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Abstract In Pseudomonas aeruginosa, conversion of nitrite to 
NO in dissimilatory denitrification is catalyzed by the enzyme 
nitrite reductase (NiR), a homodimer containing a covalently 
bound c heme and a di heme per subunit. We report the 
purification and characterization of the first single mutant of 
P. aeruginosa cdi NiR in which Tyr10 has been replaced by Phe; 
this amino acid was chosen as a possibly important residue in the 
catalytic mechanism of this enzyme based on the proposal 
(Fulop, V., Moir, J.W.B., Ferguson, S.J. and Hajdu, J. (1995) 
Cell 81, 369-377) that the topologically homologous Tyr25 plays 
a crucial role in controlling the activity of the cdi NiR from 
Thiosphaera pantotropha. Our results show that in P. aeruginosa 
NiR substitution of Tyr10 with Phe has no effect on the activity, 
optical spectroscopy and electron transfer kinetics of the enzyme, 
indicating that distal coordination of the Fe3+ of the di heme is 
provided by different side-chains in different species. 
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1. Introduction 

Nitrogen metabolism in the biosphere comprises several 
interconversion pathways carried out by different microorgan-
isms. In dissimilatory denitrification, nitrates and nitrites are 
reduced to N2 via gaseous metabolites, such as nitric oxide 
and nitrous oxide, whereas in the assimilatory pathway am-
monia and amines are produced. The main biological role of 
dissimilatory denitrification is anaerobic respiration, although 
photorespiration and maintainance of redox balance are also 
important in some species. Organization and bioenergetics of 
electron transport chains involved in dissimilatory denitrifica-
tion in Paracoccus denitrificans, Escherichia coli and photo-
synthetic bacteria, such as those from Rhodobacter sp., have 
been recently reviewed, in comparison to other species [1]. The 
best-known example of a denitrification chain is that from 
P. denitrificans where electron donors to ubiquinone are pri-
marily NADH and succinate. The membrane-bound nitrate 
reductase receives electrons from the ubiquinol pool directly 
in an electron transfer process coupled to the formation of a 
transmembrane proton electrochemical gradient. Electrons are 
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then delivered from ubiquinol to the nitrite, nitric oxide and 
nitrous oxide reductases via the cytochrome bc\ complex (also 
resulting in net proton translocation) and various periplasmic 
electron transport proteins. 

The conversion of nitrite to nitric oxide is catalyzed by the 
periplasmic nitrite reductases (NiR) which are either copper-
or heme-containing enzymes. Copper NiRs are usually homo-
trimers, with one type-I and one type-II copper bound per 
subunit [1]; heme NiRs are homodimers of two 60-kDa sub-
units, each containing one covalently bound c heme and one 
di heme. The latter enzymes are capable of both monoelec-
tronic reduction of NO2 to NO and tetraelectronic reduction 
of O2 to H 2 0 . Extensive spectroscopic and functional studies 
have been carried out on NiR from Pseudomonas aeruginosa 
(reviewed in [2]); the c heme domain has been shown to be the 
electron's entry site whereas conversion of substrates into 
products occurs at the level of the di heme. The 3D structure 
of NiR from P. aeruginosa has been recently solved by X-ray 
diffraction (Cambillau, Tegoni et al., to be published); mean-
while, the high-resolution crystal structure of the oxidized oA\ 
NiR from Thiosphaera pantotropha (a strain of P. denitrifi-
cans) has been published [3]. The atomic model shows that 
each subunit is organized in two structurally distinct domains: 
an N-terminal rx-helical domain containing the c heme and a 
C-terminal eight-blade (3-propeller domain with the di heme-
binding crevice. An unexpected ligand arrangement for the 
two redox centres was observed in the T. pantotropha struc-
ture: the oxidized c heme is a bis-histidinate (His17-His69) 
coordination whereas the Fe3+ of the di heme coordinates 
the nitrogen of His200 (proximal ligand) and the oxygen 
atom of Tyr25 which belongs to the c heme-binding domain. 
The latter residue was proposed by Fiilop et al. [3] to play a 
key role in the mechanism of both nitrite and oxygen reduc-
tion by NiR. According to their scheme, during the catalytic 
cycle domain movement occurs, and Tyr25 (which is not an 
axial ligand of the Fe2+ di heme) swings in and out of the 
active site pocket, playing a crucial role in the displacement of 
the reaction product(s). 

Whether this mechanism is generally valid for different cdj 
NiRs is, however, somewhat doubtful as already pointed out 
by Fiilop et al. [3]. As shown in Fig. 1, sequence comparison 
shows a reasonable degree of homology in the c heme do-
main; however, a substantial heterogeneity is found at the 
N-terminus where Tyr25 is located in the T. pantotropha en-
zyme. The NiRs from Pseudomonas stutzeri and Alcaligenes 
eutrophus display a 20-30-amino-acid deletion at the N-termi-
nus and, therefore, lack a Tyr in this region; on the other 
hand, in P. aeruginosa NiR, the shorter N-terminal tail con-
tains a Tyr at position 10 which may or may not play the role 
assigned to Tyr25 in T. pantotropha. In the crystal structure of 
P. aeruginosa NiR, Tyr10 is protruding into the di heme pock-
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et but not at binding distance from the F e 3 + (Nurizzo et al., 
submitted). 

In order to test the role of the N-terminal Tyr1 0 in 
P. aeruginosa cdi N iR we have produced, purified and char-
acterized a site-directed mutan t in which the residue has been 
replaced by Phe (Y10F). The optical spectrum, the nitrite 
reductase and oxidase activities, and the c-to-di electron 
transfer rate of the Y10F mutant are unchanged compared 
to wild-type. These data show that Tyr at position 10 plays 
no role in the catalytic mechanism of P. aeruginosa NiR, and 
that probably functional role and direct Tyr coordination of 
the di heme are peculiar to the N iR from T. pantotropha [3]. 

2. Materials and methods 

2.1. Mutagenesis 
Mutagenesis of Tyr10 was performed on the nirS gene previously 

isolated [4] by PCR methods [5]. In this paper, amino-acid numbering 
refers to the mature protein sequence whereas nucleotide numbering 
includes the 25-amino-acid signal sequence and the upstream region 
up to the EcoRl site already described [4]. Prior to mutagenesis, an 
EcoRI-Apal fragment containing nirS was subcloned from the plas-
mid pNMNR [6] in the vector Bluescript SkII+ (Stratagene) to elim-
inate non-unique restriction sites in the region downstream nirS, yield-
ing the plasmid pBS-NR. Three different oligonucleotides were 
synthetized corresponding to (1) the 5' end of the nirS nucleotide 
sequence (5'-CGGCGCGAATTCCCGGGAGTTCCCGACGCAGC-
CACCCCC-3'); (2) the region of the mutation (5'-GCCGCTGAG-
CAATTCCAGGGTGCCGC-3') and (3) a region around amino acid 
42, ending with a unique BgM site (5'-GTAGATCTGCTTGGCCTC-
GTTGAACTCG-3'). Oligonucleotide 2 also included a silent muta-
tion introducing an extra Blpl site to help selection of mutants. A first 
113-bp fragment, synthetized by PCR using primers 1 and 2 and Vent 
DNA Polymerase (Biolabs) (annealing z = 56°C), was used as a primer 
in a second PCR step for 7 cycles alone and then in combination with 
primer 3. The resulting 291-bp fragment, digested with BseRI and 
Bgh\ and purified, was subcloned in pBS-NR in place of the corre-
sponding wild-type region. The mutant Y10F gene was first isolated 
by restriction analysis and then was completely sequenced in the re-
gion between the BseRI and Bglll sites (corresponding to that ampli-
fied by PCR) by the dideoxy method with Sequenase 2.0 Reagents 
(US Biochemicals). The EcoRI-Apal fragment containing the Y10F 
gene was then reintroduced in the expression vector pNM185 [7] to-
gether with the downstream region to obtain the expression construct 
pNM-YlOF. 

2.2. Protein expression and purification 
Expression in Pseudomonas putida PaW340 and purification of the 

wild-type and mutant protein was carried out as already described in 
[6], except that m-toluate induction was optimized, i.e. the inducer 
added at cell density = 0.9 (ODeoo) and growth carried out for 18-
20 h; under these conditions, the higher NiR expression vs. cell paste 
yield was obtained. Amino-acid sequence of the first 15 N-terminal 
residues was carried out on purified NiR Y10F loaded on a gas-phase 
sequencer (Applied Biosystems model 470A) equipped with a phenyl-
tiohydantoin amino-acid derivatives analyser (model 120A). 

In the P. putida expression system [6], the protein is synthetized 
with the c heme but no di heme is present; this semi apo-NiR is 
then reconstituted in vitro with the di heme. Spectrophotometric ti-
trations of the wild-type and Y10F semi apo-NiR with the di heme 
were carried out at 20°C in 50 mM sodium phosphate buffer pH 7.0 in 
order to determine heme-binding stoichiometry. Bulk reconstitution 
was then carried out by incubating the proteins at 15°C for 60 min in 
50 mM sodium phosphate buffer at pH 7.0 with a 1.5 stoichiometric 
excess of &i heme; purification from excess-free heme was obtained by 
gel filtration on a Sephadex G-25 column. 

2.3. Spectroscopic and functional characterization 
Optical spectra were recorded using a Jasco V-550 spectrophotom-

eter equipped with a thermostatted stirring cell holder. Oxidation of 
reduced P. aeruginosa cytochrome c551 [8] was followed at 551 nm at 
25°C in 50 mM sodium phosphate buffer pH 7.0 as described in [9]; 

cytochrome c551 concentrations were 1-13 uM and NiR concentra-
tion was 20 nM, based on the di heme extinction coefficient 6540 = 
41 m M - 1 cm - 1 [2]. Each point used in the calculation of Michaelis-
Menten parameters corresponds to the mean of two to three measure-
ments. 

Nitrite reductase activity was measured in anaerobiosis in a gas-
tight cuvette using azurin from P. aeruginosa as electron donor as 
described in [10]. The reaction was initiated by addition of sodium 
nitrite to the azurin-NiR mixture and azurin oxidation was followed 
at 625 nm where the reduced form does not absorb. 

The internal electron transfer rate from the c to the di heme was 
measured in anaerobiosis by stopped flow using a TN6500 (Tracor 
Northern, Middleton, WI) multi-diode array spectrometer for multi 
wavelength detection. Reduced azurin (400 |xM before mixing) in 
degassed buffer containing a slight excess of sodium dithionite and 
1 mM CO, was mixed with oxidized NiR (8 itM before mixing). The 
time course of the reaction was followed by recording transmittance 
spectra in the wavelength range of 380-530 nm. Analysis of the ex-
perimental data has been described elsewhere [11]. Briefly, the trans-
mittance spectra were converted to absorbance and sequentially ar-
ranged into a matrix (A) such that each column is a spectrum and 
each row a time course at single wavelength. Matrix A was then 
submitted to the singular value decomposition (SVD) [12], a proce-
dure which yields the three matrices U, S and V such that 

A = UXSXV T 

Each column of the matrix U represents the spectrum of one of the 
spectral components identified by the algorithm. The elements of the 
diagonal matrix S, the singular values, represent the relative weights 
of the corresponding U columns while the columns of the matrix V 
yield the time courses of each spectral component. The significant 
spectroscopic components, were identified from their singular value 
(S), their consistency as spectra (U) and their time course (V). The 
time course of the significant spectroscopic components was then 
fitted to the minimal mechanism, i.e. a sequence of three irreversible 
exponential steps, using standard non-linear least-squares minimiza-
tion routines. 

3. Results 

Substitution of Tyr1 0 with Phe in the nirS gene from 
P. aeruginosa was obtained by site-directed mutagenesis using 
P C R [5]. This method was chosen in view of the high G C 
content of the P. aeruginosa genes which considerably lowers 
the efficiency of other procedures. The mutan t gene Y10F, 

Pden QEQAAPPKDP AAALEDHKTK TDNRYEPSLD NLAQQDVAAL GAPEGIPALS 
Tpan DP AAALEDHKTK TDNRYEPSLD NLAQQDVAAP GAPEGVTALS 
Aeut ATKAEPKA EPKAAIPTLT 
Psaer KDDMK AAEQYQGAAS AV. . . DPAHV VRTNGAPDMS 
Psstu AAAPEMT 

51 100 

Pden DAQYNEANKI YFERCAGCHG VLRKGATGKA LTPDL TR 
Tpan DAQYNEANKI YFERCAGCHG VLRKGATGKA LTPDL TR 
Aeut AAEFDHARQI YFERCAGCHG VLRKGATGKS LTPDI TR 
Psaer ESEFNEAKQI YFQRCAGCHG VLRKGATGKP LTPDI TQ 
Psstu AEEKEASKQI YFERCAGCHG VLRKGATGKN LEPHWSKTEA DGKKTEGGTL 

101 148 

Pden DLGFDYLQSF ITYGSPAGMP NKGTSGELTA EQVDLMANYL LLDPAAPP 
Tpan DLGFDYLQSF ITYGSPAGMP NWGTSGELSA EQVDLMANYL LLDPAAPP 
Aeut ARGTEYLKTF IKYGSPAGMP NWGTSGDLTD PEVDLMARYI QLDPPTPP 
Psaer QRGQQYLEAL ITYGTPIGMP NWGSSGSLSK EQITLMAKYI QHTPPQPP 
Psstu NLGTKRLENT TAYGTEGGMV KYD..DILTK EEINMMARYI QHTPD1PP 

Fig. 1. Sequence alignement of the c heme domain of NiRs from 
different sources: P. aeruginosa (Psaer), P. stutzeri (Psstu), P. deni-
trificans (Pden), A. eutrophus (Aeut) and T. pantotropha (Tpan). 
Multiple sequence alignement was obtained using the PILEUP mod-
ule of the GCG Software Package version 9.0 (Wisconsin, USA). 
Aminoacid identities are marked with asterisks, except for the con-
served Tyr which is labelled by an empty circle. The heme attach-
ment site Cys-X-X-Cys and the axial His, His and Met ligands are 
in bold. 
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Fig. 2. Absorption spectra of the oxidized wild-type and Y10F mu-
tant. The different Y scales used for the 250-440- and 440-700-nm 
intervals are shown on left and right panels. Protein concentration 
was 5 itM in sodium phoshate 100 mM pH 7.0 and light path 1 cm. 
(NiR purified according to ref. [6] is obtained in the oxidized state 
and thus no oxidant was added.) 

completely sequenced in the region of mutagenesis by PCR, 
was cloned in the expression vector pNM185 and the protein 
expressed and purified as described in Section 2. The yield of 
expression for Y10F was comparable to that of the wild-type 
protein [6]. The successful introduction of Phe at position 10 
in the mature protein was also confirmed at the protein level 

by determination of the amino-acid sequence for the first 15 
residues. 

The wild-type and Y10F apo-NiR were reconstituted in 
vitro with the di heme and the spectra of the oxidized proteins 
between 260 and 700 nm are shown in Fig. 2. The typical 
absorption bands at 411 and 520 nm for the c heme and at 
460 and 640 nm for the di heme [2] were observed for both 
proteins, with no significant differences in position and inten-
sity of the peaks. 

To assess the role of Tyr10 in the physiological activity of 
cdi NiR, it is critical to measure the nitrite reductase activity. 
This reaction was studied in anaerobiosis using reduced azurin 
from P. aeruginosa as an electron donor at a NaNC>2 concen-
tration well above the KM and at two different pH values (6.2 
and 7.0)[10]. Typical results are depicted in Fig. 3 for the 
native, the wild-type and the Y10F single mutant NiRs: the 
time course of azurin oxidation at pH 6.2 and 27°C is almost 
identical for the three proteins. Under these conditions, the 
turnover number is 67 mol azurin/mol X min for wild-type and 
60 mol azurin/mol X min for Y10F (S.D. ± 10%). Ku for ni-
trite is also unchanged {Kyi = 35 ± 10 uM). It is reported in the 
literature that an increase in pH towards neutrality inhibits 
the P. aeruginosa enzyme [10,13], probably as a consequence 
of the ionization of some residue critical for catalysis. To rule 
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Fig. 3. Nitrite reductase (left panels) and cytochrome oxidase (right panels) activity of native (thick line), wild-type and Y10F NiRs. Left 
panels: concentrations were: azurin 40 uM, sodium nitrite 600 |xM and NiR 0.1 |xM at 27°C in 50 mM sodium phosphate buffer at pH 6.2. 
The time of nitrite addition is indicated by the arrow. Right panels: experimental conditions were 100 mM sodium phosphate buffer at pH 7.0, 
25°C and NiR concentration 15 nM; the trace correspond to a cytochrome c551 concentration of 3 uM. The insets show the rates (•) meas-
ured at different substrate concentrations, fitted with a Michaelis-Menten equation. 
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out the involvement of Tyr10 in this inhibition, the same ex-
periment was repeated at pH 7.0 (not shown): as expected, a 
lower rate was measured but no significant difference between 
the wild-type and Y10F NiRs was observed. 

The ability of wild-type and Y10F NiRs to catalyze the 
oxidation of cytochrome c551, the physiological electron do-
nor in P. aeruginosa, was assessed at pH 7.0 and 25°C. Fig. 3 
shows the time course of this reaction for both NiRs at a 
single cytochrome c551 concentration. This reaction was 
shown to be complex also for the native enzyme [9] in that 
two different KM values were observed at low and very high 
cytochrome c551 concentrations: our analysis of the observed 
rates obtained at low concentration yielded values of KM and 
c.c.a. (catalytic centre activity) of 1.77 u\M and 35 min- 1 for 
the wild-type and of 0.84 uM and 36 min"1 (S.D. ± 10% for 
all values) for the mutant Y10F, in good agreement with those 
previously published for the native enzyme [9]. 

As an additional test to highlight possible differences in the 
electron transfer kinetics between wild-type and Y10F NiRs 
we have measured by stopped flow the time course of reduc-
tion in the reaction of oxidized NiR with excess reduced azu-
rin [14]. When reduced azurin in the presence of traces of 
sodium dithionite and 1 mM CO is mixed with oxidized 
NiR, the following reactions take place (see Scheme 1). The 

k l k2 +Az+ 

Az++ NiR(c3+di3+) j=» NiR(cz+di3+) J ± NiR (c 3 +d i 2 +) ^± N iR(c2+d!2+) 

l+co l+co 
+Az+ 

NiR(c3+di2+CO) ^± NiR(cz+d-i2+C0) 

Scheme 1. 

presence of a large excess of both reduced azurin and CO 
drives the set of reactions (essentially irreversibly) to the right. 
Electron transfer from azurin to c heme and binding of CO to 
reduced di heme are both very fast (pseudo first order for CO, 
kon - 500 s_1 under these conditions) [14]. Fig. 4 shows the 
difference spectra (panels A and B) and the observed time 
courses (panels C and D) of the corresponding species as 
obtained from data analysis (see Section 2). The time courses 
of the reaction of native, wild-type and Y10F NiRs are very 
similar; this can be seen by observation at individual wave-
lenghts (460 and 420 nm) or from observation of the two 
major spectroscopic SVD components (V columns 1 and 2). 
The three data set were minimized together with a global 
fitting procedure which yielded the two significant rate con-
stants in Scheme 1. The first process, characterized by the 
higher rate constant (/ci' = 28 s_1), is attributed to the reduc-
tion of the c heme while the second process (&2-0.81 s_1) 
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corresponds to the internal electron transfer from the c to the 
di heme, in agreement with [14]. As evident from Fig. 4D, a 
third very slow kinetic process (/c = 0.02 s_1) is observed as an 
evolution of the second larger spectroscopic component de-
tected by the SVD; this corresponds to a very small absorb-
ance transition, tentatively assigned to a structural re-arrange-
ment of the CO-bound di heme. 

4. Discussion 

Understanding the catalytic mechanism of cdi NiR has 
several interesting implications. This enzyme is capable to 
catalyze efficiently both the one electron reduction of NC>2_ 

to NO and the four electron reduction of O2 to H 2 0 . More-
over, nitrite reduction (the enzyme's physiological activity) 
yields NO which is the substrate of NO reductase, the next 
enzyme in the denitrification chain; this reaction is intrinsi-
cally interesting since the affinity of NO for ferrous iron is 
known to be high [15] and NO has been involved in a number 
of key signalling processes in eukaryotes [16]. Heme-contain-
ing NiRs are also very interesting from an evolutionary view-
point since they appear to use different catalytic strategies 
although belonging to a family in which sequence conserva-
tion is fairly high. The structures of cdi NiRs from T. panto-
tropha [3] and P. aeruginosa (Nurizzo et al., submitted) are 
now available. Mutagenesis studies have become feasible in 
our group since recombinant P. aeruginosa cAy NiR was ex-
pressed [6]; the latter enzyme was successfully used to obtain 
NiR reconstituted with a photoexcitable porphyrin [17]. 

In this paper, we present the characterization of the first 
single mutant of P. aeruginosa cdi NiR in which Tyr10 has 
been replaced with Phe (Y10F). As outlined in Section 1, this 
residue was chosen as a possible candidate to play a role in 
the catalytic mechanism of the NiRs based on the proposal by 
Fiilop et al. for Tyr25 in the cdi NiR from T. pantotropha [3]. 
In the latter NiR, Tyr25 is coordinated to the di heme in the 
oxidized form; if this was the case also for the P. aeruginosa 
NiR, significant spectroscopic changes in the di heme absorp-
tion bands may have been expected. Data in Fig. 2 show that 
this is not observed and the spectrum of the oxidized form of 
the Y10F mutant is still consistent with an hexacoordinate di 
heme [18]. 

The nitrite reductase and oxidase activities of the mutant 
Y10F NiR are essentially retained compared to wild-type NiR 
(Fig. 3). The difference in KM value for cytochrome c551 is 
difficult to account for but may be due to a different confor-
mation of the N-terminal domain containing the mutation. 
More importantly, the physiological nitrite reductase activity 
was shown to be unchanged in the Y10F enzyme, and its pH 
dependence similar to that previously shown for the native 
enzyme [10,13]. 

A peculiarity of the cdi NiR is the slow internal ET rate 
from the c to the di heme within one monomer [14]. From the 
model of cdi NiR from T. pantotropha, the shortest edge to 
edge distance between the c and di heme is 11 A, too short to 
be compatible with the low c->di ET rate constant (£=1 s_1) 
([14] and this work). A redox-dependent coordination change 
during catalysis (and, thus, a higher reorganization energy), 
possibly correlated with domain movement and coordination 
of Tyr25, may have been postulated to account for such a low 
rate. If Tyr10 in P. aeruginosa NiR was directly involved in 
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such a change in coordination, mutation to Phe should have 
affected the c-»di ET rate. However, such an effect was not 
observed, indicating that the hexacoordinated state of the di 
heme in the ferric derivative does not depend directly on Tyr10 

and should involve another distal ligand (probably, a hydrox-
yl ion) intercalated between Tyr10 OH and the di heme iron. 

In conclusion, the results presented above show that sub-
stitution of Tyr10 with Phe in P. aeruginosa cdi NiR does not 
alter significantly the spectroscopic properties nor the activity 
of the enzyme; therefore, Tyr10 is not playing the same crucial 
role envisaged for Tyr25 in T. pantotropha NiR [3]. The pos-
sibility still exists, however, that in P. aeruginosa NiR Tyr10 

(and maybe Phe) exerts a 'second-sphere' influence by stabi-
lizing a side-chain (or a ligand) important for catalysis; its 
replacement may, therefore, have more subtle consequences 
than the 'all-or-none' effect that we have excluded with the 
present work. To further understand the mechanism of P. 
aeruginosa cdi NiR, the crystal structure of the Y10F mutant 
as well as other mutations at residues possibly involved in ET, 
catalysis and release of NO will be determined. 
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