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The role of Tyr25 in the catalytic cycle of cytochrome cd1 nitrite
reductase; a structural analysis

Malin Löfqvist

Sammanfattning

Röntgen kristallografi av proteiner är en metod som används för att visualisera ett proteins tredimensionella struktur.
Om man har tillgång till den tredimensionella strukturen kan man ofta dra slutsatser om proteinets funktion och de
mekanismer det arbetar efter. Dessa kunskaper är till stor hjälp vid till exempel läkemedelsutveckling.

Cytokrom cd1 nitrit reduktas är ett enzym i kvävecykeln hos denitrifierande bakterier. Enzymet från bakterien
Paracoccus pantotrophus har två kända funktioner, katalys av reduktionen av syre till vatten samt katalys av
reduktionen av kvävedioxid till kväveoxid.

Enzymet är en dimer och varje dimer består av två domäner kallade c domänen och  d1 domänen. I  c domänen finns
en c hem ligerad och i d1 domänen en hemgrupp av d1 typ. Strukturen för cytokrom cd1 är löst både i oxiderad och
reducerad form. Strukturerna visar att proteinet, när reduktionen sker, genomgår ett ligandbyte vid båda
hemgrupperna. Vid c hemen byter aminosyran His17 plats med Met106 och vid d1 hemen dissocierar Tyr25.

Det har visats att det aktiva sätet där reduktionen sker finns vid d1 hemen och det spekuleras i vilken roll Tyr25 har
vid katalysen. I det här examensarbetet undersöks denna roll med hjälp av konstrurerade mutanter av cytokrom cd1

där tyrosin bytts ut mot andra aminosyror.

Examensarbete 20 p i Molekylär bioteknikprogrammet

Uppsala universitet september 2001
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1.5 1. Introduction

1.1 Cytochrome cd1 nitrite reductase

Cytochrome cd1 nitrite reductase (cd1 NiR) is a bifunctional enzyme that catalyses the one-
electron reduction of nitrite to nitric oxide (1) and the four-electron reduction of oxygen to
water (2):

NO2
 -  + 2H+ + e- → NO + H2O (1)

O2  + 4H+ + 4e- → 2 H2O (2)

This dimeric protein is found in the periplasm of denitrifying bacteria and reaction (1) has
been shown to be important in vivo as a respiratory reaction under anaerobic conditions.
Each of the 60 kDa subunits is divided into two domains, the c domain and the d1 domain
(figure 1). The N-terminal residues 1-137 forms a cytochrome c like domain containing a
covalently bound c heme. The first 49 aminoacids of the N-terminal domain will be referred to
as the N-terminal arm, it has no counterpart in cytochrome c and no similarity to known
structures. The C-terminal part, residues 138 to 567, forms an eight-bladed β-propeller
structure containing a non-covalently bound d1 heme. Cytochrome cd1 is the only protein
known that contains a d1-type heme; it is distinguished by partial saturation of the porphyrin
ring and the prescence of carbonyl groups. There is general agreement that the d1 heme is the
site of nitrite reduction and that the c heme is the site of electron entry from donors
(Silvestrini et al. 1990), (Sjogren et al. 2001),(Williams et al. 1997).

Figure 1. The structure of oxidised cytochrome cd1 nitrite reductase. (Fülöp et al. 1995)

c domain

d1 domain



1.2 Ligand switching

The x-ray structure of the oxidised enzyme (Fülöp et al. 1995) shows that the d1 heme has
two axial ligands, His200 and Tyr25 and that the c heme is ligated by two histidines; His17
and His69. Both Tyr25 and His17 is on the same loop in the flexible N-terminal arm and
Tyr25 extends into the d1 domain to the d1 heme from the c domain.

When the protein is reduced it undergoes a ligand switch at both hemes (Sjogren et al.
unpublished results). The N-terminal arm with His17 and Tyr25 dissociates and Met106
replaces His17, the d1 heme becomes pentacoordinate and ready to bind substrate (figure 2).

Figure 2. The d1 heme at the active site from (a) the oxidised (Fülöp et al. 1995) and (b) the
reduced (Sjogren et al. unpublished results) crystal structure. In the oxidised structure Tyr25
can be seen binding to the d1 heme iron while in the reduced structure the N-terminal arm is
disordered and not visible in the crystal structure. Two histidines, His388 and His345 are
visible in the vicinity of the active site and are believed to be involved in reduction.

A proposed theory (Williams et al. 1997)is that the electron transfer from c heme to d1 heme
in cd1 NiR is dependent on conformational changes in the enzyme during catalysis.
Experiments with the protein in solution have indicated that the d1 heme changes from low
spin to high spin (Walsh et al. 1979) when the enzyme is reduced suggesting dissociation of
one axial ligand not only in the crystal form.

Recent NMR studies (Steensma et al. 2000) of the isolated c domain has shown that in the
reduced form the c heme is ligated by His69 and Met106 just like in the crystal structure.
However, in the oxidised state there is an equilibrium between the His/Met ligation form and a
high-spin form in which Met106 has left the c heme. It is proposed that His17 fails to bind to
the oxidised c heme in the isolated c domain due to the lack of guiding interactions, including

Tyr25

a b



binding of Tyr25 to the d1 heme.

Another theory about the ligand switch at the c heme is that it might be essential for activity
in vivo even if it is not directly involved in catalysis. It was shown (Allen et al. 2000) that a
ligand switch is required for cytochrome cd1 to accept electrons from one of it’s physiological
electron donors; pseudoazurin. In this work it was also shown that the axial ligation of the c
heme is not obligatory linked to the oxidation state of the enzyme and it was suggested that
the ligand switch at the c heme is a process preparing the enzyme for catalysis.

1.3 The role of Tyr25 in catalysis.

The theory that the ligand switch at the d1 heme is essential for catalysis in cd1 NiR is
controversial. The cd1 NiR from the related organism Pseudomonas aeruginosa has not been
shown to exhibit an equivalent ligand change and mutagenesis studies on the P.aeruginosa
enzyme show that the active site tyrosine in that enzyme is not necessary for
catalysis(Cutruzzola et al. 1997). Alignment of the N-terminal arm aminoacid sequence, where
both of the keyresidues His17 and Tyr25 are situated, of cd1 NiR from P.aeruginosa and
P.pantotrophus show substantial differences between the two enzymes. The amino acid
sequence of the Pseudomonas stutzeri enzyme(Jungst et al. 1991), (Smith et al. 1992)
indicates that there is no tyrosine in the N-terminal domain of the Ps. stutzeri enzyme.

It is clear that Tyr25 has to leave the d1 heme to allow substrate binding but whether Tyr25 in
itself has a role in catalysis is not determined. In a mechanism for nitrite reduction first
proposed by Fülöp et al. (Fülöp et al. 1995) Tyr25 plays an important role as outlined in
figure 3. The reaction is proposed to take place by a concerted movement were the two
domains close up at the end of the catalytic cycle. The role of Tyr25 is to displace the NO
from Fe(III) ensuring it is no longer bound when the enzyme is re-reduced. NO binds very
strongly to Fe(II) so if it is not removed the enzyme might end in a dead-end complex and no
further catalytic cycling can take place.

Figure 3. A proposed mechanism of nitrite reduction by cd1 NiR. Nitrite binds to the reduced
form of the enzyme in which the d1 heme is pentacoordinate. Two histidines in close proximity
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provide protons to allow the removal of one oxygen atom from nitrite to form nitric oxide
bound to the d1 heme. NO is replaced at the d1 heme by Tyr25.Subsequently the d1 heme is
reduced by an electron from the c heme and Tyr25 is displaced from it’s position as an axial
ligand to the d1 heme (Fülöp et al. 1995).



An alternative explanation (Williams et al. 1997), (Ranghino et al. 2000)is that the structure of
the fully oxidised enzyme with Tyr25 bound to the d1 heme represents a resting state of the
enzyme and is bypassed in the catalytic cycle. A potential function of the rebinding of the N-
terminal arm with His17 and Tyr25 to the c and d1 heme centres is to shut off access to the
ironcenters when the supply of electrons is too low to sustain catalysis but oxygen
concentration is high. Under these circumstances dioxygen, superoxides and peroxides can
react with the unprotected heme irons, creating radicals. Shutting off access to the c and d1

hemes when the enzyme is resting would prevent uncontrolled oxygen reactions.

1.4 Aim of this project

The aim of this work was to start elucidating the role of Tyr25 in the nitrite reduction process.
For this purpose mutants have been constructed and introduced into both E.coli. and
P.pantotrophus. Three mutants were chosen for trials, where the Tyr25 residue had been
changed to an alanine (Y25A) a phenylalanine (Y25F) and a serine (Y25S) respectively.

     Tyrosine (Y)

Phenylalanine (F)               Serine (S) Alanine (A)

Figure 4. In mutant cd1 NiR the tyrosine residue at position 25 has been mutated into a
phenylalanine (Y25F), a serine (Y25S) or an alanine (Y25A).

Expressing the mutants in E.coli poses some problems since E.coli is not able to synthesize
and attach the non-covalently bound d1 heme. E.coli expresses cd1 in the semi-apo form, with
the c heme incorporated but without the d1 heme. The d1 heme has to be purified from the
wildtype enzyme from P. pantotrophus and the heterologously expressed cd1 reconstituted
with it. Previously this has been done for semi-apo enzyme and mutants from P. aeruginosa
(Hill et al. 1978) and P. stutzeri (Weeg-Aerssens et al. 1991). There is however no record in
the literature that this has been tried on the cd1 NiR from P. pantotrophus.

Expressing mutants in Paracoccus pantotrophus poses other problems. Since the wildtype
gene is knocked out and does not produce protein, the mutant gene has to be functional to



allow the bacteria to grow under anaerobic conditions. So far only the strain expressing Y25S
seems to meet this requirement.

We wanted to obtain crystals and solve structures from the mutants to be able to compare the
d1 heme ligation to the wildtype enzyme and thereby shed some light on structural
requirements for the catalytic mechanism and particularly the role of Tyr25.



2. Theory

To understand the mechanism of catalysis in cd1 NiR and other proteins it is important to
have access to knowledge about their three-dimensional structure. Today there are two widely
used techniques for protein structure determination at atomic resolution. Nuclear magnetic
resonance (NMR) and X-ray crystallography. NMR provides information about the dynamics
of the protein and does not require crystals, however NMR can only be used on small
proteins  (up to a molecular weight of around 50 kDa). X-ray crystallography can be used on
macromolecules up to at least 10^3 kDa. The limitation here is that making a protein form a
crystal is a far from trivial task.

2.1 Crystallising proteins.

Generally the protein has to be very pure to form a crystal. In principle protein crystallisation
is about finding suitable conditions under which the protein slowly precipitates and forms a
diffracting crystal. The most common parameters that can be changed when screening for such
conditions are protein concentration, nature and concentration of precipitant, pH and
temperature. The solution is brought to supersaturation and small aggregates that are the nuclei
for crystal growth are formed. Crystal growth continues until the protein concentration
reaches the solubility curve, see figure 5.

        Protein concentration

Precipitant

Figure 5. Solubility curve for a protein as a function of the precipitant. (Drenth 1994)

Supersaturation can be practically achieved in a number of different ways, for example dialysis
or vapour diffusion. In dialysis the solvent in the dialysis tube is slowly transported out of
the tube by osmosis. In a vapour diffusion set-up a protein drop is mounted so that solvent
molecules can diffuse freely between the protein drop and a reservoir of the precipitant
solution. As the system moves towards equilibrium the solvent molecules diffuse from the
drop and thereby increase the protein and precipitant concentration in the drop.

2.2 Brief theory of X-ray crystallography

solution

* Nucleation

Growth

Supersaturation area

Solubility curve



When an X-ray beam hits the crystal the electromagnetic waves cause the electrons
to oscillate. In the process of elastic scattering the electron absorbs energy and emits it again as
radiation of the same frequency as the incoming radiation. The diffraction pattern is usually
detected on a two-dimensional detector e.g. an image plate. The intensities of the diffracted X-
ray beams are determined by the three-dimensional structure of the protein in the crystal, or
rather, the three-dimensional distribution of electrons.

The atomic scattering factor f depends on the electron density ρ(r), where r is a point in
space, as:

f = ρ ( r ) ex
p

2 π i r ⋅ S[ ]d r

r∫

where S  is the difference vector between diffracted and incoming wave.

A crystal consists of a large number of unit cells diffracting in all directions. A spot in the
diffraction pattern will occur only when the interference is constructive, that is when the Laue
conditions are satisfied:

a ⋅ S = h

b ⋅ S = k

c ⋅ S = l

 
 

 
 

 

where h,k and l are the so-called Miller indices which are integers and a, b and c are translation
vectors of the crystal.

Evaluating the structure factor for a unit cell using the Laue conditions in (2) gives:
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The electrondensity can be calculated from the structure factor by Fourier transformation:

ρ ( xy
z

) = 1
V

F ( hk
l

) ex
p

− 2 π i ( hx + ky + lz )[ ]

l
∑

k
∑

h
∑

The amplitudes of F(hkl) in this equation can be calculated from the intensities of the spots in
the diffraction pattern but the phases cannot be obtained easily. This is called the phase
problem in crystallography. The phase problem can be solved in several different ways, for
example isomorphous replacement (heavy atom method), anomalous scattering or molecular
replacement. If the new structure is very similar i.e. it has the same spacegroup and similar
celldimensions to a structure that is already solved (for example if the only difference is a
bound ligand or as in our case; a mutated residue) the phases from this structure can be used in

the initial phasing.

(1)

(2)

(3)

(4)





2.3 Refinement

All of those methods give estimated phases that can be used to build an initial model. Starting
from this model the process of refinement is used to adjust the model to find a closer
agreement between the observed and calculated structure factors. This can be done in several
ways for example by least-squares refinement. To check the agreement between the observed
and calculated structure factors (Fobs and Fcalc respectively) an R-factor can be defined:

R = hk
l∑ F ob
s − k F ca
lc

F ob
s

hk
l∑

In principle, the lower the R-factor, the better the agreement between the experimental data
and the structure.

There is always a risk of introducing changes to the structure that lowers the R-factor without
actually improving the model. To avoid this about 5% of the data is randomly selected and
taken out of the refinement and a so called Rfree value is calculated with these reflections in the
same manner as for the working set. This is a way to reduce model bias.

For more information see for example(Drenth 1994).

(5)



3. Materials and Methods.

3.1 Growth, expression and purification

Mutant enzyme expressed in E.coli. – E.coli was grown in LB medium containing 100 µg/ml
Kanamycin and 34 µg/ml Chloramphenicol. Protein expression was induced with 1mM IPTG.
After 3 h cells were spun down at 5000 rpm for 20 min and the cells were washed in ice-cold
50 mM Tris pH 8.0 150 mM NaCl.

Mutant and wildtype enzyme expressed in Paracoccus pantotrophus. Wildtype P.pantotrophus
was grown on minimal media with acetate as carbon source. Mutant P. pantotrophus (strain
EG6202 with coding region for nirS deleted and Y25S mutated cd1 introduced) was grown on
minimal media with succinate as carbon source and under selective pressure of 20 µg/ml

Gentamycin and 50 µg/ml Kanamycin.

Periplasm preparation. The cell pellet was resuspended in 0.5 M sucrose, 3mM EDTA, 50
Mm Tris pH 8.0 with 100-400 mg lysozyme depending on cell mass and heated to 37 ° c for
15 minutes. This breaks the outer cellmembrane but leaves the inner membrane intact. The
spheroplasts were then spun down at 11 000 rpm for 15 minutes in an SS34 rotor.

Protein purification. The enzyme expressed in P.pantotrophus was purified according to the
protocol of Moir et. al (Moir et al. 1993)with some modifications. The periplasmic
preparation was loaded onto a DEAE-Sepharose column and protein eluted with a gradient of
0-500 mM NaCl in 50 mM Tris/HCl pH 8, the peak nitrite reductase fractions eluting at 250
mM were pooled. Solid ammoniumsulphate was added to a 40 % saturation and the
suspension was stirred for 30 minutes before centrifugation. The supernatant was then
applied to a hydrophobic column (Poros HP2) and the nitrite reductase was eluted with a
gradient of  40-0%  ammoniumsulphate in 50 mM Tris/HCl pH 8.0. The nitrite reductase
eluted at 200 mS/cm .The protein was then loaded onto a gelfiltration column (Superdex 200)
and eluted in 50 mM Potassiumphosphate pH 7.0.

Heterologously expressed cd1 was purified as above apart from the ammonium sulphate
precipitation step where 30 % saturation was used instead of 40 %.

3.2 Heme extraction and reconstitution

For heme extraction wildtype Paracoccus Pantotrophus was grown and periplasm prepared as
above. The periplasm was loaded onto the ion exchange column, eluted and concentrated to
about 5 mg/ml but not further purified. To 1 ml protein 4 ml of acidified acetone (0.024 M
HCl in acetone) was added. This causes the protein to precipitate and the d1 heme dissolves in
the acetone. The protein was spun down and removed. 0.5 ml 1.2 M NaOH was added to the
d1 heme solution. NaOH and acidified acetone forms two layers and the d1 heme concentrates
in the NaOH layer at the bottom. The pH was adjusted to 7.0 with HCl and the heme solution
was mixed with the semiapo protein and incubated on ice for up to 1 hour. Excess heme was
removed using an Amicon concentrator.





3.3 Crystallisation

Crystallisation trials were set up for the mutants Y25S and Y25A expressed in E.coli.
Hampton Crystal Screen I and 2.2-2.5 M ammonium sulphate, 50 mM potassium phosphate
,pH 7.0 and 7.5 (conditions similar to were the oxidised wild type enzyme crystallised), were
tried.

For Y25S expressed in P.pantotrophus small single crystals were obtained by the hanging-drop
vapour diffusion method at 19˚C, using protein concentration of 15 mg/ml and 2.4 M
ammonium sulphate, 50 mM potassium phosphate (pH 7.0.) as precipitants (similar
conditions as for the wildtype enzyme). After one day the clear drops were seeded using small
crystal seeds from wildtype enzyme. Crystals formed after 1-2 days.

3.4 Data collection, processing and refinement.

The crystals belong to spacegroup P21, with unit cell dimensions a=106.5 Å b=60.9 Å
c=100.2Å and β=112.5 °. The crystallographic asymmetric unit contains a dimer. Data to 2.8
Å resolution were collected at 100 K using monochromatic X-rays at a wavelength of 1.02 Å
on beamline I711 at MAX-lab Lund, Sweden. The data were processed with the program
DENZO (Otwinowski et al. 1997) and programs from the CCP4 Suite(Collaborative
Computational Project 1994). The refined model of the oxidised protein (Fülöp et al. 1995)
was used for initial phasing. The phases were refined using the program REFMAC
(Murshudov et al. 1997) and model building was done with the program O (Jones et al. 1997).
For refinement statistics see table 1.

Table 1: X-ray data collection and refinement statistics. Numbers within parenthesis refer to the
outer resolution shell in data processing.

Data collection MAX-lab I711

Cell a=106.5 Å, b=60.9 Å, c=100.2 Å, β=112.5°

Resolution range 20-2.8 Å

No. of reflections 26 833

Average intensity <I/σI> 5.04 (2.22)

R-merge (%) 13.5 (30.9)

Completeness (%) 90.9 (93.6)

Statistics for the final model

No. of residues in the asymmetric unit 1118 (A 9-567, B 9-567)

R factor (%) 27.7

Rfree factor (%) 30.3



4. Results and discussion.

4.1 Mutant cd1 NiR expressed in E.coli.

4.1.1 Purification

The semi-apoenzyme expressed in E.coli exhibit quite different characteristics from the
holoenzyme expressed in P.pantotrophus, especially concerning hydrophobicity. While the
holoenzyme does not precipitate at 40 % ammonium sulphate the semi-apo form does. The
mutant semi-apo enzymes also bind much stronger to a hydrophobic column and elutes from
it during a long range of the saltgradient making this purification step unsuitable. The d1 heme
sits in a hydrophobic pocket on the protein surface, when the d1 heme is not bound this
pocket might be exposed to the environment causing the increased hydrophobicity.

4.1.2 Reconstitution experiments.

The presence/absence of the c and d1 hemes and their oxidation states can be elucidated from
Uv/Vis spectra of the protein in solution (figure 6).

The oxidised form has absorbance maxima at 407 nm, 528 nm, 647 nm, 702 nm and shoulders
at 440 nm and 562 nm. In the reduced spectra there are absorbance maxima at 416 nm, 522 nm,
549 nm, 554 nm, 654 nm and shoulders at 460 nm and 610 nm. It has been shown that the
absorbance above 600 nm and the shoulders at 440 nm in the oxidised form and at 460 nm in
the reduced form can be assigned to the d1 heme (Kobayashi et al. 1997).

The semi-apo enzyme shows no detectable features at all above 600 nm. After reconstitution
all the mutants display a distinct peak with maximum at 647 nm which indicates that the
protein has incorporated d1 heme (figure 7). The spectra has features characteristic of the

Figure 6. Specific features of the Uv/Vis spectra from the cd1 NiR in solution can be
assigned to the two heme groups. Those spectra shows the reduced(double-peak at 549
554 nm) and the oxidised form. All absorbtion over 600 nm can be assigned to the d1

heme.

 



oxidised state of the c heme with a peak at 528 nm but the single peak at 647 nm is more
reminiscent of the reduced state of the d1 heme.
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Figure 7. A reconstitution experiment with the mutant Y25A.

There is no pronounced shoulder at 440 or 460 nm, which can be due to binding of something
to the d1 heme. It has previously been shown that binding of a ligand such as CO to the d1

heme can alter the visible spectrum in this region (Sjogren et al. 2000). In spectra from cd1 NiR
from P.aeruginosa this shoulder is much less pronounced.

The spectrum from the reconstituted Y25A mutant in figure 7 is representative for all three of
the mutants. Comparing spectra between the mutants it was noted that Y25S has the most
prominent peak at 647 nm (data not shown) which was interpreted as that it is the one
reconstituting most readily.

In previous experiments  holo and semi-apo wildtype NiR expressed in P.pantotrophus has
been separated on a MonoQ column (Koppenhöfer 1998).When running wildtype enzyme
expressed in P.pantotrophus on MonoQ it elutes in two peaks. The second peak has the
spectral characteristics typical of the oxidised enzyme with the d1 heme present while the first
smaller peak has lost the d1 heme features and looks reduced. Storing and freezing the protein
results in that a bigger fraction elutes in the first peak. This shows that the holoenzyme is
somewhat unstable even in the wildtype form.

Trying to separate reconstituted protein from the semi-apo form proved less straight forward
for the heterologously expressed mutants. Even before the reconstitution step the protein
elutes in two peaks of the same height. Taking one of the peaks and re-running it gives two
peaks at the same positions again. After reconstitution it could be seen that the protein with
the d1 heme eluted in the second peak just as for wildtype in Y25F and Y25A. In Y25S
however, both of the peaks have d1 heme features. This indicates that the mutant protein
exists in two different conformations and possibly that the d1 heme prefers one of them.  Since
Y25S reconstitutes more readily than the other two and probably also retains the d1 heme



better a larger fraction of the protein is in the holoform so it is not surprising that both of the
conformations in this case exhibits d1 heme characteristics.

Comparing spectra from reconstituted mutants to wildtype and Y25S expressed in
P.pantotrophus it seems that the reconstitution is efficient in all the mutants. Therefore it
might not be essential to separate the reconstituted fraction from the unreconstituted,
especially considering that the d1 heme is not well retained.

The optical spectrum from wildtype cd1 in the oxidised form reveals that the d1 heme is in a
thermal spin state equilibrium (Cheesman et al. 1997). The relative height of the two peaks at
647 nm and 702 nm in the NiR spectra changes with temperature. Two possible explanations
have been proposed. The first possibility is that the field generated by the d1 heme ligands (
His200 and Tyr25) and the d1 hydroporphyrin places the Fe (III) ion close to the thermal
spin-cross-over with the low-spin Fe(III) state being lower in energy. Alternatively, the d1

heme in a fraction of the protein lacks one axial ligand , possibly tyrosine, at roomtemperature.
This is however not consistent with crystallographic data which shows the same ligation to
the d1 heme at both room and cryogenic temperatures. The crystal spectra also show similar
temperature dependence.

The spectra from the mutants do not show the characteristic two peaks of this spin state
equilibrium but  only one peak at 647 nm. This is in support of the suggestion that the spin
state equilibrium is dependent on the tyrosine ligand.

Crystallisation trials were set up for Y25S and Y25A expressed in E.coli (see materials and
methods). Screening was performed around the conditions were wildtype oxidised crystals
have been obtained. A crystal screen using the sparse matrix method were a broad range of
salts, polymers and organic solvents are screened against a wide range of pH was also tried.
However no crystals formed, possibly because the protein was not homogenous enough.

4.2 Mutant cd1 NiR expressed in Paracoccus pantotrophus.

The Y25S mutant expressed in P. pantotrophus  is obviously active since the bacteria survive
under anaerobic conditions and produce N2-gas. The only other possibility would be that
P.pantotrophus contains two different kinds of nitrite reductases which has never been shown
for an organism. The Y25F and Y25A mutants have also been introduced into P.pantotrophus
but in the case of Y25A the bacteria did not survive and in the case of Y25F there was a
reversion back to tyrosine, probably by a posttranslational modification of the phenylalanine
(Dr. E.H.J Gordon, personal communication). If there was another nitrite reductase there to
take over the role of cd1, this should happen also in those cases.

The fact that only the Y25S mutant is active is interesting. It is very tempting to assume that
this has to do with the hydoxyl group the serine shares with the tyrosine and that it is
important in the catalytic process as suggested in the mechanism outlined above (figure 3).
However, there can be many reasons why the other two mutants are not functional. For
example it is possible that it is a folding problem, maybe cytochrome cd1 NiR needs a
hydroxyl group at position 25 and the tyrosine is essential for proper folding into a functional



protein.



4.2.1 Purification

During purification of the Y25S mutant expressed in Paracoccus pantotrophus some
interesting things were noted. At around 100 mM NaCl a blue band eluted from the DEAE
column. By comparing its spectral features with published results (Moir et al. 1993) it was
found to be psedoazurin; one of  cd1 NiR’s physiological electron donors. Later in the gradient
at around 300 mM NaCl another blue band eluted, this was the biggest peak in the elution
profile. Based on spectral characteristics ( Jafferji 2000)we believe it to be nitrous oxide
reductase, another periplasmic protein that catalyses the terminal step in denitrification,
reduction of nitrous oxide to nitrogen. Nitrous oxide reductase can also be seen eluting from
the ion exchange column during wildtype enzyme purification but in a much smaller amount.
The overexpression of nitrous oxide is interesting since it implies that the mutation of the
tyrosine to a serine has far reaching consequences in the nitrogen cycle.

Regulation of nitrous oxide reductase in vivo is not well known but it has been shown
(Frunzke et al. 1986) (de Boer et al. 1996) that N2O reductase is inhibited by NO
accumulation. We speculate that the Y25S mutant is more effective than the wildtype enzyme
in reducing nitrite to nitric oxide. It was noted that the Y25S strain produces more N2 gas than
the wild type enzyme which is consistent with this suggestion NO accumulation in the cell
then leads to inhibition of nitrous oxide reductase which has to be continually expressed in
order for denitrification to continue.

Although NO metabolism is innate to denitrifiers , the compound is toxic for this group of
bacteria also. Accumulating too much NO in the cell would kill it so it is essential to the
bacteria to take care of excess NO. Overexpressing the downstream enzymes NO reductase
and N2O reductase might be a way to deal with this problem.

When expressing Y25S in some preparations the holoenzyme was not stable and a substantial
amount of the protein eluted from the ionexchange column in the semiapo form. The only
difference between a preparation with a well retained d1 heme and an unstable seems to be the
amount of oxygen in the culture during growth as dependent of the surface area of the culture
in contact with air. Transcription of genes encoding the d1 heme is induced by denitrifying
conditions (presence of nitrite and low oxygen)(Zumft 1997).A large surface area results in a
higher oxygen content, which seems to result in an unstable holoenzyme.



4.2.2 The Y25S structure.

From the structure of Y25S it is clear that this really is a mutant form of cd1 NiR and that no
reversion back to tyrosine has taken place. As mentioned above this is believed to occur in the
case of the Y25F mutant. Figure 8 shows the electrondensity calculated using a model where
the Tyr25 sidechain has been removed.

Figure 8. Electron density map calculated using a model where the Tyr25 sidechain has been
removed. There is no density for the tyrosine.

It can also be seen that something is bound to the iron in both of the d1 hemes. We believe that
this is a sulphate ion from the crystallisation solution. A sulphate ion fits very well into the
density as can be seen in figure 9. Placing a sulphate ion in the density and computing a
difference map (1fo-1fc) with this new model shows no negative features.



Figure 9. The serine and the sulphate ion fit into the calculated electrondensity.

From the electron density map it is seen that the serine is not bound to the d1 heme as is the
case for the tyrosine in the oxidised crystal structure. The N-terminal arm is still held in the
same position and His17 and His69 ligate the c heme as in the crystal structure from the
oxidised enzyme. This new structure of the Y25S mutant further states what was found for
the intermediate structures with nitrite bound (Williams et al. 1997):binding of His17 to the c
heme does not need Tyr25 anchored to the d1 heme.



5. Future research prospectives

During this project we have gathered more information about the complex protein cytochrome
cd1 nitrite reductase. This information will hopefully prove useful in the ongoing work aiming
to understand the mechanism of nitrite reduction in denitrifying bacteria and elucidate the
function of the mysterious ligand switch.

Bigger crystals of the Y25S mutant have already been obtained, data have not yet been
collected but there is hope of obtaining a higher resolution structure.

Obtaining structures from the heterologously expressed mutants would provide information
about the accuracy of the mechanism of nitrite reduction outlined above (Fülöp et al. 1995).To
be able to support or contradict it a comparison between the mutant structures and the
wildtype is necessary. Especially the phenylalanine mutant Y25F would be very interesting
since it has the aromatic ring but not the hydroxyl group on it’s sidechain.

Another way to obtain useful clues about the mechanism would be to measure the activity of
the three mutants. If differences in activity could be coupled to structural differences in a
solved structure a lot of new possibilities will open up.
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