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Abstract

Denitrification is an anaerobic process performed by several soil bacteria as
an alternative to aerobic respiration. A key-step in denitrification (the N-N-
bond is made) is catalyzed by nitric oxide reductase (NOR); 2NO + 2¢” +
2H" — N,O + H,0. NOR from Paracoccus denitrificans is a member of the
heme copper oxidase superfamily (HCuOs), where the mitochondrial cyto-
chrome ¢ oxidase is the classical example. It is situated in the cytoplasmic
membrane and can, as a side reaction, catalyze the reduction of oxygen to
water.

NORs have properties that make them divergent members of the HCuOs; the
reactions they catalyze are not electrogenic and they do not pump protons.
They also have five strictly conserved glutamates in their catalytic subunit
(NorB) that are not conserved in the ‘classical’ HCuOs. It has been asked
whether the protons used in the reaction really come from the periplasm and
if so how do the protons proceed through the protein into the catalytic site?
In order to find out whether the protons are taken from the periplasm or the
cytoplasm and in order to pinpoint the proton-route in NorB, we studied
electron- and proton transfer during a single- as well as multiple turnovers,
using time resolved optical spectroscopy. Wild type NOR and several vari-
ants of the five conserved glutamates were investigated in their solubilised
form or/and reconstituted into vesicles.

The results demonstrate that protons needed for the reaction indeed are taken
from the periplasm and that all but one of the conserved glutamates are cru-
cial for the oxidative phase of the reaction that is limited by proton uptake to
the active site.

In this thesis it is proposed, using a model of NorB, that two of the gluta-
mates are located at the entrance of the proton pathway which also contains
two of the other glutamates close to the active site.



Abbreviations

NOR
CcO

cbb;

aas

HCuOs

bR

heme c or only ¢
heme b or only b
heme b; or only b;

FCB

Substitution nomenclature:

cyt. ¢

T

nitric oxide reductase
cytochrome ¢ oxidase

cbb; oxidase

aaz oxidase

heme copper oxidases

bacteriorhodopsin

Denotes heme ¢ in the NorC subunit

Denotes heme b in the NorB subunit

Denotes heme b; in the NorB subunit

Denotes the non-heme iron in the NorB subunit
E.g. E198A denotes a change of the glutamate
at position 198 in NorB for an alanine.
cytochrome ¢

Time constant, 1/rate constant
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1. INTRODUCTION

Is there anyone in this world who has never stopped, for at least a tiny mo-
ment, to ponder or fall silent over the wealth of life around us?

In this thesis, proton pathways in membrane proteins and ideas around the
role of glutamates at entrances to and inside these pathways will be dis-
cussed. Especially the proton pathway in the c-type nitric oxide reductase
(NOR) will be presented and compared to other possibly equivalent proton
pathways in the cbb; oxidases and Al heme copper oxidases.

1.1 At the very beginning

Life sprouted on earth as a result of infinite trials and errors, sparked by a
fortunate mixture of elements, energy outbursts and a friendly distance to the
sun. At this early period in history, about 3.8 billion years ago [1], the at-
mosphere was primarily composed of carbon dioxide and water vapor, with
some nitrogen but virtually no oxygen. Thunderstorms and volcano out-
breaks cursed the thin crust around the hot core of iron and it was certainly
not a friendly environment from a human point of view.

Today, the atmosphere is roughly composed of (by molar con-
tent/volume) ~78 % nitrogen, ~21 % oxygen, ~1 % mixture of gases (mostly
argon, but also carbon dioxide, neon, krypton, helium) and water vapor [2].

This atmosphere protects us by reducing temperature extremes between
day and night and absorbing ultraviolet solar radiation. In short, the envi-
ronment has become friendlier compared to the ancient days.

It is interesting that the atmosphere contains about 78 % of nitrogen gas
(N»), since all life forms require nitrogen compounds, e.g. for making pro-
teins and nucleic acids. There is plenty of nitrogen gas available, but most
organisms can not use nitrogen in this form.

Plants must secure their nitrogen in a "fixed" form, i.e. incorporated into
compounds such as: nitrate (NO;"), ammonia (NH3) and urea (NH,),CO and
animals secure their nitrogen from plants (or animals that have fed on
plants), but how do the plants “fix” nitrogen?
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1.2 The nitrogen cycle

Four processes participate in the cycling of nitrogen through the biosphere;
nitrogen fixation, nitrogen decay, nitrification and denitrification (figure 1)
and microorganisms play major roles in all four of them.

Deca
- — - — J _— e o —
- Animal protein

Industrial
fixation

Biological
Fixation

Atmospheric N,

NH,

Proteins
(Plants and microbes)

Lightning
00/.

Denitrification

<.
C,

Qx.

’/O

NO,-

Figure 1. The nitrogen cycle. N.B. the only way back into the atmosphere is via
denitrification. Modified from;
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/N/NitrogenCycle.html.

Nitrogen fixation can be accomplished by biological fixation (~ 68 % of
the total fixation), industrial fixation (~ 20 %), combustion (~8 %) and fixa-
tion by lightning (~ 4 %) [3]. When it comes to biological fixation, per-
formed by prokaryotic organisms (described in [4, 5]) the most commonly
known example is found in leguminous plants, such as pea, lupine or alfalfa.
If you tear apart the root nodules you will find parts that are colored pink,
where the color is derived from leghemoglobin [6], a heme protein with a
very high affinity for oxygen. The enzyme nitrogenase [7] is responsible for
catalyzing the fixation of the inert gas Ny; N, + 6H" + energy =» 2NH;. Le-
ghemoglobin protects nitrogenase since dioxygen (O,) irreversibly inhibits
this enzyme.

For industrial fixation an example can be found in the synthesis of fertil-
izers used in agriculture, which is produced through the so called Haber
process [8]. In this process ammonia is produced by passing a mixture of
atmospheric nitrogen and hydrogen over a metallic catalyst at about 600° C
and high pressure.

11



In the process called atmospheric fixation, two unregulated processes are
found; one is the phenomenon where N, is fixed through lightning [9], re-
sulting in NO, and NOx.. In another process, more of an every day one, the
driving of cars, the combustion temperature in combination with air results
in the fixation of nitrogen to NOx [3]. This fixation results, later on during
rainy weather, in nitric acid, the reason for the expression “acid rain”. This
process is not a classical industrial fixation process, although a classical
event in the industrial world.

Nitrification is a two step microbial process where ammonia (NHj3) is se-
quentially oxidized to nitrite (NO,") and nitrate (NOj5’) [10, 11], where both
processes contribute to the generation of ATP. Now at the level of nitrate
(figure 1) in the N-cycle, the next step is denitrification.

When nitrogen has been fixed by some of the processes described above,
there is only one way back into the atmosphere and that is through denitrifi-
cation.

1.3 Denitrification - From NO;3; to N,

Nitrogen is removed from the biosphere through denitrification (figure 1)
which is a four step procedure (figure 2) where nitrate in a stepwise manner
is converted to gaseous nitrogen via nitrite, nitric oxide and nitrous oxide
(also called laughing gas) [12]. Each step is catalyzed by a specific enzyme,
starting with nitrate reductase (NAR) for the reduction of NO;™ to NO,, ni-
trite reductase (NIR) for the reduction of NO, to NO, nitric oxide reductase
(NOR) catalyzing the reduction of NO to N,O and finally the nitrous oxide
reductase (N,OR) completing the denitrification process catalyzing the con-
version of N,O to Ns.

The release of N,O during denitrification has been shown to significantly
contribute to the global warming process, as N,O has a warming potential of
320 relative to CO, [13]. Interestingly, N,O is converted to NO in the strato-
sphere' and NO plays a role in the destruction of the ozone layer

Denitrification is an important reaction in coastal waterways as it can
permanently remove nitrogen from the system as di-nitrogen (figure 2) and
therefore it can counteract the eutrophication process” [16]. Denitrification is
performed by several soil bacteria, e.g. Rahlstonia eutropha [17] and Para-
coccus denitrificans [18, 19], and serves as an alternative to aerobic respira-
tion. In these organisms, the denitrification genes are expressed if the oxygen
concentration is low and if N-oxides are present [12].

' The second major layer of the atmosphere, from 12 to 50km [14].
2 Eutrophication is "an increase in the rate of supply of organic matter to an ecosystem".
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Figure 2. The enzymes involved in the denitrification process in P. denitrificans.
Abbreviations are as follows; DH, NADH dehydrogenase, NAR, nitrate reductase,
NIR, nitrite reductase, NOR, nitric oxide reductase, N,OR, nitrous oxide reductase,
AP, nitrate/nitrite antiporter, &/, cytochrome ¢, Q/QH,, ubiquinone/semiquinone.
This picture is modified from an original made by Timothy Paustian, University of
Wisconsin-Madison, see:
http://lecturer.ukdw.ac.id/dhira/Metabolism/Resp Anaer.html.

The enzymes catalyzing the reactions in denitrification are described in
several publications; for NAR see [12, 20-22], for NIR see [12, 22-27], for
NOR see [12, 27-31] and for N,OR see [12, 31-33].

1.3.1 Denitrification — Noxious intermediates

Two of the intermediates in denitrification are directly harmful to living
organisms; nitrite and nitric oxide.

Nitrite (figure 3) is ubiquitous as it is used as an additive in food to pre-
vent bacterial growth and as a corrosion inhibitor [34]. Nitrite can be con-
verted into nitrosamine, which is carcinogenic [35], and maybe a little sur-
prising, nitrite are found in high concentrations (50-200 uM) in human saliva
[36] probably counteracting bacterial colonization [37].

Nitric oxide (figure 3) is a highly reactive, diffusible, and unstable radical.
It plays an important role in a wide range of biological processes, including
cellular immunity [38], neurotransmission [39-41], as a regulatory factor in
cellular respiration [42, 43] and as an intermediate in denitrification [12].
Free NO is a transient molecule with a half-life of about five seconds in vivo
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[44] and the reaction of NO with O, in aqueous solutions produces nitrate
and nitrite ions. Moreover, NO can rapidly react with superoxide to produce
highly reactive peroxynitrite (ONOQ") [44]. The biological effects of NO are
either direct or through other reactive nitrogen intermediates [45, 46].

Figure 3. The Lewis structure of nitric oxide (NO) to the left and nitrite (NO,)
to the right. Note the unpaired electron in NO. Nitrite is shown in its two resonance
forms.

The toxicity of NO is coupled to its reactivity towards transition metal pro-
teins (heme Fe, non-heme Fe, and Cu-containing enzymes are the main tar-
gets). NO is also a mutagenic compound, causing changes in the DNA code
(C—>T, AT — GC, and GC — AT transitions in Escherichia coli) due to its
nitrosating and deaminating reactivity [47].

In view of the numerous ways that NO and nitrite can exert cytotoxic or
genotoxic effects alone or in combination with other reactants, it is surpris-
ing that denitrifying bacteria survive during denitrification, but they do’. The
steady-state concentration of, e.g. free extracellular NO during denitrifica-
tion, is maintained at a nanomolar level [12].

Now, how is that achieved?

1.4 Nitric oxide reductase

NO generation takes place in the periplasm of the bacterium, by the soluble
NIR, and the location of nitric oxide reductase (NOR) in the inner membrane
forms an efficient sink* to prevent NO from reaching the cytoplasm [12].

3 In this case, the expression; “ What does not kill me makes me stronger” is true in an evolu-
tionary point of view [48].

* The apparent K,, for NO in NOR is below 1 M, which makes NOR a very efficient NO
scavenger [49].
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1.4.1 NOR —What function and where to find it?

The reaction in which the N-N-bond is made (scheme 1) is one of the key-
steps of denitrification and is catalyzed by NOR [18]. NOR from P. denitri-
ficans can also catalyzes the reduction of O, to H,O (scheme 2) [29, 50, 51]
as a side reaction. In spite of it being suggested already in 1971 by T. Ma-
tsubara and H. Iwasaki [52] it took around 20 years until the character of the
last oxidoreductase of denitrification was elucidated [50, 53-56].

2NO+2¢ +2H" - N,0+H,O Scheme 1.

O, +4e +4H" — 2H,0 Scheme 2.

NORs are found both in bacteria and fungi. In the fungi the enzyme is a
member of the P450 super-family and the NOR from Fusarium oxysporum
[57, 58] was the first enzyme with NO reduction activity for which the three
dimensional (3D) structure was determined [59]. The overall structure is
essentially the same as that of the monooxygenase cytochrome P450s, where
the most common reaction catalyzed is the insertion of one oxygen atom into
an organic substrate. The F. oxysporum NOR is a soluble 46 kDa protein
consisting of one heme in the active site [60], it receives electrons from
NADH and has a turnover numbers of 1000-1200 e s [60, 61].

This big rate is in contrast to the bacterial NORs that are membrane pro-
teins, with turnover numbers of 40-70 ¢ s [27] receiving electrons from a
variety of donors (cytochrome ¢, pseudoazurin or quinone/semiquinone).

The 3D-structure of the bacterial NORs are yet to be determined’, but
two-dimensional crystals of the c-type NOR have been presented [62], where
it also was concluded that the enzyme was purified as a dimer.

The ¢ - and g-type NORs are very similar in the catalytic site [63] and are
therefore believed to use the same mechanism for NO reduction.

1.4.2 The c-type NOR - Electron flow during anaerobic
respiration
cNOR is typically found in bacteria living in soil, such as P. denitrificans,
[12, 64] and it is expressed during low oxygen conditions when NO is pre-

sent [18] in concentrations ranging from 5-50 nM (in Pseudomonas stutzeri
[65]). A knockout mutation for NO reductase is lethal, but the effect can be

5 Rumors in the scientific community tells that someone have diffracting crystals of good
quality of a bacterial NOR.
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suppressed phenotypically by an additional mutation in rnirsS, i.e. by inacti-
vating the NO generator nitrite reductase [66].

1.4.3 Structure

When purified’, cNOR consists of two subunits (NorC and NorB, figure 4).
This “core” complex seems to carry the full enzymatic activity [62], but
there is genetic evidence of additional subunits (NorQ, D, E, and F) in situ.
These may be lost during purification [67] or are only needed for the
assembly of the enzyme. cNOR is purified as a dimer, is crystallized as such
[62] and it is also present in the membrane as such.

To perform at full activity, NOR requires some lipids, but these can be
replaced by detergents [68].

The catalytic subunit (70 kDa) has two components. The smaller one (17
kDa), NorC (figure 4) is a membrane-bound cytochrome ¢ (heme c, E,=
310 mV [69]) and probably the site where electrons from cytochrome ¢ en-
ter. NorC is predicted to have one single trans-membrane helix that anchors
the more globular heme ¢ containing part, which faces the periplasm.

The larger subunit (54 kDa), NorB (figure 4), binds a heme b (E,= 345
mV), a low potential heme b; (E,= 60 mV) and a non-heme iron, Feg, (E;=
320 mV) [70], where the two latter are believed to form the active site [71].
NorB is predicted to have 12 trans-membrane helices and belongs to the
heme copper oxidase superfamily (HCuOs). The orientation in the mem-
brane of the helices has partly been confirmed by PhoA reporter gene fusions
[72] for the P. stutzeri enzyme. Since P. stutzeri NorB has a high sequence
similarity to P. denitrificans NorB we assume that these results are valid for
this protein as well. The coordination of the cofactors has been attributed to
histidines. In the P. denitrificans enzyme these are for heme » His53 (in
helix II) and His336 (helix X), for heme b; His334 (helix X) and for the Feg
His194 (helix VI) and His245 and His246 (helix VII) (figure 4). Heme b; is
also anti-ferromagnetically coupled to the Feg in its oxidized form via a
u-oxo bridge [56, 73].

® When eluted from the anion-exchanger, the enzyme has a beautiful strawberry juice color,
which makes it a gratifying protein to work with. You see it very well!
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|
NorC subunit NorB subunit

Extension Catalytic domain

Figure 4. The structure of c-type and q-type NORs. c-type NORs receive elec-
trons from cytochrome c or pseudoazurin, it is composed of 2 subunits, the NorC
and the NorB. g-type NORs receive electrons from quinols and is composed of one
subunit, the NorZ. Both enzymes have two b hemes and a non-heme iron in the
catalytic subunit. The cNORs have also a low-spin heme c in the NorC, which is
where electrons enter.

Non-heme irons, if not in Fe-S-clusters, demand an octahedral coordina-
tion, meaning they need six ligands [62] with histidine and oxo-ligands be-
ing the preferred ones. This is seen in e.g. the alternative oxidases (AOX)
[74] and in the O, scavenging flavodiiron protein [75]. The AOX has been
shown to contain conserved iron binding motifs (Glu-X-X-His) [76], but no
such motifs are found in NOR [77, 78]. Besides the three histidines, a p-oxo
bridge (described in [79]) could function as ligand number four, but two
additional ligands are needed. For this purpose three conserved glutamates
(described below) have been discussed since models put them in the mem-
branous part of NorB, close to the active site [72, 80].
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Figure 5. The UV-VIS spectra for NOR from Paracoccus denitrificans.

The black spectrum is taken of the NOR “as purified”, i.e. oxidised by air. The
dashed spectrum is taken of the NOR reduced with 1 mM ascorbate. The dark grey
spectrum is taken of the NOR with CO bound (100% CO). The reduced heme ¢
absorbs at 418.5 nm, 523 nm and 551 nm and the oxidized heme ¢ absorbs at
411nm. The reduced heme b absorbs at 418.5 nm, 523 nm and 560 nm and when
oxidized. The reduced high-spin heme b3 absorbs at 430 nm and the oxidized b,
displays a charge transfer band between 585-605 nm, but see [56]. Feg is not detect-
able in the UV-VIS spectrum. Note that the NOR in the “As purified” spectrum is
semi-reduced, harboring 1-2 electrons (Flock et al. unpublished data).

Due to the heme and iron content of NOR it has typical spectra in the UV-
vis region (figure 5). The different cofactors absorb at specific wavelengths,
creating a unique and sensitive “finger-print” of the enzyme. This feature is
very useful for studies concerning electron- and proton transfer reactions in
the enzyme (see Material and Methods and Results and Discussion).
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1.4.4 Function - Reactions catalyzed

cNOR catalyzes the reduction of NO to N,O (scheme 1) with a maximum
turnover number of 40-70 ¢ s for the P. denitrificans enzyme [27, 50, 56].
cNOR can moreover catalyze the reduction of O, to water with a turnover
number of ~ 10 e s [29, 50].

These turnover numbers are very different from the turnover number for
reduction of NO by the P450 NOR from (~ 1000 e s'l) and the turnover
number for dioxygen reduction catalyzed by cytochrome c oxidase from
Rhodobacter sphaeroides (~1500 ¢ s [81]. The relatively low maximum
turnover number of NOR is partially attributed to the inhibitory effect of
elevated NO concentrations (> 5 pM). This feature is suggested to be due to
the binding of NO to the oxidized enzyme [56].

1.4.5 The NO reduction mechanism

Different theories have been presented on how the NO molecules approach
the binuclear site. The so-called cis-mechanism (i.e. binding of two NO
molecules to one of the cofactors, the cis-Fep or cis- b; mechanisms) and the
trans-mechanism (i.e. binding of one NO molecule to each cofactor) have
been dominating the discussion, see in for example [18, 82].

The trans-mechanism has been proposed from steady-state kinetic ex-
periments, where results suggested a sequential binding of the NO molecules
[56], and rapid-freeze quench EPR experiments with the fully-reduced NOR
[83].

The cis-Feg mechanism, on the other hand, seems to fit with the very low
redox potential of heme b;, which should make the three-electron reduced
enzyme prevalent during turnover [70, 84], but theoretical calculations made
by Blomberg et al. [85] do not favor this scenario, and experimental results
demonstrate that NO binds to heme b; (see [86] and Lachmann et al., unpub-
lished), thereby excluding the cis-Feg mechanism.

The cis-heme b; mechanism has however found support from observa-
tions of the NO reaction in cbb; where a ferrous (five-coordinated) heme b;-
NO complex was seen [87, 88] and theoretical calculations [85].

All in all, no uniform mechanism has been agreed on by the NOR com-
munity that brings together all spectroscopic data and structural information
available.

19



1.4.6 The g-type NOR- Bacterial saviour and a human
nightmare

In contrast to the respiratory cNORs, the gNORs are found mostly in patho-
gens as a defense against the NO bombardment from the host's immune sys-
tem.

1.4.7 gNORs - Structure and function

The g-type NOR receives electrons from quinol and can be found in patho-
genic bacteria [89] such as the Neisseria species (e.g. N. gonorrhea and N.
meningitis [90]) and Mycobacterium bovis. Here the NOR is more a part of
the bacterium’s defense against the hosts immune system than part of an
alternative respiratory chain, although this point of view has been challenged
to some extent recently [91, 92]. It has been shown that N. meningitis can
support growth by the reduction of NO, via NO to N,O, during oxygen limi-
tations.

gNOR is also found in archeal bacteria such as Pyrobaculum aerophilum
as part of complete denitrification (NO;™ to N,) [17].

gNOR is composed of one subunit, NorZ (figure 4). It consists of 14 pre-
dicted trans-membrane helices, where twelve of them correspond to the 12
helices of NorB, and the remaining two are an extension, corresponding to
NorC and thus the domain where quinol binds and the electrons enter [18].
The part of the qNOR that builds the catalytic core, coordinates one low-spin
heme b, one high-spin heme b and a non-heme iron [18], where the latter
two comprise the catalytic site.

The gNOR catalyzes the reduction of NO to N,O, but so far no reports on
the O, reduction reaction have been published. However, presumably the
gNORs do reduce O, to H,O, as do most of the cNORs (although not the
cNOR of P. stutzeri [54]).
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1.5 The heme-copper oxidase superfamily

Since the bacterial NORs are considered to be members of the superfamily
of heme-copper oxidases [17, 93] a description of this large family is suit-
able.

In order to be a member of the heme-copper oxidase superfamily
(HCuOs) the amino acid sequence of the catalytic subunit of the enzyme has
to be consistent with twelve trans-membrane helices and possess six invari-
ant histidines that coordinate three cofactors within the subunit (figure 6).

Most of the heme-copper oxidases do contain heme and copper in the ac-
tive site, but NORs do not (as described above). Moreover, pointed out in
figure 6 are five strictly conserved glutamates in the catalytic subunit, NorB,
which are not conserved in the other HCuOs.

A classic member of the HCuO family is presented in next section.
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Figure 6. The properties required to be a member of the heme-copper oxidase
superfamily. Twelve predicted trans-membrane helices in the catalytic subunit and
six invariant histidines that coordinate the three cofactors. The star, octahedron and
cross denote which helix or helices that participate in the coordination of which
cofactors. Also shown are the five glutamates (E122, E125, E198, E202, and E267,
P. denitrificans numbering) that are strictly conserved among the cNORs.

1.5.1 Cytochrome c oxidase — structure and function

Cytochrome c oxidase (CcO) is a very well studied enzyme and it was puri-
fied and characterized almost 50 years ago [94-96]. It is situated either in the
cytoplasmic membrane of bacteria or in the inner membrane of mitochon-
dria. CcO catalyzes the reduction of molecular oxygen to water while pump-
ing protons across the inner membrane, receiving the electrons (from cyto-
chrome c¢) for the reaction from the periplasm (in the bacterium) or the in-
termembrane space in the mitochondrion. CcO thereby contributes to the
generation of proton motive force (PMF) that is used by the ATP synthase to
produce ATP. CcO can not reduce nitric oxide, in contrast to NOR, which
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can reduce both NO and oxygen. The 3D-structure has been determined for
CcO from several sources, for reviews on CcO, see [78, 97-99].

1.5.2 NOR vs cbbs vs aaz — multi-tasked vs specialized

NOR, cbb; oxidases and aa; oxidases are all HCuOs; their catalytic subunit
has the twelve trans-membrane helices and the six invariant histidines that
coordinate the three cofactors (two hemes and a copper/non-heme iron) and
they all catalyze the reduction of oxygen to water. Even so, strikingly differ-
ent features clearly separate these three family members (figure 7).

cNOR cbb; oxidase |aa; oxidase
H+ NorC CcoP H" cco0 SU-IT
\(T A
c c c c -
+ 2 + © )
b b, Fes b by, s a+ ct Cug
NorB Yy 4 __ CcoN V4 SU-I
H* H* H+ H*
2 NO+2H*+2e>N,0+H,0| O, +4H*+4e->2 H,0 0, +4H"+4e->2 H,0
(0, +4H+4e- > 2 H,0) (2 NO+2H"+2e->N,0+H,0) 2 NMHZO
NOT pumping H* O, > Pumping H : Pumping H
NMQ H (high efficiency)

Figure 7. A comparison between three types of heme-copper oxidases. The c-
type NOR from P. denitrificans can reduce nitric oxide to nitrous oxide and oxygen
to water as a side reaction. It does not pump protons across the membrane with any
of its substrates, and substrate protons are derived from the periplasm. The cbb;
oxidase from V. cholerae can reduce oxygen to water and nitric oxide to nitrous
oxide as a side reaction. It pumps protons (not very efficiently) across the membrane
with oxygen as the substrate and derive protons for the chemistry from the cyto-
plasm. With nitric oxide as substrate the protons are derived from the periplasm and
no proton pumping occurs (Huang et al., unpublished). The aa; oxidase from R.
sphaeroides can only reduce oxygen to water and during this reaction it pumps pro-
tons (with high efficiency) across the membrane. This modified picture, originally
made by Pia Adelroth (Stockholm University), is published with courtesy of Pia
Adelroth.
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NOR bears the closest resemblance, as shown by sequence alignments, to
oxidases that are considered old’ (and sometimes primitive) members of the
HCuOs family [19, 93, 100], exemplified by the cbb; and ba; oxidases.

The two latter reduce NO and O, and pump protons during O,-reduction,
whereas NOR does not pump any protons (figure 7).

cbb; oxidases, interestingly, does not pump protons during NO reduction
and takes protons for the NO reaction from the periplasm (Huang ef al., un-
published) as does NOR [80]. The cytochrome ¢ oxidases (CcO), e.g. the
mitochondria like, can only reduce oxygen (NO inhibits the enzyme and is
believed to function as a regulator of respiration [101-103]). It pumps pro-
tons very efficiently across the membrane [94, 95] and takes the protons for
chemistry and pumping from the mitochondria matrix/bacterial cytoplasm.

NOR is considered to be a unique member of the HCuOs ([19] and many
more). It is a membrane protein, but it does not contribute to the proton elec-
trochemical gradient across the membrane [51, 80], meaning that it does not
pump protons and it picks up the protons needed for both oxygen and NO
reduction from the periplasm. This is intriguing, as both reactions catalyzed
by NOR are highly exergonic (for NO to N,O, E” = 1.2 V [12] and for O, to
H,0 E”= 0.8 V). CcO is known to use the energy from the reaction with
oxygen to both selectively use only protons from the cytosolic side of the
membrane and to actively pump protons across the membrane [104, 105].

In figure 7, three different HCuOs are compared, concerning their ability

to pump protons, to reduce NO and O, and from which side of the membrane
protons for chemistry are taken.
In conclusion, sequence similarity and NO-reducing capability seem related
and coupled to proton uptake from the periplasm, whereas proton pumping
seems connected to oxygen reduction, but NOR diverges by not pumping
protons with oxygen as substrate.

1.6 Protons are special

The coupling of proton transfer to electron transfer in proteins is fundamen-
tal for energy conservation and there are several examples of proton pumps,
the light-driven proton pump bacteriorhodopsin (bR) [106, 107] and miscel-
laneous gated proton channels [108-110] are found in nature.

"With a twinkle in the eye, Castresana and Saraste pointed out the pentapeptide “GAMLA”
(old in Swedish) in the P. stutzeri NorB, as a support, amongst all others, for the primordial
character of this subunit [19].
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1.6.1 Proton pathways in proteins

The composition of proton pathways has a general pattern with polar, acidic
and basic residues lining the path and coordinating water molecules [111].
This is seen in the D-pathway in the catalytic subunit (SUI) of CcO from R.
sphaeroides, which starts with the conserved D132 (hence the name D-
pathway) and continues through the protein via three asparagines, a tyrosine,
three serines and end at a glutamate (the E286) near the active site. The po-
lar/acidic residues coordinate an array of water molecules leading to the
highly conserved E286 [112], where the protons are believed to be trans-
ferred along the ordered water molecules by the so-called Grotthus mecha-
nism [111, 113, 114].

In principle, this mechanism means that one proton enters on one side of a
“water-row” resulting in the organization of the waters in such fashion that
another proton is expelled on the other side of the “row” due to electrostatic
interactions or the driving force from high pK, reaction intermediates. After
the ejection of the proton, the water molecules rearrange themselves to the
starting position, ready to transfer another proton [111].

1.6.2 Glutamates in proteins and proton pathways

Glutamates are found “everywhere” it seems. Glutamate is a neuronal trans-
mitter substance and a taste enhancer that can cause the Chinese restaurant
syndrome [115]. Turning back to the bacterial world we have to consider
smaller systems and smaller “syndromes”. If proton pathways can be called
a syndrome, it is a common one, and if someone asked; are glutamates
common parts of this “syndrome” then yes is the answer.

In the end of the D- pathway of CcO a crucial glutamate is found (the
E286, R. sphaeroides numbering), which is believed to be a branching point,
where protons are either pumped or directed to the active site [116]. In volt-
age-gated proton channels, glutamates are found to have a crucial function as
well. For example in a CI/H" exchanger the ion selectivity is proposed to be
determined by two conserved glutamates [117], where one of them has also
been proposed to function as a gate for the CI” pathway [118§]

The cytochrome bc; complex has also been shown to have a crucial glu-
tamate that facilitates proton transfer through a rotational mechanism [119]
and let us not forget the ATP synthase. This enzyme has a conserved gluta-
mate (rarely an aspartate) in the ion binding site of the c-ring [120].

It has been shown that several glutamates are involved in proton transfer
in the light-driven proton pump bacteriorhodopsin, holding roles of coordi-
nating protonated water clusters [121]. In the photosynthetic reaction centre
several glutamates are involved in coordinating structured water molecules
[122], where one of the glutamates has the important role of delivering pro-
tons to the reduced quinone [123].
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Even the green fluorescent protein (GFP) has a proton pathway, begin-
ning with a glutamate-lysine cluster and extending into the interior of the
protein where another glutamate sits near the active site [124]. Interestingly,
in the same article it is proposed that the GFP might be a portable proton
pump ().

If so, nature is certainly ingenious.

Finally, Rutz and co-workers could demonstrate that in Escherichia coli
negatively charged residues can play an active and direct role as topogenic
determinants; they found that the negatively charged residue has a distance-
window from the membrane of about 6 residues [125].

1.6.2.1 Glutamates in the NorB

In the P. denitrificans NorB sequence 17 glutamates are found and 11 of
them are more or less strictly conserved (the E74, E75, E80, E122, E125,
E198, E202, E222, E225 and E267) among all NorB sequences presented in
[12, 77,78, 80, 126].

In this thesis, five of these glutamates, the E122, E125, E198, E202 and
E267, which are strictly conserved in the cNORs and more or less “strictly”
conserved in the QNORs will be considered. (One of them, the E125 is an
aspartate in some of the gqNORs, see paper II). The importance of these five
residues for the activity, but not for the assembly of the enzyme has earlier
been shown by aspartate-, alanine- and glutamine substitutions [27, 127].

The position of E122 and E125 at the periplasmic surface in a model ~25
A from the active site, makes them both possible candidates for being in-
volved in proton transfer. Interestingly, the equivalent of these surface glu-
tamates are conserved in cbb; oxidase. When the corresponding residue to
the E122 in the cbb; from Vibrio cholerae or R. sphaeroides was substituted
with either glutamine or glycine the activity decreased to less than 1 % of
wild type activity. When the same substitutions were done on the corre-
sponding residue to the E125, the activity decreased to 47 % in V. cholerae
and 11 % in R. sphaeroides [128]. This underlines the importance of these
residues and also points to the relationship between cbb; and NOR, where
the cbb; oxidase might use the area around the two glutamates as both an
exit and entry point for protons.

The E198, E202 and E267 residues are found in the middle of the mem-
brane (near the binuclear site), which is energetically costly and therefore
implies special functions for them. No corresponding residues are found in
the traditional A1-CcOs or the c¢bb; oxidases [78].

E198 is part of the strictly conserved core sequence HLWVEG (where the
histidine is the invariant H194) and could therefore have the same function
as E286 (R. sphaeroides numbering) in cytochrome aa; oxidase subunit I,
which is part of the core sequence HPEVYI and delivers protons to the ac-
tive site [129, 130]. Hendriks ef al. [86] suggested that the glutamate could
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be a proton storage site to the reaction due to its predicted proximity to the
active site and Thorndycroft et al. [127] proposed the E198 to be part of the
proton pathway from the periplasm.

E198 has also been suggested to be a ligand to the non-heme iron, Feg
[27, 62], due to its position and since only three other obvious ligands are
present (the invariant histidines H194, H245 and H246, that per definition
should be Feg ligands).

The roles of these five conserved glutamates will be further dealt with in
the “Results and discussion” section.
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2 METHODOLOGY

In this part, I will describe, very briefly, the main methods that are of local
design and not well known.

Different variants of UV-vis spectroscopy have been used, since the
HCuOs have very characteristic metal containing co-factors®, most of which
are easily detectable in this region of the spectrum. The c-type NORs have
typical spectra in the UV-vis region (figure 5), which is due to the absorption
properties of the co-factors heme ¢, heme b and heme b; (figure 8 ), whereas
the non-heme iron, Feg, is not detectable with our methods, but can be inves-
tigated with e.g. Electron Paramagnetic Resonance (EPR) spectroscopy, see
for example in [27, 64].

Heme a Heme b Heme ¢

Figure 8. Three examples of heme. Heme «a (found in cytochrome ¢ oxidase), b and
c that are found in e.g. cNOR from P. denitrificans, see introduction.
Modified from http://metallo.scripps.edu/promise/HAEMMAIN.html#haem

2.1 Flow-flash and stopped-flow

The flow-flash method has been used in order to follow the single-turnover
reaction between the fully reduced NOR and O,. The measurements were
performed on a locally constructed setup described in [131]. In a few words,

8 This moreover gives them a shiny bright color.
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the fully reduced CO-bound NOR was mixed with an oxygenated buffer in a
modified stopped-flow apparatus, see figure 9.

After a delay, a laser flash was applied, dissociating CO and allowing O,
to bind and start the reaction, which is monitored in the Soret (400-500 nm)
and alpha region (500-650 nm) in the range from microseconds to seconds.

For the pH-dependence measurements, the buffer concentration in the
NOR solution was decreased to 10 mM (HEPES at pH 7.5) and mixed with
different kinds of buffers depending on desired pH. For details, see Materials
and Methods in paper I and III

Xe lamp

A
e
S
I k¥ Monochro-
mator

PUSH!

v

Monochromator
and PMT

Figure 9. The flow-flash set up. NOR and the O, saturated buffer (substrate) (1) is
mixed in a cuvette (2). The forward movement of the liquid in the system makes the
stop-syringe hit the delay switch (3). After a pre-set delay time a short laser flash (4)
is applied on the sample in the cuvette. The laser flash dissociates the CO bound to
NOR => the O, can bind and the reaction can start. The change in absorbance is
followed time resolved by a spectrophotometer (Xe lamp, monochromatorl and 2,
cuvette and PMT) and monitored on an oscilloscope (5). The picture is a modified
version of the original made by Lina Salomonsson and is published with courtesy of
Lina Salomonsson.

The stopped-flow method has been used in order to follow multiple
turnovers. The technique works as the flow-flash technique, only that no
laser flash is applied (no CO is bound to NOR), thereby the reaction starts at
the time of mixing.
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2.1.1 Proton uptake measurements

To be able to measure changes in pH during the flow-flash/stopped-flow
reaction with O,, the sample was made unbuffered and proton uptake was
followed with the pH-sensitive dye phenol red. Phenol red has a broad ab-
sorbance peak at 560 nm in its unprotonated form, but during the single
turnover experiments on the solubilised enzyme, the proton uptake was
monitored at 570 nm in order to circumvent interference from the oxidized
form of heme b, which also has a maximum at 560 nm. Proton uptake during
multiple turnovers in the vesicle reconstituted enzyme (vVNOR) was moni-
tored at 559 nm since cytochrome ¢ (which was used as the reductant) has an
isobestic point at this wavelength. During a single turnover in the vNOR it
was found that the background signal with buffer was better (less noise) at
568 nm, therefore data was collected at this wavelength (Reimann et al. un-
published).

For each experiment, data was also collected with buffer, which was sub-
tracted from traces obtained without buffer, to make sure that the oxidation
of heme b did not interfere with the proton uptake-signal. During each pro-
ton uptake experiment, the exhaust was collected and the buffering capacity
was determined in order to verify that the signals were the result of an in-
crease in pH and to determine how many protons were taken up per NOR.
For further details, see Materials and Methods in paper I and II.

2.2 Measurement of electrical charge
translocation

In this method, NOR reconstituted into liposomes according to the Bio-
Beads technique described in [132-134] was used.

The voltage changes across the NOR oriented in the membranes was
measured in a setup (figure 10) built by Hakan Lepp as described in [134].
The setup is based on the method originally developed by Drachev et al.
[135] and in essence the same as the one used by Verkhovsky, Wikstrom and
colleagues described in [136].

In short, the measuring cell (figure 10) consists of two compartments di-
vided by a teflon film, covered by a lipid monolayer. The enzyme solution
containing fully reduced NOR with CO bound reconstituted into vesicles
(SUV = small unilamellar vesicle) was added to one of the compartments.
Binding to the teflon-lipid surface was then initiated by addition of CaCl,.
After incubation the solutions in both chambers were exchanged for buffer,
the measuring cell was put in an airtight chamber. The atmosphere was ex-
changed for nitrogen and then CO.
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Figure 10. The electrometric set-up. Panel A: Seen to the left is a picture of the
whole set-up. To the right is a zoom of the measuring cell with a further zoom of the
teflon-lipid surface where a vesicle containing NOR is visible. Panel B: To the right
is, as before, a zoom of the lipid covered teflon-lipid surface. Note the electron
movement from heme ¢ to heme b in NOR. This charge movement would give a
trace with a negative slope, see to the left where imaginary results are presented. A
proton moving from the outside of the vesicle to the interior would give a trace with
a positive slope. This is a modified version of a picture originally made by Hakan
Lepp (Stockholm University). Published with courtesy of Hékan Lepp.

The reaction is then initiated by injection of an oxygenated solution fol-
lowed by a short laser flash that dissociates CO. Voltage changes associated
with charge transfer perpendicular to the membrane were measured using
Ag/AgCl electrodes inserted on each side of the teflon membrane.

In this setup the electrodes are placed in such fashion that positive signals
represent either a positive charge moving from outside the membrane into
the interior or a negative charge moving from the interior to the outside of
the membrane. Similarly, a negative signal denotes a positive charge moving
from the interior of the membrane to the outside or a negative charge moving
from the outside to the interior (figure 10).

The amplitude of the signal is proportional to the distance that the charges
move inside the membrane, the number of charges that move inside each
enzyme and the total amount of reacting enzyme.
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3 RESULTS AND DISCUSSION

3.1 The main topics of this chapter

In this chapter, I will present and discuss the most important results from my
studies as reported in the articles and some of the conclusions that can be
drawn from them. Each article is referred to with its Roman numeral (I-IV).

3.2 Improvement of NOR expression

The NOR from P. denitrificans contains heme ¢ and in order to accomplish a
complete NOR enzyme one has to consider that heme c is not expressed in
E. coli unless the milieu is anaerobic and nitrate is present [137, 138]. To
circumvent this matter Butland et al. [27] co-introduced the plasmid pEC86
[139, 140] into E. coli JIM109 cells used for the recombinant expression of
NOR. The pEC86 constitutively expresses the E. coli cytochrome ¢ matura-
tion genes (the ccmABCDEFGH) and should thereby increase the expression
substantially.

Nonetheless, the expression was initially tediously low in my hands
(~50% of the yield reported by Butland et al. (i.e. ~0.5 mg NOR/L broth)
and the bacteria seemed long gone into the stationary phase at the time for
harvest. In order to try to make the expression levels more gratifying the
bacteria were grown in terrific broth (TB) [141]. With this modification the
yield increased a little, but the breakthrough came after a power failure dur-
ing one night, lasting for 5 hours. Unexpectedly, the power failure resulted in
ayield of ~ 2.5 mg NOR/L broth, which is an increase of 5 times. Now, how
could that be?

Due to the power failure the temperature and the aeration were decreased
and based on the theory that cytochrome c is better expressed during anaero-
bic/reducing conditions the higher yield makes sense. The lowered tempera-
ture moreover moderated the bacterial growth, which should prevent the
culture from reaching stationary phase and thereby could result in a more
vivid protein-expressing culture. The cultivation procedure was successfully
repeated and resulted in the procedure described in figure 11. This procedure
is briefly described in paper III.
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Figure 11. The optimized cultivation schedule. Bacterial growth and NOR
expression were done in four steps; A: 0-4 hours, 180 rpm, 37°C, B: (1 mM
IPTG added) 4-9 hours, 180 rpm, 30°C, C: 9-14 hours, O rpm, 18°C, D: 14-
22 hours, 180 rpm, 30°C. Proceeding step A: a 100 ml LB over-night pre-
culture from which inocula of 1 ml where taken. rpm (rounds per minute)
stands for the intensity of shaking during the cultivation.

3.3 Why oxygen?

During my Ph.D.-studies I mainly worked with the side reaction performed
by NOR, the reduction of oxygen to water, see scheme 3 below.

But what is the sense of using O, as the substrate during an investigation of
an NO reductase?

NOR is an NO reductase but it can reduce O, as well and thus related to
the classical oxygen reducers. This makes the O, reduction reaction interest-
ing from a mechanistic and evolutionary point of view. For example, the O,
—binding to heme b; is only ~5 times slower (time constant ~ 40 ps at | mM
0O,, see paper I) compared to the oxygen binding to the heme a; in the clas-
sical CcO from R. sphaeroides (time constant ~ 8 us at 1 mM O,) [142].

Moreover, studies of NOR mutants have shown that the O, and NO re-
duction activities are well correlated [27, 127] together with paper III and
IV. In addition, the electrometric results are very similar, see paper II and
[86] irrespective of substrate.
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Finally, my main focus was to study proton uptake and for this purpose
O, is better to work with, simply because O, does not have side reactions
that automatically lower the pH in the (unbuffered) system I have used (and
NO is toxic).

3.4 Paper | —The reaction between NOR and O,

3.4.1 The product is water

It has long been known that some c-type NORs can reduce O, [27, 50, 51]
and it has been assumed that the product of the reaction is water. In paper I,
we established that this is indeed the case by determining how many elec-
trons (from cyt. ¢) are used per oxygen molecule during turnover. If the
product of the reaction was hydrogen peroxide (H,O,) it should consume
two electrons per oxygen molecule (scheme 4). If the product of the reaction
instead was H,O it should consume four electrons per oxygen molecule
(scheme 3).

0, +4H" +4¢” —2H,0 (4e 10,) Scheme 3.

O,+2H" +2¢" > H,0, (2¢"10,) Scheme 4.

Our results clearly showed a consumption of four electrons per oxygen
molecule, which identifies water as product. This is, although not very sur-
prising, certainly interesting if one keeps in mind to which superfamily the
NORs belong to.

3.4.2 Oxygen binds to the high-spin heme b3

Since the NOR from P. denitrificans was shown to consume 4 electrons per
oxygen molecule, a fully reduced NOR (four cofactors loaded with one elec-
tron each) should be able to bind and fully reduce one oxygen molecule and
leaving NOR completely oxidized.

During the reaction between the fully reduced NOR and O,, three major
kinetic phases were observed in the time range from 1 ps to ~2 s in the visi-
ble region of the spectrum (figure 12). The first observed phase could be
assigned to oxygen binding to the heme b; (t ~ 40 us at 1 mM O,).

The assignment was based on the observation that the rate of this phase
was strictly dependent on oxygen concentration and occurred without any
detectable electron transfer. Moreover, the kinetic difference spectrum (see
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paper I) of the 40 ps-phase was very similar to the corresponding spectrum
in myoglobin (as presented in [143]), which is an well studied oxygen bind-
ing protein with a b-type heme [143, 144].
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Figure 12. Main results in paper 1. Panel A: Oxygen binding to the heme b;

and heme oxidation on the ms time scale. Panel B: oxidation on the ms time

scale and s time scale. Panel C: proton uptake from the bulk solution on the

ms time-scale in NOR. Panel D: the observed rate constant versus pH in

wild type solubilised NOR. For more details, see paper L.

3.4.3 Oxidation is coupled to proton uptake

After oxygen binding to the heme b; the second distinct kinetic phase occurs
on the ms-time scale (figure 12).

In this phase, electron transfer from the low-spin heme ¢ and b to the
bound oxygen occurs with a t© ~ 25 ms (pH 7.5) and was shown to be
strongly dependent on pH (figure 12).

The phase shows a saturating rate constant at low pH (~pH 5.5) and a de-
crease in rate towards increasing pH values (almost zero at ~pH 8.5). The
pH-dependence of the rate constant was found to be well described by a
model (see equation 5 and 6), taking into account a two step process. The
observed rate constant (k) is determined by the transfer rate (ky) of a pro-
ton from an internal protonatable group (AH) to the binuclear site (step one),
whereby AH is in rapid equilibrium with the bulk solution (step two). In this
model, the observed rate constant, ko, is dependent on the fraction of the
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internal group that is in the protonated form (oay), which in turn is depend-
ent on the bulk pH and the pK,, of the internal protonatable group (pKap).

kobs(pH) = aan(pH) ku Equation 5.

aan(pH) = Equation 6.

141077

When this model was applied to the experimental data (figure 12) a ky
(kmax) of 250 s (t =4 ms) and a pKay of ~6.6 could be determined.

Since the model suggests a rate limiting step defined by an internal group
that is in equilibrium with the bulk solution we aimed to observe proton up-
take of the NOR needed for the reaction with NO or O,. Indeed, H" uptake in
the ms-time range could be observed with a pH-sensitive dye (figure 12).

At pH 7.5 a time constant of ~25 ms was determined, which coincides
with the oxidation of the low-spin hemes, see above (and paper I). About 1
H'/reacting NOR is taken up during this oxidative phase (for calculations see
paper I). This phase corresponds to the oxidation of ~ 40 % of the low-spin
hemes b and c, thus the number of protons taken up per fully oxidized NOR
gives 2.5H".

The NOR needs 4 H" during one turnover with oxygen, but in this work
only the oxidative half of the reaction has been studied. If the number of
protons that are taken up during the oxidative phase (during the here called
ms- and s phases) can be determined (as x), it automatically gives the num-
ber of protons taken up during the reductive part (as 4-x). If the calculation
of 2.5 H'/fully oxidized NOR holds, then 1.5 H" are taken up during the
reduction of the enzyme, whereby one proton presumably is needed for the
release of the p-oxo bridge between b; and Feg [70, 73, 145].

In back-flow experiments, Hendriks et al. [86] showed that the equilibra-
tion of electrons between heme ¢ and b occurs with an observed rate constant
kops = 3 X 10* s (a time constant of ~ 33 us) and that the equilibration be-
tween heme b and b; was even more rapid. Thus electron transfers between
the heme groups are not limiting steps of the 25 ms phase. However, in addi-
tion to this phase being limited by proton transfer, there could be a limit
from the fraction reduced binuclear site, that is determined by the midpoint
potentials of the cofactors (for example heme b; has a midpoint potential of
30-60 mV [27, 70], which is low for an enzyme that is supposed to reduce its
substrate). With NO bound to the binuclear site, the midpoint potential might
be different than with O, bound. The NO-binuclear site complex might have
a higher potential, thus the probability of having electrons at the binuclear
site is higher, which in turn would increase the rate constants for H'-coupled
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electron transfer. In the reduction of NO, the rates for the ms phase is in-
creased (time constants of 2 ms and 10 ms at pH 8.0) [86], which would
point to an increase in potential of heme b; .upon binding of NO.

The time constant with O, is in the same time range and it corresponds
well with the observed NO turnover activity (30-80 s [79, 86] and others)
around this pH. The proton transfer from the group with a pK, = 6.6 to the
active site could thus be the limiting step in the reaction with NO as well
since the NO turnover shows a strong pH-dependence in the same pH-range
where this residue titrates (pH = 6-8 [79]). However, the overall pH opti-
mum for NO turnover is 5 [54, 55] and thus other titratable residues are also
important.

The ms phase represents a distinct step in the catalytic cycle and it is lim-
ited by the rate of proton transfer. Therefore, if the proton transfer pathway
were affected in some way, then the rate constant of this phase would also be
affected. Mutations in the H" pathway would either slow down the rate or
abolish this phase such that this reaction represents an excellent ‘handle’ for
studying such effects in mutant NORs (see below).

3.4.4 The completion — oxidation on the time scale of seconds

As mentioned above, the 25 ms phase does not result in full oxidation of the
low-spin hemes b and c. A third distinct oxidative phase was observed (fig-
ure 12) with a time constant T = 1-2's (k= 0.5-1s").

This phase involved further oxidation of the low-spin hemes (as judged
by the kinetic difference spectrum) and was interpreted to possibly represent
the final step in the reaction yielding the fully oxidized enzyme. At this stage
H,O could form at the catalytic site, and possibly the pu-oxo bridge that has
been observed between the Feg and the heme b; in the “resting” enzyme [73,
79] could be reformed.

The enzyme oxidizes, but to exactly evaluate what happens during this
phase is difficult. A population of NORs still have CO bound after the laser
flash (due to less than 100% photolysis efficiency, see Material and Methods
in paper I) and their slow oxidation interferes with the s-time scale.
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3.5 Paper Il - Protons are taken from the
periplasm!

Bacterial NORs are membrane proteins and members of the heme-copper
oxidases (HCuOs) superfamily of which most members pump protons across
the membrane and the reaction with both NO and O; is highly exergonic.

In the NOR case, however, it was concluded that the catalyzed reaction
was non-electrogenic [86, 146, 147], i.e. not contributing to the proton elec-
trochemical gradient, in spite of all the energy available and the enzyme
being located in the membrane.

With these facts in hand, it was proposed that the protons should be taken
from the periplasm, although strange it seemed [28, 86].

Well, are they?
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Figure 13. NOR takes up protons from the periplasmic side of the membrane.
Panel A: proton uptake from outside a NOR-containing vesicle during a single turn-
over in an unbuffered solution is seen (grey trace) and the same experiment, but in
the presence of buffer. Panel B: proton uptake during multiple turnovers in an un-
buffered solution (light grey trace), proton uptake during multiple turnovers in an
unbuffered solution but in the presence of valinomycin (K" ionophore) and FCCP (a
protonophore) in order to dissipate any electrochemical proton gradient formed
(dark gray trace) and finally the signal in the presence of buffer (black trace). For
details see paper II.

In figure 13, data on NOR reconstituted into lipid vesicles (VNOR) with a
pH-sensitive dye added to the outside are presented. The results demonstrate
proton uptake from the outside of the vesicle membrane (corresponding to
the periplasm in the bacterium). In panel A proton uptake (by the fully re-
duced NOR with CO bound) during a single turnover in an unbuffered solu-
tion is seen (grey trace) together with the control trace (proton uptake in a
buffered solution) in order to exclude that the signal arise from anything else
but proton uptake. In panel B three traces of proton uptake during multiple
turnovers are presented; i) in an unbuffered solution (light grey trace), ii) in
the presence of the protonophore FCCP and the ionophore valinomycin in
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order to dissipate any formation of an electrochemical proton gradient (dark
grey trace) and iii) in the presence of buffer (pH: 7.6) in order to exclude that
the absorbance changes were due to something other than proton uptake
from the outside of the vNOR. In parallel with these measurements, oxida-
tion of cyt. ¢ was followed at 550 nm (paper II), thereby demonstrating the
coupling between proton uptake and oxidation of heme c (they display the
same kinetics).

Furthermore, the “respiratory control ratios” (RCR) (see Materials and
Methods in paper II) were = 1 for both O, and NO (also shown in [86])
demonstrating that no electrochemical gradient is formed concomitantly with
turnover.

Electrometric flow flash were also done and showed a net build-up of a
positive potential (time constant T ~ 5 ms at pH 7.5, similar to the vVNOR
time constant T ~15 ms for the proton-coupled electron transfer). In our set-
up this corresponds either to a positive charge moving from the periplasmic
side into the interior of the enzyme, or a negative charge moving towards the
periplasm. The latter alternative is, however, unlikely since the electrons
should move from heme ¢ and b towards the binuclear site buried in the
membrane. Electron movements from heme b to heme b; are expected to be
electrically silent, since that movement would be in parallel to the mem-
brane.

The net build-up is positive it should represent proton transfer from the
periplasmic side, either from an internal site or from the surface of the pro-
tein. Because the net signal is positive, more protons than electrons are mov-
ing, or the protons are move a longer distance than the electrons.

In the results with NO (see paper II) a small negative phase is seen before
the major positive signal. This is also described in [86] where the authors
interpreted this as a movement of a charged amino acid simultaneously with
the 2-electrons oxidation of the active site during the first turnover of NO to
N,O. With O, as substrate this negative dip is replaced by a lag-phase,in
agreement with our optical data, showing that no oxidation occurred before
the ms-phase.

The rate constant for relaxation of the built-up potential across the vesicle
membrane (2-5 ") made it impossible to perform a reliable determination of
any charge movements during the T ~1-2 s phase.

We also observed an accelerated time constant of the ms phase (t ~15 ms)
in the VNOR compared to solubilised NOR (t ~25 ms). This effect could be
a result of the influence of the membrane, where the protein is under lateral
pressure by the lipids [148] and where proton transfer rates could be acceler-
ated due to the rapid transfer along the membrane ([149-151]), which locally
creates a lower pH due to attraction of protons by the negatively charged
lipid head groups.
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Regardless of whether NO or O, is used as substrate, protons are taken
from the outside (periplasm) and the internal proton-transfer reactions in
NOR are similar demonstrating that O, is a good substrate model for investi-
gating proton-transfer reactions in NOR. Moreover, it is likely that the actual
transfer of protons is rate-limiting for the reactions on the ms time scale with
both NO and O,.

So, the results in paper II demonstrated that, yes, cNOR from P. denitrifi-
cans takes the protons for the reaction (with both oxygen and NO as sub-
strate) from the periplasmic side of the membrane.

3.5.1 NOR is not a proton pump. Why?

It is assumed that a protein situated in a membrane and catalyzing an ener-
getically favorable reaction has to use this energy to do something. However,
could not the location be a remainder of evolution or for organizational rea-
sons?

Maybe the NO reduction mechanism evolved in order to rapidly remove
the poisonous NO rather than conserving energy (since the steady state con-
centration of NO in the bacterium is kept in the nM range [12]).

If NOR would have to be an efficient proton pump, it would work near
equilibrium, which means that NO clearance would be slowed. However, in
my view the bacterial NORs are not very rapid. The turnover number is
around 50 s compared to 1100 s in the fungal enzymes [60, 61]. On the
other hand, the enzymes producing NO, nitrite reductase (NIR), has a turn-
over number of about 6 s' [152, 153], thus the “low” turnover in NOR
should not create any problem for the bacterium. Furthermore, if the bacte-
rium has a cytochrome c nitrite reductase (which is a soluble protein), like in
E. coli, which has, in addition to its NIR activity, an NO =» N,O turnover
rate of ~ 840 NO s™ [154], it will be fine.

Basic chemistry could offer an explanation to why NOR does not pump
protons. Blomberg ef al. suggested [155] that the pK, values of the interme-
diates formed at the catalytic site during NO reduction might not be high
enough to drive pumping. The CcOs, on the other hand, have very high pK,
values for the O, reaction intermediates [156] making them favorable for
protonation, which can be used to run pumping.

Since NORs do not contribute to the conservation of energy, one can ask;
why are the bacterial NORs situated in the membrane? Pereira et al. [78]
suggested, based on sequence alignments, that NORs most possibly evolved
from the HCuOs (and not the other way around as suggested by Saraste et al.
[19]). This suggests that the location in the membrane could be an evolution-
ary rest.

Considering how toxic both NO and nitrite are a “complex” anchored in
the membrane could be envisaged. This complex, where all denitrification
enzymes are put together would effectively shuttle NO and NO, without
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wasting them and nitrate reductase (NAR), NOR and the NO5;/NO, anti-
porter could anchor the assembly.

The bacterial NORs are rather slow with either substrate and besides get-
ting rid of NO they have no further function (they do no good) and yet, the
cell-system works just fine.

NOR may not be of ‘perfect’ design; it does not pump protons across the
membrane contributing to the conservation of energy and detoxifying NO,
but it works.

3.6 Paper Il - A proton pathway in the c-type nitric
oxide reductase

Being convinced that the protons are taken from the periplasm we aimed to
pinpoint the proton route into the binuclear site. For this purpose a 3D-model
was constructed of the catalytic subunit, the NorB, based on the homology to
the known structures of other HCuOs (figure 14). Moreover, multiple align-
ments of 12 NorB- and 7 NorZ sequences (catalytic subunit of gqNORs) were
done, (see paper II plus supplementary data). Residues found to be (strictly)
conserved or very similar in all sequences and likely to participate in proton
transfer in a path stretching from the periplasm into the binuclear site were
identified by the alignement.

Based on the results a proton pathway was suggested (figure 14).

The pathway starts from around E122 and E125 (which are approximately
25 A from Feg) and stretches through NorB via (maybe R121) D185, T243,
5264, E198, E267 and end at the active site. The strictly conserved E202, see
below, was not suggested to be part of the proton pathway.

In this section I will examine the proposed pathway and compare the resi-
dues to their potential counterparts in cbb; oxidases and (the classical) cyto-
chrome c oxidases (in the Al group [78], A1-CcO) in order to examine their
relationship concerning proton pathways leading to the perip-
lasm/intermembrane space. The results are presented in table 1.
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Periplasm

Figure 14. The model of P. denitrificans NorB and the proposed proton path-
way. Upper panet: Polar/protonatable residues that are more or less strictly con-
served are highlighted. The acidic residues are in red, basic in blue and hydroxyls in
green. Lower panel: A zoom in to the suggested proton transfer pathway, which is
indicated by an arrow. Both pictures show Feg (yellow sphere), heme b3 and heme b
(the iron spheres are orange).
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Glutamate at position 122 (E122) is strictly conserved throughout all se-
quences aligned in our work, whereas glutamate at position 125 (E/25) is an
aspartate in five of the seven NorZs. Nevertheless, this emphasizes the need
for an acidic residue at this position. The equivalents of these surface gluta-
mates are conserved in the cbb; enzyme and have been shown to be impor-
tant for activity [128]. A residue equivalent to E122 is not found in the Al-
CcOs [77, 78], see table 1. In the E125 case a small polar residue (T or S)
holds this position or is located one residue up or down in the sequence.

The distance from these surface glutamates to the next “strictly” con-
served residue, the D185, is ~15 A, but if the close by semi-conserved R121
1s included together with a water molecule the distance decreases to ~9A.

Arginine at position 121 (R/21) is conserved in all NorBs aligned in pa-
per II, but is a tyrosine in the NorZ sequence. This indicates the need for a
hydrophilic residue with a high side chain pK, (~12.5 for arginine and ~ 10
for tyrosine) that e.g. has the ability to hydrogen bond a coordinated water
molecule. The equivalent residue in the chbb; enzyme is either an arginine or
a lysine, again a hydrophilic residue with a very high pK, (~10.5). In the A1-
CcOs no obvious counterpart is found [77, 78].

Aspartate at position 185 (DI85) is conserved in all NorBs, but is a me-
thionine or an alanine in the NorZs, however, in the NorZ position equiva-
lent to position 186 in NorB (where a lysine or a glutamine is found) one
finds either an aspartate or a glutamate. This points towards the need for an
acidic residue in this area in both proteins. In the cbb; oxidase sequence pre-
sented in [77, 78] an aspartate is found in all except for one alanine. This
points to the same function of this aspartate in both the cbb; enzyme and the
NORs. In the A1-CcO sequence no obvious equivalent amino acid is found
[77, 78].

Threonine at position 243 (7243) is approximately 6.5 A from Feg and 13
A from the D185 and conserved in all but one (where it is a leucine) of our
aligned sequences, which underlines the requirement for a polar residue at
this position in the NORs. In cbb; , no equivalent residue is found at this
location, but ~ one helical-turn proceeding this position is a conserved tyro-
sine found and one helical-turn further on two of the histidines that are pre-
sent in all HCuOs are found ( and in the chb; oxidase case they coordinate
Cug [77, 78]. None of the A1-CcOs have a threonine at the position equal to
T243, but they have in ~ 50 % of the cases a serine and sometimes a
threonine is found ~ one helical-turn proceeding this position, see table 1 and
[77, 78].
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Table 1. A comparison between the proposed proton pathway residues in NOR
and the equivalent residues in cbb; oxidase and A1 CcOs.

NOR residue cbb; residue CcO residue

R121 KorR Y or P

E122 E P

E125 E S/T or A/V, but in the A/V case a T or S is

found one amino acid up or down

D185 D (A in one) Y, W, N, S, A, but the amino acids around

is almost always a Q or an R

T243 A and a Y one helical-turn W, G, P or V, but sometimes an S one
proceeding the A. helical-turn proceeding the W, G, P or V.

5264 S T

E198 G Y’

E267 L TorL

Outside pathway

E202 T F,TorL

°This is tyrosine 288 that is cross-linked to histidine 284 (R. sphaeroides numbering).

Serine at position 264 (5264) is ~7.5 A from T243 and ~6.4 A from the
Feg and is strictly conserved in all our aligned sequences, which indicates
the necessity for a small polar residue at this position. This residue is also
conserved in all the cbb; oxidases aligned in [77, 78], whereas the A1-CcOs
has a threonine at this position. In all three cases a small polar residue seems
to be of importance.

Glutamate at position 198 (E198) is especially interesting, since it is part
of a signature sequence (HLWVEG, see introduction) [77, 126] and strictly
conserved in both NorB and NorZ. Other residues in the suggested pathway,
are closer to the active site (for example the S264), judged by the model, but
we included this residue in the pathway together with the E267, since their
importance for turnover activity has been demonstrated [27, 127]. The
equivalent core sequence in the cbb; oxidase (HNAVGF) does not possess
the conserved glutamate [77, 126], but a polar residue (asparagine), whereas
the A1-CcOs core sequence (HPEVY]I) does have a glutamate, but not at the
same position [77, 78]. Instead a tyrosine (Y288, R. sphaeroides numbering)
is found, which has been shown to be covalently-linked to the Cug ligand
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H284 [157-159]. The glutamate in A1-CcO (E286) is the immediate proton
donor to the active site [129, 130].

The glutamate in position 267 (E267) is conserved in all NOR sequences
aligned in paper II. Both cbb; oxidases and CcOs lack a glutamate in the
equal position. This could be explained by the architecture of their binuclear
site. They have a copper, not a non-heme iron, and the coordination of the
Cug is fulfilled (by three histidines), whereas in the NORs more ligands are
needed for the non-heme iron (three histidines and three additional ligands
that are unknown at present). Glutamate 267 might thus play a role in the
coordination of Feg.

All in all, the sequence alignments show that the NORs and the cbb; oxi-
dases show high similarities along their proposed H" pathways. This could
indicate that the two classes of enzymes use the same path, but in the cbb;
the path might have a dual function (exit point for pumped protons during
the reduction of O, and entry point during the reduction of NO, Huang et al.,
unpublished). In the A1-CcOs [77, 78], on the other hand, the residues align-
ing our suggested pathway do not match as clearly, which suggests that these
use another pathway for proton pumping into the periplasm in the bacte-
rium/intermembrane space in the mitochondria. Moreover, it should be noted
that many of the suggested proton pathway residues in the NorB model are
too far away from each other in order to make any hydrogen bonds. Conse-
quently, either more water molecules are needed (more than those that were
fitted in the model in paper II), or more protonatable groups or conforma-
tional changes in order to have a complete proton transfer pathway.

The proposal of the proton pathway leads to further experimental investi-
gation of the roles of the five conserved glutamates found in the cNORs (the
E122, E125, E198, E202 and E267, P. denitrificans numbering), of which

four had earlier been found to be necessary for turnover [27, 127].

3.7 Paper lll and IV - The roles of five conserved
glutamates

Now, “what” might this interesting group with a pK, of 6.6 that we found in
the reaction between NOR and O, be (see above and paper I)?

In the P. denitrificans NorB sequence 17 glutamates are found (figure 15)
of which five are facing the periplasm (E42, E119, E122, E125 and not visi-
ble is E401) and nine are located on the cytoplasmic side of the membrane
(E75, E76, E78, E80, E222, E225 and E443 and not visible are E459 and
E462). Eleven of these glutamates are more or less strictly conserved in all
known NorB proteins (the E74, E75, E77 E80, E122, E125, E198, E202,
E222, E225 and E267). Here 1 will only cover five of these (E122, E125,
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E198, E202 and E267) which are strictly conserved in cNORs and have ear-
lier been studied by Butland et al. [27] and Thorndycroft et al. [127]. Fur-
thermore, it is worth mentioning that E80 (sometimes a D) aligns with D132
(R. sphaeroides numbering) in CcO, which is at the entrance of the D-
channel in this enzyme and faces the cytoplasm. This residue is not con-
served among the cbb; oxidases, which presumably do not possess a D-
pathway [128].

E122 and E125 are presumed to be located on the surface of the enzyme
facing the periplasm (figure 15) and E198, E202 and E267 are believed to be
positioned within the membrane, which is energetically expensive and there-
fore implies special functions. E198 is at a distance of ~ 9 A from the Fey
and part of the conserved core sequence as described above. E267 is located
~ 8 A from Fey and supposed to be very close to the H194 (~3 A in the
model). E267 is also close to S264 (~ 4 A) and the distance in between E267
and E198 is only ~ 4.8 A Judged by these distances, from E198 and E267

Figure 15. The model of NorB with glutamates pointed out. The glutamates la-
beled red are the ones discussed in this thesis and Feg, heme b5 and heme b are
shown as spheres, where Feg is yellow .
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to both Feg and other protonatable residues in the area, any of them is a
possible candidate either for ligating Feg or being part of the proton path-
way.

E202 is the diverging glutamate of the five in the sense that it is
positioned in the middle of the membrane, with a distance of > 10 A from
either Feg, E267, H194 and all other conserved protonatable residues
proposed for the proton pathway, except E198 to which it has a distance of
~4.5 A. Moreover, E202 can be replaced by an alanine retaining wild type
activity ([27] and below).

None of these five glutamates is found in the corresponding positions in
the more classical HCuOs, such as the A1 HCuOs from for example Bos
taurus, P. denitrificans or R. sphaeroides.

In the case of E125, E198 and E202, Butland et al [27]showed, by alanine
substitutions, that E125 and E198 are necessary for the turnover activity of
theNOR, but not for assembly, and that the E202A mutation did not abolish
the turnover activity, but lowered it to around 40% of wild type. Thorndy-
croft et al. [127] showed that alanine substitutions of E122 and E267 also
abolish turnover activity. Moreover, when E122 and E125 were substituted
either to an aspartate, glutamine or asparagine in the, the mutant enzymes
where more or less “dead”, with the notable exception of E122D, which
retained ~80% of wild type activity in whole cells measurements [127].

From these data, Thorndycroft suggested that E122 and E125 form the
entrance of a proton conducting “E-pathway” leading from the periplasm to
the catalytic site. Let us see what further clues we gain from the results of
paper IIL.

3.7.1 Paper lll - The proton entrance hall —the E122 and E125

In paper III, the role of the two surface glutamates (E122 and E125) was-
investigated by site-directed mutagenesis. The fully reduced E122A/D/Q and
E125A/Q variants in the reaction with O, was studied by time-resolved opti-
cal spectroscopy (figure 16).

The spectroscopic characterization (see supplementary data of paper III)
of the oxidized E122-variants displayed wild type spectra and CO recombi-
nation studies (not shown) in all E122-variants also displayed wild type
rates. In figure 16, oxygen binding (t ~40 us, at 1 mM O,) to heme b; is,
moreover, observed in all E122-variants. These results imply that the binu-
clear site is intact.
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Figure 16. Main results on the
different glutamate variants
studied in paper III and IV.
Traces are labeled as follow; WT,
/E198A/E125A/E125Q
(one trace), E122D, ,
E267A and E122A.
Panel A: Oxygen binding to the
heme b; and heme oxidation on
the ms time scale. None of the
variant NORs showed any signifi-
cant alteration in binding rates or
amplitudes during O, —binding.
Panel B: Heme oxidation on the
ms time scale and s time scale.
Panel C: Results from proton
uptake experiments on wild type,
E122D, E202A, E267A and
E198A. NOR variants.
Panel D: The observed rate con-
stant versus pH. N.B. that the pK,
for this phase in the E122D-
variant is shifted upwards more
than 2.5 pH units compared to
wild type NOR (from ~ 6.6 to ~
9.1). Seen as two cross around pH
6.5 (t~3.5 ms) and 7.5 (7~20 ms),
are the residual oxidation of the
E267A NOR variant. For clarity
reasons, not all variants are repre-
sented by a unique trace due to
their similarities. Wild type data
are from paper 1. For more details,
see paper III and IV.
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Since E122 and E125 are predicted to be far from the active site these re-
sults are not surprising. However, the results for T = 25 ms phase deviated
significantly from wild type, where all, but E122), showed severe inhibition
of this phase.

Because the ms-phase is strongly dependent on pH and coupled to proton
uptake, the interpretation of the inhibitory effect of mutating these residues
is that the proton pathway is blocked. If the E122 and E125 are forming the
entrance to the pathway they would be necessary for proton uptake to the
active site.

The results of the E122D corroborate this scenario. The E122D is the only
variant, in paper III, that keep the ms phase (figure 16) and takes up protons,
but the pK, of the ms-phase is dramatically increased by ~2.5 pH units (from
~ 6.6 to ~ 9.1, figure 16).

The instant thought is that E122 is the group with a pK, of ~ 6.6 which is
raised to ~9.1 on the substitution to an aspartate, but we find this unlikely.
As judge by the model, E122 is located at the surface of the protein and ei-
ther of the carboxylates (on the glutamate or the aspartate) is likely in con-
tact with waters and therefore such a large pK, shift is hard to imagine. In-
stead, the results imply that E122 defines the milieu around the residue with
the pK, of 6.6, with which it possibly interacts, directly or via one (or more)
water molecule(s). In the E122D enzyme this interaction might be lost due to
shortened side chain and the pK, ~ 6.6 group has either ended up in a more
hydrophobic environment or the role as the titratable group is taken over by
another residue with a higher pK,.

An example where a similar scenario is observed is in bacteriorhodopsin
(bR) from Halobacterium salinarium. In the proton exit path of bR a Zundel
ion (HsO,") is coordinated by a group of residues (either polar or acidic).
The water cluster (figure 17) with its proton is believed to represent the “pro-
ton release site” in which the proton is stabilized by two deprotonated glu-
tamates (the E194 and E204, H. salinarium numbering). The two glutamates
are located close to the extracellular surface and the substitution of E194 by
an aspartate resulted in a significant increase of the observed pK, of the pro-
ton release group [121]. The substitution to a glutamine of either of the glu-
tamates resulted in no proton release. In the E194D bR variant, the proton in
the water cluster can not hydrogen bond to the aspartate due to a too long
distance leading to protonation of E204. In the E194D enzyme, E204 be-
comes the new, high pK,, proton release group.
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Figure 17. Schematic drawing of the proton release group for bR wild type and the
aspartate substitution of E194 (H. salinarium numbering). Modified from [121].

We believe that NOR could have a similar arrangement. The results in pa-
per III strongly support that E122 and E125 (which both are crucial for
steady-state activity [27, 127]) sit at the aperture of the proton pathway and
possibly coordinate a protonated water cluster, which could be the group
with a pK, of 6.6. When the E122 is substituted by an aspartate it can no
longer coordinate the protonated water cluster, which in turn leads to proto-
nation of E125. The E125 variants are severely inhibited in the ms phase
when substituted by an alanine or glutamine, therefore this glutamate also
most likely takes part in proton uptake. E125 is located, as judged by the
model, a little bit further into the membrane, which could explain the ac-
quired high pK,.

To our surprise, the E125D variant was not stable outside the membrane
(Flock, Thorndycroft et al., unpublished), which implies that this glutamate
might have a dual function in NOR. It could be part of the proton pathway
entry point and have a structural function. For example, it has been shown
that glutamates are involved in the orientation of membrane proteins [125].

Finally, an interesting idea; Garczarek et al [160] have also shown that bR
has another water cluster which participate in proton transfer, further into
the protein coordinated by two aspartates. What if NOR has a protonated
water cluster near the binuclear site, which is coordinated by E198 and
E267.

Having established that the proton transfer pathway in NOR comprises
E122 and possibly E125 the next task was to investigate the conserved glu-
tamates situated in the membranous part.
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3.7.2 Paper |V - E198 and E267 are components in the proton
pathway

The optical spectra for the E198A and E267A variants were shown to be
similar to the wild type (data not shown), as well as the oxygen binding to
heme b; (figure 16) The CO recombination, however, was slightly altered,
indicating that the milieu around the binuclear site is mildly affected. Why
CO binding in these variants is affected, when O, — and also NO binding in
E198A (Lachmann et al. unpublished) occurs as in wild type, is not known.

In the reaction between the fully reduced NOR variants and O,, the 25
ms-phase in both E198A and E267A displays a severe and specific inhibition
and no proton uptake is observed (figure 16). A small oxidation, only at 430
nm, in the E198A variant was sometimes seen (10% of the wild type ampli-
tude and with a time constant of ~20 ms, data not shown). This oxidation
was pH-independent and therefore interpreted to be a process other than the
“ordinary” 25 ms-phase. It could be an ~1 electron transfer to the bound
oxygen, since heme b; that has a low midpoint potential (40-60 mV [27,
70]), not likely would stay in the reduced state. In the E198A mutant the
midpoint potential of heme b; is even lower (2 mV [27]). E198 is a good
candidate for shuttling protons into the heme b;- Fey site, in part because it is
relatively close to it (~9A) and also since it is within the conserved core se-
quence near the H194 (~4 Ain the model), see above).

The E267A mutant did show a small pH-dependent heme oxidation,
~10% of wild type amplitude (figure 16), which is intriguing since no pro-
tons are taken up during this phase. Only a small drift, although with a posi-
tive slope, was recorded a couple of times during the proton uptake meas-
urements. That could be interpreted as a very slow uptake (figure 16).

The results for both variants strongly suggest that they are part of the pro-
ton pathway according to our model, not in the immediate vicinity of the
Feg. Both E198 and E267 are very close to the H194 (with distances of ~4
and 3 A, respectively). Thereby they could affect the immediate environment
(as seen by the mildly affected CO recombination) of this ligand or actually
be the residues that directly give protons to the active site. If the E198 and
E267 would be ligands of Feg, a more striking effect of an alanine substitu-
tion would be expected.

Thus, we propose that E198 and E267 are, if not directly delivering pro-
tons into the reaction, at least providing protons indirectly via, e.g. structured
waters.
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3.7.3 Paper IV —The role of E202

The E202A variant binds oxygen in a wild type manner and proton uptake
from the bulk clearly remains coupled to the 1~25 ms phase (figure 16).
Therefore this residue is not suggested to be part of the proton pathway.

The slightly lowered ky.x (figure 16) and the rate-reduction in the last
phase could be due to secondary effects on for example the E198, which is
~4.5 A from E202 in the model. The slightly altered CO recombination rates
and amplitudes are intriguing, since these results indicate that E202 might be
closer to the binuclear site than anticipated from the model.

E202 is strictly conserved in all NOR sequences aligned in paper II and is
approximately one helical turn down from E198 in the sequence (a possible
position to function as a Feg ligand), but has a distance of about 14 A to Feg
and about 10 A to H194, as judged by the model. No counterpart are found
to E202 in the cbb; or A1 CcOs; in the cbb; oxidases the corresponding posi-
tion is held by a threonine and the A1-CcOs in most cases a leucine. A deep
membrane buried location of a glutamate that is not participating in proton
transfer and having a too long distance from the Feg to be a ligand, is puz-
zling since this construction is energetically unfavorable.

So far we can not propose any good explanation to its function and why it
is strictly conserved.

3.7.4 Future perspectives on the proton pathway in NOR

The future steps in the investigation of the proton pathway from the “wrong”
side involve to further pinpoint the other participants. This is work already in
progress by the Pia Adelroth group.

Recent preliminary results, with oxygen as substrate, in the D185V mu-
tant (Lachmann et al. unpublished results) support the suggestion that this
residue is part of the proton pathway. Initial experiments with the S264A
mutant corroborate the importance of this residue (Lachmann et al. unpub-
lished results). Additional substitutions of the other suggested proton path-
way participants are under way and interesting results are awaited.

3.8 Paper I-IV - Summary of science

In this thesis it has been concluded that the c-type NOR from P. denitrificans
binds oxygen to heme b; and that the product of oxygen reduction is water
(paper I). Moreover, we could demonstrate that the oxidation of the enzyme
is coupled to proton uptake from the bulk solution and limited by proton
transfer from an internal protonatable group with the pK, ~6.6 (paper I).
During the catalysis we have shown that c-type NOR takes protons from the
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periplasm during both O, and NO reduction (in paper II) and from these
results a proton pathway leading from the periplasm to the active site (based
on a model presented in paper II) was proposed.

In order to scrutinize our proposal we investigated the five strictly con-
served glutamates situated in the catalytic subunit (NorB) (paper III and IV).
In paper III our investigations established that the E122 (predicted to face
the periplasm) and possibly the E125 define the protonatable group with the
pK, =6.6 found in paper 1. In paper IV, we concluded that two of the other
conserved glutamates, E198 and E267 (predicted to be in the membranous
part of the enzyme and close to the active site), are part of the proton path-
way. Judged by the location of E198 and E267, both are candidates for de-
livering protons to the active site. The fifth conserved glutamate, E202, was
concluded not to be part of the proton pathway (paper IV).

All in all; four of the five strictly conserved glutamates in the catalytic
subunit participate in the proton pathway from the periplasm.

3.9 Finally and the end

The purpose of my PhD project aimed to elucidate the mechanism and ener-
getics of NO- and O, -reduction by bacterial nitric oxide reductases (NOR).

Now, at the end, I can say that I have unraveled some of the puzzling
mysteries of the NORs mini-machinery, although there is, certainly, material
left for others to dig into’.

® “Many shall run to and fro, and knowledge shall be increased.” Daniel 12:4
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4 POPULARVETENSKAPLIG
SAMMANFATTNING

Till alla er som undrat vad jag haller pa med, egentligen.

4.1 Andning utan syre

Visste du att du &r beroende av forntida “’bakterier” for att kunna andas?!

Syret du andas tas upp av de rdda blodkropparna i lungorna och
transporteras sedan i blodet ut i kroppen.

Kroppen dr uppbyggda av celler och i cellerna finns sma bonformade “’1ador”
som kallas for mitokondrier och de dr vara kraftverk.

Mitokondrierna var for linge, linge sedan bakterier som vara celler
borjade samarbeta med och cellen ger mitokondrien en bra miljo att leva i.
Mitokondrien, i sin tur, ger cellen energi som den kan anvinda och behovs
det mycket energi blir mitokondrierna flera.

Det 4r till mitokondrierna syret aker och hér ovandlas det till vatten av en
minimaskin som heter cytokrom ¢ oxidas (CcO). CcO fungerar som en
katalysator, dvs den underlittar omvandlingen av syre till vatten, och den &r
dessutom en pump. Vad pumpar CcO for nagot?

CcO pumpar nagot som kallas for protoner (det sura i citronen) fran en
vaning till en vaning upp, sa att det blir en stor skillnad mellan de olika
vaningarna. Det hdr 4r ett sétt att lagra energi pa, eftersom protonerna vill
forsa tillbaka, men hindras av golvet/taket mellan vaningarna. Man kan sidga
att CcO laddar vara batterier, eftersom den hir uppddmda energin anvinds
av en annan minimaskin (ATP-syntas) som med hjilp av forsen tillverkar
ATP som vara celler kan anvdnda som energikdlla. Ténk dig ett
vattenkraftverk, precis sa fungerar det inne i din kropp!

Avhandlingen handlar om en slikting till CcO som heter NO reduktas
(NOR). NOR ir ocksa en katalysator och finns i bakterier som &r sliakt med
mitokondrier, men de hir bakterierna anvidnder sig av NOR for att “andas”
utan syre.

NOR katalyserar omvandlingen av giftig kvivemonoxid (NO) till lustgas
(N20O) och kan dessutom katalysera omvandlingen av syre till vatten, men
NOR pumpar ingenting! Jimfort med CcO ar NOR mycket trog vid
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katalysen av syre till vatten, men CcO a andra sidan kan inte omvandla NO
till lustgas. Det hidr gor oss forskare forbryllade eftersom de tva
katalysatorerna har ungefdr samma konstruktion.

I avhandlingen har jag forsokt forstar hur NOR gor vid omvandlingen av
syre till vatten och for att det ska ske behovs protoner. Hur gér NOR for att
fa in protonerna till platsen dir katalysen sker?

Det visade sig att NOR har en liten protontunnel fran, vad vi forskare
tycker, “fel” sida av “golvet/taket” och att den innehaller byggstenar som
heter glutamat (finns bl.a. i Aromat).

Avhandlingen gor sa att vi forstar mer om hur proton-tunnlar i celler ser
ut och fungerar och jag har dessutom jamfort designen av NORs proton-
tunnel med hur liknande tunnlar ser ut i CcO och i en annan minimaskin
(cbb; oxidas), som ir mer lik NOR .

Aven om CcO i dina celler ir byggd pa ungefir samma sitt som NOR i
bakterierna sa har det hént en massa saker sedan celler och bakterier borjade
samarbeta for miljontals ar sedan. CcO och NOR anvénder formodligen inte
samma protontunnlar, medan NOR och cbb; verkar delvis gora det.
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