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Abstract Soluble ammonia monooxygenase (AMO)
from Nitrosomonas europaea was purified to homo-
geneity and metals in the active sites of the enzyme
(Cu, Fe) were analyzed by electron paramagnetic
resonance (EPR) spectroscopy. EPR spectra were
obtained for a type 2 Cu(Il) site with g, = 2.24,
Ay =184 mT and g, = 2.057 as well as for heme
and non heme iron present in purified soluble AMO
from N. europaea. A second type 2 Cu(Il) EPR signal
with gy = 2.29, A, = 16.1 mT and g, = 2.03 appeared
in the spectrum of the ferricyanide oxidized enzyme and
was attributed to oxidation of cuprous sites. Comparison
of EPR-detectable Cu®" with total copper determined
by inductively coupled plasma-mass spectrometry
(ICP-MS) suggests that there are six paramagnetic Cu”"
and three diamagnetic Cu'" per heterotrimeric soluble
AMO (two paramagnetic and one diamagnetic Cu per
offy-protomer). A trigonal EPR signal at g = 6.01,
caused by a high-spin iron, indicative for cytochrome
bound iron, and a rhombic signal at g = 4.31, charac-
teristic of specifically bound Fe** was detectable. The
binding of nitric oxide in the presence of reductant
resulted in a ferrous S = 3/2 signal, characteristic of a
ferrous nitrosyl complex. Inactivation of soluble AMO
with acetylene did neither diminish the ferrous signal
nor the intensity of the Cu>"-EPR signal.
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Introduction

Nitrosomonas europaea is a chemolithoautotrophic
bacterium which obtains all of its energy from the
oxidation of ammonia (NH5) to nitrite (NO, ") (Dua
et al. 1979; Andersson and Hooper 1983; Hyman and
Wood 1985; Prosser 1989; Schmidt and Bock 1997;
Arp and Stein 2003). The carbon requirement for
growth is covered by fixation of CO, via the Calvin—
Benson-Bassham (CBB) cycle. Ammonia oxidation
by N. europaea is mediated by two different enzymes,
ammonia monooxygenase (AMO), which catalyzes
the oxidation of NHj to hydroxylamine (NH,OH) and
hydroxylamine oxidoreductase (HAO), catalyzing the
subsequent oxidation of NH,OH to NO,~ (Dua et al.
1979; Hollocher et al. 1981; Andersson and Hooper
1983). The second oxidation releases four electrons,
two of which are required in ammonia oxidation and
two of which are shuttled down the electron transport
chain for cell growth and maintenance (Arp et al.
2002). N. europaea possesses a membrane bound
AMO (McTavish et al. 1993; Hooper et al. 1997;
Chain et al. 2003) and a soluble AMO (Schmidt and
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Bock 1998; Gilch et al. 2009a). In vivo, both mem-
brane-bound and soluble AMO oxidize ammonia and
are therefore assumed to contribute to energy conser-
vation (Gilch et al. 2009a). Soluble AMO has been
purified as a heterotrimeric metalloenzyme consisting
of the three subunits AmoA, AmoB, and cyto-
chrome ¢, (o3f33)3-subunit structure) with a molecular
mass of about 317 kDa (Gilch et al. 2009a). Soluble
AMO contains copper, iron and possibly zinc (Gilch
et al. 2009a). Soluble AMO requires copper for
activity and copper chelating agents (e.g., thiourea)
inhibit ammonia oxidation activity (Loveless and
Painter 1968; Ensign et al. 1993), so copper is
proposed to participate in ammonia oxidation in an
active site of the enzyme. Zahn and et al. (1996)
suggested the presence of non-heme iron in AMO
based on EPR studies of subcellular fractions, but a
direct correlation between iron content and AMO
activity could not be shown.

Acetylene is a mechanism-based inactivator of
AMO (Andersson and Hooper 1983; Hyman and
Wood 1985; Schmidt et al. 2001; Gilch et al. 2009b).
Addition of ['*C]-acetylene to ammonia oxidizing N.
europaea leads to an inhibition of ammonia oxidation
activity (Hynes and Knowles 1978; Hyman and
Wood 1985) due to a covalent attachment of acety-
lene to His 191 of AmoA (Gilch et al. 2009b).
Acetylene also inhibits other monooxygenases like
particulate methane monooxygenase (pMMO) from
methanotrophic bacteria (Prior and Dalton 1985;
Holmes et al. 1995; Balasubramanian and Rosen-
zweig 2007). Comparison of AMO and pMMO on
genetic and functional level led to the assumption that
location and co-ordination of the metal centers should
be highly similar (McTavish et al. 1993; Holmes
et al. 1995; Klotz and Norton 1998; Gilch et al.
2009a). Two metal centers, modeled as mononuclear
and dinuclear copper sites, are located within the
PmoB subunit. A third metal center, occupied by
zing, is located within the PmoC subunit (Lieberman
and Rosenzweig 2005), but the site might contain
copper in vivo (Balasubramanian and Rosenzweig
2007). The electron paramagnetic resonance spec-
trum of pMMO from M. capsulatus (Bath) indicates
the presence of a type 2 Cu(Il) center (g, = 2.057,
gy = 2.24, and |A)l = 172 G), a weak high-spin iron
signal (g = 6.01), and a broad low-field (g = 12.5)
signal, characteristic for reduced binuclear Fe(II)-
Fe(Il) centers. (Zahn and Dispirito 1996; Hendrich

@ Springer

and Debrunner 1989; Lipscomb 1994). Treatment of
reduced pMMO with nitric oxide produces a ferrous-
nitric oxide derivative with an electron spin of S = 3/2
which is similar to those of other non-heme iron
proteins with g values near 4 and 2 (Arciero et al. 1983;
Arciero and Lipscomb 1986; Nelson 1987).

In this study, the function of copper and iron in
soluble AMO was examined and the redox chemistry
of the metal centers, the influence of nitric oxide,
ferricyanide and the mechanism based inhibitor
acetylene on the metal centers was analyzed.

Materials and methods
Growth of bacterium

Nitrosomonas europaea (ATCC 19718) was grown in a
batch culture in mineral medium (Schmidt and Bock
1997) containing 50 mM NH,CI. Cultures were incu-
bated at 28°C stirring at 50-200 rpm and aerated with
0.2-8 1air min~' to maintain a oxygen concentration of
54 0.2 mg 17", The pH was kept constant at 7.3 [20%
(w/v) Na,COgs]. After 3 days, cells were harvested at
2 x 108 &£ 3 x 107 cells ml™', concentrated by cross-
flow filtration (Haemoflow HF80S, Fresenius Medical
Care), and sedimented by centrifugation. The cell
sediment was washed twice with mineral medium
without ammonium. Purity of cultures was checked by
plating on complex solid media or in liquid cultures as
well as by phase-contrast microscopy.

Purification of soluble AMO

Cells were passed through a French pressure cell
eight times with maximal pressure. The lysate was
centrifuged at 8,000x g for 20 min at 4°C to remove
unbroken cells. The supernatant was centrifuged at
120,000x g for 20 min at 4°C to prepare the soluble
fraction. Soluble AMO was then purified 12-fold to
homogeneity as described before (Gilch et al. 2009a)
and transferred into a 50 mM K,HPO,KH,PO,
buffer (pH 7.5, buffer A).

Production of acetylene and acetylene inactivated
AMO

Acetylene was produced from barium carbide (BaC,)
according to Hyman and Arp (1990) and Gilch et al.
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(2009a). In a closed glass bottle acetylene was
produced from BaC, upon addition of water and
was then dissolved in dimethyl sulphoxide (DMSO).
To inactivate AMO, N. europaea cells (1 g) sus-
pended in mineral medium without ammonium
(4 ml) were transferred into a 25 ml-serum flask
sealed with a butyl rubber stopper. NH4Cl was added
from a stock solution to a final concentration of
10 mM. After supplementing acetylene in DMSO
bacteria were incubated at 28°C on a reciprocal
shaker at 40 rpm. Inactivation of soluble AMO was
considered complete when nitrite concentration
remained constant. Soluble acetylene inactivated
AMO was purified as described above.

Sample preparation for EPR spectroscopy

Potassium ferricyanide [K;Fe(CN)g] was added from a
100 mM stock solution to purified soluble AMO in
buffer A to a final concentration of 2 mM. Samples
were then subjected to gelfiltration on a Sephadex G-
25-packed disposable column to remove unbound
metals, transferred into quartz EPR tubes (Wilmad Lab
Glass, Buena, USA) and frozen slowly in liquid N».

Reduced soluble AMO was produced by adding
1 mM ascorbate or 1 mM (10 mM) dithionite (DT)
and 500 UM methoxyphenazine methosulfate (MPMS)
as mediator. Reduction was performed in an anaerobic
chamber under an oxygen-free N,-atmosphere. Sam-
ples were reduced for 10 min and then frozen slowly
in liquid nitrogen. To detect mixed-valency di-iron
clusters purified soluble AMO was placed in an EPR
tube, which was evacuated and flushed with oxygen-
free N, several times to obtain anaerobic conditions.
Ascorbate and MPMS were then added as anaerobic
solutions and the sample was incubated 10 min prior
to freezing and EPR measurements.

The nitric oxide derivatives of ascorbate and DT
reduced soluble AMO were prepared by addition of
nitric oxide to reduced soluble AMO under anaerobic
conditions. Following formation of nitrosyl deriva-
tives, the samples were transferred to quartz EPR
tubes and frozen in liquid nitrogen as quickly as
possible (<2 min).

Loosely bound bivalent metal ions were removed
from soluble AMO by addition of Na,-EDTA to a
final concentration of 2 mM in buffer A. After
incubation for 10 min the sample was subjected to
gelfiltration onto a Sephadex G-25-packed disposable

column equilibrated with buffer A, to remove
Cu-EDTA and excess of Na,-EDTA from the sample.
An aliquot of soluble AMO was immediately trans-
ferred to quartz EPR tubes and frozen in liquid
nitrogen. Remaining soluble AMO solution was
supplemented with an appropriate CuCl, stock solu-
tion to a final concentration of 0.5 mM. To remove
unbound Cu ions, the protein sample was loaded onto
a Sephadex G-25-packed disposable column equili-
brated with buffer A. Protein concentrations were
determined before and after each gelfiltration to
calculate the protein-metal ratio.

EPR measurements

All X-band EPR-spectra were recorded on an EMX
spectrometer (Bruker, EPR spectrometer ECS 106)
with a helium cryostat (Oxford instruments, ESR 900
cryostat) under experimental conditions described by
Hénzelmann and Meyer (1998) and Bray et al.
(1983). Samples (200 pl) were placed in a finger
dewar filled with liquid nitrogen and quickly trans-
ferred to the precooled measuring chamber of the
spectrometer. The concentration of Cu”" in the
sample was calculated by comparing the double spin
integral with that of a 1 mM cupric perchlorate
solution. The amount of non-heme iron was calcu-
lated by double spin integration of the high-spin Fe> ™
signal at g = 4.31 (middle Kramers doublet; 3 < 4)
as described by Bou-Abdallah and Chasteen (2008).
As standard a 1 mM transferrin solution was applied.
The range of integration was kept as narrow as
possible (900 G) to avoid contribution of the under-
lying lower (1 <> 2) and upper (5 <> 6) Kramer
doublets and to minimize the influence of the baseline
and base line correction. The resonance signals at
g ~ 9.7 and ~0.6 were not included in the integra-
tion because their intensity at microwave powers
below 10 mW is too low (<1% with respect to the
g = 4.31 signal) in comparison with the increasing
uncertainty of a higher integration range (Aasa 1972;
Bou-Abdallah and Chasteen 2008). Operating param-
eters of the EPR measurements are outlined in the
respective figure legends.

Metal ion analysis and protein assay

Metal ions (Cu, Fe, Zn) in purified soluble AMO
were determined by inductively coupled plasma-mass
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spectrometry (ICP-MS). Samples (250 pl  with
4.4 mg AMO ml™") were diluted in an equal volume
of concentrated nitric acid and digested for 24 h at
110°C. Samples were diluted 40-fold with distilled
water and the concentrations of metal ions were
determined relative to standard solutions. Protein
concentrations were determined by the biuret assay
(Gornall et al. 1949).

Results

Prior to EPR measurements, the metal content of
soluble AMO as well as of acetylene inhibited soluble
AMO was determined by inductively coupled
plasma-mass spectrometry. Isolated soluble AMO
contains about 9.5 Cu, 3.9 Fe and 2.6 Zn atoms per
molecule (o33y3-subunit composition, Table 1). Sol-
uble AMO with bound acetylene has a significantly
reduced Cu content (7.1 Cu atoms per soluble AMO),
but the Fe and Zn content is unchanged. The covalent
binding of acetylene (ketene) to His 191 of AmoA
(Gilch et al. 2009b), obviously removed about 2-3 Cu
atoms from their co-ordination site(s) (Table 1).
Figure 1 shows the EPR spectrum of soluble AMO
isolated from N. europaea. The EPR spectrum
contains a high-spin Fe signal at g = 6.01, a
symmetric thombic ferric signal at g = 4.31 and a
type 2 Cu(l) signal with g, = 2.24, A, = 18.4 mT
and g, = 2.057. A high-spin Fe(IIl) signal at
g = 6.01 was already observed earlier analyzing
membranes of N. europaea (Zahn et al. 1996). The
type 2 Cu(Il) signal indicates that metal ions in
soluble AMO exist as active sites, electron or oxygen

carriers. Furthermore, the type 2 Cu(Il) signal is
typical for a square planar or square pyramidal
co-ordination of the Cu?' ions. In pMMO of
M. capsulatus (Bath) a similar type 2 Cu(Il) signal
with g, = 2.057, gy = 2.24, and |IA;| = 172 G was
observed (Nguyen et al. 1994; Nguyen et al. 1996;
Zahn and DiSpirito 1996).

Double spin integration of the type 2 Cu(Il) signal
and comparison to a cupric perchlorate standard
indicated that 6.5 Cu®" ions are bound to soluble
AMO (317 kDa; a3f5y3; Gilch et al. 2009a; Figs. 1,
2a). Taking into account, that ICP-MS analysis
showed a total Cu content of 9.5 per soluble AMO
(mol molfl, Table 1), soluble AMO contains three
Cu'™ per native enzyme. Treatment of as-isolated
soluble AMO with Na,-EDTA reduced the Cu®"
content of the native enzyme from 6.5 to 3.1
(Fig. 2b). Thus 3.4 Cu®" jons could be removed
from soluble AMO by treatment with EDTA. Higher
EDTA concentrations up to 50 mM were not able to
detach further Cu”?" ions from their co-ordination
sites within soluble AMO. This result shows that
about three Cu”" ions are resistant towards complex-
ation by EDTA. It might be possible that these Cu**
ions are not located close to the surface, but buried
inside the enzyme shielding them from EDTA.
Removal of EDTA and addition of CuCl, (0.5 mM)
raised the Cu?" content per soluble AMO to 4.1
(Fig. 2¢). Hence, not all Cu** jons removed by
EDTA can be reintroduced by the addition of CuCl,.
Application of CuCl, up to 10 mM had no significant
effect on the Cu?* occupancy of soluble AMO. Two
different scenarios might explain this observation:
First it could be assumed that Cu-integration into

Table 1 Metal content in the as-isolated soluble AMO and acetylene inhibited soluble AMO from N. europaea

Metal AMO?* Acetylene labeled AMOP

Cu Fe Zn Cu Fe Zn
Buffer (uM) 1.1 £03 04 £ 0.1 02 +£0.1 0.6 +0.2 02 £ 0.1 02 £0.1
AMO in buffer (uM) 49.7 £ 4.7 20.7 £ 3.4 13.6 £ 2.3 27.8 £4.1 143 £ 25 10.8 £ 1.3
Metals per AMO (mol mol ~*)° 95+ 1.0 39+0.7 26+ 04 71+ 1.0 3.7+£0.6 28 +03

Buffer Metal content of the protein free phosphate buffer (buffer A). Soluble AMO in buffer Metal content of soluble AMO and
phosphate buffer (buffer A). Before metal analysis the soluble AMO samples were subjected to gel filtration. Data are average values

of three replicated experiments (£SD)
* The AMO concentration was 1.63 mg ml™"'

* The AMO concentration was 1.21 mg ml™'

© The metal content was calculated on the basis of a molecular mass of 317 kDa per AMO (o3f3;373, Gilch et al. 2009a)
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Fig. 1 X-band EPR spectrum of isolated soluble AMO from
N. europaea. The protein concentration was 11.7 mg ml™" in
50 mM K,HPO,/KH,PO, buffer (pH 7.5). The spectrum was
recorded at 10 K with 10 mW of microwave power, modula-
tion amplitude of 10 G, modulation frequency of 100 kHz, and
a time constant of 40 ms. The microwave frequency was
9.474 GHz

gL =2.057

g|=224
|A[=18.4 mT

Intensity

3.8 3.3 238 2.3 1.8
g-factor

Fig. 2 X-band EPR spectra of as-isolated soluble AMO (a),
soluble AMO after EDTA-treatment (), and after subsequent
addition of 0.5 mM CuCl, (c). The inlet shows the high spin
iron signal at g = 6.01. Procedures for Cu removal with EDTA
and Cu®t supplementation with CuCl, are described in
“Materials and methods” section. All spectra were recorded
at 10 K with 10 mW of microwave power, modulation
amplitude of 10 G, modulation frequency of 100 kHz, and a
time constant of 40 ms. The microwave frequency was
9.474 GHz

soluble AMO must occur already before or during
folding and assembling of the heterotrimeric protein
complex. A second option is that Cu-integration
requires the assistance of additional chaperons and/or
Cu-chelatases, which are absent after purification of

soluble AMO. EDTA treatment also affected the high
spin iron signal at g = 6.01 (Fig. 2, inlet). Addition
of EDTA nearly diminishes the iron signal (Fig. 2b),
and incubation of iron-free AMO in 0.1 mM FeSO,4
solution reintroduced about 80% of the high-spin iron
(Fig. 2c). On basis of the complex formation con-
stants of the iron-EDTA (log K; = 14.32) and the
iron-cytochrome complex (log Ky = 20.11; Sanders
et al. 1999) and the kinetics of the iron transfer at
physiological conditions (25°C, pH 7), EDTA should
not be able to remove iron from the cytochrome
c1-subunits of soluble AMO. The reason for the
removal of heme-bound iron from cytochrome c; is
still unknown, but the following hypotheses might
explain this observation: First, iron in cytochrome c;
might be bound by different ligands like it is known
from other cytochromes and heme groups, respec-
tively. The crystal structure of cytochrome c¢; from
N. europaea is not resolved yet, and therefore a
co-ordination of iron by weaker ligands in cyto-
chrome ¢; can not be excluded. Second, the
co-ordination of iron by cytochrome c; might be
weaker than expected due to topological strain within
this subunit. Conformational changes of cytochrome
¢, might be effected by its interaction with the other
two subunits of soluble AMO (AmoA and AmoB).
Third, changes in the redox state of cytochrome c
co-ordinated iron might influence the binding affinity
towards the iron co-ordinating ligands. Oxidation of
Fe(Il) to Fe(Ill) significantly reduces the binding
affinity towards heme (Sanders et al. 1999) and thus
might allow metal removal by EDTA. It is assumed
that cytochrome c; is involved in electron transfer to
the active sites located in AmoA and AmoB (Gilch
et al. 2009a) and hence cytochrome c; co-ordinated
iron might be susceptible for redox chemistry.

From about nine Cu ions co-ordinated within
soluble AMO about three are in the Cu''-state.
Purification and EPR spectroscopy was performed
under oxic conditions indicating that the three Cu'"
ions are resistant towards oxidation by molecular
oxygen. Supplementing as-isolated soluble AMO
with potassium ferricyanide [K;Fe(CN)e] led to an
almost complete oxidation of the Cu' " ions (Fig. 3).
Via double spin integration of the resulting type 2
Cu(Il) signal a Cu** concentration of 8.8 Cu*" per
molecule of soluble AMO was calculated, which
equals the number of Cu atoms determined by ICP-
MS (Table 1). In addition to the type 2 Cu(Il) signal
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Fig. 3 X-band EPR spectra of as-isolated soluble AMO (A)
and soluble AMO treated with 2 mM ferricyanide (B). Both
spectra have been normalized for better comparison. Spectra
were recorded at 10 K with 10 mW of microwave power,
modulation amplitude of 10 G, modulation frequency of
100 kHz, and a time constant of 40 ms. The microwave
frequency was 9.474 GHz

(g1 =224, Ay = 184 mT and g, = 2.057; Fig. 3A)
the fully oxidized enzyme exhibits a second EPR
signal with g, = 2.29, A, = 16.1 mT and g, = 2.03
(Fig. 3B). Such signal is typically of Cu'" sites
oxidized by ferricyanide (Nguyen et al. 1998).
Interestingly, the Cu'" ions remain bound at the
enzyme after being oxidized to Cu?'. This fact
provides evidence, that these Cu'-sites may function
as redox active sites, involved in either electron
transfer or substrate conversion. Structural Cu'T
atoms would be detached from the enzyme upon
oxidation (Blain et al. 2002).

Nitric oxide (NO) has been commonly used to
form EPR-active nitrosyl-iron complexes in some
spectroscopically indistinguishable non-heme Fe*™*
containing enzymes (Arciero et al. 1983; Nelson
1987; Zahn et al. 1996). Exposure of non-heme
ferrous iron to NO can yield a species with an
electron spin of S = 3/2. Based on this observation,
EPR spectra of dithionite (DT)-reduced soluble AMO
were recorded before and after treatment with NO. As
it is obvious from Fig. 4B, a nitrosyl iron complex
was formed resulting in a lower intensity of the
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Fig. 4 X-band EPR spectra of DT-reduced soluble AMO (A)
and DT-reduced soluble AMO treated with nitric oxide NO
(B): both spectra have been normalized for better comparison.
Spectra were recorded at 77 K with 2 mW of microwave
power, modulation amplitude of 10 G, modulation frequency
of 100 kHz, and a time constant of 40 ms. The microwave
frequency was 9.474 GHz

rhombic signal at g = 4.31, and an intermediate spin
(S = 3/2) appeared at g = 4.01 (isotropic nature) and
g = 4.11 (rhombic nature). The rhombic signal at
g = 443, typical for protein co-ordinated Fe’™,
vanishes completely after treatment with NO, indi-
cating that all Fe*™ ions of soluble AMO were
capable of forming a nitrosyl iron complex.

The EPR spectrum of the nitrosyl iron complex
derivative of soluble AMO from N. europaea is
similar to that of pMMO from Methylosinus trichos-
porium OB3b (Takeguchi and Okura 2000), Methy-
lococcus capsulatus (Bath) (Zahn and DiSpirito
1996), and to protocatechuate-4,5-dioxygenase from
Pseudomonas testosteroni (Lipscomb et al. 1982;
Arciero and Lipscomb 1986). Protocatechuate-4,5-
dioxygenase is thought to have a mononuclear non-
heme iron in the active site, capable of reacting with
NO and thus providing Fe-species with a spin state of
S = 3/2 and g values around 4. However, it is still
unclear whether Fe®" plays a structural role on the
tertiary folding of the protein or serves directly as
electron transferring cluster or as an active site metal
for substrate activation.

Purified soluble AMO contains about four iron
atoms per molecule (Table 1). Three iron atoms are
co-ordinated by the three Cyt c;-subunits of native
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soluble AMO in a high spin state, resulting in a
trigonal signal at g = 6.01. Furthermore, the devia-
tion from g = 6 is indicative for a weak rhombic
distortion of the trigonal symmetry. To determine,
whether the remaining iron atom might belong to a
possible di-iron cluster [Fe(Il)-Fe(IIT)], we attempted
to evaluate conditions that would result in an EPR-
visible mixed-valency form [Fe(Ill)-Fe(I)] of this
type of cluster. Such a transition can be obtained after
incubation of soluble AMO in the presence of the
mediator MPMS and a reductant such as ascorbate or
DT. This mixed-valency species normally has a strong
S = 1/2 EPR signal, with all g-values below g = 6
(Andersson and Grislund 1995). After reduction with
ascorbate and MPMS such a signal was not observed,
but the type 2 Cu(Il) signal decreased, resulting from a
partially reduction of EPR-active Cu®" to EPR-silent
Cu'" (Fig. 5a). Interestingly, there was a significant
increase in the rhombic high-spin (S = 5/2) Fe*t
signal at g = 4.31 with respect to oxidized soluble
AMO (compare Figs. 1 and 5). This type of EPR
signal originates from the middle Kramers doublet
(3 < 4) of high-spin Fe** with an |E/DI value of 0.33.
Spin exchange coupling of high-spin Fe’" with
another paramagnetic metal can diminish the rhombic
signal at g = 4.31. Upon reduction with ascorbate/
MPMS the yet unidentified metal species (Z) was
reduced, thus eliminating the magnetic spin exchange
coupling with the rhombic Fe®" ion, making it EPR-

a A
c
———
52 4.7 42 37 3.2 2.7 22 1.7

g-factor

Fig. 5 X-band EPR-spectra of soluble AMO after reduction
by ascorbate and DT. Soluble AMO was partially reduced with
1 mM ascorbate (a) and 1 mM DT (b) or fully reduced with
10 mM DT (c). Reduction was performed in the presence of
the mediator MPMS (500 M) and under anoxic conditions.
Spectra were recorded at 10 K with 10 mW of microwave
power, modulation amplitude of 10 G, modulation frequency
of 100 kHz, and a time constant of 40 ms. The microwave
frequency was 9.474 GHz

active (Fig. 5a). Several different possibilities exist
for Z, such as: (i) a Cu®" species; (ii) another Fe>™
species or (iii) a radical species such as tyrosyl or
tyrosyl-derived radical as found in the copper
enzymes galactose oxidase (Gerfen et al. 1996) or
close to the Cu,; in cytochrome ¢ oxidase (MacMillan
et al. 1999). The putative radical should then interact
magnetically with the iron.

In relation to the spectrum of ascorbate/MPMS
reduced soluble AMO, the spectrum of DT/MPMS
reduced soluble AMO showed a further increased
rhombic signal at g = 4.31 (Fig. 5b). The sharpness
and the rhombic nature of this signal is characteristic
of specifically bound Fe’" ions in an octahedral
ligation environment (Hagen 1992). The concentra-
tion of Fe’" ions was estimated to be 0.85 Fe’" per
DT/MPMS reduced soluble AMO by integration of
the rhombic Fe*' signal against transferrin at two
temperatures. Considering that three Fe are bound to
the three mono-heme cytochrome c¢; subunits of
soluble AMO, this result matches very well with the
total amount of about 3.9 Fe atoms determined by
ICP-MS (Table 1). The magnetic behavior of Fe’" in
soluble AMO is similar to that of transferrin, indicat-
ing a comparable ligation environment including co-
ordination by tyrosine. A participation of tyrosine in
Fe** co-ordination in AMO is further supported by
the finding that Fe’" is not reduced by ascorbate/
MPMS or DT/MPMS which is a typical feature of
iron-tyrosinate proteins (Que 1983; Que and Jo 1996).

The presence of non-heme iron agrees with the
results of Zahn et al. (1996). Analyzing subcellular
fractions of N. europaea, they detected non-heme Fe
centers by EPR-spectroscopy, which they attributed
to AMO. Evidence for a spin-coupled di-iron(III)
center in the homologue enzyme pMMO was pro-
vided by Martinho et al. (2007) and Tumanova et al.
(2008). They suggested that the dinuclear iron center
is replaced by Zn in the crystal structure of pMMO
and that this site is the active site of the enzyme,
because such centers are the only type of centers
known to oxidize methane to methanol at room
temperature (Fox et al. 1988; Elango et al. 1997). In
soluble AMO, Zn was also detectable (Table 1; Gilch
et al. 2009a) and a replacement of non-heme Fe by
Zn can not be excluded yet. Hence, in vivo soluble
AMO might also contain dinuclear iron centers,
which might have a catalytic function in the conver-
sion of ammonia to hydroxylamine.
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The exposure of soluble AMO to 1 mM DT and
1 mM ascorbate in the presence of the mediator
MPMS resulted in a reduced type 2 Cu(Il) signal
(Fig. 5a, b). Complete reduction of all Cu®" ions was
observed upon addition of 10 mM DT under anaer-
obic conditions (Fig. 5¢). The type 2 Cu(Il) signal
with g, = 2.24 as well as the rhombic iron signal at
g = 4.31 are diminished upon supplementation of
excess of DT. Similar data have been reported for the
type 2 Cu(Il) signal of pMMO from M. capsulatus
(Bath) (Nguyen et al. 1994; Nguyen et al. 1996).

Acetylene is a mechanism-based inhibitor of
ammonia oxidation by soluble AMO and derivatizes
the o-subunit (AmoA) of the enzyme (Hynes and
Knowles 1978; Prior and Dalton 1985; Zahn et al.
1996; Yeager et al. 1999; Gilch et al. 2009b). The
EPR spectra of soluble AMO with and without bound
acetylene were recorded (Fig. 6). The lack of a
significant effect of derivatization by acetylene on the
type 2 Cu(Il) signal suggests that acetylene does not
bind at or nearby an active Cu”" site of the enzyme.
However, acetylene inhibited soluble AMO co-ordi-
nates about 2.4 Cu atoms less than uninhibited
soluble AMO (Table 1). Hence, acetylene might
interact with or at an active site of the enzyme co-
ordinating Cu't which is liberated upon acetylene
binding. Considering that acetylene binds at His 191
of AmoA (Gilch et al. 2009b), the Cu'™* co-ordination
site has to be located within the AmoA subunit of
soluble AMO. Furthermore, acetylene inhibited

G e e

Intensity

34 32 30 28 26 24 22 20 18 16
g-factor

Fig. 6 X-band EPR spectra of air-oxidized uninhibited soluble
AMO (black line) and acetylene inhibited soluble AMO (grey
line). Spectra were recorded at 10 K with 10 mW of
microwave power, modulation amplitude of 10 G, modulation
frequency of 100 kHz, and a time constant of 40 ms. The
microwave frequency was 9.474 GHz

@ Springer

soluble AMO exhibits a weak signal at g =2,
possibly originating from an organic radical, which
might be formed upon binding of acetylene (Fig. 6).
It is unknown, if the Cu'" containing site of AmoA
resembles a monomeric, dimeric or even trimeric Cu
center. The nuclearity of biological copper centers is
not correlated with reactivity, leaving open the
possibility that any of the copper sites could be the
catalytic one. The observation, that binding of acet-
ylene to His 191 of AmoA decreases only the Cu'™
and not the Cu>* occupancy of soluble AMO leads to
the assumption, that AmoA harbors a mononuclear
Cu'" site, possibly co-ordinated by the motif Asp
187-X5-His 191-X,,-His 204 (Gilch et al. 2009a).
This is due to the fact, that a loss of Cu'* would
destroy the integrity of a mixed-valency dinuclear
Cu'"—Cu?" center resulting in a subsequent loss of
the Cu®", which was not detectable in our experi-
ments (Fig. 6). This assumption is further supported
by the presence of two different type 2 Cu(Il) signals
after reduction of the Cu'" site with potassium
ferricyanide (Fig. 3B), indicating different co-ordina-
tion environments for the Cu'" and the Cu®" sites.
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