (Blanche et al. 1991) and S. typhymuri-
um (Roth et al. 1993). A multiple alignment analysis
with other uro’gen III methylases is given in Fig. 6.
The uro’gen III methylase of E. coli encoded by the
cysG gene, has recently been renamed siroheme syn-
thase, because it is also involved in the oxidation of
precorrin-2 and the chelation of iron to yield siroheme
(Spencer et al. 1993). The cysG gene is part of the nir-
operon in E. coli and S. typhymurium (Wu et al. 1991).
The nirE gene product only shows homology to the C
terminal part of the siroheme synthase of E. coli and S.
typhymurium which are much larger than the nirE gene
product (457 aa vs. 287 aa) but the nirE gene product
has about the same size as the uro’gen III methylases
involved in vitamin B, (cobalamin) synthesis in Ps.
denitrificans, B. megaterium and M. ivanovii. nirC,
(309 bp, 103 aa) encodes a small cytochrome ¢ with
high homology (52% identical) with cytochrome css,
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205 —!
116.5 —
80 — cd, nitrite
reductase
49,5 —

325 —

215 —

Fig. 7. SDS/PAGE of cell free extracts loaded on a 15% gel and
stained for covalently bound heme ¢, Cell free extracts were prepared
of Pa. denitrificans wild type and the 4 nir mutants grown anaero-
bically on 2YT, Lane 1, Pd1222, wild type; Lane 2, Pd7421, nirF
mutant; Lane 3, Pd7321, nirC mutant; Lane 4, Pd7221, nirE mutant;
Lane 5, Pd7121, nirS mutant, The location of the band corresponding
to the cd)-type nitrite reductase is indicated. The molecular masses
of protein standards are shown (kDa).

the product of nirC (formerly called ORFS5) of Ps.
stutzeri ZoBell (Jiingst et al. 1991; Jiingst & Zumft
1992). The homology with other small cytochromes ¢
is much lower. A signal sequence could be deduced
with a length of 17 aa. The mature protein of 86 aa
has a molecular weight of 9.3 kDa. Based on the high
homology with nirC the third nir gene is given the
same name. The translation start of nirC falls inside
the nirE gene, which could mean that nirE and nirC
are translationally coupled (Normark et al. 1983).

Codon preference information indicated that a 4th
ORF was located downstream from nirC. This gene,
nirF, starts witha GTG codon and a ribosome binding-
site (Shine-Dalgarno or SD site, (Shine & Dalgarno
1975)) could be deduced although the spacing between
the SD-site and the GTG start codon is somewhat large
(16 bp), nirF (1671 bp, 557 aa) encodes a protein
of 60.3 kDa, No signal sequence could be deduced
and hydrophobicity analysis suggests that the protein
is located in the cytoplasmic space. Screening of the
databases revealed no significant homology with other
proteins, Furthermore no motifs of any relevance could
be identified.

Upstream from the nirS gene the start of ORF1
with an orientation opposite to that of nirS could be
identified. The gene has some limited homology to the
nosR regulatory gene of the nitrous oxide gene cluster



122

in Pa. denitrificans (Hoeren et al. 1993) and Ps. stutzeri
ZoBell (Cuypers et al. 1992) (results not shown).

In the intergenic region between rnirS and ORF1, a
number of possible regulatory sites were identified.

—Located at - 71.5 bp as counted from the
translation start of the rirS gene, a poten-
tial FNR-box could be identified. The sequence
GGCCTTAACAAAGGTCAAGCC is a non-
perfect inverted repeat, which does conform to
the FNR- consensus (TTGAT— ATCAA (Spiro &
Guest 1990)) to a great extent.

- A region could be found which conforms to the - 10
promoter consensus sequence of Pa. denitrificans
as proposed by Steinriicke et al. (1993).

— At the same location the binding site for a so called
oxygen responsive element (ORE) (Steinriicke &
Ludwig 1993) could be identified.

— A short palindromic sequence is located between
the FNR box and the ORE/- 10 region. The impor-
tance of these regions in the regulation of the nitrite
reduction is under further investigation.

Construction and analysis of the mutant strains

Figure 1 shows the sites of insertion and orientation of
the kanamycin resistance markers. Fragments contain-
ing the mutated genes were ligated into one of the sui-
cide vectors, pGRPDI1 and pRVS1. These constructs
were used to transform the mobilizing strain E. coli
S17-1. The suicide constructs were transferred to Pa.
denitrificans Pd1222 via conjugation. Ex-conjugants
were screened for kanamycin resistance and strepto-
mycin sensitivity. The correctness of the mutations was
checked with southern blot experiments. Four mutant
strains were isolated with kanamycin-box insertions in:
1) nirS, Pd7121; 2) nirE, Pd7221; 3) nirC, Pd7321 and
4) nirF, Pd7421. The properties of the mutant strains
are summarized in Table 2. The effect of the mutations
on anaerobic growth was examined by growing the
mutants and wild type anaerobically in batch culture
on 2YT supplemented with KNO3; or mineral medi-
um with succinate and KNO,. Anaerobic growth of
the mutants was severely inhibited and nitrite accu-
mulated in the medium (30 mM on 2YT). SDS-PAGE
with heme-staining of cell free extracts of anaerobi-
cally grown cells revealed that only in mutant strain
Pd7121, the heme ¢ signal of the cd{-type nitrite reduc-
tase was not detectable (Fig. 7). The amount of heme
¢ signal in the other 3 mutants was greatly reduced as
compared to the wild type. Western blot analyses with
antibodies raised against the cd; -type nitrite reductase

of Pa. denitrificans showed that the amount of ¢d,-
type nitrite reductase protein correlated with the heme
¢ signal (results not shown). Serial dilutions of cell
free extracts were loaded on SDS-PAGE and stained
for heme ¢. This showed that the wild type Pd1222
contained about 10 times as much nitrite reductase
as the mutant strains Pd7221, Pd7321 and Pd7421.
No other changes in the number or relative amounts
of heme ¢ bands on SDS-PAGE were apparent. The
small 9.3 kDa cytochrome ¢ encoded by rirC is not
detectable on SDS-PAGE with heme staining because
the nirC mutant strain gave the same band pattern as
the wild type. Spectra of dithionite reduced cell free
extracts revealed the loss of the typical d; absorbance
bands at 630 and 655 nm (Timkovich et al. 1982) indi-
cating the loss of heme d; (Fig. 8). The small, broad
absorbance peak at about 660 nm is not residual bound
heme d) as this small peak is also observed in the nirS
mutant strain in which the cd;-type nitrite reductase is
completely absent. A small peak at 595 nm was present
in spectra of all 4 mutant strains but not in the wild type,
All 4 mutants lacked in vivo nitritereductase activity as
determined by time resolved dual wavelength traces,
In vitro nitrite reductase activity with ascorbate/PMS
as artificial electron donor was also not detectable in
cell free extracts prepared from the mutants. Mutants
grown anaerobically had no irn vive nitric oxide reduc-
tase activity as measured with a Clark-type electrode.
The in vivo nitrous oxide reductase activity of whole
cells of all the mutant strains was comparable to that
of the wild type.

Discussion

Here we report on the isolation and sequencing of a
part of the cdj-type nitrite reductase locus of Para-
coccus denitrificans Pd1222. At least 4 genes involved
in nitrite reduction in the order nirSECF were iden-
tified. nirS is the structural gene for the cd-type
nitrite reductase. The deduced molecular weight of the
mature protein including one covalently bound heme ¢
is 63144 Da. The deduced molecular weight of the
cytochrome cd; subunit becomes 63088 if the iron
of the heme ¢ is excluded from the calculation. This
would be in agreement with the value of 63100 %
14 Da as determined by electrospray mass spectrom-
etry (Moir et al. 1993). The cd, -type nitrite reductase
does not differ significantly from other published cd;-
type nitrite reductases, although it is slightly larger.
Screening of the sequence databases indicated that the
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Fig. 8. Spectra of cell free extracts of Pa, denitrificans Pd1222 (wt) (1) and air mutants Pd7121 (nirS::Km") (5), Pd7221 ‘(nirE::Km") (3),
Pd7321 (nirC::Km™) (4) and (Pd7421 (nirF::Km™) (2) grown anacrobically on 2YT. The peak at 655 with the shoulder at 630 nm are attributed
to heme d| and are absent in all mutants, indicating the loss of heme d,. The spectra are normalized on protein content of the celi free extract

and a fixed, arbitrary baseline is subtracted.

nirE gene encodes a protein resembling S-adenosyl-
L-methionine:uroporphyrinogen III methyltransferase
(uro’gen III methylase). This uro’gen III methylase
is probably involved in the heme d; biosynthesis in
Pa. denitrificans since mutants lacking the gene pro-
duce an inactive cd)-type nitrite reductase depleted of
heme d;. Uroporphyrinogen III is the last common
intermediate of the modified tetrapyrroles biosynthetic
pathways. Siroheme, factor Fay9, chlorophyll, heme
and vitamin B 5 are all derivatives of uro’gen III (War-
ren & Scott 1990). Uro’gen III methylase performs
the methylation of uroporphyrinogen III at the C2 and
C7 carbon, yielding precorrin-2 (Blanche et al. 1989;

Warren et al. 1990). Precorrin-2 is the last common
intermediate of the siroheme synthesis in E. coli and
S. typhymurium (Goldman & Roth 1993) and the vita-
min By (cobalamin) synthesis in Pseudomonas den-
itrificans (Blanche et al. 1989; Crouzet et al. 1990),
Bacillus megaterium (Robinet al. 1991), Methanobac-
terium ivanovii (Blanche et al. 1991) and Salmonel-
la typhymurium (Goldman & Roth 1993; Roth et al.
1993). Sirocheme is a cofactor of the nitrite- and sul-
fite reductase in E. coli (Jackson et al. 1981) and siro-
heme is structurally homologous to heme d|, one of the
cofactors of the ¢d) -type nitrite reductase (Chang et al.
1986), in that they are both methylated at carbon C2 and
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Fig. 9. Biosynthetic pathways of modified tetrapyrroles. It is suggested here that precorrin-2 is a precursor of heme d; and nirE catalyzes the
first step in heme o biosynthesis. nirE methylates uroporphyrinogen I1I at carbon 2 and 7 to yield precorrin-2. Other nir functions are needed
to complete the synthesis of d). Carbon C2 and C7 are indicated by numbers and the synthetic pathways for vitamin B and other modified
tetrapyrroles are indicated. cysG (E. coli) and cobA (Ps. denitrificans) are genes encoding uro’gen 11l methylases.

Table 2. Summary of properties of Pa. denitrificans wild type and nir mutants.

Strain Genotype  Nitrite reductase Reductase activity
7-10 invive invitro  invivo  invivo
Hemec¢ Westem d NO;- NO;- NO N,O Final ODggo

Pd1222  wild type +++ 4+ R S +++ ot 4t 2.5

Pd7121  nirS:Km"™ - - - - - - ot 08

Pd7221  nirExKm™ + + - - - - ot 0.8

Pd7321  nirCu:Km”™  + + - - - - +++ 0.8

Pd7421  nirtFuKm™  + + - - - - " 0.8

Heme ¢ indicates the amount of a 65 kDa band on SDS/PAGE of cell free extract with heme staining.

Western indicates the amount of a 65 kDa band on western blot using antibodies raised against Pa. denitrificans cd)-type
nitrite reductase. d, denotes the presence of heme d determined by the absorbance peaks at 655 nm and 630 nm. Enzyme
activities are as described in Material and methods.

Final ODggy is the maximum optical density of the culture grown anaerobically on 2YT. +++ = as in wild type; + =
decreased amount as compared to the wild type; - = not detectable.



C7 (Fig. 9). The carbon skeleton of heme d originates
from glutamic acid (Matthews & Timkovich 1993) and
the methy! groups at C2 and C7 from methionine, pre-
sumably via S-adenosylmethionine in Ps. aeruginosa
(Yap-Bondoc et al. 1990). Based on the high homolo-
gy with uro’gen III methylases and on analysis of nirE
mutant strains, it is suggested here that the nirE gene
product catalyses the first step in heme d; biosynthesis,
the methylation of uro’gen III at the C2 and C7 carbon
(Fig. 9). The function of the small 9.3 kDa cytochrome
¢ {encoded by nirC) is unknown. Since this heme con-
taining protein is not detected on gels it is unlikely
that it plays a role in electron transport to cd;-type
nitrite reductase. Pseudoazurin (Moir et al. 1993), css5o
(van Spanning et al. 1990) and a 40 kDa cytochrome
¢ (Matchovd et al. 1993) are more likely candidates to
play a role in-electron transport to the cdj-type nitrite
reductase. The nirC gene product might play a role in
maturation of cd;-type nitritereductase. A nirC mutant
of Pa. denitrificans (Pd7321) yielded a non-functional
(in vivo and in vitra) cdy-type nitrite reductase while
also the ability to reduce nitric oxide was lost. Tn5
insertion mutants of the counterpart of nirC in Pseu-
domonas fluorescens AK15 gave similar results (Ye et
al. 1992). The function of the nirF gene could not be
deduced from its primary sequence. It does not have
a signal sequence and is probably a cytoplasmic pro-
tein as judged by its overall hydrophylic nature. It does
not show any homology with other known proteins.
Mutant strain Pd7421 (nirF::Km") has the same phe-
notype as Pd7221 and Pd7321 in that it produces a
small amount of non-functional ¢d; -type nitrite reduc-
tase, lacking the d; heme. The GTG codon has been
appointed as the start of the nirF gene on the bases of
codon usage information (Steinriicke & Ludwig 1993),
The use of GTG as a start codon is rare but also found
for the start of the gene encoding the Fe-S protein of
the bc) complex of Pa. denitrificans (Kurowski & Lud-
wig 1987). Upstream from #nirS in this study, the start
of ORF1 was identified with the transcription direction
opposite to that of nirS. ORF1 has limited homology
to nosR, a regulatory gene involved in the regulation of
the nitrous oxide reduction in Ps. stutzeri ZoBell. nosR

is located upstream and transcribed in the same direc--

tion as the structural gene of nitrous oxide reductase,
nosZ, of Ps. stutzeri ZoBell (Cuypers et al. 1992) and
Pa. denitrificans (Hoeren et al. 1993). The nosR gene
product is probably a membrane bound protein, the
C-terminus of which shows homology with cysteine
clusters of 2[4Fe-4S] containing ferrodoxins. Ohshi-
ma et al. (1993) reported an ORF located upstream of
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nirS in the same orientation as nirS in Pa. denitrificans
IFO12442 (Ohshima et al. 1993). When codon prefer-
ence information is taken in consideration (Steinriicke
& Ludwig 1993) this is unlikely. Only in the opposite
orientation can the start of an ORF be found which
does not have many rare codons. Between ORF1 and
nirS an imperfect inverted repeat is present that resem-
bles the consensus sequence of a FNR-box. Hoeren
et al. (1993) described two possible FNR boxes locat-
ed upstream from the nosZ gene encoding the nitrous
oxide reductase in Pa. denitrificans. It has been shown
that an FNR regulated reporter gene is activated under
anaerobic conditions in Pa, denitrificans (Spiro 1992).
This indicates that the FNR regulation mechanism is
also present in Pa. denitrificans. The organization of
the Pa. denitrificans nir gene cluster is clearly differ-
ent from the organization of the nir clusters of Ps.
stutzeri and Ps, aeruginosa (Fig. 1), In Ps. stutzeri
ZoBell, 4 cytochromes c¢ are found downstream from
nirS. Only cytochrome c¢ss, encoded by nirC'is present
in the sequence data presented here for Pa. denitrif-
icans. However hybridizing patterns with part of the
nirT gene from Ps. stutzeri IM300 as a probe suggest
that the nirT gene is also present in Pa. denitrificans.
nirE, nirF and ORF1 have not been described before
in relation to nitrite reduction in other denitrifying bac-
teria.

Regulation of nitrite and nitric oxide reduction is
coupled

All 4 Pa. denitrificans nir mutant strains simulta-
neously lost the ability to reduce nitrite and nitric
oxide. Assuming a substrate induction mechanism, the
expression of the nitric oxide reductase genes could be
blocked when there is no nitric oxide being produced
by thereduction of nitrite via the cd; -type nitrite reduc-
tase. In Ps. stutzeri ZoBell, inactivation of nirQ also
resulted in the simultaneous loss of nitrite and nitric
oxide reducing capabilities in vivo. nirQ encodes a
putative regulatory protein of the ntrC protein kinase
family. In the rirQ mutant, the nitrite reductase was
active in vitro while the nitric oxide reductase was not,
although present at twice the amount as compared to
the wild type (Jiingst & Zumft 1992). In TnS insertion
mutants of Ps. stutzeri ZoBell that lost nitrite reduc-
tase activities the level of nitric oxide reductase protein
was reduced to 5-12% as compared to the wild type.
However, the in vivo nitric oxide reductase activity of
the mutants was comparable to the wild type (Zumft et
al. 1988). Inactivation of nitric oxide reductase in Ps.
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stutzeri ZoBell resulted in a decrease of 90% in nitrite
reductase activity in vivo, while the nitrite reductase
protein was present at 60~80% as compared to the wild
type (Zumft et al. 1994). These are indications that
regulation of nitrite and nitric oxide reducing activities
are coupled, but the mechanism of the regulation in
Ps. stutzeri ZoBell seems different from that in Para-
coccus denitrificans. In Ps. sturzeri ZoBell and Ps.
aeruginosa the nirQ gene is found directly upstream
of nirS (Jiingst & Zumft 1992; Zumft 1993). Prelim-
inary sequence data indicate that the counter part of
nirQ in Pa. denitrificans is located about 4.5 kb further
upstream from nirS (result to be published elsewhere).
The nitrous oxide reductase activity was not affected
in the 4 Pa. denitrificans nir mutant strains described
above. This indicates that the regulation of the nitrous
oxide reductase operon is independent of the presence
of a functional nitrite reductase.
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