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Abstract

The multicopper enzyme nitrous oxide reductase (N,OR) catalyses the final step of
denitrification, the two-electron reduction of N,O to N,. This enzyme is a functional
homodimer containing two different multicopper sites: CuA and CuZ. CuA is a binuclear copper
site that transfers electrons to the tetranuclear copper-sulfide cluster Cuz, the catalytic site.

In this thesis, Pseudomonas nautica cytochrome css, was identified as the physiological
electron donor of N,OR. The kinetic data present differences when comparing physiological
and artificial electron donors (cytochrome versus methylviologen). For cytochrome css,, both
the kinetic characterization and a docking study indicate the presence of a hydrophobic patch
near the CuA, which is the electron entry site. The electron transfer complexes analysis has
been extended to N,OR from other bacterial sources, Paracoccus denitrificans and
Achromobacter cycloclastes, that are characterized by an interaction with the electron donor
(cytochrome c or pseudoazurin) mainly driven by electrostatic forces. A set of well conserved
residues on the N,OR surface are proposed to be involved in the electron pathway from the
redox partner to nitrous oxide reductase. A structural model is then described for the
Wolinella succinogenes N,OR that, unlike the other N,OR structures known, presents a C-
terminal extension containing a c-type heme binding motif.

The reaction of the activated form of N,OR with stoichiometric amounts of substrate enabled
the identification of a new active Cuz’® form in the turnover cycle of the enzyme, which is
characterized by an absorption band at 680 nm and is different from the resting and inactive
CuZ form, previously observed. Both the reaction of stoichiometric amounts of substrate and
the electrochemical studies mediated by the physiological electron donor cytochrome css,
show that the active CuZ°® species, generated in the absence of reductants, can rearrange to
the resting non-active CuZ state. In this light, new aspects of the catalytic and
activation/inactivation mechanisms of the enzyme are discussed.

Moreover, it is known that by changing the purification conditions it is possible to obtain CuZ
in different redox states. Here we have purified N,OR from P. nautica in the “purple” form, in
which the CuZ is in the oxidized 2Cu*"-2Cu* redox state, a redox active species. This form is
redox active but it is not catalytically competent, since its specific activity is lower then the
active fully reduced state and comparable to the inactive resting state.

Finally, a biomimetic approach to the catalytic centre CuZ is presented. Reaction of
mononuclear and binuclear Cu' complexes supported by different N-donor ligands with Sg was

studied in order to mimic the p4-sulfido-tetranuclear copper cluster present in N,OR.
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Resumo

A enzima redutase do Oxido nitroso (N,OR) catalisa a etapa final do processo de
desnitrificacdo, a reducdo de dois electrées de N,O para N,. Esta enzima é um homodimero
funcional contendo dois centros diferentes multi-cobre: CuA e CuZ. CuA é um local binuclear
de cobre que transfere electrdes para o centro tetranuclear de cobre Cuz, o centro catalitico.
Nesta tese, o citocromo cs5; de Pseudomonas nautica foi identificado como doador de
electroes fisioldgico. Os dados cinéticos apresentam diferencas se comparados com os
doadores de electrdes, quer o fisioldégico quer o artificial (citocromo versus methylviologen).
Para o citocromo css,, tanto a caracterizagdo cinética como um estudo de docking indicam a
presenca de uma area hidrofdbica préoximo do centro CuA, que é a local de acesso para os
electrdes. A anadlise dos complexos de transferéncia eletrdonica tem sido extendida para a N,OR
de outras bactérias, Paracoccus denitrificans e Achromobacter cycloclastes, que se
caracterizam por uma interagdo com o doador de electrées (citocromo ¢ ou pseudoazurina),
principalmente guiado por forcas electrostaticas. Um conjunto de residuos bem conservados
na superficie da N,OR é proposto estar envolvido na via de transferéncia eletrénica. E aqui
descrito um modelo estrutural para a N,OR de Wolinella succinogenes que, ao contrario das
outras estruturas conhecidas, apresenta uma extensdao C-terminal que contém um motivo de
citocromo c.

A reac¢do da forma activada de N,OR com uma quantidade estequiométrica do substrato
permitiu a identificacdo de uma nova forma activa, designada CuZ°®, que é caracterizada por
uma banda de absor¢dao em 680 nm e é diferente da forma do CuZ ndo activa anteriormente
observada. Tanto a reagdao com quantidade estequiométrica de substrato como os estudos
electroquimicos mediados pelo citocromo css,, doador fisiolégico de electrdes, mostram que a
espécie activa CuZ®, gerada na auséncia de redutores, pode reorganizar-se no estado de CuZ
ndo activo. Nesta perspectiva, sdo discutidos novos aspectos da activagdo catalitica e do
mecanismo de inactivacdo da enzima.

Além disso, alterando as condi¢Ges de purificacdo, é possivel obter o centro CuZ em diferentes
estados de oxidacdo. Aqui foram preparadas a N,OR de Pseudomonas nautica na forma
"purple”, na qual o CuZ esta no estado redox oxidado 2Cu**-2Cu’. Esta espécie é redox activa,
mas ndo é cataliticamente competente, uma vez que a sua actividade especifica é menor que a
da enzime no estado activo, totalmente reduzido.

Finalmente, é apresentada uma abordagem biomimética ao centro catalitico CuZ. A reacgdo de

complexos de cobre(l) mononucleares e binucleares coordenados por diferentes ligantes N-
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doadores com enxofre molecular (Sg) foi estudada para mimetizar o cluster tetranuclear de

cobre-enxofre presente na N,OR.
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Riassunto

L’enzima multirameico ossido nitroso riduttasi (N,OR) catalizza la reazione terminale della
denitrificazione, cioé la riduzione bielettronica dell’ossido nitroso (N,O) ad azoto molecolare
(N,). Questo enzima & un dimero funzionale che contiene due siti multi rameici: CuA e CuZ. Il
centro CuA e un sito binucleare di rame che trasferisce elettroni al centro catalitico CuZ, un
cluster rame-sulfido.

In questa tesi, il citocromo css, isolato da Pseudomonas nautica e stato identificato come il
donatore di elettroni fisiologico di N,OR. Lo studio della cinetica enzimatica effettuato in
presenza del donatore fisiologico e di un donatore artificiale (citocromo e metilviologeno
rispettivamente) presenta notevoli differenze. Per quanto riguarda il citocromo css,, entrambi
la caratterizzazione cinetica e lo studio di docking indicano la presenza di una regione
idrofobica sulla superficie dell’enzima in prossimita del centro CuA, che costituisce il punto di
ingresso degli elettroni. L’analisi della reazione di trasferimento elettronico € stata estesa alla
N,OR isolata da altre fonti batteriche, Paracoccus denitrificans and Achromobacter
cycloclastes, le quali presentano un tipo di interazione principalmente di tipo elettrostatico con
i rispettivi donatori di elettroni (citocromi ¢ o pseudoazzurrine). Un gruppo di residui
amminoacidici conservati svolge un ruolo chiave per il trasferimento elettronico dal partner
redox alla ossido nitroso riduttasi. E’ stato quindi proposto un modello strutturale per la N,OR
da Wolinella succinogenes, che si differisce dalle N,OR da altre fonti in quanto presenta una
regione C-terminale che contiene un dominio di tipo citocromo c.

La reazione tra I'enzima N,OR in forma attivata e una quantita stechiometrica di N,O ha
permesso di identificare una nuova specie reattiva nel turnover enzimatico del centro
catalitico, denominata CuZ’ e caratterizzata da un assorbimento a 680 nm, differente dalla
forma inattiva definita “resting” precedentemente osservata. Questo specie, se mantenuta in
assenza di agenti riducenti, tende a riformare la specie inattiva “resting”. In quest’ottica, nuovi
aspetti del ciclo catalitico e delle reazioni di attivazione/inattivazione del enzima sono
presentati in questa tesi.

Inoltre, & noto che € possibile ottenere il centro catalitico CuZ in differenti stati redox a partire
da diverse condizioni di purificazione dell’enzima. E’ presentata la purificazione dell’enzima
nella forma “purple”, nella quale il centro CuZ si trova nello stato redox 2Cu®*-2Cu*. Questa
forma del centro catalitico & attiva dal punto di vista redox, ma non rientra nel ciclo catalitico,
siccome |'attivita specifica correlata & minore rispetto alla forma completamente ridotta e

comparabile con I'attivita del forma “resting” non attiva.



Infine, & stato usato un approccio biomimetico per lo studio del centro catalitico CuZ. La
reazione di complessi di Cu' mononucleari e binucleari supportati da differenti leganti N-
donatori con zolfo molecolare Sg & stata studiata con il fine di ottenere modelli simili al cluster

tetranucleare rame-zolfo presente nell’enzima N,OR.
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BH cyt c — Bovine Heart cytochrome ¢
COX — cytochrome c oxidase

CT — charge transfer
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DT - sodium dithionite
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List of figures

Chapter 1:

Figure 1.1 — Type 1, type 2 and type 3 copper centres. The coppers are represented as spheres
with the protein ligands being represented as sticks and coloured by element. A) Type 1
copper of Pseudomonas aeruginosa azurin (1E5Z.pdb), B) Type 2 copper centre of human Cu,
Zn — superoxide dismutase (2C9V.pdb), C) Type 3 copper centre of hemocyanin (1JS8.pdb).

Figure 1.2 - The inorganic nitrogen cycle including the enzymes responsible for each step. The
oxidation state of each compound is indicated between parentheses. The pathways are
identified as follow: black solid line, respiratory pathway (denitrification); dashed line,
dissimilatory and assimilatory ammonification (note that nitrate reduction is indicated only as
solid arrow); dotted line, nitrogen fixation; dash-dot line, nitrification; grey solid line,
ANAMOX. (Figure adapted from ref. (30)).

Figure 1.3 — Representation of Paracoccus denitrificans nitrous oxide reductase functional
dimer. The dimer of nitrous oxide reductase is coloured according to subunit. One monomer is
coloured in light gray, while in the other is coloured by secondary structure (B). The CuA (A)
and CuZ (C) centres have their copper ligands coloured according to element and the coppers
ions in CuZ centre are numbered |, II, Ill and IV. The figures were created with DSViewer Pro
5.0 (Accelrys) using 1IFWX.pdb.

Figure 1.4 — Comparison between the CuZ centre from the Pseudomonas nautica (A),
Paracoccus denitrificans (B) and Achromobacter cycloclastes (C, D) nitrous oxide reductase. An
oxygen atom, represented as a red sphere, is located in-between Cul and CulV of the Pn and
Pd CuZ centre. In the CuZ centre of a pink form of Achromobacter cycloclastes nitrous oxide
reductase (C), it is present a water molecule and a hydroxide in-between Cul and CulV, and in
(D) it is represented the inhibited form of this enzyme with an iodide molecule bridging Cul
and CulV. The ligands of the copper atoms are coloured according to element. The figures
were created with DSViewer Pro 5.0 (Accelrys) using 1QNI.pdb (A), 1IFWX.pdb (B), 2IWF.pdb (C)
and 2IWK.pdb (D).

Chapter 2:

Figure 2.1 — Kinetic trace of the modified enzymatic assay using (A) Pn cytochrome css, or (B)
methylviologen as electron donors. The assays were initiated by the addition of activated Pn
N,OR (70 nM) to a solution containing 1 mM N,O-saturated water, 0.1 M Tris-HCl at pH 7.6 and
10 UM reduced Pn cytochrome css; or 12 UM reduced methylviologen. The absorbance change
was followed at 552 nm for cytochrome css, (A) and at 600 nm for MV (B).
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Figure 2.2 — Kinetic activity of Pn N,OR as function of electron donor concentration: reduced
methylviologen (open circles) or Pn cytochrome css, (solid squares). The assays were
performed in 0.1 M Tris-HCl at pH 7.6, 70 nM activated N,0OR, 1.25 mM N,O-saturated water
and 6.2 to 155.6 UM MV or 3.6 to 36 UM Pn cytochrome css,. The experimental data was fitted
with Michaelis-Menten equation, using a K, of (11.5 + 3.6) UM and V,,, of (157 + 13) U/mg, or
a K., of (50.2 £ 9.0) UM and and V.., of (1.8 £ 0.6) U/mg for methylviologen or Pn cytochrome
Css, respectively.

Figure 2.3 — Kinetic activity of Pn N,OR as function of N,O concentration with methylviologen
(open circles) and cytochrome css; (solid squares) as electron donor. The assays were
performed in 0.1 M Tris-HCl at pH 7.6, 35 nM activated N,OR, 5, 10, 12.5, 25, 37.5, 62.5, 125
and 500 pM N,O-saturated water, 91 UM MV and 7.5 UM Pn cytochrome css. The
experimental data was fitted with Michaelis-Menten equation, using a K, of (14.0 £ 2.9) UM
and V., of (128 £ 17) U/mg, for methylviologen.

Figure 2.4 — pH dependence of the kinetic activity of Pn N,OR using Pn cytochrome css, (solid
squares) or MV (open circles) as electron donors. The assays were performed adding 35 nM
activated N,OR to a solution containing 9 UM Pn cytochrome css; or 91 M MV, 1.25 mM N,O-
saturated water, in different buffer systems between pH 6.2 and 8.7. The data was non-linear
fitted using the equation described in Materials and Methods and pK, of 8.3 and 6.6 were
calculated for cytochrome css; and MV, respectively.

Figure 2.5 — Direct electron transfer between fully oxidised nitrous oxide reductase and
reduced electron donors (A) MV and (B) Pn cytochrome css,, monitored by visible spectra. (A)
The reduction of N,OR by MV was observed at 480 nm, 540 nm and 800 nm. (A-i) fully oxidised
Pn N,OR, (A-ii) N,OR after addition of reduced MV and (A-iii) difference spectrum between (A-
i) and (A-ii). (B) The reduction of Pn N,OR by Pn cytochrome cs5, was observed at 800 nm,
while the oxidation of the cytochrome was observed at 552 nm. (B-i) N,OR spectrum
immediately after addition of reduced cytochrome css; (t=0), (B-ii) N,OR spectrum after
addition of reduced cytochrome css, (after t=30s), (B-iii) fully oxidised Pn N,OR and (B-iv)
difference spectrum between (B-ii) and (B-i).

Figure 2.6 — "H NMR titration of Pn cytochrome css, with nitrous oxide reductase. In panel A
the low-field spectral region (40 — 12 ppm) containing the cytochrome M1, M2, M3 and M4
heme methyl resonances is shown. The experiment was performed as described in Materials
and Methods, and the protein samples were (A, i) R=0, 472 UM cytochrome css,; (A, ii) R=0.5,
440 UM cytochrome css; and 220 UM N,OR; (A, iii) R=1.0, 410 UM cytochrome css; and 410 UM
N,OR; (A, iv) R=2.0, 365 UM cytochrome css; and 730 UM N,OR; (A, v) R=3.6, 308 UM
cytochrome css; and 1109 UM N,OR. Panel B shows the chemical shift variation of cytochrome
Css; heme methyl M4 with increasing molar ratios of nitrous oxide reductase. Panel C shows
the fitting curve simulated for a single binding site with K; = 5.0 UM and &,,,, = 0.014 ppm, until
a ratio of 1:1.

Figure 2.7 — A) 500 top model complexes ranked by Global Score of the docking of N,OR dimer
with cytochrome css, dimer. B) 500 top model complexes ranked by the Hydrophobic Scored of
the docking of N,OR dimer with cytochrome css, dimer. In Panel A and B the geometric center
of the cytochrome cs5; of the 500 putative model complexes is represented as a yellow
spheres, while the top 50 are represented as bigger red-coloured spheres. The two copper
atoms of the CuA center are red, while the catalyitic center is blue, and the polypeptide of
each nitrous oxide reductase monomer is coloured in lighter or darker grey.
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Figure 2.8 — Top putative docking positions obtained after analysis of the docking between Pn
cytochrome css, dimer and Pn N,OR dimer. Only the heme group of 6 out of the top 8 models
are displayed: model 1 in grey, model 2 in black, model 5 in green, model 6 in yellow, model 7
in red and model 8 in blue. These numbers correspond to the numbering in Table 1. Model 3
and 4 are not displayed, because they are located near the CuA of the other N,OR monomer.
The two copper atoms of the CuA center are coloured red, while the catalytic center is
coloured dark blue, and the polypeptide chain of each nitrous oxide reductase monomer is
coloured in lighter or darker grey.

Figure 2.S1 - Simulated kinetic activity of N,OR as a function of N,O concentration with
cytochrome c¢ss5, as electron donor. The curves are simulated using equation 17 and
[cytochrome css,] of 10, 50, 150 and 250 M. The upper curve is the reaction with a fully
saturated (with cytochrome cs5;) N,OR, which is indicated as simulated MM. In panel A, the
[N,O] range is the same as the one used in the experiment described in the manuscript (5 —
500 pM), while panel B shows an inset with [N,0O] between 0 and 30 UM.

Figure 2.S2 - Simulated kinetic activity of N,OR as function of N,O concentration with
cytochrome cs5, as electron donor. The curves are simulated using equation 18 and
[cytochrome css,] of 10, 50, 150 and 250 M. The upper curve is the reaction with a fully
saturated (with cytochrome css;) N,OR, which is indicated as simulated MM. In panel A, the
[N,0] range is the same as the one used in the experiment described in the manuscript (5 -
500 pM), while panel B shows an inset with [N,0] between 0 and 30 uM.

Chapter 3:

Figure 3.1 — Cyclic voltammograms (40 mVs™) of 50 UM cytochrome css, entrapped in a
membrane electrode with 2.5 UM activated Pseudomonas nautica N,OR, in 0.1 M phosphate
buffer, pH 7. The black-line is the CV in the absence of substrate and the red-line is the CV after
addition of 1 mM N,0.

Figure 3.2 — Catalytic current from electrochemical assays of Pn N,OR using cytochrome css; as
mediator versus N,O concentration. The assays were performed with 2.5 UM activated N,OR
and 50 pM cytochrome css, entrapped in the membrane electrode, in 0.1 M phosphate buffer
at pH 7, and in the presence of 8, 17, 25, 33, 48, 125, 330, and 1000 UM N,O-saturated water.
The experimental data were fitted with the Michaelis-Menten equation, using a K, of (16 % 2)
MM and a fggemax O (3.9 2 0.1) x 107 A,

Figure 3.3 — Intermolecular rate constants of Pseudomonas nautica N,OR versus pH,
determined by electrochemical assays using cytochrome css, as mediator. The assays were
performed with 2.5 PUM activated N,OR and 50 pPM cytochrome cs5; entrapped in the
membrane electrode, 1 mM N,O-saturated water, in different buffer systems with pH between
5,9 and 8.8. The data were nonlinearly fitted using Equation 3, and pK, values of 8.0 + 0.7 and
5.5 + 1.0 (solid line). The dashed line shows the pH dependence fit for the steady-state kinetic
study [18], with a pK, of 8.3.

Figure 3.4 — Rate constant of the inactivation process detected by electrochemical experiments
versus pH. The k values were obtained by fitting the catalytic current decay with an
exponential equation. The data were nonlinearly fitted using Equation 3 adapted for one pk, of
7.1.

XV



Figure 3.5 — (A) Selected spectra of 35 UM Pseudomonas nautica N,OR after reaction with
equimolar amount of N,O at the following times: 0.5 min (black), 1 min (blue), 1.5 min (red), 2
min (green), 4.5 min (grey), 11 min (orange), 45 min (yellow). Inset: spectra obtained after
subtraction of oxidised CuA contribution at the following times: 0.5 min (black), 1 min (blue),
1.5 min (red), 2 min (green), 4.5 min (grey), 11 min (orange), 45 min (yellow).

(B) N,OR activity (black squares) versus time (100 % corresponds to 133 pmols N,O-reduced
min™ mg"' of enzyme) and 640-nm band intensity (blue squares) versus time (100%
corresponds to the final spectra at t = 48 min and 0% corresponds to the first spectrum att=1
min). Solid lines are exponential fits and a k = 0.3 min™ was used for both fits. Red circles
represent the percentage of electrocatalytic activity versus time (100 % corresponds to the
maximum activity, characterized by an intermolecular rate constant for electron transfer, k’, of
1.4 s™"). Yellow circles represent the 680-nm band intensity.

Figure 3.6 — EPR spectra of the different CuZ forms. EPR spectrum of the 680-nm band, Cuz®
form (black line), and of the 640-nm band, resting CuZ form (red line). The CuA contribution
was subtracted from both spectra. The blue line is the difference between the spectrum of the
CuZ° form and that of the resting, inactive CuZ form. Instrumental parameters: modulation
amplitude, 5 G; microwave frequency, 9.66 GHz; temperature 30 K.

Figure 3.7 — Potentiometric redox titration of fully reduced Pseudomonas nautica N,OR
following the characteristic absorption bands of CuA and CuZ centre in the oxidation and
reduction direction. CuA centre was monitored by following the absorption at 540 nm in the
oxidative (black squares) and in the reductive titrations (red squares). The titration curve was
fitted with E* = + 240 mV (solid line). CuZ centre was monitored by following the absorption at
640 nm in the oxidative (yellow circles) and in the reductive titrations (blue circles).

Chapter 4:

Legend of Figure 4.1 — Structures and electrostatic surface potential of Pn N,OR (A-B), Ac N,OR
(C-D) and Pd N,OR (E-F). In panel A, C and E the CuA and CuZ of the same monomer are
represented in blue and light green, respectively. The two monomers are magenta and green
coloured, respectively. Electrostatic surface potential is represented between -3 and 3 kT/e (B,
D, F). Images were prepared using WeblLab Viewer (Accelrys) (Panel A, C abd E) and USCF
Chimera program (panel B, D and F) [54]. The electrostatic potential was calculated from
Chimera using the Coulombic Law and partial charges from the Amber 99SB force field for all
residues.

Figure 4.2 — Amino acid sequence comparison of N,ORs. Comparison was performed using the
program CLUSTALW (41) on the EBI Web site.

Figure 4.3 — Structures and electrostatic surface potential of Pn cytochrome css, (A-B), Pd
cytochrome csso (C-D), Pp pseudoazurin (E-F), Ac pseudoazurin (G-H), HH cytochrome c (I-)). In
panel A, C, E, G and | the heme group is black coloured, while the copper atom is blue. The
electrostatic potential was calculated from Chimera using the Coulombic Law and partial
charges from the Amber 99SB force field for all residues except for hemes, where the charges
were calculated by the Gasteiger method.

Figure 4.4 — The electron transfer complexes between N,OR and its physiological electron
donors. (A) 200 best electron transfer complexes ranked by hydrophobic ranking of Pn N,OR
with Pn cytochrome css,. (B) 200 best electron transfer complexes ranked by electrostatic
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ranking of Ac N,OR with Ac pseudoazurin. (C) 200 best electron transfer complexes ranked by
electrostatic ranking of Pd N,OR with Pd cytochrome cs50. (D) 200 best electron transfer
complexes ranked by electrostatic ranking of Pd N,OR with Pp pseudoazurin. The geometric
centre for cytochrome css;, the copper atom for pseudoazurin and the iron atom for
cytochrome css9 are represented as a yellow sphere. The two copper atoms of CuA are
coloured red, while the catalytic centre is coloured blue.

Figure 4.5 — Residues involved in the electron transfer pathways in Pn N,OR structure. Ala495,
Asp519, Val524, His566 and Leu568 are shown in dark green. The two copper atoms of CuA are
coloured red, while the catalytic centre is coloured blue.

Figure 4.6 — Proposed model for the N,OR from Wolinella Succinogenes with an additional C-
terminal domain containing a cytochrome c. The heme domain (the heme group is coloured
black) is shown to interact with the surface of the N,OR domain surrounding the CuA site, the
supposed entry site for the electron transfer. The two copper atoms of CuA are coloured red,
the catalytic centre is coloured blue and the two domains of N,OR are respectively green and
orange coloured.

Figure 4.5-1.1 N,0OR Ac — Cytochrome css0 Pd — 200 top model complexes ranked by global
score; 200 top model complexes ranked by electrostatic score; 200 top model complexes
ranked by hydrophobic score

Figure 4.5-1.2 N,0OR Ac — Cytochrome css, Pn — 200 top model complexes ranked by global
score; 200 top model complexes ranked by electrostatic score; 200 top model complexes
ranked by hydrophobic score

Figure 4.5-1.3 N,OR Ac — BH Cytochrome ¢ — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Figure 4.5-1.4 N,OR Ac — Pseudoazurin Ac — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Figure 4.5-1.5 N,OR Ac — Pseudoazurin Pp — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Figure 4.5-2.1 N,OR Pd — Cytochrome cs59 Pd — 200 top model complexes ranked by global
score; 200 top model complexes ranked by electrostatic score; 200 top model complexes
ranked by hydrophobic score

Figure 4.5-2.2 N,OR Pd — Cytochrome cs5; Pn — 200 top model complexes ranked by global
score; 200 top model complexes ranked by electrostatic score; 200 top model complexes
ranked by hydrophobic score

Figure 4.5-2.3 N,OR Pd — HH Cytochrome ¢ — 200 top model complexes ranked by global score;

200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score
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Figure 4.5-2.4 N,OR Pd — Pseudoazurin Ac — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Figure 4.5-2.5 N,OR Pd — Pseudoazurin Pp — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Figure 4.5-3.1 N,OR Pn — Cytochrome cs50 Pd — 200 top model complexes ranked by global
score; 200 top model complexes ranked by electrostatic score; 200 top model complexes
ranked by hydrophobic score

Figure 4.5-3.2 N,OR Pn — Cytochrome cs5; Pn — 200 top model complexes ranked by global
score; 200 top model complexes ranked by electrostatic score; 200 top model complexes
ranked by hydrophobic score

Figure 4.5-3.3 N,OR Pn — HH Cytochrome ¢ — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Figure 4.5-3.4 N,OR Pn — Pseudoazurin Ac — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Figure 4.5-3.5 N,OR Pn — Pseudoazurin Pp — 200 top model complexes ranked by global score;
200 top model complexes ranked by electrostatic score; 200 top model complexes ranked by
hydrophobic score

Chapter 5:

Figure 5.1 — UV-visible spectra of N,OR purified from (A) an aerobic growth, (B) anaerobic
growth 1, (C) anaerobic growth 2. In each panel it is presented the spectrum of the
ferricyanide-oxidised (i), as-isolated (ii), ascorbate-reduced (iii) and dithionite-reduced (iv)
form of the enzyme. In panel D, the visible difference spectra: ferricyanide oxidised minus
ascorbate-reduced samples of N,OR: (i) continuous line — aerobic; (ii) bold line — anaerobic 1;
(iii) dotted line — anaerobic 2.

Figure 5.2 — EPR spectra of N,OR purified from (A) an aerobic growth, (B) anaerobic growth |,
(C) anaerobic growth Il. In each panel it is presented the spectrum of the ferricyanide-oxidised
(i), as-isolated (ii), dithionite-reduced (iii) and ascorbate-reduced (iv) form of the enzyme.
Instrumental parameters: modulation amplitude, 5 G; microwave frequency, 9.66 GHz;
temperature 30 K.

Chapter 6:

Figure 6.1 — Core structural motifs identified by X-ray crystallography for copper sulfur
complexes supported by N-donor ligands (not shown) (adapted from ref. (23)).
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Figure 6.2 — Schematic molecular orbital energy-level diagram for the (p—rlz—r]z—
peroxo/sulfide)dicopper core (adapted from ref. (28)).

Figure 6.3 — Structures of the ligands used to form the copper complexes. In panel A and B, the
mononuclear ligands MeBB5 and BB6 are represented, respectively. In panel C and D, the
binuclear ligands L55 and MeL66 are represented, respectively.

Figure 6.4 — Reaction between Cu'-BB6(PFg) and inorganic sulfur at different reaction times.
Black line: 1 hour; blue line: 3 hours; red line: 24 hours.

Chapter 7:

Figure 7.1 — Schematic diagram of the possible mechanism of reduction, catalysis and
inactivation of the catalytic centre CuZ. Copper ions are blue coloured in the (ll) oxidation state
or light blue in the (1) oxidation state. In the CuZ resting form, the Cu(ll) ion is represented as a
blue square to indicate that this form is inactive. In both CuZ and CuA, the unpaired electrons
are delocalized within the cluster trough the sulfur atom.
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Chapter 1

Introduction to nitrous oxide reductase (N,OR)

1.1 Copper in biological systems

Copper-containing metalloproteins play crucial roles in several cellular processes in animal and

bacterial metabolism, such as aerobic and anaerobic respiration (1-4). Some unique chemical

characteristics allow the presence of copper as a metal cofactor of many proteins and
enzymes:

i) stereochemical flexibility and excellent binding capacity of both Cu* and Cu®* make
the Cu®/Cu’* couple, coordinated by the biological ligand, to be particularly versatile in
the range of oxidizing redox potentials between +0.2 and +0.8 V, in a complementary
range to the Fe*'/Fe**couple;

ii) the Cu” ion is a good m-donor and can bind small inorganic molecules, such as O, and
CO molecules, which have m-acidic features.

Copper centres are present in several proteins and enzymes playing different functions, such

as: electron transport (plastocyanin, azurin, stellacyanin, cytochrome c oxidase) (5-7), in

oxygen transport in arthropods and molluscs by hemocyanin (8, 9), in the reduction of O, to

H,O (cytochrome c oxidase, laccase, ascorbate oxidase) (10), in the reduction of O, to H,0,

(amine oxidase, galactose oxidase) (11, 12), in the oxidation of various substrates (tyrosinase,

methane monooxygenase, dopamine B-hydroxylase) (12, 13), or in the reduction of small

inorganic molecules (nitrite reductase, nitrous oxide reductase, superoxide dismutase) (14-16).

Copper centres in proteins were divided for several years into three classes (type-1, type-2 and

type-3) according to their structural and spectroscopic features (17-19).



Type-1 copper sites are mononuclear Cu centres, characterized by an intense absorption (€ =
5000 M'cm™) at around 600 nm in the oxidised state. This absorption is responsible for the
intense blue colour of proteins containing (at least) one of these centres and it is due to a
cysteine S = Cu®* LMCT transition. The EPR spectra exhibit an unusually small parallel
hyperfine splitting and a low g factor (20). This type of copper centre acts usually as an
electron transfer centre, since it exhibits high rates of long-range, outer-sphere electron
transfer (21). Crystal structures of “blue” copper proteins have shown that the metal centre
presents a very irregular “distorted” tetrahedral coordination geometry (22). In the equatorial
plane the copper ion is coordinated by two histidines and a cysteine, while the axial ligand is a
methionine in plastocyanin and amicyanin (23, 24), a glutamine in stellacyanin (25), or, in the
case of azurin, besides a methionine there is a second axial ligand, the backbone carbonyl of a
glycine (26) (Figure 1.1A).

III

Type-2 or “normal” copper sites are mononuclear centres that exhibit low extinction
coefficients in the optical bands (€ = 100-1000 M*cm™) that reveal weak ligand-field transitions
and EPR spectrum of its oxidised form is similar to the one of “normal” tetragonal Cu®'
complex, with g > g+ > 2 and A > 120 G (21, 27). Examples of proteins containing type-2
copper centres are Cu-Zn superoxide dismutase, dopamine [3-monooxygenase and galactose
oxidase, in which the copper ion is coordinated by the side-chain of four histidine residues
(Figure 1.1B).

Type-3 copper sites are binuclear Cu centres, identified by an EPR-silent state in the oxidised
form due to the strong antiferromagnetic coupling between the copper ions (19, 21). Binuclear
copper centres are able to bind oxygen reversibly in hemocyanin and in tyrosinase (Figure
1.1C). In tyrosinase, as in hemocyanin, each copper ion is coordinated by the side chain of
three histidine residues, which are able to activate oxygen for hydroxylation of phenol to
ortho-diphenol and further oxidise this compound to ortho-quinone (28). Catechol oxidase,

also known as ortho-diphenol oxidase, is a less known member of the type-3 copper protein

family (12).
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Figure 1.1 — Type 1, type 2 and type 3 copper centres. The coppers are represented as spheres with the
protein ligands being represented as sticks and coloured by element. A) Type 1 copper of Pseudomonas
geruginosa azurin (1E5Z.pdb), B) Type 2 copper centre of human Cu, Zn — superoxide dismutase
(2C9V.pdb), C) Type 3 copper centre of hemocyanin (1JS8.pdb).

Recently, more protein structures and spectroscopic data became available, which revealed
new copper sites that cannot be classified into the initial division. The multi-copper oxidases
contain, in addition to a type-1 Cu centre, a trinuclear copper site (12). The CuA site is a
binuclear Cu centre, different from binuclear type-3 sites, that play an electron transfer role,
accepting electrons from small electron transfer proteins and transferring them to the catalytic
site, usually in another domain of the enzyme (7). The CuA centres have been identified in the
enzymes cytochrome c oxidase and nitrous oxide reductase (N,OR). In COX, each of the two
copper ions is coordinated by two cysteine and two histidine residues, while the third ligand is
the carbonyl oxygen of a methionine or a glutamate residue.

The last novel biological copper centre to be identified and characterized is the tetranuclear
copper centre CuZ, the catalytic site of nitrous oxide reductase, which catalyses the two-
electron reduction of nitrous oxide to nitrogen and water.

Before focusing more deeply on the enzyme nitrous oxide reductase and in particular on its
novel copper-catalytic centre, a brief introduction regarding the role of nitrogen for biological

systems and in particular about the denitrification is required.

1.2 The nitrogen cycle

Nitrogen is an essential element for living organisms since it is contained in all biomolecules,
such as proteins and nucleic acids. In nature, nitrogen is present in different species that can
assume formal charges from +5 to —3 and that constitute the biogeochemical cycle of nitrogen
(N-cycle). The interconversion of these nitrogen species involves a number of redox reactions
in which prokaryotes play the main role since only these organisms are able to carry out these

processes (29) (Figure 1.2).
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The dissimilatory processes involve the respiration, where nitrate is converted into N,
(denitrification), and the ammonification that also starts with the reduction of nitrate to
nitrite, but then nitrite is reduced to ammonia (3, 29, 31-33).

The nitrification is the only process that is attributed exclusively to bacteria from the
Nitrosomonas and Nitrobacter genus (34).

The N-cycle is completed with nitrogen fixation, in which the enzyme nitrogenase reduces
nitrogen from both the atmosphere and the respiration process to ammonia (35).

A fifth less characterized process named ANAMOX (anaerobic ammonium oxidation), which
involves both oxidative and reductive reactions, is used for bacteria to grow in
chemolithoautotrophic conditions using ammonia as electron donor and nitrite as electron

acceptor (29, 36, 37).

1.3 Denitrification
The denitrification is part of the bioenergetic metabolism of bacterial cells, where the
nitrogen-oxyanions nitrate and nitrite and the gaseous nitrogen oxides, nitric oxide and nitrous

oxide, are used as terminal acceptors for electron transport phosphorylation (3). The
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denitrification process occurs in oxygen depleted environments or in the presence of low
oxygen tension (such as in some soils and groundwater, wetlands, poorly ventilated ocean
sites or seafloor sediments), since oxygen is a more favourable electron acceptor than nitrate.
This process is carried out by gram-negative bacteria that can be found in a variety of
environments, such as soil, water or the human intestine (38).
Globally, the reduction of nitrate to molecular nitrogen requires four reactions each one
catalyzed by four different metallo-enzymes (15):

NO; +2e +2H" > NO, + H,0 (E’° =+0.42 V) (1)

NO, +e +2H" > NO + H,0 (E’° =+0.34V) (2)
2NO +2e +2H" > N,0 + H,0 (F° =+1.18 V) (3)
N,O +2e” +2H" > N, + H,0 (E’° = +1.35V) (4)

The first step (eq. (1)), the reduction of nitrate to nitrite is catalyzed by mononuclear
molybdenum-containing enzymes sub-grouped as respiratory nitrate reductases (Nar),
periplasmic nitrate reductases (Nap) and assimilatory nitrate reductases (Nas) (30).
Nar is a membrane-bound complex that contains 3 different subunits: Narl, completely
immersed in the membrane and containing 2 b-type hemes; NarH, containing 4 iron-sulfur
clusters; NarG, containing one Fe-S cluster and the Mo-catalytic site.
Nap is @ monomeric periplasmatic enzyme containing an iron-sulfur cluster of the type [4Fe—
4S], and the molybdenum catalytic site.
Nas is a soluble cytoplasmatic enzyme that has a typical assimilatory function, allowing the
utilization of nitrate as nitrogen source. All the Nas isolated so far have an active site
containing a Mo- cofactor at the active site but the molecular properties and the number and
type of electron transfer centres are diverse and vary in the different organisms.
The second step of denitrification, in which nitrite is further reduced to NO (eq. (2)), is
catalyzed by nitrite reductase either cythocrome cd; (cd;-Nir) or copper-containing enzymes
(Cu-Nir). Cytochrome cd, is a periplasmic homodimer, with an electron transfer centre, a c-
type heme c and a non-covalently bound d; —type heme, the catalytic site (39-42). The copper-
containing nitrite reductases, are also periplasmic enzymes and have a trimeric structure (43,
44), with each subunit containing both a type 1 copper (T1Cu) centre, that is involved in the
electron transfer, and type 2 copper (T2Cu) center, that constitutes the catalytic site (43).
The enzyme that catalyzes the reduction of nitric oxide (NO) to nitrous oxide (N20) (eq. (3)),
the bacterial nitric oxide reductase (NOR), is a heterodimeric membrane-bound enzyme (45).
Structural information about this enzyme is lacking, since a tridimensional structure has yet to
be obtained. However, three classes of NOR have been identified in bacteria (cNOR, gNOR and

gCuNOR) that differ in the electron transfer centres, while the catalytic centre is homologous
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in all the three groups (38). The active site is constituted by binuclear iron-centre, composed
by one high-spin b-type heme (heme b;) and a non-heme iron (FeB) (46-48). This site can be
compared to the heme-copper oxidades, since the FeB centre is also coordinated by three
histidine residues, as the copper CuB in cytochrome c oxidase. In all three classes a low-spin b-
type heme acts as an electron provider to the catalytic site.

cNOR presents an extra-subunit with a c-type heme centre that receives electrons from a
soluble cytochrome c or a cupredoxin, while gqNOR is an enzyme with a single subunit that
receives electrons directly from quinols. The third type, qCuNOR, presents an extra subunit
with a binuclear copper CuA centre as electron acceptor from a periplasmic electron donor.
The last step of the denitrification pathway is the reduction of nitrous oxide to molecular
nitrogen (eq. (4)) catalyzed by the periplasimic nitrous oxide reductase. This is a copper-

containing protein and its properties will be discussed in the next paragraph.

1.4 Nitrous oxide reductase

The conversion of N,O to N, is the final step of the denitrification pathway and can be
regarded as a respiratory process (3, 38) (eq. (5)).

N,O + 2H" +2 e = N,+ H,0 [E”° (pH 7.0) = +1.35 V; AG® = -339.5 kJ/mol] (5)

The key role of copper in the respiration of N,O became apparent from the studies of lwasaki
and collaborators (49, 50), who demonstrated for the first time the role of this metal as being
essential for anaerobic growth with N,O and in the biosynthesis of N,OR in denitrifying
bacteria.

The first report of a =120 kDa Cu-containing protein isolated from denitrifying pseudomonads
came from Matsubara and Zumft (51). The same authors later reported for the first time the
identification of nitrous oxide reductase from Pseudomonas stutzeri as a molecular species and
the first assay in which the isolated protein reduced N,O to N, using methylviologen,
hydrogen, and clostridial hydrogenase as the electron-donating system (52).

Since the isolation of N,OR from Pseudomonas stutzeri (formerly Pseudomonas
perfectomarina), the enzyme has been purified and characterized from the same organism (53,
54), as well as from other bacterial sources: Rhodobacter capsulatus (formerly
Rhodopseudomonas capsulate) (55), Rhodobacter sphaeroides f. sp. denitrificans (56),
Paracoccus denitrificans (57), Wolinella succinogenes (58), Flexibacter canadensis (59),
Achromobacter cycloclastes (60), Pseudomonas aeruginosa (61), Paracoccus pantotrophus
(formely Thiosphaera pantotropha) (62), Thiobacillus denitrificans (63), Alcaligenes

xylosoxidans (64, 65), Pseudomonas nautica (66) and Hyphomicrobium denitrificans (67).



1.5 History of CuA and CuZ

Even if the history of CuA and CuZ is very recent, the discovery and the study of these two
copper-clusters represents a fascinating chapter in the bioinorganic area.

The presence of two distinct copper sites in N,OR was clear from the first isolation of the
enzyme in 1982 (52). At that time CuA was already identified as a binuclear copper site, able to
accept electrons from small electron donor protein, in cytochrome c oxidase (COX) (68).

The similarity between the CuA centres in COX and N,OR was first shown by Kroneck et al. (69,
70) using a multifrequency EPR approach. Soon after, Jin et al. (71) studied the copper sites in
N,OR by electron spin echo (ESE) spectroscopy and presented further evidence for the
similarity between the CuA in the two enzymes. This similarity was also shown by magnetic
circular dichroism (MCD) (72, 73) and EXAFS studies, as the Cu EXAFS curve-fitting results for
N,OR are strikingly similar to those of COX (73, 74). Finally, the identification of a set of
potential Cu ligands in the C-terminal domain of N,OR that correspond to those of the CuA in
COX was also crucial to establish that the CuA site, initially believed to be unique to COX, is

clearly also present in N,OR (75, 76) (Figure 1.3).
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Figure 1.3 — Representation of Paracoccus denitrificans nitrous oxide reductase functional dimer. The
dimer of nitrous oxide reductase is coloured according to subunit. One monomer is coloured in light
gray, while in the other is coloured by secondary structure (B). The CuA (A) and CuZ (C) centres have
their copper ligands coloured according to element and the coppers ions in CuZ centre are numbered |,
I, Il and IV. The figures were created with DSViewer Pro 5.0 (Accelrys) using 1FWX.pdb.

However, the reduction of the enzyme with dithionite produced a species that was clearly
different from both CuA and type-1 Cu signals, since it was characterized by a 640 band in the
UV-visible spectrum and by a typical EPR signal, with g-values at 2.18 and 2.06 (53). This
second copper centre was proposed to be the catalytic centre. It was named for the first time
by Farrar et al. as CuZ (77) and was proposed to be an additional binuclear site.

Resonance Raman (RR) studies indicated that there is a highly covalent thiolate site (Cu**-S" <>
Cu®-S°) in the dithionite reduced enzyme (72, 78), the form of the enzyme that will be defined

as “resting” state (see below). Moreover, optical, EPR and MCD spectroscopy studies led to
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propose that CuZ would have a thiolate coordination supported by cysteines residues, similarly
to CuA. However, in the N,OR sequence, there are no conserved cysteine residues outside the
C-terminal CuA domain, which would be able to support two-thiolate binuclear centres.
Nevertheless, Zumft noted the presence of 8 conserved histidine residues in the primary
sequence of N,ORs (3). This observation, coupled with spectroscopic and mutagenesis data,
led to revise the nature of CuZ with the proposal of a multiple histidines coordination (79). This
study also pointed out that the total number of copper atoms in the active N,OR was (at the
time) uncertain and suggested that the catalytic site of this enzyme may be more complex than
a simple binuclear type-3 site. Indeed, the crystal structure of the catalytic site demonstrated
that this prediction was correct, showing that the CuZ centre of N,OR is a unique centre in
bioinorganic chemistry (Figure 1.3).

The new structure of CuZ opens a new chapter in the biological clusters study (80), giving a
structural basis for the interpretation of the spectroscopic data, and also giving the
opportunity to implement this analysis with theoretical calculation. The solution of the first
crystal structure was solved ten years ago, and many progresses have been occurred in this
field, but many questions are still open, like the full comprehension of the catalytic mechanism

and the full characterization of the active species in the turnover cycle.

1.6 X-ray structure of N,OR

The fascinating and unexpected tetranuclear copper cluster CuZ was revealed after the
resolution of the three-dimensional structure of N,OR from Pseudomonas nautica at 2.4 A
resolution in the year 2000 (80). As predicted, the CuA structure in N2OR can be superimposed
with the CuA centre in COX (6, 81, 82). The CuA centre is located in the C-terminal domain,
with the two copper ions linked by the Cys 561 and Cys 565 Sy atoms, the His 526 and His 569
Ne2 atoms, the Met 572 Syatom and the Trp 563 carbonyl group.

The new copper centre, the catalytic CuZ site, is located in the N-terminal domain that adopts
a seven-blade Spropeller fold. The structure of N,OR shows that CuZ is a novel mixed-valence
copper centre (Cu,S) with a sulphide ion bridging a distorted tetrahedron of copper atoms, in a
unique structure in biology. The four copper ions are labelled Cu,, Cu,, Cuy, and Cu,y as shown
in Figure 2. The Cu,S core is bound to the protein via the N atoms of seven well-conserved
histidine residues. Five histidine residues bind to the copper ions through their N2 atoms (His
80, His 128, His 270, His 325, and His 376 in Pseudomonas nautica), whereas two use their Nd1
atoms (His 79 and His 437).



In the first structure of N,OR, it was initially considered that an oxygen was bridging the four
copper ions in the tetrahedron, which was afterwards replaced by an inorganic sulphur ion
after the high resolution structure (1.6 A) of Paracoccus denitrificans N,OR (83, 84), elemental
analysis and resonance Raman spectroscopic studies (85).

The structure also revealed the functional homodimeric conformation of N,OR, because the
distance between the electron transfer centre CuA and CuZ within the same monomer is = 40
A, which is inappropriate for an efficient electron transfer (86), while the CuA-CuZ distance
within the dimer is approximately 10 A. The structure of N,OR was further solved from
Achromobacter cycloclastes at 1.9 A (87), confirming the structural features of the precedent
structures and presenting the first observation of an inhibitor species, the iodide ion, bound at
the catalytic site (see below).

The Cu,S core from all the available structures is very similar both in symmetry and interatomic
distances (Figure 1.4). This cluster has an approximate Cs symmetry with Cu-S-Cu, defining the
mirror plane. The average distance of the Cu-S bonds is = 2.3 A and the Cu-Cu distances vary
from 2.6 to 3.4 A. The Cu;-S-Cu, angle is close to 160°, while all other Cu-S-Cu angles are
approximately orthogonal.

The nature of the bridging ligand between Cu, and Cuy, the proposed binding site for the
substrate N,0O, is otherwise still unclear and object of debate. In the first structure from Pn the
presence of two hydroxyl groups between Cu, and Cu, was proposed (80), whereas after a
revision of the same structure the bridging ligand was proposed to be an oxygen (83). In Pd
N,OR structure the ligand proposed is a water molecule or an hydroxyl group (84), while in the
Ac N,OR structure the pocket between Cu, and Cu,, can accommodate both a water molecule
and an hydroxyl group (87).

The structure of CuZ from the three different organisms is shown in Figure 1.4.
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Figure 1.4 - Comparison
between the CuZ centre from
the Pseudomonas nautica (A),
Paracoccus denitrificans (B) and
Achromobacter cycloclastes (C,
D) nitrous oxide reductase. An
oxygen atom, represented as a
red sphere, is located in-
between Cul and CulV of the Pn
and Pd CuZ centre. In the Cuz
centre of a pink form of
Achromobacter cycloclastes
nitrous oxide reductase (C), it is
present a water molecule and a
hydroxide in-between Cul and
CulV, and in (D) it is represented
the inhibited form of this
enzyme with an iodide ion
bridging Cul and CulV. The
ligands of the copper atoms are
coloured according to element.
The figures were created with
DSViewer Pro 5.0 (Accelrys)
using 1QNIl.pdb (A), 1FWX.pdb
(B), 2IWF.pdb (C) and 2IWK.pdb
(D).

The latter study also presents a structure with the inhibitor iodide bound to the Cu-Cu,, edge
(Figure 1.4D). This flexibility of the catalytic centre allows the coordination of a bent N,O
molecule with O and terminal N in the same positions as the two observed oxygen atoms in
the native Ac N,OR (Figure 1.4C), and the remaining O upon release of N, can bind in a bridged

position similar to the iodide in the inhibitor-bound complex.

1.7 Spectroscopy of N,OR

In order to understand the electronic structure of the metal centres in N,OR, a large amount of
spectroscopic data have been published before and after the first crystal structure was
determined. The overlapping of some of the spectroscopic bands of the two copper centres in
N,OR, CuA and CuZ, hinders the deconvolution of the spectroscopic features, as CuA in the
oxidised state has absorption bands at 480 nm, 550 nm, and 780 nm (but none in the reduced
state). The spectroscopic and electronic characteristic of CuA, however, have been
exhaustively investigated, not only in N,OR, but also in cytochrome ¢ oxidase (70, 88, 89) and,

more recently in azurin containing biosynthetic models of this centre (7).
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As already mentioned, the first spectroscopic characterization of CuZ was performed using the
dithionite-reduced form of the enzyme that has the CuA reduced in the spectroscopic silent
state (Cu™-Cu®) (S=0), producing the state called “blue” or lately defined as “resting Cuz”
(Scheme 1.1-C or E). This “resting CuZ” state is characterized by an absorption band at 640 nm
and by a broad EPR signal, with g-values at 2.16-2.18 and 2.04-2.06 and 4-line hyperfine
splitting (53) (Table 1.1).

Scheme 1.1 — Different redox forms of nitrous oxide reductase.

CuA Cuz
A [cu1.5+_cu1.5+]3+ [2Cu2+-2Cu+S]4+ as-isolated
purple form
(8]
.-g “ H d d”
= 1+ 1492+ 2+ +cq4+ semi-reauce
§ B [Cu™-Cu™] [2Cu™-2Cu’s] ascorbate reduced
<
C [Cu™-Cu™ [1Cu?-3Cu’s]™ dithionite re”duce.d )
blue form / “resting state
o D [CuCuPr [cuacuspr 2isolated
S pink form
e
(V] L. .
< E [Cu™-Cu™]* [1Cu*-3Cu’s] dithionite reduced
blue form / “resting state”
F [Cu™-Cu™ ] [acu's* Fully reduced

Activated form

However, in the early purifications from Pseudomonas stutzeri, it became clear that the
enzyme can be isolated with CuZ in different redox states depending on the procedure
followed during the purification. In particular, the N,OR purified anaerobically from
Pseudomonas stutzeri, Alcaligenes xylosoxidans, Paracoccus denitrificans, Paracoccus
pantotrophus (53, 57, 65, 90) exhibits an intense absorption at 540 nm and a less intense band
around 800 nm. This state, that has been defined as “purple” form (Scheme 1.1-A), presents
the CuA in the oxidised state, since the EPR spectra presents the typical seven-line hyperfine
pattern in the g| region, and CuZ also in an oxidised state considered to be [2Cu**-2Cu"]. On
the other hand, the N,OR, isolated aerobically from these bacterial sources, is in a different
form, named “pink” (Scheme 1.1-D), which is characterized by a different visible spectrum,
with absorption maxima at 480 nm, 550 nm, 640 nm and a shoulder at 800 nm. The pink form

has also CuA in the oxidised state but CuZ is in a different oxidation state than the one found in
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the purple form, [3Cu®*-1Cu']. Therefore, since CuA exhibits absorption maxima at 480 nm, 550
nm and 780 nm, the CuZ in this form is characterized by an absorption band at 640 nm.

The reduction of N,OR in the purple form (Scheme 1.1-A) by sodium dithionite proceeds in two
kinetic steps: a fast phase in which the absorbance at 540 nm decreases almost within seconds
(concomitant with the disappearance of the shoulder at 800 nm), due to the reduction of CuA
(Scheme 1.1-B), while in the slower phase the “blue” form is generated in the course of
minutes (Scheme 1.1-C).

Thus, the enzyme when anaerobically purified can exist in an “as-isolated” (Scheme 1.1-A), a
“semi-reduced” (Scheme 1.1-B) and a “dithionite-reduced” (Scheme 1.1-C) state. The EPR
spectrum of the “as-isolated” — purple form (Scheme 1.1-A) exhibits a well-defined 7-line
hyperfine splitting whereas that of the dithionite-reduced form (Scheme 1.1-C) has a broad
and poorly solved 4-line hyperfine splitting signal (77). However, the “semi-reduced” form
(Scheme 1.1-B), obtained by reducing the purple form with sodium ascorbate, shows an
extremely weak EPR signal and must be considered EPR-silent, but still has an absorption band
at 540 nm and a small shoulder at 640 nm.

MCD data confirmed that the“semi-reduced” form (Scheme 1.1-B) is not a ferromagnetically
coupled (S=1) centre but must be antiferromagnetically coupled (S=0) (79). Farrar et al.
suggested the presence of two distinct forms of CuZ, named CuZ and CuZ*. In particular the
catalytic centre could exist in a redox active, Cuz [2Cu**-2Cu'], and in a redox inactive form,
CuZ* [1Cu®*-3Cu] (here after indicated as “resting CuZ”). It was also noticed that the amount
of the “resting CuzZ” species was dependent on the isolation procedure of N,OR, and it was
shown that the proportion of “resting CuzZ” is minimal in the N,OR from P. stutzeri isolated
under anaerobic conditions (77). Paracoccus pantotrophus N,OR isolated under anaerobic
conditions has a “resting CuZ”/CuZ, of 0.29, while the in the aerobic preparation the ratio is
0.66 (90). Dooley and co-workers presented the first example of a recombinantly produced
N,OR from Achromobacter cycloclastes anaerobically purified (91). Interestingly, in contrast to
preparations from other microorganism, the anaerobic purification enables the isolation of a
“blue” form of the protein with intense band absorption at 625 nm and a shoulder at 500 nm.
Presumably, this form presents the CuA in the reduced state, as testified by the oxidation with
ferricyanide that shows the reoxidation of CuA detected by its characteristic UV-visible
spectrum.

In conclusion, the complete spectroscopic and structural characterization of the purple form of
the enzyme is still underway, due to the interference and overlapping of the CuA spectroscopic

features and thus more spectroscopic or structural data of this form is required.
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On the other hand, the “resting” blue state, obtained from reduction of CuA with dithionite,
was very well characterized in the last years by Solomon and co-workers. MCD spectroscopy
shows that the paramagnetic state of the resting CuZ in Pseudomonas nautica N,OR have an S
= 1/2 rather than S = 3/2 spin state (92). Furthermore, Cu K-edge XAS was used to distinguish
between the two possible configurations for the tetranuclear centre, [1Cu**-3Cu'] or [3Cu®*-
1Cu'], with the experimental data being better fitted considering a [1Cu®*-3Cu’] oxidation
state. Q-band and X-band EPR spectroscopies were used to determine the unpaired electron
spin distribution of this CuZ centre in the “resting”-dithionite reduced state. The experimental
data and DFT calculations showed that the spin density is mostly distributed between Cu, (42
%) and Cu, (16 %), with a small contribution also from the last two copper ions (Cu,; 8 % and
Cuy 3 %) and a significant contribution from the bridging sulfide (14%) (92). A similar EPR study
on Paracoccus pantotrophus N,OR indicated a similar result, but with the spin density being
even more widely distributed over the CuZ cluster (Cu, 20.1 %, Cu, 9.5 %, Cu,, 4.8 %, Cuy, 9.2 %
and S 17.9 %) (93).

Other spectroscopic methods, such as resonance Raman and low-temperature absorption
spectroscopies, coupled with density functional calculations reveal that the spectral features
of the resting CuZ form (Scheme 1.1 — E) by resonance Raman are dominated by the S = Cu,
charge-transfer transition (94, 95). In particular the three main contributions in the Raman
spectra, at 14300, 15700 and 16500 cm™, are associated to Cu-S vibrations and contribute to
the broad CT absorption band at approximately 640 nm (= 15650 cm™). Since only Cu, is
dominantly oxidised in the “resting” CuZ state (Scheme 1.1 — E), only this ion shows d-d
transitions, which have a large MCD/absorption intensity ratio (94).

The oxidation states available for CuZz, the correspondent main spectroscopic features and
their role in the catalytic cycle are summarized in Table 1.1.

Table 1.1 — The different oxidation states of CuZ centre and their catalytic and spectroscopic properties.

Oxidation Definition Catalyt'lc VISIbl? EPR Ref.
states properties Absorption
2+ 16+ Not
[acu”sj observed
2+ +c 15+ Not
[Beum-1cu’s] observed
redox active 540 nm
[2Cu*"-2Cu’s]" 2-hole (E"=50mY) EPR silent (79, 90)
Not catalytically
active
2+ +c13+ . H = .
[1Cu®-3Cu’S] Resting not active 640 nm g(,=2.160; (92, 95)
g1=2.040
[4Cu*S]?* Fully highly active EPR silent (96, 97)
reduced !
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1.8 Activation and catalytic properties of N,OR

The reduction of N,O is a thermodynamically favourable but kinetically inert reaction, which is
reflected in the approximately 59 kcalmol™ activation barrier for its thermal decomposition,
consisting with a spin-forbidden process (98).

In biological systems, the ability of denitrifying bacteria to reduce N,0 to N, was known even
before the isolation and purification of N,OR. Several assays were developed to test the
enzyme activity, such as gas-chromatography methodologies (99) and Clark-type electrodes
(100), but the most used assay was the one developed by Kristjansson and Hollocher, that
follows the oxidation of methyl or benzyl-viologen cation radical upon reduction of N,0 to N,
(101). The specific activity is typically expressed in pumol of N,O x min™ x mg™ or abbreviated in
U/mg. One of the important aspects in the understanding of the catalytic cycle and activity of
N,OR is the identification and characterization of active species that are able to bind and
reduce N,O. As already mentioned the resting or “blue” form (Scheme 1.1 — C or E) cannot be
further reduced or oxidised (using dithionite or ferricyanide), thus being redox inactive. In the
other hand, the activity assay with reduced methylviologen suggested that a negative potential
and long incubation time are necessary to reduce the non-active resting CuZ state to the fully
active CuZ state (Scheme 1.1, F). Indeed, it was latter shown that a prolonged reduction with
excess of reduced methylviologen allows to fully reduce the resting CuZ to the super-reduced
form (4Cu”), characterized by a spectroscopic silent form (no EPR signal is detected and no
contributions are also observed in the visible region). Parallel activity tests at the same
incubation times showed that the enzyme activity increases with increasing incubation time
and the increase of activity is directly correlated with the decrease of the intensity of the
resting CuZ EPR or UV-vis features (96, 97). In conclusion, these studies demonstrated that the
electron-rich site of CuZ is required to bind and catalyse the two-electron reduction of N,O to
N,. Anaerobic purification of N,OR from Pseudomonas stutzeri (79, 102) and Paracoccus
pantotrophus (90) produce redox active forms of CuZ centre in the redox state of 2Cu**-2Cu*
(two-hole form) in the purple form of the enzyme. In particular, in the “anaerobic” Paracoccus
pantotrophus N,OR the CuZ centre can be reduced or oxidised with a single electron step at a
midpoint reduction of E’° = 60 mV, which is the unique value available up-to-date for the redox
potential of CuZ centre between [2Cu**-2Cu’] and [1Cu**-3Cu']. Even if this CuZ form can be
easily reduced and oxidised between the two-hole to the one-hole form of CuZz, its catalytic
activity is very low, similarly to the one of the enzyme in the resting dithionite-reduced state
(90). Moreover, the activity of the “anaerobic” N,OR from Achromobacter cycloclastes
increases from 8 to 125 U/mg after incubation with MV, which means that also this form must

be with the CuZ centre in the fully reduced state to attain the maximum activity (97). In
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conclusion, N,OR isolated either anaerobically or aerobically always requires an activation

process, to fully reduce CuZ and it is the fully reduced form of the enzyme (Scheme 1.1 — F)

that presents the maximum specific activity. A protonation step was detected and associated

with this process. The pK, observed at 9.2 was assigned to a lysine close to CuZ (Lys 397 in

Pseudomonas nautica) that in the protonated state can facilitate the CuZ reduction from the

resting Cuz form to the fully reduced CuZ form (103).

In order to clarify the catalytic mechanism of N,O reduction, several kinetic studies were

performed in order to clarify the mechanism of the N,O reduction and calculate its kinetic

parameters, in the presence of either physiological or artificial electron donors. In the

presence of methylviologen or benzylviologen the K,, for the substrate is found to be in the

low micromolar range, while the V., varies between the bacterial sources (Table 2.2).

Table 1.2 — Summary of the kinetic properties of the different N,O reductases.

Electron

K, for K for

Vmax

pK, /

N.OR Enzyme form Donor (ED) ED (uM) N,O (U/mg) Optimal pH Ref.
As prepared BV 0.5
Ps. aeruginosa . (61)
Activated
(incubated) BV 4 2 27
Purple 4 (60 at Optimal
(“anaerobic”) BV pH 9.8) pH: 9-10
Ps. stutzeri ' ' (53)
Pink (“aerobic”) BV 2
g Purple
Ps. denitrificans (“anaerobic”) MV 7 122 (57)
Anaerobic (pink) MV 86 (60)
Ac. cycloclastes Anaferob|c (blue) MV 7
not incubated (92)
Anaerobm (blue) MV 25 124
incubated
Al. xyloxidans As-isolated (purple) MV 6 (65)
Anaerobic MV 3
(90)
Pa. pantotropus Aerobic MV 9
HHcyt ¢ 6 0.03 (62)
. L Optimal
Rd. sphaeroides Aerobic (pink) BV 26 63 pH: 9 (104)
H. denitrificans A (violet) BV 45 Optimal
pH: 8.8
(67)
B (Blue) BV 29
W. succinogenes Additional cyt ¢ BV 4 8 160 (58)

domain

Abbreviations: Ps. — Pseudomonas, Ac. — Achromobacter, Al. — Alcaligenes, Pa. — Paracoccus, Rd. —
Rhodobacter, H. — Hyphomicrobium, and W. — Wolinella, MV — methylviologen, BV — benzylviologen, HH

horse heart.
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However, a comparison between earlier values is difficult because it was recently shown that
the maximum activity is strongly dependent on the time of incubation (96, 97), which was not
always completely stated (N,OR was in intermediate states of activation — not fully activated).
c-type cytochromes, either physiological and non-physiological, were used to donate electrons
to the enzyme, as the mitochondrial cytochrome c is able to donate electrons to N,OR from
Paracoccus pantotrophus (105). Cytochrome c,, that is similar to mitochondrial cytochrome ¢,
is the electron donor of N,OR from Rhodobacter capsulatus (106), and in Rhodobacter
sphaeroides f. sp. denitrificans a periplasmic cytochrome c is also the redox partner of N,OR
(107). N,OR from Paracoccus pantotrophus accepts electron from both cytochrome c¢ss, and
pseudoazurin from the same microorganism, and also from horse heart cytochrome c (62).
Bovine heart cytochrome c is able to reduce N,OR from Achromobacter cycloclastes (91), and
its physiological electron donor is pseudoazurin (108).

N,OR from Wolinella succinogenes shows a peculiar structure, with an extra cytochrome ¢
domain present in the C-terminal region of the enzyme (58, 109, 110), and a monohemic
cytochrome ¢ from the same bacterial source was shown to be a putative electron donor to
this enzyme.

An optimum activity was found in the range of pH 8.0-9.5 when MV was used as electron
donor, for N,OR from different sources (53, 62, 67).

Further insights were obtained on the binding mode of the substrate based on computational
studies. For the lowest energy conformation of the fully reduced state, the most favourable
binding mode for the substrate is bridging between Cu, and Cu,, with a p-1,3 coordination
(96). The N,O molecule after binding assumes a bent conformation, that facilitates the
coordination of N,O, by shifting the T* orbital of N,O close to the fully occupied d orbitals of
the fully reduced CuZ and turning the substrate into a good electron acceptor. The
backbonding interaction between Cu d - N,O Tt* enables the elongation of the N-N and N-O
bonds and increases the electron density of the oxygen atom activating it for electrophilic
attack by a proton. The transition state is stabilized by the charge transfer, which leads to a
strong Cu,-O bond. The d' configuration of all the copper atoms in the fully reduced form
facilitates the back-bonding by maximising the charge transfer CuZ - N,0. The protein
structure provides the structural support for the CuZ cluster, providing the hydrogen bonding
and non-covalent interactions that lower the activation barrier of the N-O bond cleavage (111).
The reaction of the fully reduced Cuz, in the absence of reductants, with the substrate was
studied in order to identify other species or intermediates in the turnover reaction. The
reaction with an excess of N,O gives raise to an oxidised state with CuZ in the oxidised resting

state and CuA oxidised, that implies an electron donation from each redox centres (97).
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1.9 Biomimetic chemistry of CuZ

The difficulty connected to the direct study of copper containing enzymes has stimulated an
enormous amount of research activity in the field of coordination chemistry over the years. By
this approach it is possible to design structural models for the metal active sites, understand
the spectroscopic characteristics and the mechanism of formation of Cu,O, and Cu,S,
complexes, build up biomimetic catalysts that promote chemical transformations of potential
synthetic and industrial interest (112). Site analogues have contributed significantly to
correlate structural properties of the metal sites to spectroscopic and magnetic observables
and to characterize intermediates involved in the catalytic cycles.

The CuZ cluster, with its fascinating and unique structure in biology and the capability to
perform the difficult chemistry required for N,O reduction, represents a challenging field for
the biomimetic inorganic chemistry. In the last decade, the Tolman’s and Karlin’s groups tried
to explore the sulphur chemistry of copper complexes supported by N-donor ligands (113,
114).

The reaction of Cu® with molecular sulphur (Sg) and tetradentate N-donor ligands allows to
prepare a class of complexes in which two sulphur atoms are bridging two copper atoms in a
(1-n*:n*~disulfido)dicopper(ll) geometry (115-119). These complexes are EPR silent, because of
the antiferromagnetic coupling between the two copper ions and exhibit an intense S, =
Cu(ll) charge transfer transition at = 395 nm (€ = 15 000 M'cm™).

A trinuclear complex was synthetized in which the copper-sulfur cluster is [Cus(u=S),]*,
obtained from the reaction of Cu* complex with Sg (120) or from Cu**(03SCF3), and Li,S or Na,S,
(121).

Recently, the first complex able to bind and react with N,O was described (122). The complex
presents a [CusS,]** core having a localized mixed-valence cluster, supported by tertiary amine
ligands. This complex presents a contribution at 395 nm that is a S, = Cu®' charge transfer
transition also present in the Cu,-U-S, and an additional band at 630 nm that is similar only in
appearance to the typical CuZ resting spectroscopic feature. In this case, the transition can be
attributed to a metal-to-ligand charge transfer (MLCT) from the Cu® centres into a Tt* orbital of
the S-S bond, while for the CuZ in the resting state, the transition is due to a S - Cu, charge-
transfer, as already mentioned. The experimental data, supported by DFT calculations, indicate
that the cluster dissociates in a Cu’ fragment and a dicopper(l,Il) species that binds N,O by a -
1,1-0 coordination that promotes the N-O cleavage. This mechanism is different from the p-

1,3-O,N coordination proposed for the CuZ active site in the enzyme (95, 111).
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1.10 Future perspectives and object of the thesis

From the discovery of N,OR up to now, several properties of this enzyme were elucidated,
however many questions still remain to be answered, in particular regarding the mechanism of
the catalytic centre CuZ, a cluster unique in biology for its structure and reactivity.

Following the work performed in Prof. Isabel and José Moura’ research groups in the last
decade on P. nautica N,OR, the main aims of this thesis are to investigate several aspects that
are still obscure in this enzyme. From the introduction section it became clear that a complete
study of the interaction of the enzyme with its physiological electron donor is still missing,
since the activity test and most of the catalytic data available were obtained in the presence of
artificial electron donors, such as methylviologen. The first objective was to identify the
physiological electron donor, which is supposed to be a small electron carrier protein from the
same microorganism, and study its interaction with the enzyme using kinetic, electrochemical,
spectroscopic and docking approaches.

As described above, N,OR can be purified in different forms depending on the purification
conditions. However, the as-isolated form of N,OR, including the “blue” resting and the
“purple” form shows a very low activity compared with the high activity of fully reduced state.
The strong reducing conditions required for the activation, which are also not available in the
periplasm of a Gram-negative bacterium, suggests that MV can interact directly with Cuz
centre over-passing the electron donation through the CuA centre.

The characterization of the intermediates of CuZ involved in the catalytic centre and the study
of the reaction of the enzyme with the substrate in absence of artificial electron donors is
necessary to understand the unique properties of this challenging enzyme and identify
possible intermediates involved in the catalytic cycle.

Moreover, a biomimetic approach to CuZ centre was developed in the Prof. Luigi Casella’s
bioinorganic laboratory, in Pavia, as part of the mixed fellowship between Portugal and Italy.
Finally, it is important to mention that the full understanding of the CuZ centre structure and
mechanism of reduction of N,O will have a high impact due to the fact that N,O is a

greenhouse gas and plays a serious role in stratospheric ozone depletion (123-125).
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Chapter 2

Cytochrome css; is the electron donor of N,OR from

Pseudomonas nautica — Kinetic, NMR and docking studies

2.1 Abstract

The multicopper enzyme nitrous oxide reductase (N,OR) catalyses the final step of
denitrification, the two-electron reduction of N,O to N,. This enzyme is a functional
homodimer containing two different multicopper sites: CuA and CuZ. CuA is a binuclear copper
site that transfers electrons to the tetranuclear copper-sulfide CuZ, the catalytic site. In this
study, Pseudomonas nautica cytochrome css, was identified as the physiological electron
donor. The kinetic data presents differences when comparing physiological with artificial
electron donors (cytochrome versus methylviologen). In the presence of cytochrome css, the
reaction rate is dependent on the ET reaction and independent of the N,0O concentration. With
MV, the electron donation is faster than the substrate reduction. From the study of
cytochrome css, concentration dependence we estimate the kinetic parameters: Kiess5,=(50.2
9.0) UM and Viaess=(1.8 £ 0.6) U/mg, respectively. The N,O concentration dependence
indicates a Knn20=(14.0 = 2.9) UM using MV as electron donor. The pH effect on the kinetic
parameters is different when MV or cytochrome css; are used as electron donors (pK,=6.6 and
8.3, respectively). The kinetic study also revealed the hydrophobic nature of the interaction
and direct electron transfer studies showed that CuA is the center that receives electrons from

the physiological electron donor. The formation of the electron-transfer complex was
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observed by 'H-NMR protein-protein titrations and was modeled with a molecular docking
program (BiGGER). The proposed docked complexes corroborated the ET studies giving a large
number of solutions in which cytochrome css, is placed nearby a hydrophobic patch located
around the CuA center.

This chapter has been published in Biochemistry, 47, 10852-10862 (2008), Electron Transfer
Complex Between Nitrous Oxide Reductase (N,OR) and Cytochrome c552 from Pseudomonas
Nautica: Kinetic,c NMR and Docking Studies. S. Dell’Acqua, S.R. Pauleta, E. Monzani, A.S.

Pereira, L. Casella, J.J G. Moura, |. Moura.

2.2 Introduction

Nitrous oxide reductase (N,OR), is a copper containing enzyme that catalyses the two electron
reduction of N,O to N, (N,O + 2 H" + 2 e > N, + H,0) (1, 2), the last step of the denitrification
process (2 NO; = 2 NO, - 2 NO - N,0 = N,), which is coupled to ATP generation.

This enzyme has been isolated from several denitrifying bacteria, but only recently its crystal
structure has been reported for three different bacterial species, Pseudomonas nautica (Pn)
(3), Paracoccus denitrificans (Pd) (4) and Achromobacter cycloclastes (Ac) (5). N,OR is a
functional homodimeric enzyme containing two different multicopper sites: CuA and CuZ. In
the functional dimer the CuA-CuZ distance is approximately 10 A, while within the monomer is
around 40 A (3, 4), a distance considered to be inappropriate for an efficient electron transfer
(6).

The electronic structure of the CuA has been extensively studied, while the one of the catalytic
site CuZ has only recently been the object of several studies. The CuA site is located in the C-
terminal cupredoxin-like domain and is constituted by a binuclear copper site similar to the
CuA from cytochrome oxidases (1, 7). In both enzymes this center is involved in long-range
electron-transfer due to the low energy of reorganization between the reduced Cu*--Cu” state

L3*__cu™** state. The peculiar spectroscopic and electronic

and the mixed-valence oxidized Cu
properties of this center have been exhaustively investigated, especially in cytochrome ¢
oxidase (8, 9).

The catalytic CuZ site is located in the N-terminal domain that is constituted by a seven-bladed
B-propeller fold. CuZ is a novel mixed-valence copper center (Cu,S) with a sulfide ion bridging a
distorted tetrahedron of copper atoms, in a unique structure in biology. The Cu,S core is
bound to the protein via the N-atoms of seven histidine residues. Five histidine residues bind
to the copper ions through their Ne2 atom (His 80, His 128, His 270, His 325 and His 376),
whereas two use their NO1 atom (His 79 and His 437) (3). A water-derived ligand is proposed

to bridge the two copper atoms Cu,Cu,y, where the N,O is proposed to bind.
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N,OR can be isolated in different forms depending on the procedure followed during the
purification (8, 10, 11). Pn N,OR can be isolated in two forms (Blue and Purple) (10) that differ
in the redox state of the CuA center. Both forms are intermediate oxidation states between an
oxidized (Cu*>*--Cu'>*) state and one-electron reduced (Cu*--Cu’) state, but the Purple form is
more oxidized than the Blue form, in which CuA is mainly in the (Cu’--Cu’) state.

It has been spectroscopically demonstrated that the aerobically isolated Pn N,OR used for the
crystallographic study, described by Brown et al. (3), contains a 1Cu'/3Cu' redox state with a
total spin of %2 where the unpaired electron appears to be delocalized between two or more Cu
atoms via sulfide ion bridging (12, 13), while the CuA is in the reduced (Cu’--Cu’) state.

The CuZ cluster can only be reduced to a fully-reduced state (4 Cu') after a prolonged
incubation with reduced methylviologen (MV), a powerful reductant (E’° = — 0.44 V vs NHE
(14)). Recently, this form has been shown to be catalytically active (15, 16), with a k.. of 162.9
st per monomer, when MV is used as electron donor (17).

This slow activation process does not appear to be catalytically relevant, which makes more
imperative the need to study the interaction of the enzyme with its putative physiological
electron donor to clarify both the activation process and the enzyme catalytic cycle.

Although it has been demonstrated that a cytochrome ¢ could transfer electrons to nitrous
oxide reductase (18, 19), the only detailed kinetic characterization was reported for the N,OR
isolated from Wolinella succinogenes, where cytochrome ¢ was used as an electron donor.
However, this enzyme has the unique feature of presenting an additional domain containing a
c-type heme, which is not found in any other isolated bacterial N,OR (20).

Recently, Rasmussen and co-workers (21) reported a pre-steady-state kinetic study on
Paracoccus pantotrophus N,OR, using horse heart cytochrome c as a non-physiologic electron
donor. Moreover, Dooley and co-workers (17) were able to activate the Ac N,OR using reduced
bovine heart cytochrome c.

In Paracoccus denitrificans, under denitrifying conditions, two small redox proteins are
expressed, a cytochrome ¢, cytochrome css, and a type | copper protein, pseudoazurin (22).
Although, none of these proteins were tested as electron donors to this enzyme, a structural
model for the electron transfer complex has been proposed based on a theoretical docking
study using the structure of Paracoccus denitrificans N,OR (23). The model structure shows
that both proteins interact with a well defined and conserved region of the enzyme surface, in
the C-terminal domain near the CuA center.

Pseudomonas nautica contains at least five monohemic cytochrome c in the periplasm:
cytochrome css;, cytochrome css3, cytochrome csq, cytochrome cssasas) and cytochrome ¢,

which are putative candidates for the role of physiological redox partners of N,OR. In this work
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we have identified cytochrome css, as the physiologic electron donor of nitrous oxide
reductase and a kinetic study was carried out. A model of the electron transfer complex was
also obtained using protein docking simulation and the formation of this complex was

observed by NMR spectroscopy.

2.3 Materials and Methods

2.3.1 Purification of the proteins

Pseudomonas nautica nitrous oxide reductase was purified as previously described (10), with
some minor modifications. Enzyme concentration was determined using the Lowry method
(24). Pn cytochromes were purified from the soluble extract as previously described, with
some minor modifications: cytochrome css, (25), cytochrome csq9 (25), cytochrome css3 (26)
and cytochrome ¢’ (26). Horse heart cytochrome ¢ (HH cytochrome c), was purchased from
Sigma and used without further purification. The concentration of the cytochromes was
determined spectrophotometrically using the extinction coefficient at 552 nm, € = 19.3 mM™
cm™ (27); 549 nm, € = 47.3 mM™ cm™ (28); 553 nm, € = 20.8 mM™ cm™ (26); 399 nm, € = 70
mM™ cm™, and 550 nm, € = 29.5 mM™ cm™ (29) for the reduced forms of cytochrome css,,

cytochrome csq9, cytochrome css3, cytochrome ¢’ and HH cytochrome ¢, respectively.

2.3.2 Enzyme Activation

Nitrous oxide reductase was activated anaerobically, in a glove box, using reduced
methylviologen, as previously described (30). The enzyme (1.4 JUM) was incubated at room
temperature in a degassed solution containing 3.0 mM methylviologen (MV) and 1.5 mM
sodium dithionite (DT) in 100 mM Tris-HCI, pH 7.6, for 180 min. The excess of reductants was
removed using a PD10 Sephadex G25 column (Amersham Bioscences), equilibrated with 100
mM Tris-HCl at pH 7.6. The eluted solution (1 ml) was collected and stored at —30 °C until
further use. After this step, the enzyme concentration (0.7 pM) was determined separately by

the Lowry method.

2.3.3 Activity assay

The activity assays were performed using different reduced cytochromes or MV as electron
donors to the enzyme. Concentrated solutions of each cytochrome c (typically 100 -150 pM)
were reduced by addition of 2.5 mM sodium ascorbate, incubated for 5 min, and then desalted

into 100 mM Tris-HCl at pH 7.6, using a PD10 Sephadex G25 column (Amersham Bioscences).
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Activity assays were started by adding activated N,OR (70 nM of dimer) to a cuvette containing
100 mM Tris-HCI at pH 7.6, 1.25 mM nitrous oxide (N,0) and 20 — 25 UM of each cytochrome
(cytochrome css,, cytochrome css3, cytochrome csq0, cytochrome ¢’ or HH cytochrome c) or MV
(Figure 2.1). The enzymatic activity was determined by monitoring the decreased of the a-
band and the shift of the Soret band of each cytochrome ¢, using a TIDAS diode array
spectrophotometer. In the case of MV, the assays were monitored at 600 nm. The
concentration of the N,O-saturated solution was assumed to be 25 mM (30). The enzyme
specific activity is expressed in U/mg units, corresponding to pmol N,O reduced ¢ min™ e (mg

of N,OR dimer)™.

Figure 2.1 — Kinetic trace of the modified

Activated enzymatic assay using (A) Pn cytochrome
03 - NO N,OR Css; or (B) methylviologen as electron
l{ donors. The assays were initiated by the
\L addition of activated Pn N,OR (70 nM) to a
L02T \L \L solution containing 1 mM N,O-saturated
ﬁ o A water, 0.1 M Tris-HCl at pH 7.6 and 10 uM
*0.1 L reduced Pn cytochrome c¢s5; or 12 pM
reduced methylviologen. The absorbance
B change was followed at 552 nm for
0 . . ; cytochrome css, (A) and at 600 nm for MV

0 20 40 60 80 100 (B)

time (s)

For the determination of the cytochrome cs5, concentration dependence of the reaction rates,
the conditions of the assay were 100 mM Tris-HCI, pH 7.6, 1.25 mM nitrous oxide (N,O) and,
3.6, 6, 12, 18 or 36 UM cytochrome css,. Each kinetic assay was initiated by the addition of
activated N,OR (70 nM of dimer) to the cuvette. The ionic strength dependence was studied by
varying the concentration of NaCl in the cuvette containing 100 mM Tris-HCl at pH 7.6, 1.25
mM nitrous oxide (N,0) and 9 UM cytochrome css;, and 0, 225, 450 or 650 mM NacCl, and
initiated with 35 nM activated N,OR dimer.

For the determination of the MV concentration dependence of the reaction rates, the kinetic
assays were started by adding 35 nM activated-N,OR dimer to a cuvette containing 100 mM
Tris-HCl at pH 7.6, 1.25 mM nitrous oxide (N,0) and, 6.2, 9.3, 28.0, 56.0, 93.4 or 155.6 UM
reduced MV. Dithionite was present at stoichiometric amounts relatively to MV.

For the determination of the N,O concentration dependence of the reaction rates, the kinetic
assays were started by adding 35 nM activated-N,OR dimer to a cuvette containing 100 mM
Tris-HCl at pH 7.6, 91 UM MV or 7.5 UM Pn cytochrome css,, 5, 10, 12.5, 25, 37.5, 62.5, 125 and

500 UM N,O, added as N,O-saturated water, respectively.

-31-



In order to determine the pH dependence of the reaction rates with both MV and cytochrome
Css, as electron donors, the kinetic assays were started by adding 35 nM activated-N,OR dimer
to a cuvette containing 91 UM MV or 9 UM Pn cytochrome css,, respectively, 1.25 mM nitrous
oxide (N,0), in 0.1 M buffer system at the desired pH. The following buffers were used: 0.1 M
potassium phosphate buffer at pH 6.2, 6.7 and 7.0, or 0.1 M Tris-HCl at pH 7.6, 8.2 and 8.7.

All assays were repeated at least three times. Initial rate constants were determined by linear
fitting of the initial region of each progress curve. The values of K, and V,,.,, were obtained
from direct fits of the experimental data with the Michaelis-Menten equation. The pH profiles
were fitted with the following equation: Act = (ACtma)/(1+10™°"") and Act = (Actima,)/(1+10°"

pKa)) when MV and cytochrome css, were used as electron donor, respectively.

2.3.4 Direct electron transfer studies

Pn N,OR was fully oxidised by addition of 10 mM ferricyanide, incubated for 5 minutes, and
then desalted into 100 mM Tris-HCl at pH 7.6, with a PD10 Sephadex G25 column (Amersham
Bioscences). Pn cytochrome cs5, was fully reduced by addition of 2.5 mM sodium ascorbate
during 5 min; the excess of reductant was removed using a PD10 Sephadex G25 column
(Amersham Bioscences) in 100 mM Tris-HCl at pH 7.6. The MV was reduced by addition of
sodium dithionite under anaerobic conditions. The direct electron transfer was studied by
adding a stoichiometric amount of reduced electron donor (cytochrome cs5, or MV) to a
cuvette containing fully oxidised enzyme. The UV — visible spectrum of the sample was

monitored before and after the addition of the reduced electron donor.

2.3.5'H NMR titration

Protein samples were exchanged to 20 mM sodium phosphate buffer at pH 7.6, using a
Sephadex G25 column and concentrated above a Vivaspin membrane with a 30 kDa Mr cut off
for N,OR or a 5 kDa Mr cut off for cytochrome css,. The titration was carried out using a
solution of 0.475 mM oxidised cytochrome css, in 20 mM sodium phosphate buffer at pH 7.6,
50 mM NaCl, and 10 % D,0. Increasing amounts of oxidised N,OR were added, until a 3.5
molar monomer-monomer ratio was reached. ‘H NMR spectra were recorded on a Bruker
Avance 600 spectrometer at 288 K with a spectral width of 90 ppm for 32k data points and 512
scans were accumulated. Spectra were obtained presaturating the water signal and processed
with the software TOPSPIN 2.0b provided by Bruker. The chemical shifts were referenced to
the H,0 resonance (4.86 ppm at 288 K).
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2.3.6 Molecular docking simulation

Docking was performed as described in ref. (31) using the algorithm BiGGER developed by
Palma et al. (32). The target protein was the functional dimer of Pn nitrous oxide reductase.
The coordinates for the enzyme (1QNl.pdb), Pn cytochrome cs5; (1CNO.pdb) and HH
cytochrome ¢ (1HRC.pdb) were obtained from the RCSB Protein data Bank

(http://www.rcsb.org). The BiGGER algorithm provides a complete and systematic search of

the rotational space of one protein relative to the other, generating a large number of
candidate docking geometries based on the complementarity of the molecular surfaces. The
5000 best solutions thus generated were evaluated and ranked according to a combination of
additional interaction criteria that include electrostatic energy of interaction, relative solvation
energy, and the relative propensity of side chains to interact. For each solution, this
combination process produces a “Global Score”. In this particular case, the best solutions were
ranked according to Global Score and hydrophobic score. We then applied a filter to the
results based on the distance between Cu, center in N,OR and the iron ions in cytochrome css,
heme groups. This procedure is described in the Results section. The top solutions were

evaluated individually using the http://www.biochem.ucl.ac.uk/bsm/PP/server/index.html site

in order to determine the size of the interface of the complex, the gap volume index (as

defined by Jones and Thornton (33)) as well as the hydrophobicity.

2.4 Results

2.4.1 Activation and kinetic assay of N,OR

The as-purified Pn N,OR (mixture between Blue and Purple forms described by Prudéncio et al.
(10)) showed very low activity, 0.090 + 0.005 U/mg, when used in a kinetic assay without pre-
activation with reducing agent and using MV as the electron donor (without the usual
prolonged incubation). In addition, the incubation of this enzyme form with reduced
cytochrome css, (the putative physiological redox partner — see below) was not able to activate
the enzyme since no activity was detected. Indeed, enzyme activation is only achieved through
prolonged incubation (about 1 h) with sodium dithionite and methylviologen, which fully
reduce both CuA and CuZ centers, as previously reported (15). This activated N,OR remains
active for several hours in anaerobic conditions, even after the complete removal of the
reductants (the profile of the activity vs. time is not shown).

The activity assay has been slightly changed from the one previously reported (30), that was
initiated by the addition of N,0. Actually, contrary to the previous assay, the one described
here is designed to separate the effective activity of the enzyme from its activation process

(Figure 2.1). In this new assay the activated enzyme (fully reduced enzyme from which
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reductants were removed) is added after the substrate to the reduced electron donor. This
procedure allows comparison between the behaviour of artificial electron donors, such as

methylviologen, with the one of putative physiologic redox partners, such as Pn cytochromes.

2.4.2 MV as an electron donor to N,OR

The catalytic activity of N,OR was studied using methylviologen as electron donor. The profile
of the activity versus concentration of methylviologen can be fitted to Michaelis-Menten
equation (Figure 2.2), with a Ky of (11.5 £ 3.6) UM and a Vinaay Of (157 £ 13) U/mg. The kea
value calculated for Pn N,OR (321 + 27) s per monomer of enzyme is larger than the one
calculated for Ac N,OR (keat = 162.9 s per monomer (17)).

The rate dependence of the activity of Pn N,OR (35 nM) with MV on N,O concentration (5 —
500 pUM) was evaluated while keeping the MV concentration constant at the saturating value
(91 uM). The rates follow a hyperbolic behaviour, which can be fitted through the Michaelis-
Menten equation. The kinetic parameters for the reaction with different N,O concentrations
are (14.0 £ 2.9) UM and (128 £ 17) U/mg for Kmnzo and Vimaxnzo respectively (Figure 2.3). The kea
in this case is (275 + 33) s™ per monomer of enzyme.

The ionic strength dependence of the activity was studied at pH 7.6, showing that there is a 20
% decrease in activity when the ionic strength is raised from 0 mM to 650 mM (data not
shown). The catalytic activity has a maximum between pH 7.5 and 9 and a pK, = 6.6, when the

ionic strength is 100 mM (Figure 2.4).

Figure 2.2 — Kinetic activity of Pn

=TT T 160 N,OR as function of electron
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2 16f A i i

.- §/ 1120 o methylviologen (open circles) (?r

£ £ 14t 28 Pn cytochrome «c55; (solid
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< g | — lgo 8 performed in 0.1 M Tris-HCl at
Z €10 - 80 g 2.

- B SZ  pH 7.6, 70 nM activated N,OR,
2o 0T 460 = ~

= E 06l ) $c 1.25 mM N,O-saturated water

23 0‘4 { 140~ & and 6.2 to 155.6 UM MV or 3.6

& ) 190 to 36 UM Pn cytochrome Css,.

0.2 The experimental data was

0 20 40 60 80 100 120 140 160 180 fitted with Michaelis-Menten

[electron donor] (uM) equation, using a K, of (11.5

3.6) UM and V. of (157 + 13)
U/mg, or a K., of (50.2 + 9.0) UM
and and V., of (1.8 £ 0.6) U/mg for methylviologen or Pn cytochrome css,, respectively.
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Figure 2.3 — Kinetic activity of Pn
N,OR as function of N,0
concentration with
methylviologen (open circles)
and cytochrome «c¢55, (solid
squares) as electron donor. The
assays were performed in 0.1 M
Tris-HCI at pH 7.6, 35 nM
activated N,OR, 5, 10, 12.5, 25,
37.5,62.5, 125 and 500 UM N,0-
saturated water, 91 uM MV and
7.5 UM Pn cytochrome css,. The
experimental data was fitted
with Michaelis-Menten
equation, using a K, of (14.0

Figure 2.4 — pH dependence of
the kinetic activity of Pn N,OR
using Pn cytochrome css, (solid
squares) or MV (open circles)
as electron donors. The assays
were performed adding 35 nM
activated N,OR to a solution
containing 9 UM Pn
cytochrome css, or 91 pM MV,
1.25 mM N,O-saturated
water, in different buffer
systems between pH 6.2 and
8.7. The data was non-linear
fitted using the equation
described in Materials and

Methods and pK, of 8.3 and 6.6 were calculated for cytochrome css5, and MV, respectively.

2.4.3 Cytochrome css, as an electron donor to N,OR

In order to identify the putative physiologic electron donor of N,0OR, different Pn cytochromes

¢ (cytochrome css,, cytochrome css3, cytochrome cs49 and cytochrome ¢’) were used as electron

donors in the activity assay described before. The only cytochrome that was able to transfer

electrons to the activated enzyme was Pn cytochrome css; (Figure 2.1). In addition, horse heart

cytochrome ¢ was also tested as a non-physiological electron donor, but it was also unable to

donate electrons to the activated enzyme.

The kinetic parameters K, and V., for cytochrome css, could not be determined with accuracy

due to the difficulty in collecting data at high cytochrome concentrations. Nevertheless, Kmcss»

and Vimaxess2 were estimated to be (50.2 £ 9.0) UM and (1.8 £ 0.6) U/mg, respectively (Figure 2).
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Although it is an estimate, the K, value is of the same magnitude as the ones obtained for
other physiological electron transfer complexes, such as the one determined for Paracoccus
pantotrophus pseudoazurin as an electron donor to cytochrome c peroxidase (50 M) (34).

The ionic strength and pH effect on the catalytic activity were studied. The N,O reduction,
catalysed by N,OR with cytochrome css, as electron donor, is independent on the ionic
strength up to 0.65 M (data not shown). In addition, the catalytic activity is constant at acidic
pH, until pH 7, and decreases at basic pH, with an apparent pK, estimated to be 8.3 (Figure
2.4). The rate dependence of the activity of Pn N,OR (35 nM) with cytochrome cs5, on N,O
concentration (5 — 500 M) was evaluated while keeping the cytochrome css, concentration
constant (7.5 IM). The rates are constant within the experimental error, indicating that the
variation of N,O concentration does not influence the reaction rate (Figure 2.3). Considering
that the k. for N,O is an intrinsic characteristic of the enzyme, and that it was possible to
determine its value using MV as electron donor (k. = 275 s™), it is reasonable that the rates do
not change with N,O concentration when cytochrome css; is used as electron donor, since kg

for this electron donor is much lower (ke = (3.8 + 1.3) s per monomer of enzyme).

2.4.4 Direct electron transfer studies

The direct electron transfer between fully oxidised Pn N,OR and stoichiometric amounts of
reduced electron donors (MV and Pn cytochrome css,) was studied in the absence of substrate,
N,O. The UV-visible spectrum shows that the CuA center is rapidly reduced by both the
artificial (MV) and the physiological electron donor (cytochrome css;). In the case of MV, the
bands at 480, 540 and 800 nm disappear. Due to the absorption overlap with cytochrome css,,
just the variation at 800 nm could be analysed, while it is possible to follow reoxidation of the
cytochrome by the decrease of the band at 552 nm. In both experiments, the CuZ center

remains oxidized since there is no change in the absorbance band at 640 nm (Figure 2.5).
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Figure 2.5 — Direct electron transfer between fully oxidised nitrous oxide reductase and reduced
electron donors (A) MV and (B) Pn cytochrome css,, monitored by visible spectra. (A) The reduction of
N,OR by MV was observed at 480 nm, 540 nm and 800 nm. (A-i) fully oxidised Pn N,OR, (A-ii) N,OR after
addition of reduced MV and (A-iii) difference spectrum between (A-i) and (A-ii). (B) The reduction of Pn
N,OR by Pn cytochrome css5, was observed at 800 nm, while the oxidation of the cytochrome was
observed at 552 nm. (B-i) N,OR spectrum immediately after addition of reduced cytochrome css, (t=0),
(B-ii) N,OR spectrum after addition of reduced cytochrome css, (after t=30s), (B-iii) fully oxidised Pn
N,OR and (B-iv) difference spectrum between (B-ii) and (B-i).

2.4.5'H NMR titration

As previously reported, the oxidised form of cytochrome css, has a *H-NMR spectrum typical of
a low-spin cytochrome c (27). The four intense downfield resonances, from 13 to 36 ppm, were
assigned to the four-methyl groups of the porphyrin ring (Figure 2.6-A). Upon addition of
N,OR, cytochrome cs55, heme methyl resonance M3 and M4 undergo a small downfield shift (—
0.010 and -0.016 ppm, respectively) with a multiphase behaviour, while the resonances M1
and M2 do not change (Figure 2.6-B). This chemical shift variation shows that the complex
between the two proteins is in fast exchange regime on the NMR time-scale.

The chemical shift variation can be simulated with a K4 of 5 UM (Figure 2.6-C), up to the
addition of 1 equivalent of monomer N,OR to cytochrome css,. However, at a 1:1 ratio there is
a clear inflection in the curve, and instead of attaining a plateau, there is an increase in both
chemical shift variation and line width (data not shown), which does not reach any plateau
even at a ratio of 3:1 (Figure 6-B). The line width of methyl M1 increases 234 Hz (0.39 ppm)
from a 1:1 ratio to a 3:1 ratio of N,OR to cytochrome css,. At this ratio, all the heme methyl
resonances have an increased chemical shift variation: 0.054 ppm, 0.032 ppm, 0.100 ppm and

0.113 ppm for M1, M2, M3 and M4, respectively.

-37-

900



MI M2 M3 M4

A5 (ppm)

IN;ORVIerteggal

0.08 -
0.06

0.04
11 i . |

T

0.02

. ’l"

| I INORJ/[cytochrome c553]

~
N

30

[
N

20 ppm

Figure 2.6 — 'H NMR titration of Pn cytochrome css, with nitrous oxide reductase. In panel A the low-
field spectral region (40 — 12 ppm) containing the cytochrome M1, M2, M3 and M4 heme methyl
resonances is shown. The experiment was performed as described in Materials and Methods, and the
protein samples were (A, i) R=0, 472 UM cytochrome css»; (A, ii) R=0.5, 440 UM cytochrome css, and 220
UM N,OR; (A, iii) R=1.0, 410 UM cytochrome css; and 410 UM N,OR; (A, iv) R=2.0, 365 UM cytochrome
Css; and 730 UM N,OR; (A, v) R=3.6, 308 UM cytochrome css; and 1109 M N,OR. Panel B shows the
chemical shift variation of cytochrome cs5, heme methyl M4 with increasing molar ratios of nitrous
oxide reductase. Panel C shows the fitting curve simulated for a single binding site with Ky =5.0 UM and
Omax = 0.014 ppm, until a ratio of 1:1.

2.4.6 Docking of cytochrome css, to Pn N,OR

In the first stage of the docking algorithm BiGGER, a set of 5000 models were selected from all
possible configurations generated by rotating cytochrome css, (probe) around the surface of
nitrous oxide reductase (target protein) in steps of 1 A and a translation at each 15°-step
rotation. The second stage of the docking is called the “Scoring and Ranking”, in which these
5000 models were evaluated and ranked according to a Global Score (see Materials and
Methods), or to each criterion individually. In the top 500 solutions, ranked either by Global or
Hydrophobic Score, the cytochrome css, binds at a particular location of the enzyme surface,

near the CuA center (Figure 2.7-A, B).
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Figure 2.7 — A) 500 top model complexes ranked by Global Score of the docking of N,OR dimer with
cytochrome css, dimer. B) 500 top model complexes ranked by the Hydrophobic Scored of the docking of
N,OR dimer with cytochrome css5, dimer. In Panel A and B the geometric center of the cytochrome cs5, of
the 500 putative model complexes is represented as a yellow spheres, while the top 50 are represented
as bigger red-coloured spheres. The two copper atoms of the CuA center are red, while the catalyitic
center is blue, and the polypeptide of each nitrous oxide reductase monomer is coloured in lighter or
darker grey.

The intersection of this two groups of solutions gives 8 solutions (Table 2.1 — Figure 2.8) that
have a distance between one of the heme iron of cytochrome css, and the CuA center of N,OR

smaller than 20 A, appropriate for the electron transfer (6).

Table 2.1 — Characteristics of the 8 top model complexes obtained by molecular docking
simulation of Pn cytochrome css, to Pn N,OR.

Probe Global Hydrophobicity Interface Gap Apolar CBC-Cu CBC-AA Closest AA

Score (kcal/mol) area Volume Residue distance Distance to CBC
(R?) Index s (R) (A)
(A) (%)

1 9.2 -7.0 938 3.1 75 10.7 15 GIn497
2 104 -6.1 1064 2.6 80 10.3 2.4 Asp519
3 3.3 -5.7 868 3.9 57 11.4 3.0 Ala495
4 3.0 -5.3 995 3.5 64 14.1 1.6 Gly499
5 43 -5.0 961 4.0 86 13.8 3.8 His566
6 104 -4.8 871 4.0 84 14.0 4.7 Pro496
7 5.9 -4.6 1002 3.4 74 13.9 2.8 lle340
8 3.1 -4.4 980 2.9 82 11.8 2.2 Val421

® The percentage of the interface area of N,OR composed of apolar atoms.
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Figure 2.8 — Top putative docking
positions obtained after analysis of the
docking between Pn cytochrome css;
dimer and Pn N,OR dimer. Only the
heme group of 6 out of the top 8 models
are displayed: model 1 in grey, model 2
in black, model 5 in green, model 6 in
yellow, model 7 in red and model 8 in
blue. These numbers correspond to the
numbering in Table 1. Model 3 and 4 are
not displayed, because they are located
near the CuA of the other N,OR
monomer. The two copper atoms of the
CuA center are coloured red, while the
catalytic center is coloured dark blue,
and the polypeptide chain of each
nitrous oxide reductase monomer is
coloured in lighter or darker grey.

These top solutions have an interface accessible area between 868 and 1064 A” (Table 2.1),
that is typical for small complexes following the criteria of Lo Conte et al. (35). The gap volume
index was also calculated, as defined by Jones and Thornton (33), in order to estimate the
complementarity in the complex interface. An average gap index of 3.4 + 0.5 A was obtained
for the chosen 8 solutions (Table 2.1). In these docking models, 64 to 86 % apolar residues
compose the interface area, which is consistent with a hydrophobic interaction (Table 2.1).
Different residues on the N,OR surface can be identified as the putative entry point for the
electron, according to different possible orientations of cytochrome css, in these electron
transfer complexes (Table 2.1 and Figure 2.8).

Horse cytochrome ¢ was also used as a probe in a docking study with Pn nitrous oxide
reductase as target, and the results show that this small cytochrome binds at the groove
formed between the two monomers of the enzyme, far from the proposed electron entry site,

CuA (data not shown).

2.5 Discussion

2.5.1 Establishment of the physiological electron donor of N,OR

Cytochrome css,, cytochrome css3, cytochrome cs49 and cytochrome ¢’ isolated from the soluble
extract of Pn, were tested as putative electron donors to Pn N,OR in an assay performed using
activated enzyme, as described in Materials and Methods. Cytochrome css3sqg) is present in

much smaller amounts in the periplasm of this bacterium, in comparison with the other
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cytochromes, and at this point was excluded as a physiological redox partner. Cytochrome css3,
cytochrome cs49 or cytochrome ¢’ did not exhibit any catalytic oxidation, within the
experimental conditions, upon addition of activated N,OR, and only when reduced cytochrome
Css; was used as electron donor, a detectable catalytic oxidation of the electron donor was
observed.

The data suggests that cytochrome css, is the physiological electron donor to nitrous oxide
reductase. Actually, this cytochrome had already been shown to be the physiological redox
partner of other enzymes isolated from the periplasm of Pseudomonas nautica and involved
either in denitrification, as electron donor to cytochrome cd; nitrite reductase (36) and nitric
oxide reductase (37), or in detoxification of hydrogen peroxide, as electron donor to
cytochrome c peroxidase (38).

Moreover, HH cytochrome ¢, that was previously used as electron donor to Paracoccus
pantotrophus N,OR (21), was unable to donate electrons to Pn N,OR, similarly to what had
already been observed for another enzyme isolated form this organism, cytochrome c
peroxidase (38).

It should be noted that Pseudomonas nautica is a marine organism, living in a high ionic
strength environment, and therefore it is expected that its periplasmic enzymes had evolved to
provide high turnover rates under these conditions. The surface of the enzymes so far studied
(or from which three-dimensional structure has been determined) is mostly hydrophobic in
nature in contrast to horse heart cytochrome ¢, which has a relatively high dipole moment,
with a ring of positive charges around the exposed heme edge. This difference in charge
surface complementary might be the reason for the result observed in the kinetic study. This
also provides an explanation for the fact that no putative electron transfer orientations were
obtained in the docking study using HH cytochrome c as a probe.

Direct electron transfer studies, performed in the absence of substrate, also give strong
evidence for electron donation from Pn cytochrome css, to Pn N,OR (Figure 5). These studies
show that both cytochrome cs5; and MV, an artificial electron donor, are able to donate
electrons directly to CuA center of nitrous oxide reductase, making CuA center a point of
entrance of the electrons needed for the catalysis that occurs at the CuZ center, as previously

proposed (23).
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2.5.2 Kinetic characterization — Cytochrome css;, as the electron donor to Pn N,OR

The detailed kinetic characterization of the N,OR activity must consider that the reaction
depends on both N,O and reducing agent concentration. This multi-substrate enzymatic
reaction could proceed in two general cases that are described in detail in Supporting
Information. In particular the reaction could require the binding of two substrates to give a
ternary adduct or the reaction could occur in a sequence of two separate steps involving each
substrate. Our experimental data obtained when cytochrome css, is used as the electron donor
perfectly agree with the latter case, as shown by the simulation provided in the Supporting
Information (Figure S1 and Figure S2). Therefore, we conclude that the rates do not depend on
N,O concentration (Figure 2.3), indicating that this substrate is involved in a fast step of the
catalytic cycle. However, the rates depend on cytochrome css, concentration, indicating that its
reaction (including the formation of the complex between the two proteins, the electron
transfer reaction and the dissociation of the complex) is slower than the reduction of N,O and
this is the rate-limiting step of the enzyme turnover. Data analysis allowed determination of
the kinetic parameters Kncssz, (50.2 £ 9.0) UM, and Vinaxessz2, (1.8 £ 0.6) U/mg, at pH 7.6 (Figure
2.2).

Comparing to the non-physiologic HH cytochrome c¢ tested with N,OR from Paracoccus
pantotrophus (Pp) (K = 6 £ 3 UM and V5 = 0.034 + 0.002 U/mg (18)), Pn cytochrome css; is
shown to be a more efficient electron donor, although in those studies the Pp enzyme was not
activated, as in the present work.

The reactivity pattern observed with MV as electron donor is different. The reaction rates
depend on both N,0 and MV concentration showing apparent saturation behaviour (Figures 2
and 3). It should be noted that the global rates are much higher with MV than those observed
when cytochrome css, is used as electron donor (Figure 2.2). This is in agreement with a much
faster electron transfer with the non-physiologic reducing agent. The enzyme reduction
becomes a fast pre-equilibrium with the N,O reduction as the slow step of the turnover cycle.
The K., value for cytochrome css, is higher than the one calculated for MV, indicating a lower
affinity of N,OR for the cytochrome, and the k. for cytochrome is much lower. In fact, MV is
the reductive agent necessary to turn the inactive as-isolated N,OR into the active fully
reduced form and the kinetic data shows a stronger affinity towards the enzyme. However,
there is no evidence about the site of interaction of MV to the enzyme surface, while for the
cytochrome the contact takes place in the region surrounding the CuA center, as described
below.

Overall, as already suggested by Wunsch et al. (39), the activity assay with MV may not probe
the internal electron flow between CuA and CuZ of N,OR. Nevertheless, both the artificial and
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the physiologic electron donor were able to reduce the CuA, as shown in the direct electron
transfer experiment (Figure 5). This evidence suggests that MV might donate electrons to both
CuA and CuZ sites, justifying the high turnover number obtained and the different behaviour in
the pH dependent and the low but not negligible dependence on ionic strength for MV. Being
a small molecule, the binding of MV to the enzyme is just diffusion controlled, and the k. rate
affects the overall reaction rate at a lesser extent.

On the other hand, the negligible influence of the activity over a wide range of ionic strength
suggests an interaction between cytochrome cs5; and N,OR mainly driven by hydrophobic
effects. Moreover, this cytochrome has been previously shown to be the redox partner of Pn
cytochrome ¢ peroxidase and a similar effect of ionic strength on the activity was observed
(38).

The pH effect also pointes out for a different behaviour of the two molecules as electron
donors. MV-mediated catalysis shows a maximum activity at pH higher than 8, with a pK, of
about 6.6, as already observed in past studies on N,OR from different sources (18, 40). Instead,
the activity promoted by cytochrome css, as electron donor decreases at pH above pH 7,
presenting a pK, of 8.3. A similar behaviour has already been observed for Pp N,OR (18), where
the reaction rate with HH cytochrome c is faster at lower pH. This different pH dependence
and the slower reaction rate for the cytochrome-mediated reaction (two orders of magnitude
lower than the MV-donor system) might suggest that the electron transfer between
cytochrome and N,OR is the rate-limiting step and the pH dependence of the reaction can be
attributed to the protein-protein interaction or to the reduction process of the CuZ site (vide
infra), as already proposed for the N,O concentration dependence kinetic studies.

In contrast, Rasmussen et al. (21) found that when non-physiologic HH cytochrome c is used as
electron donor, not the electron donation but the N,O-reduction is the rate-limiting step in the
catalysis even if the internal ET (in particular intra-ET between CuA and CuZ) is slow. These
authors also suggested that the rapid turnover promoted by MV-donor system could bypass
the electron transfer path used by the cytochrome, as seems to be evident in the results

presented here.

2.5.3 Characterization of the electron transfer complex between cytochrome css, and N,OR

(i) "H NMR titration

The chemical shift variation observed for methyl M4 and M3 (M1 and M2 have almost
negligible variations - data not shown) upon addition of increasing amounts of N,OR up to 1:1
ratio ([N,OR] monomer to [cs5;,] monomer) is small (Figure 2.6-A). The possibility that the small

shift variation observed could be due to a non-specific complex formation can be ruled out
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since just two of the heme methyl resonances are affected, until a ratio of 1:1. Moreover, as
cytochrome css; is the electron donor to N,OR, the complex between these two proteins is
expected to be specific.

Until this 1:1 ratio, the chemical shift variation could be simulated with a K4 of 5 UM, an
estimate that is not very reliable due to the high concentrations of protein used in the NMR
experiments.

The small chemical shift variation is then attributed to a weak perturbation of the heme
vicinity surrounding upon cytochrome css; binding. Cytochrome css, structure shows that
methyl M4, in the porphyrin ring, is the most solvent exposed heme methyl in a favorable
position for electron transfer. Moreover, heme methyl M4 is close to the CBC methyl group,
the most probable point for electron transfer in our docking simulation (see below), while the
other heme methyls are not exposed and may not take an active part in the electron transfer
process.

It should be noted that the chemical shift variation and the observed line broadening are not
due to a paramagnetic effect related to the increasing amount of N,OR which contains several
paramagnetic centers (in this experiment N,OR presents CuA center in the mixed-valance state
Cu*>*--Cu™*, while CuZ is in the oxidized state 1Cu**--3Cu™). In fact, the paramagnetic effect
on resonance shift and broadening could be due to two contributions: contact mechanism and
dipolar contribution (or Curie). The contact mechanism is excluded since there are no covalent
bonds between the porphyrin in cytochrome cs;5, and the paramagnetic centers of N,OR. The
dipolar contribution is very sensitive to the distance between the protons and the
paramagnetic center (with a r® dependence) and to the correlation time for the spin inversion
in the metal center (1) (41). Both the large distance obtained in the docking simulation, where
the CuA is at least 10.4 A far from the methyl M4 (see below), and the very low Ts observed in
coupled copper clusters (41) suggests that the dipolar contribution is negligible.

The larger chemical shift variations observed at protein ratios higher than 1:1 can be attributed
to the formation of larger complexes, in which there might be non-specific binding of N,OR to
the complex. The high molecular weight (> 150 kDa — 1 dimer of cytochrome css5, and 2 dimers
of N,OR) of these complexes implies a dramatic broadening of the resonances of cytochrome
and a concomitant shift related to the slow tumbling of the large aggregate. The line width is a
function of the correlation time (molecular tumbling time), which depends on the molecular
size. The presence of aggregates would explain the broadening of the heme methyls
resonances observed at higher ratios, but may not explain the further chemical shift observed
unless it is an induced effect due to the formation of the high molecular weight complex, but
not directly due to the binding of the protein at the contact surface. This hypothesis is further
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supported by the equivalent chemical shift variation and broadening observed for all the
methyl groups independently of their spatial arrangement in the adduct between the two

proteins.

(ii) Docking of Pn cytochrome css;

In agreement with the kinetic data, the interface analysis of the modelled complexes shows
that the interaction between N,OR and cytochrome css;, is mainly hydrophobic. In fact, in our
docking models, the composition of N,OR surface involved in the ET complex contains 64 % to
86% apolar residues (Table 1). This has already been observed for other electron transfer
complexes, but these values are higher than the average reported for c-type cytochromes (42).
Moreover, the hydrophobic interface has a low dielectric constant, which is favourable for
electron transfer (43).

The small interface area of the complexes indicated in Table 1 (868 to 1064 A% is also a
characteristic found in short-lived complexes (< 1200 A?) (35), and the average gap index of 3.4
+ 0.5 A is close to the one found for redox protein complexes (4.7 + 1.5 A) (42), which is
consistent with low geometric fitting and poorly packed interfaces in this type of complexes.
The hydrophobic and poorly packed interfaces enable the interaction with different redox
partners. This does not seem to be the case for N,OR that is proposed to have only one redox
partner, but on the other hand, can explain the ability of cytochrome cs5, in donating electrons
to at least two other Pn periplasmic enzymes, cytochrome c peroxidase (38) and nitrite
reductase cdl (36). As described by Williams et al. (43), that introduce the concept of
“pseudospecific” docking, hydrophobic interactions are less specific and less directional than
electrostatic ones.

Regarding the HH cytochrome ¢ — N,OR docking study, the absence of interaction may provide
an explanation for the fact that no electron-transfer was observed between reduced horse
cytochrome ¢ and activated N,OR, in the kinetic assay. Although, this is a single example, it
shows that this docking program can also be used to discriminate between putative electron
donors, prior to acquiring experimental data, as long as the three-dimensional structure of the
intervenient proteins is known.

Although, our 8 top model complexes were not energy minimized it is possible to compare
them with the ones obtained for Pd N,OR and cytochrome csso: the distance between the
heme ring and one of the coppers of CuA in the models of the present study is the same range
(10.3 to 14.1 A) (Table 1) as the one found for Pd N,OR complexes (12.8 to 14.3 A) (23); in both

cases the interface has a hydrophobic patch in the central area; and the same residues are

-45 -



found in close contact with the redox partner (A495, P496, H566 and D519), that comprise a

conserved surface region near CuA center.

2.5.4 Suggested electron transfer pathway and reduction process of CuZ

The interface of the modelled complexes can be analysed in order to identity putative residues
involved in the electron transfer pathway. Cytochrome ¢ oxidase (COX) presents the same
binuclear copper center, CuA and the amino acid chain in proximity of the CuA site is similar
for both COX and N,OR. Recent structural studies assert that in cytochrome c¢ oxidase a
tryptophan exposed on the surface is essential for the electron transfer from a cytochrome to
the center CuA (44). In N,OR, isolated either from Pd or Pn, there is no Trp residue in the
expected position that could be implied in the electron transfer. Mattila et al. (23), that
performed a docking study on N,OR from Pd and two putative electron donors, pseudoazurin
and cytochrome cs5o, proposed that residues Pro565 and His635 for Pd, occupying an
analogous position to Trp121 in cytochrome c oxidase, are involved in the electron transfer
pathway. In fact, Pro565 occupies the same position of Trp121 in the polypeptide chain, while
the imidazolic ring of His635 replaces the indolic ring of the tryptophan. In other small copper
proteins, like pseudoazurins also a histidine (that coordinates the copper ion) and a proline
residue that is located adjacent to this histidine are proposed to be the point of entry or
leaving of the electron (34, 45).

As this region is well conserved, these amino acids correspond to Pro496 and His566 in Pn, and
were found in the interface of the top 8 solutions. Moreover, residue Asp519 (corresponding
to Asp 558 in Pd) appears to be exposed on the surface and available for the electron transfer.
The homologous of this amino acid in cytochrome c oxidase from Pd, Asp178, has been shown
to be important for the binding of cytochrome c (44). This is the only residue that is common
to all known N,OR and COX structures and in all these the Asp carboxylic group is hydrogen
bonded to His526, the terminal ligand of CuA center.

At the moment, it is not possible to define a unique ET pathway and binding interface. The 8
best solutions chosen have different heme orientations and involve slightly different
interfaces, but in all of them, those three conserved residues (Pro496, Asp519 and His566) are
present in the complex interface (data not shown). These docking models also support the
view that electrons from cytochrome css, must be delivered to CuA and then to CuZ.

The electron transfer from cytochrome css, to N,OR necessary to complete the catalytic cycle
that occurs in the CuZ center controls the enzymatic activity and pH dependence suggested
that a group with a pK; of 8.3 must be in the protonated form to enable the reaction to occur.

It is known that cytochrome css, potential is higher at acidic pH and decreases at basic pH (with
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a pKox = 7.3 £ 0.1 and a pK,eq = 9.0 £ 0.2) (27), indicating that electron donation from the
cytochrome becomes less favourable in this range. As the kinetic studies gave an opposite
result and this pK, cannot be correlated to any residue on the protein-protein interface, the
attention is then turned to the reduction process of CuZ center in N,OR.

As within CuZ the pair of Cu,Cu,, atoms is the site of N,O binding and reduction, we propose
that the protonation of a water molecule that bridges these two copper atoms (with a pK, of
8.3), controls the electron transfer process. Though, this Cu pair cycles between three states
during turnover: Cu'Cu", cu"Cu', and Cu'Cu', according to the accepted mechanism of N,O
reduction (46), and the fully oxidised form of the enzyme Cu,Cu,, pair is achieved upon N,
release. From a variety of model studies on binuclear copper complexes containing N-donor
ligands, it is known that deprotonation of a bridging water molecule bound to a couple of Cu"
ions typically occurs in the range between pH 7 and 8 (47). Perhaps more important is that
deprotonation of the Cu®*-H,0-Cu®* species to the Cu**-OH-Cu®* form systematically leads to a
large reduction in the E°(Cu"/Cu') values (48, 49).

However, in the stepwise reduction of the CuZ center during catalysis, it is the second
reduction step, from Cu**-H,0-Cu* to Cu*-H,0-Cu®, which is expected to be more difficult and
probably rate limiting (48). For this mixed valent sate, one-hole Cu**-H,0-Cu" species, we also
expect that the redox potential will be lowered upon deprotonation to the corresponding
hydroxo species, Cu**-OH-Cu".

Considering the second one-electron reduction by cytochrome css, as the rate-limiting step of
the catalytic cycle, that hypothesis would also explain the determined pK, of 8.3 found in the
experiment, as it is expected that a bound water will be slightly less acidic in the mixed-valent
Cu®*-H,0-Cu* species then in the Cu**-H,0-Cu** species. Thus, the activity of N,OR at pH above
9 is completely inhibited because the bridge between Cu, and Cu,, within the CuZ cluster is
fully deprotonated and CuA (i.e. cytochrome css,) cannot reduce CuZ. This problem does not
exist when methylviologen is used as the electron source, because it is a strong reductant and
can directly reduce CuZz, without the need to deliver electrons to this site through CuA. The
activity of N,OR mediated by this non-physiological electron donor is controlled by the
protonation state of a group with pK, of about 6.6, which could be reasonably associated with
His566. A schematic picture of the key reduction pathway of the Cu,Cu,, pair in CuZ is shown in

Scheme 2.1.
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Scheme 2.1 — Proposed electron transfer pathways: cytochrome c¢ss, and MV reduce CuA and
CuZ with different mechanism. Only Cul and CulV of CuZ are represented.

According to a recent study (50), the water molecule acting as a bridging ligand of the Cu,Cuy
pair remains in the deprotonated state in a pH range, from 6 to 10, and reduction of CuZ by
methylviologen is controlled by a group with a pK, of 9.2 (likely to be K397 in Pn N,OR). The
latter data refers to the bimolecular reaction between methylviologen and the as-isolated
N,OR, while in the present work the pH effect was studied for the turnover of the activated
enzyme, and different profiles were obtained whether methylviologen or cytochrome css, are
used as electron donors. Therefore, the interaction of the enzyme with both the substrate and
the electron donor is important. As we know from the present study, the interaction of
cytochrome css, with N,OR is specific, while in the case of methylviologen it may occur in more
than one site, with the most effective one being different in the absence or presence of bound
N,O. Moreover, it is also possible that during turnover the other Cu atoms of the CuZ cluster,
Cu, and Cuy,, take a more active part than is currently hypothesized.

In any case, the reduction process of N,O, after binding to the fully reduced Cu,Cu,y pair, could
be facilitated by the presence of a protonated water ligand within the CuZ site, as this could be

the source of the proton assisting the cleavage of the N-O bond and release of N, (46).

2.6 Conclusion

In conclusion, a new activity assay is presented here that separates the activation of N,OR
from the catalytic reduction of N,O and allows the comparison between different electron
donors. Cytochrome css, from Pn was recognized to be the electron donor of N,OR and the
first kinetic characterization of N,OR with its physiological partner was carried out. The
artificial electron donor, methylviologen, the reductive agent that is required to activate the
enzyme, showed to be a more efficient electron donor. Nevertheless, differences in the

mechanism and interaction with the enzyme are pointed out. In particular, the electron

-48 -



transfer reaction is the rate-limiting step when cytochrome css; is the electron donor, while the
reduction of N,O is the slower reaction when reduced MV is used as electron donor. The
determined pK,s and the different ionic strength dependence suggests that MV might not
interact only with CuA center (which was observed in the direct electron transfer experiments)
but also directly with CuZ center through a different reduction pathway for the physiological
electron donor. The pH dependence of the enzymatic activity when using cytochrome css,, as
the electron donor, also suggests the presence of a water bridging ligand at the CuZ center. For
cytochrome css;, both the kinetic and the docking studies indicate the presence of a

hydrophobic patch near the CuA, which is the electron entry site.
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2.7 Supplementary materials

Kinetic treatment for N,O reduction catalyzed by N,OR and promoted by electron donor

2.7.1 Steady state kinetic equations for enzymatic reactions requiring two substrates

Case A

The reaction requires the binding of the two substrates to give a ternary adduct in order to
have product formation; i.e., only in the presence of both substrates bound to the enzyme the

reaction occurs. The reaction scheme is as follows:

Eﬂﬁﬁ» ERD@?@» ERSIfL. Er produc

ERS
where E represents the enzyme and R and S are the two substrates; ER and ERS indicate the
enzyme with a bound a R molecule and both S and R molecules, respectively; ERS is a ternary
complex; Kegz and Kgrs are the binding constants of R to the native enzyme and S to the
intermediate ER, respectively; k is the first order rate constant for the transformation of ERS
into the native enzyme and product. In developing the equation we consider the steady state
approximation, therefore the concentration of each intermediate is considered constant
during catalysis. Here we also consider the binding processes very fast, so that the
concentration of the intermediates is ruled by the substrate concentrations. Considering initial

rates, it is possible to neglect consumption of the substrates, i.e. we consider [S] and [R] =

constant.
1) rate W k<[ ER$
) [ER]

““[E]X[R]
ER
) [éR]?q
8 [E]=[E+[ER+[ R}

Equations 2) and 3) are the definitions of the binding constants and 4) represents the mass

balance on the enzyme, where [E] is the total enzyme concentration.

Equations 2) and 3) can be rearranged and combined to:
5 [ERI= K x[E]([R
6) [ERY= Kesx[ ERX[ $= Keex KereX[ B[ BX[ $

Introducing [ER] and [ERS] into equation 4) gives:
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7 [B]=[E+ Kee X[ E] X[ R+ KeeX Kep[ E]X[ R X[ §
=[E]+ e x[E]X[R]¥(1+ KepsX([ )

Thus:

E,
8 [E=5 KERX[R][X(]]-"‘ Kens¥[9)

Ker XK ers[E o X[R[*[S
9) [ERE]:HKERX[R]x[(lJK[ER]SXH)

The global rate equation can be obtained by substituting equation 9) into equation 1):

_ kxKgp XK e [E | X[R]%[S]
10) rate= ” KERX[R]X(1+ KERSXH)
11) rate= kx[Eo] X[ R]x[3

L L RIMIRI

KER xK ERS ERS
A similar equation could be obtained considering a reverse order of binding of the two
substrates.
The global rate depends on the concentration of both the substrates and the binding

constants.

Case B

The reaction occurs in a sequence of two steps. The first one involves reversible binding of one
substrate molecule which reacts with the enzyme giving the first intermediate. This species, in
turn, binds reversibly a second substrate molecule; this complex reacts giving the product and
restoring the enzyme in the native form. Here simultaneous binding of the two substrates to

the enzyme is not required. The reaction scheme is:
E Qﬁf[@h ERO ' |Q§T[%» ISO'f_. E+ product

where E represents the enzyme and R and S are the two substrates; ER indicates the native
enzyme with a bound S molecule; | is the first enzyme intermediate and IS is its complex with
the substrate S; the k constants linked to the arrows are the rate constants for the individual
steps; k; and k; are second order rate constants, while k., k,, ks, and k, are first order rate
constants.

In developing the equation we consider the steady state approximation, therefore the

concentration of each intermediate is considered constant during catalysis. Considering initial
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rates, it is possible to neglect the consumption of the substrates, i.e. we consider [S] and [R] =

) rate d[producl ox] 19
SENSEENIENENE

SR N R R R = o
4) d['s]—k x[x[ 1] - kox[19-k,x[19= 0
5 ﬂ:m[ls]w[m]—kix[ax[F§=o

Equation 2) represents the mass balance on the enzyme, while equations 3), 4) and 5) are the
steady state approximations on the enzyme species ER, IS and E, respectively.

The addition of equations 3) and 5) gives:
6)  k,x[IS=k,x[ER
i.e. in steady state, the two irreversible reactions occur at the same rate. Substituting equation

6) into equation 5) gives:

7 k(BRI K ER - ko X[ A= ¢

8) [E]=k2:1k [[ER?] Kym %

Where K,z = is the Michaelis constant for the reaction of substrate R with the

1

native enzyme in the first step of the catalytic cycle. Similarly, equation 4) gives:

k,+k_ [|s] [|s]
9) I|=——=x
T T
_Kotk, ol . .
Where K,,g =———— is the Michaelis constant for the reaction of substrate S with

3
intermediate | in the second step of the catalytic cycle.
Equations 6), 8) and 9) can be introduced into the mass balance 2), in order to obtain all

concentrations as a function of [IS]:
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10 [B] =g g+ Tt 19+

Wl g

Isolating [IS] from equation 11 gives:
_ [Ed
1) [ig= K, Kus  Kus JKy4
1+—4+-_MS 4 x—4
SACIG
The rate equation can be obtained after introducing equation 12) into equation 1):
Ky x[Eo]
K, Kys , Ky k4
ENG

It can be noted that the rate depends on both the substrate concentrations and the catalytic

13) rate=
1+

constants.

But two limit conditions can be considered.

i) The first step is very fast. When the first process is much faster than the second one, i.e. k,

>> k4 and [R] is not much lower than Ky, equation 13) can be simplified to:
K, X[ Eq]

5]

Equation 14) is a simple Michaelis-Menten type equation depending on [S]. The second step of

14) rate=

the cycle is called the “slow step” of the catalysis.

[R] does not affect the observed rate unless it is in a very low concentration, where in equation

Kk
13) in the term Ko >< 4 the high value of the first fraction could compensate the low value

[R]

of the second fraction.

ii) The second step is very fast. When the second process is much faster than the first one, i.e.

k, << ks and [S] is not much lower than Ky, equation 13) can be simplified to:

kX[Eo]  _ kx[Ej]
Ka, Ky (K K o

kR TR

15) rate=
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Equation 15) is a simple Michaelis-Menten type equation depending on [R]. The fist step of the

cycle is called the “slow step” of the catalysis.

K k

Dws o Ray
S|k

[S] does not affect the observed rate unless it is in a very low concentration (

A particular case, that applies to our study on N,OR. If we consider in the mechanism proposed

that the second phase is much faster with respect of the first, i.e. k, << k; as in ii), but with [S]

which could span also values below Kys. Simplification of equation 13) gives:

16) rates - Kk“x[io] =R kle[(Eo] -
A4 4 OMS 4 MR P4 14 I MS 2 4 T MR
o [8 [R k"~ [§ k [R

Even in the presence of a saturating R concentration ([R]>>Kyr), the maximum observed rate in
the presence of large concentration of S gives k, and not the rate constant of the fast step k,.
Furthermore, the hyperbolic behaviour observed upon changing [S] is not simply connected to
Kvs but to an ensemble of constants which can not be determined separately. Here, high
turnover rates, close to k,, are observed even when [S] is lower than Kys; this means that the
enzyme reaches maximum activity also when S is not saturating.

In steady state measurements, the kinetic parameters of the fast phases of the catalytic cycle

are hidden by the “dominating” slow phase.

This case applies to the catalytic reduction of N,O by iron(ll) cytochrome css, catalysed by N,OR
where, as N,O reacts with the enzyme in the reduced form, in the reaction scheme N,O
represents S and cytochrome css; is R.

This can be deduced by comparison of the catalytic activity of the enzyme with MV or
cytochrome c¢ss5, as reducing agents. Both substrates require reduction of the enzyme to
activate it for the reaction with nitrous oxide. But with the second substrate the rates are
much lower. The observed turnover numbers are independent of [N,0], but this happens not
because [S]>>Kys, i.e. not because this substrate is in a saturating concentration, but because
it reacts in a fast step (k, << k). The reaction rate depends only on the concentration of
cytochrome css,, i.e. substrate R, the substrate reacting in the rate determining step of the

process.
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In order to observe a rate dependence on N,O, i.e. substrate S, its concentration must be

Kk
reduced down to a value much lower than Kys, so that the term [ st X—2in equation 16) can

approach 1. Anyway, even if in this case the rate depends on [N,0], from the rate dependence

on the concentration of this substrate, the plateau that is reached at high values does not

g

would happen in the case of saturation) could be neglected in equation 16).

, as it

indicate that the enzyme is saturated with N,O but only that ><— (and not

El

2.7.2 Simulation of the catalytic activity of N,OR with cytochrome css, and N,O

Experimental data:

- In the catalytic reaction with MV as reducing agents the enzyme follows a Michaelis Menten
rate profile with both the substrates. The kinetic parameters are as follows:
For MV:
Kv =(11.5£3.6) yM
Keat = (321 £27) s
For N,O
=(14.0£2.9) yM
Keat = (275 £33) st

- When cytochrome css; is used as reducing agent the reaction rates follow a Michaelis Menten
profile with the substrate cytochrome css,, while no rate dependence on [N,O] was observed
in the range 5 — 500 PM.

For cytochrome css,:

Km =(50.2 £9.0) yM

Keat = (3.8 £1.3) s

In the simulation of the rate dependence on substrate concentration two mechanisms (A and
B) could be taken into consideration according to the mechanism followed in the catalytic

cycle (see above for details).

Case A:
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EQ@%J@ ERQ@'Z@@ ERS1'® - B produc

rate _ kcat X [C552] ><[ N 20]
) INOR] 1 1
2 + X[Cssz] +[C552] x[ N 20]

KB—CSBZXK B- N20 K B- N20

Where E is N,OR, ER is the reduced enzyme after reaction with the reducing substrate, ERS is
the reduced enzyme with N,O bound in the active site. Kg.s5, is the binding constant for
cytochrome 55, to the enzyme and could be approximated with the reciprocal of the Michaelis
constant experimentally obtained for this substrate (Kg.css2 = 1/ Kyu).

Kg.n20 is the binding constant of N,O to the reduced enzyme and k., is the maximum reaction
rate for the reduction of nitrous oxide. The data for N,O are not experimentally available but
they can be assumed to be similar to those obtained in the experiments with MV as reducing
agent. Here again the binding constant can be approximated as the reciprocal of the Michaelis

constant.

Introducing the experimental rate constants into the rate equation, the value of rate/[N,O] can
be obtained for different [css;] and [N,0]. The figure S1 shows simulated results for different
nitrous oxide concentrations and with [css,] of 10, 50, 150 and 250 UM. The graph also reports,
in the upper trace, the simulated profile for the reaction with a fully saturated (with
cytochrome css,) N,OR, which is indicated as simulated Michaelis Menten (simulated MM). All
the graphs are Michaelis Menten-like, and increasing the reducing agent concentration the
rate value must approach the very high values obtained with MV as reducing agent.

This behaviour is completely different from that experimentally observed with cytochrome

Csso, Where low and constant rates were observed in the [css,] range studied.
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Figure 2.51 - Simulated kinetic activity of N,OR as a function of N,O concentration with
cytochrome cs5, as electron donor. The curves are simulated using equation 17 and
[cytochrome css,] of 10, 50, 150 and 250 M. The upper curve is the reaction with a fully
saturated (with cytochrome cs5;) N,OR, which is indicated as simulated MM. In panel A, the
[N,O] range is the same as the one used in the experiment described in the manuscript (5 —
500 uM), while panel B shows an inset with [N,0] between 0 and 30 puM.

Case B)
Q8 er0'm e 10 S 1s0'5 0. E+ product

rate — kcat— N20

18 =
) [NZOR] 1+ kcat—NZO + K M=N20 4 K M—0552xk cat N20

kcat—c552 [N p] [C 55; k cat c552

where E represents N,OR the enzyme; ER indicates the native enzyme with a bound css;

molecule; | is the reduced enzyme and IS is its complex with the substrate N,0O; the k constants
linked to the arrows are the rate constants for the individual steps.

Km-css2 and Kear.cs52 are the Michaelis constant and the turnover number for cytochrome css),
respectively, which have been experimentally obtained for this substrate.

Km-n20 and keaenzo are not experimentally available but they can be assumed to be similar to

those obtained in the experiments with MV as reducing agent.

Introducing the experimental rate constants into the rate equation, the value of rate/[N,O] can
be obtained for different [css;] and [N,0]. The figure S2 shows simulated results for different
nitrous oxide concentrations and with [css,] of 10, 50, 150 and 250 M. The graph also reports,

in the steepest trace, the simulated profile for a hypothetical reaction in which the reduction
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process with cytochrome cssy, is fast (Keatcssz >> Keanzo); this trace has been indicated as
simulated Michaelis Menten (simulated MM).

The graphs simulated with the equation above show a hyperbolic behaviour localised at very
low N,0 concentrations and a plateau at [N,0] above 1 UM. The reaction rates are always very
low and do not approach the maximum activity the enzyme could reach for the reduction of
N,O (simulated MM trace).

This behaviour perfectly agrees with that experimentally observed with cytochrome css,,
where low and constant rates were observed in the [css,] range studied.

It should be noted that extending the observation range to a region in which the rates depend
on [N,O] would require a very low substrate concentration. Furthermore, these data would be
useless for the characterization of the activity of the enzyme toward N,0.

The graphs also show that using higher concentrations of cytochrome css, would only slightly

increase the observed rates but the rate will remain always much lower compared with the

simulated MM.
200 A 507 B
Simulated MM
Simulated MM
40
—150 - —
- )
X & 30
[e] =
=100 - s
= 204
2 ®
2
& ©
50 10 p [Cgsp] =250 pM
[Css2] = 250 pM [Ces,] = 150 uM
[Css2] =150 pM [css0] = 50 UM
= fogsat= 10 uM
Ecssz] z i’g l—lm 0 = = = = = L tfespal= 10
0 . 7 . —leml=10n 0 5 10 15 20 25 30
0 100 200 300 400 500 [N,O] (uM)

[N,O] (M)

Figure 2.S2 - Simulated kinetic activity of N,OR as function of N,O concentration with
cytochrome c¢ss5, as electron donor. The curves are simulated using equation 18 and
[cytochrome css,] of 10, 50, 150 and 250 M. The upper curve is the reaction with a fully
saturated (with cytochrome css;) N,OR, which is indicated as simulated MM. In panel A, the
[N,0] range is the same as the one used in the experiment described in the manuscript (5 -
500 pM), while panel B shows an inset with [N,0] between 0 and 30 uM.
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Chapter 3

A new CuZ active form in the catalytic reduction of N,O by

N,OR

3.1 Abstract

The final step of bacterial denitrification, the two-electron reduction of N,O to N,, is catalyzed
by a multi-copper enzyme named nitrous oxide reductase. The catalytic centre of this enzyme
is a tetranuclear copper site called CuZ, unique in biological systems. The in vitro
reconstruction of the activity requires a slow activation in the presence of the artificial electron
donor, reduced methylviologen, necessary to reduce CuZ from the resting non-active state
(1cu"/3Cu') to the fully reduced state (4 Cu'), in contrast to the turnover cycle that is very fast.
In the present work, the direct reaction of the activated form of Pseudomonas nautica nitrous
oxide reductase with stoichiometric amounts of N,O allowed the identification of a new
reactive intermediate of the catalytic centre, CuZz’, in the turnover cycle, characterized by an
intense absorption band at 680 nm. Moreover, the first mediated electrochemical study of
Pseudomonas nautica nitrous oxide reductase with its physiological electron donor,
cytochrome css5,, was performed. The intermolecular electron transfer was analysed by cyclic
voltammetry, under catalytic conditions, and a second-order rate constant (k) of (5.5 £ 0.9) x
10° M~'s™ was determined. Both the reaction of stoichiometric amounts of substrate and the

electrochemical studies show that the active CuZ®° species, generated in the absence of
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reductants, can rearrange to the resting non-active CuZ state. In this light, new aspects of the
catalytic and activation/inactivation mechanism of the enzyme are discussed.

This chapter has been published in J. Biol. Inorg. Chem, 15, 967-976 (2010), “A New CuZ Active
Form in the Catalytic Reduction of N,O by Nitrous Oxide Reductase from Pseudomonas
Nautica”S. Dell’Acqua, S.R. Pauleta, P.M. Paes de Sousa, E. Monzani, L. Casella, J.J.G. Moura, I.

Moura

3.2 Introduction

The multi-copper enzyme nitrous oxide reductase (N,OR) catalyzes the final step of bacterial
dissimilatory denitrification (2 NO;" = 2 NO,” = 2 NO - N,0 - N,), namely the two-electron
reduction of the kinetically inert molecule nitrous oxide (N,0) to dinitrogen (N,) and water (1,
2).

Recently the structure of N,OR was solved from Pseudomonas nautica (Pn) (3), Paracoccus
denitrificans (Pd) (4) and Achromobacter cycloclastes (Ac) (5). The crystal structure revealed
that N,OR is a functional homodimer containing two different multicopper centres per subunit,
called CuA and CuZ.

The binuclear copper centre, CuA, is an electron transfer centre similar to the CuA found in
cytochrome oxidases and its properties have been extensively studied (6-9). CuZ is a novel
mixed-valence copper center (Cu,S) with a sulfide ion bridging a distorted tetrahedron of
copper atoms, a unique structural feature in biology. This cluster is coordinated by seven
histidines, while a water-derived ligand is proposed to bridge the two copper ions (Cul and
CulV), where the substrate binds to the enzyme.

The CuZ from Pn N,OR, in the as-isolated state, contains a 1Cu"/3Cu' redox state with a total
spin of %, where the unpaired electron is delocalized between two or more copper atoms
through the bridging sulfide ion (10-12). This state, which has a typical electronic spectral band
at 640 nm and a 4-line splitting EPR signature (13, 14), cannot be easily reduced or oxidized.
The catalytically active, fully reduced form (4Cu') can be obtained only after a prolonged
incubation with reduced methylviologen (MV) (15, 16).

In contrast, the catalytic centre, CuZ, of Pd N,OR has been identified in two forms, named CuZ
and CuZ*, with the relative proportion between them depending on the purification conditions
(17). In particular the CuZ* form, characterized by an intense absorption band at 650 nm, is
more abundant in the ‘aerobic’ preparation, while the CuZ form, with an absorption band at
670 nm, is predominant in the ‘anaerobic’ purification. CuZ* is redox inert while the Cuz
midpoint potential was calculated to be E” = 60 mV (vs NHE). Despite this feature, the

‘aerobic’ preparation shows a slightly higher steady-state activity compared to the ‘anaerobic’
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preparation. In addition, the CuZ form shows an EPR spectrum similar to the CuZ* form,
suggesting a 1Cu"/3Cu' redox state for both species (17).

In the previous chapter of this thesis, the catalytic parameters of Pn N,OR activity were
determined to compare the physiological (Pn cytochrome css;) and artificial (MV) electron
donors (18). This study revealed that these two electron donors have a distinct mechanism of
interaction towards the enzyme, when cytochrome cs5, was used as electron donor a k,; = 3.8
st ak, =502 MM and a pK, = 8.3 were estimated, while when an artificial electron donor,
MV, was used a ko = 3205, a K, = 11.5 MM and a pK, = 6.6 were obtained.

We present here the first mediated electrochemical study of N,OR with its physiological
electron donor, cytochrome css,. The electrochemical behaviour of this cytochrome has been
well characterized (19), and it has already been shown to be the electron donor of other
enzymes isolated from Pn, cytochrome c peroxidase (20) and cytochrome cd, nitrite reductase
(21). In the latter case the electron transfer reaction was also investigated using
electrochemical techniques.

In order to understand the complex mechanism of activation and catalysis of N,OR CuZ, we
have also studied the properties of the enzyme in the activated form by direct reaction of
N,OR with stoichiometric amounts of substrate in the absence of reductants. The identification
of a new active intermediate of the catalytic centre, Cuz°®, led us to revise both the catalytic

and the activation mechanism of this challenging enzyme.

3.3 Materials and Methods

3.3.1 Protein purification

N,OR was purified from Pseudomonas nautica 617 (also known as Marinobacter
hydrocarbonoclasticus 617) cellular extract as previously described (13), with some minor
modifications. Enzyme concentrations were determined by the Lowry method (22).

Pn cytochrome css; was purified as previously described (23), with some minor modifications.
The concentration of cytochrome css, was determined spectrophotometrically using the

extinction coefficient at 552 nm, € = 19.3 mM™cm™ (24), for the fully reduced form.

3.3.2 Enzyme activation and activity assay
Enzyme activation was performed in the glove box as previously described in Chapter 2 (18).
The activity assay used was the one described previously (18), using methylviologen as the

electron donor.
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3.3.3 Electrochemical methods

Voltammetric measurements were performed wusing a potentiostat/galvanostat
AUTOLAB/PSTAT 12 from ECO Chemie (Utrecht, The Netherlands). Data were analysed with
the GPES software package from ECO Chemie. A conventional three-electrode configuration
cell was used, with a platinum auxiliary electrode and a SCE reference electrode (+ 244 mV vs
SHE). The working electrode was a pyrolytic graphite (PG) electrode, with a 3 mm diameter
(surface area = 0.07 cm?), which was used in a membrane configuration (19). Throughout the
paper, all potentials are referred to the standard hydrogen electrode (SHE).

Before each experiment, the PG electrode was polished by hand on a polishing cloth (Buehler
40-7212) using a water—alumina slurry (0.05 pm, Buehler 40-6365-006), sonicated for 5 min
and rinsed carefully with Milli-Q water. The membrane electrode was prepared by dropping a
5 pl drop, containing 2.5 UM pre-activated N,OR and 50 UM oxidised cytochrome css,, on a
small square (10 mm x 10 mm) of negatively charged Spectra/Por MWCO 3500 dialysis
membrane. The membrane was fitted tightly to the electrode with a rubber O-ring.

In typical experiments, the working solution contained 0.1 M phosphate buffer pH 7.0, the
scan rate was 40 mV/s, and cyclic voltammograms were obtained in the range of + 0.6 V to —
0.25V vs SHE.

For the scan rate dependence of the catalytic current, cyclic voltammograms were performed
between 5 and 100 mV/s. In the determination of the N,O concentration dependence of the
catalytic current, 8, 17, 25, 33, 48, 125, 330 and 1000 UM N,O were added as N,O-saturated
water. In the pH dependence studies of the catalytic current, the following buffers were used:
0.1 M potassium phosphate buffer at pH 5.9, 6.2, 6.4, 6.7 and 7.0, or 0.1 M Tris-HCl at pH 7.3,
7.6, 8.0, 8.4 and 8.8. All the electrochemical experiments were performed inside a glove-box

filled with an argon-saturated atmosphere.

3.3.4 Direct reaction of N,OR with substrate

For the direct reaction of the enzyme with substrate, an equimolar amount of N,O was added
to 35 UM N,OR pre-activated in 0.1 M Tris-HCI at pH 7.6. The reaction was followed using a
TIDAS diode array spectrophotometer. At corresponding incubation times of each UV-visible
spectrum, an aliquot of this solution was taken in order to determine the enzyme activity,

using MV-reduced with sodium dithionite as electron donor, as previously described (18).
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3.3.5 EPR spectroscopy

X-band EPR spectra were recorded using a Bruker EMX spectrometer equipped with a
rectangular cavity (model ER4102ST) and an Oxford Instruments continuous-flow cryostat. EPR
spectra were simulated using the program WINEPR Simfonia version 1.2 from Bruker
Instruments.

The sample of the enzyme form characterized by the 680 nm absorption band was prepared
under anaerobic conditions (glove box) by mixing 75 UM of pre-activated N,OR and an
equimolar amount of N,0, in 0.1 M Tris-HCIl. The EPR tube was frozen with liquid nitrogen 1
minute after the addition of N,O. The resting CuZ form, with absorption at 640 nm, was
obtained by exposing the previous sample to air for 30 min. Experimental conditions are

described in the Figure legend.

3.3.6 Redox titration

Pre-activated N,OR (35 UM) in 0.1 M Tris-HCl pH 7.6 was titrated in a 1 ml cuvette. The
potential was measured with a platinum—silver/silver chloride combined electrode (Crison).
The oxidative experiments were performed with addition of potassium ferricyanide (E = + 420
mV vs SHE) and the reaction was followed by UV-visible spectra. The following mediators were
added each at 2 UM concentration: 1,2-naphthoquinone-4-sulfonic acid, 1,2-naphthoquinone,
phenazine methosulphate, resorufin (2,8-dihydroxyphenoxazine), indigodisulfonate, 2-

hydroxy-1,4-naphthoquinone and methylviologen. The titration was performed in a glove box.

3.4 Results and discussion

3.4.1 Electrocatalytic activity of Pn N,OR with cytochrome css, as electron donor

The catalytic activity of Pn N,OR for N,0 reduction was analysed for the first time by mediated
electrochemistry using Pn cytochrome css;, a small electron transfer protein that was
established to be the physiological redox partner of this enzyme (18). For this purpose, both
redox partners were entrapped between the electrode surface and a dialysis membrane (25)
and cyclic voltammetry was performed.

In the absence of cytochrome css;, pre-activated or non pre-activated N,OR do not exhibit any
electrochemical signal, probably due to the incompatibility of the negatively charged graphite
electrode surface and the negatively charged surface of Pn N,OR (pl = 5.4). Moreover, no
catalytic current was observed in these conditions upon addition of nitrous oxide to pre-

activated N,OR within the potential range used.

-67 -



In previous reports, cytochrome cs5; was shown to exhibit a well defined direct
electrochemical signal at a carbon membrane electrode (19). In our experimental conditions,
this reversible electrochemical behaviour was also verified and the calculated redox potential,
E” = + (245 + 5) mV vs SHE at pH 7, is in agreement with the one reported on that study. In our
work, although the membrane configuration was used, the peak currents of cytochrome css,
varied linearly with the square root of the scan rate, as expected for a diffusion controlled
process, a behaviour that has also been observed in other studies for this type of proteins with
this electrode configuration (26).

The cyclic voltammograms of cytochrome cs5, alone (data not shown) and the ones in the
presence of pre-activated N,OR are identical (Figure 3.1 — continuous line). Upon addition of a
saturating amount of substrate, N,O, the original peak shaped voltammogram transforms into
the characteristic sigmoid catalytic wave, with a steady-state current plateau (Figure 3.1 —

dashed line).

1.0E-07 . .
Figure 3.1 - Cyclic

voltammograms (40 mVs'l)
of 50 UM cytochrome css;
entrapped in a membrane
electrode with 2.5 pM
activated  Pseudomonas
-1.0E-07 - nautica N,OR, in 0.1 M
+N,O phosphate buffer, pH 7.
The black-line is the CV in
-2 0E-07 the absence of substrate
and the red-line is the CV
after addition of 1 mM
N,O.

0.0E+00 -|

1 (A)

-3.0E-07 T T ‘
-0.3 -0.1 0.1 0.3 05 0.7

E vs NHE (V)

This behaviour can be interpreted with the reaction mechanism shown in Scheme 3.1. An
initial heterogeneous electron-transfer reaction at the electrode (Step 1) is followed by two
homogeneous chemical reactions: the reduced form of cytochrome css, is oxidised by N,OR

(Step 2) which is then regenerated by N,O (Step 3).
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Step 1 t Step 2 Step 3
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electrode

Cyt red NZOROX N2

Scheme 3.1 — Mediation scheme for N,0R: the electrode reduces cytochrome css,, which is immediately
reoxidized by N,OR; the level of oxidized N,OR is then restored by conversion of N,0 to N,.

This mechanism can be simplified to

Cyt Cssaox+ € D— @* Cyt Cssored (1)

Cyt Cssared + N2ORox = Cyt Cssaox + N2OReg (2)

N;0Red + N2O = N,ORy + N, (3)

as long as four conditions are obeyed: (1) the heterogeneous electron transfer (Step 1) is a
reversible reaction; (2) the homogeneous chemical reaction (Step 2) is irreversible; (3) the
reaction between cytochrome c¢ss; and N,OR is pseudo-first order with the reaction rate
constant given by k” = k [N,OR], where k is the second-order rate constant; (4) reaction 3 is
fast.

As reported in (19) and confirmed in this work, the first condition is verified. The experiments
were performed under an excess of the substrate N,0, thus the enzyme is reoxidized by the
catalytic reaction (Step 3), and not by transferring electrons back to cytochrome css,. For this
reason, the second condition is obeyed. Condition 3 implies that the enzyme concentration is
much higher than that of cytochrome css;. Although this is not the case, the saturating
concentration of N,O guarantees that the oxidized form of the enzyme is quickly restored by
Step 3, as long as the latter is not rate-limiting (condition 4). Therefore, N,OR will always be
available to react with cytochrome css, and pseudo-first order conditions are met.

According to the theory of steady-state voltammetric catalysis, the rate constant can only be
determined from the steady state catalytic current if the latter is not scan rate dependent (27,
28). For the mediated catalysis of N,OR by cytochrome css,, the catalytic current increases
linearly with the scan rate, between 5 and 40 mV/s, and then becomes independent of this
parameter, up to 100 mV/s (data not shown). Moreover, the catalytic current decreases after

the first scan, until the initial cytochrome cs5, signal is restored. This behaviour, corroborated
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by the fact that further addition of substrate does not restore the catalytic signal, suggests that
the enzyme is being inactivated (see below).
The rate constant of the intermolecular electron transfer reaction between cytochrome css,
and N,OR was estimated using two approaches, with the catalytic currents being measured at
40 mV/s. In one of the approaches, the CV data were processed according to the Nicholson
and Shain theory (27), where the pseudo-first order rate constant, k’, can be determined
plotting the ratio between the catalytic current (the plateau current value, i) and the
diffusion-controlled currents (the cytochrome css; reduction peak current, i,) versus the
reciprocal of the square root of the scan rate, v:

icat/ip =2.241(RT/nF)" k** (1/v)”*  (Equation 1)
where n is the number of electrons exchanged, and R, T, and F are the universal gas constant,
the temperature, and the Faraday constant, respectively. The cytochrome css, redox reaction is
a reversible one-electron process, and thus from the slope a k’ value of 1.4 + 0.2 s was
obtained. The intermolecular rate constant, k, for the reaction between N,OR and cytochrome
Css; at pH 7.0 was determined to be (5.4 £ 0.8) x 10° M%s™, since the enzyme concentration
entrapped in the membrane was 2.5 UM.
In the other approach, k is calculated from the value of the N,0-saturated limiting current, j.
(29-32):

icat = NFACq ¢ (Deyec k)2 (Equation 2)

where, C.: . is the concentration of cytochrome css, under the membrane, D is its diffusion
coefficient (D = 1.0 x 10°® cm?s™ (33)) and A the electrode surface area (see Materials and
Methods). Calculations with this equation gave k = (5.6 + 0.4) x 10° M™s™ at pH 7.0, a value
identical to the one obtained with the previous approach (Equation 1).
This value compares well with other intermolecular rate constants determined using cyclic
voltammetry. Cytochrome css, was used in mediated electrochemical experiments for the
reduction of nitrite by Pn cytochrome cd; nitrite reductase (21) and a similar rate constant was
calculated in that study (k = (4.1 £ 0.1) x 10° M's" at pH 6.3). Other examples are the electron
transfer from Ac pseudoazurin to its electron donor, nitrite reductase, that was determined to
have a k value of 7.3 x 10° M's™ (34), and also the electron transfer between Paracoccus
pantotrophus pseudoazurin and cytochrome ¢ peroxidase with a k= 1.4 x 10° M~'s™* (25).
This voltammetric theory implies that the catalytic current should be directly proportional to
the mediator concentration. This condition is verified because the electrochemical
experiments were performed at 50 UM, corresponding to the linear region of the Michaelis-
Menten equation (Kmess, = 50 UM (Chapter 2 and ref. 18)). However, investigation of the
catalytic current at higher cytochrome css5, concentrations revealed a nonlinear behaviour

-70 -



(data not shown), confirming that also cytochrome css, contributes to the global rate with a
Michaelis-Menten term (18).

It is possible to compare the second-order kinetic constant, k, calculated with the
electrochemical approach (k = (5.5 + 0.9) x 10° M's™) with the ratio k.,/K., determined by the
steady-state kinetic study ((7.6 + 0.7) x 10* M™s™) (see Supplementary Materials). The
difference between the two values can be attributed to the limitations of the steady-state
kinetic study, where the k. and K, were not determined with accuracy due to experimental
problems at high cytochrome cs5, concentrations (18).

The dependence of the electrochemical activity on the nitrous oxide concentration was
studied using constant concentrations of N,OR and cytochrome cs5; entrapped in the
membrane. The catalytic currents calculated for each substrate concentration were fitted to

the Michaelis-Menten equation (Figure 3.2), using a K, of (16 + 2) UM and a imax Of (3.9 £ 0.1)

x 107 A.
5.0E-07
Figure 3.2 — Catalytic
current from
4.0E-07 ~ electrochemical assays of

Pn N,OR using cytochrome
Css; as mediator versus
3.0E-07 - N,O concentration. The
assays were performed
with  2.5uM  activated
2.0E-07 ~ N,OR and 50 uM
cytochrome css, entrapped
in the membrane
1.0E-07 1 electrode, in 01 M
phosphate buffer at pH 7,
and in the presence of 8,
0.0E+00 ® ‘ ‘ ‘ ‘ 17, 25, 33, 48, 125, 330,
0 200 400 600 800 1000 ;44 1000 UM N,O-
[N2O] (uM) saturated water. The
experimental data were

fitted with the Michaelis-Menten equation, using a K, of (16 + 2) UM and a icg¢max Of (3.9 £0.1) x 107 A.

(A)

| cat

The Km0, With cytochrome css, as an electron donor, could not be estimated in the steady-
state activity assay because the N,O reduction is involved in a fast step compared to the N,OR
reduction by cytochrome css, (18). The value obtained in that study using MV as electron
donor (Kmnn2o = 14.0 £ 2.9 UM) is very similar to the one calculated by steady state kinetics, but
it must be pointed out that using a stationary electrode, mass transport limitations are not

avoided at low substrate concentrations. Therefore, the K, value estimated from the fitting of
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the electrochemical assay should not be regarded as accurate, whereas from the i.,max Value it
was possible to calculate a k' value of (1.4 + 0.1) s, Since the N,OR concentration used in
this study was 2.5 UM, a k of (5.6 + 0.4) x 10° Ms* was estimated, a value that is identical to
the one calculated using the approaches presented above.

The effect of pH on the intermolecular rate constant was analyzed, revealing a bell shaped
curve, that can be simulated using Equation 3 (35) and pK,s of 5.5 £ 1.0 and 8.0 + 0.7 (Figure
3.3).

Act = ACtna/(1 + 10k PH 4 10 PHPR22)  (Equation 3)

Figure 3.3 - Intermolecular 1.6
rate constants of

Pseudomonas nautica N,OR 1.4 4
versus pH, determined by
electrochemical assays using 1.2 1
cytochrome c¢ss, as mediator. |
The assays were performed o 1.0
with 2.5 UM activated N,OR @1 0.8 -
and 50 PM cytochrome css, <
entrapped in the membrane 0.6 -
electrode, 1 mM N,O-

saturated water, in different 0.4
buffer systems with pH

between 5,9 and 8.8. The data 0.2 1
were nonlinearly fitted using 0.0 ‘ ‘

Equation 3, and pK, values of
8.0 £ 0.7 and 5.5 + 1.0 (solid 55 6.5 75 85
line). The dashed line shows pH

the pH dependence fit for the

steady-state kinetic study [18],

with a pK, of 8.3.

The latter pK, matches the solution kinetic value (pK, at 8.3 (Chapter 2 and ref. 18)), which was
attributed to a deprotonation occurring at the catalytic CuZ centre and identified as a key
process in the reduction mechanism of CuZ. The more acidic pK, was not detected in the
steady-state kinetic experiment, since it is outside of the pH range studied in that work (pH
between 6.2 and 8.7).

As mentioned above, in the electrochemical studies of the mediated activity of N,OR by
cytochrome css, it was observed that the catalytic current, measured at successive scans,
decreases after each scan (Figure 5B — black circles). This decay can be attributed to an
inactivation process that occurs with time (in between each new scan). Moreover, in the
experiments performed at different pH it was observed that this inactivation process is lower

at acidic pH than at basic pH (Figure 3.4), and a pK, of 7.1 £ 0.8 was estimated. This is an
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indication that a deprotonation is involved in the inactivation of the enzyme (vide infra), as it

has been proposed before (19).

1.0

Figure 3.4 — Rate constant
of the inactivation process
detected by

electrochemical
experiments versus pH.
The k values were
obtained by fitting the
catalytic current decay
with an exponential
equation. The data were
nonlinearly fitted using
Equation 3 adapted for
one pk, of 7.1.

k (min™

6.0 6.5 7.0 7.5 8.0 8.5 9.0

3.4.2 Direct reaction with substrate N,O

The reaction between pre-activated-N,0OR and a stoichiometric amount of N,O, monitored by
UV-visible spectroscopy, showed a rapid (within 1 s) oxidation of the CuA centre, through the
increase of the two characteristic absorption bands at 480 and 540 nm (13), and the
development of an absorption band at 680 nm, that has not been previously reported. Then,
this 680-nm absorption band slowly (in the order of minutes) shifts to the usual position of 640
nm for the resting enzyme (Figure 5A). At corresponding times to the UV-visible monitoring,
the enzyme activity was assayed to understand the contribution to catalysis of the N,OR forms
characterized by the 680-nm absorption band and that featuring the 640-nm absorption band
(Figure 3.5B).

The increase of the 640-nm band in the UV-visible spectrum vs time (Figure 3.5B, open
squares) can be fitted with a rate similar to the decay rate of the enzymatic activity (k = 0.3
min for both experimental data sets), suggesting that the two processes are directly

correlated.
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Figure 3.5 — (A) Selected spectra of 35 UM Pseudomonas nautica N,OR after reaction with equimolar
amount of N,O at the following times: 0.5 min (black), 1 min (blue), 1.5 min (red), 2 min (green), 4.5 min
(grey), 11 min (orange), 45 min (yellow). Inset: spectra obtained after subtraction of oxidised CuA
contribution at the following times: 0.5 min (black), 1 min (blue), 1.5 min (red), 2 min (green), 4.5 min
(grey), 11 min (orange), 45 min (yellow).

(B) N,OR activity (black squares) versus time (100 % corresponds to 133 pmols N,0O-reduced min™ mg'1
of enzyme) and 640-nm band intensity (blue squares) versus time (100% corresponds to the final spectra
at t =48 min and 0% corresponds to the first spectrum at t = 1 min). Solid lines are exponential fits and a
k = 0.3 min" was used for both fits. Red circles represent the percentage of electrocatalytic activity
versus time (100 % corresponds to the maximum activity, characterized by an intermolecular rate
constant for electron transfer, k', of 1.4 s"l). Yellow circles represent the 680—-nm band intensity.

The maximum activity for this enzyme preparation determined in a separate activity assay was
133 pumolN,0/minxmgN,OR. The activity calculated 1 min after the reaction between N,OR

and stoichiometric amount of N,O is 130 pmolN,O/minxmgN,OR (98% with respect to the
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initial value). The activity decreases with time, reaching the value of 0.6
HmolN,0/minxmgN,OR (0.4% with respect to the initial value) after 48 minutes.

The direct correlation of the enzyme activity with the presence of a N,OR form exhibiting the
680-nm band (open circles in Figure 4B) indicates that CuZ is in a new redox-active form, that
will be represented here as CuZ’. This also rules out that the broad 680 nm absorption band
might have a contribution from the 640 nm absorption band.

Therefore, it is the first time that such an enzyme form has been shown to be directly involved
in the turnover mechanism of N,OR. In fact, the two enzyme forms previously identified for Pd
N,OR, CuZ and CuZ*, that also present different absorption bands (670 nm and 650 nm,
respectively), show very low specific activity when compared to the active CuZ®° form (17).

The EPR spectrum of the Cuz°® form was obtained by direct reaction of fully reduced N,OR with
a stoichiometric amount of N,O for 1 minute (Figure 3.6). The oxidized CuA centre contributes
to the total EPR spectrum with its typical 7-line hyperfine splitting (7, 36), so this contribution
was subtracted in the spectra shown in Figure 6. The resting, inactive CuZ form characterized
by the band at 640 nm in the UV-visible spectrum, exhibits the following EPR parameters: g| =

2.160 and g5 = 2.040 and a 4-line hyperfine splitting (10) (Figure 3.6b).

2600 2800 3000 3200 3400 3600 3800

Magnetic field (gauss)

Figure 3.6 — EPR spectra of the different CuZ forms. EPR spectrum of the 680-nm band, Cuz° form (black
line), and of the 640-nm band, resting CuZ form (red line). The CuA contribution was subtracted from
both spectra. The blue line is the difference between the spectrum of the CuzZ® form and that of the
resting, inactive CuZ form. Instrumental parameters: modulation amplitude, 5 G; microwave frequency,
9.66 GHz; temperature 30 K.
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The EPR signal of the active CuZ® form is very similar, both in shape and intensity (Figure 3.6a),
indicating that it has the same paramagnetic state as the resting form (1Cu"/3Cu') with a total
spin S = %. The g| value is unchanged, while gg is only slightly lower (gp = 2.037) for CuZ®. In the
light of this similarity in the EPR spectrum, the coordination environment of the coppers in the
two forms has not changed drastically, and in particular we can assume that Cul remains in the
formal Cu®* state within the cluster (10), while the small change in g5 may suggest that some
minor local rearrangement is occurring at the site. Also the shift of the electronic band from
CuZ to CuZ° can be correlated to some minor change in the Cul environment.

The high intensity of the 680-nm band in CuZ’® confirms that this absorption band remains a
S?” . Cu LMCT transition, as for the 640-nm band in the resting CuZ, which is actually a
multicomponent band with partially overlapping features at higher and lower energy (11, 12).
Indeed, looking carefully to the difference spectra reported in Figure 3.4A, it seems that the
680-nm absorption of CuZ® results from the overlap between the high-intensity component,
which is red-shifted from its original position at 640 nm, and a low-intensity component, blue-
shifted from its position near 720 nm, in the CuZ spectrum, which is missing in the Cuz®
spectrum. The increased band-width of the 680-nm band with respect to the 640-nm band
supports this interpretation. We may therefore interpret the 640-nm to 680-nm shift of the
LMCT band as a result of the reduction of the splitting between the components of the
complex $* - Cu LMCT band, indicating that in the CuZ® centre, the Cul atom undergoes a
small displacement in its relative position vs the p,-S> ligand with respect to the resting CuZ
cluster.

A possible explanation for the spectral difference between CuZ and CuZ® is a
protonation/deprotonation process of the hydroxo-ligand between Cul and CulV. As a simple
proton transfer would be faster than the time scale of conversion of CuZ® to the redox
equivalent, inactive form, it is likely that the deprotonation of a bound water molecule in Cuz®
(see below) occurs with formation of a p-hydroxo bridge between Cul and CulV in the resting
form (18). This will likely involve some minor structural change in the cluster to meet the
geometrical requirement needed to optimize the formation of the bridge.

In the recent crystallographic study of Ac N,OR, it was shown that the CuZ cluster is flexible
and can accommodate alternatively one water molecule and one hydroxyl group or even an
iodide ion in a bridged mode (5). In particular, it was shown that the CuZ cluster can rearrange
its structure by changing the Cu-S distances and the orientation of some of the histidines
residues. From our data we can suggest that the configuration with the p-hydroxo bridge

between Cul and CulV prevents the CuZ centre from further catalysis, while a non-bridged
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water molecule would be more susceptible to be released, enabling the accommodation of a

new substrate molecule at CuZ.

3.4.3 Mechanistic insight involving the new CuZ° active form

On the basis of the identification of the fast-reacting Cuz® N,OR form, it is possible to
formulate a new mechanism of reduction, catalysis and inactivation of the catalytic N,OR
centre, as shown in Scheme 3.2. The resting CuZ state, characterized by the absorption band at
640 nm, does not participate in the catalytic cycle because of the slow reduction (activation
process) required to obtain the fully reduced state (15). The fast turnover cycle (ke = 320 s™
and k. = 3.8 s for MV and cytochrome css,, respectively (Chapter 2 and ref. 18)) implies that
the re-reduction of the N,0-oxidised CuZ centre must be rapid in the enzymatic turnover and
excludes the involvement of the resting CuZ state. This is also in agreement with the fact that
N,OR as-purified is not catalytically active, unless it is subjected to prolonged activation with

reduced methylviologen.

CuZ resting state
1Cw+3Cu
640-nm - INACTIVE

Inactivation
(k= 0.3 min?)

Activation (k= 0.07 mint)
MV 4incubation

Cuzred
Catalysis 4 Cur
(k= 3.8 st for c552; N,O + 2H>
k=320 st for MV) N, + H,0
CuA.4 2Cur 2Cuw#
Reductant
e | fast
MV . {C552, No reductants
CU e ey
CuzZ° 680-nm

Scheme 3.2 - New mechanism of reduction, inactivation and catalysis of the catalytic N,OR centre, CuZ
centre

Therefore, the two-electron oxidised form of the CuZ is not detectable as it has a very short life

and is very rapidly reduced by one electron coming from CuA, vyielding the 1Cu*3Cu’

-77 -



intermediate species CuZ® (Scheme 2). The intramolecular electron transfer producing Cuz®
cannot be analysed in our conditions but is signalled by the formation of the characteristic
optical bands of oxidised CuA (in 0.1 s time-scale). Then, during catalytic turnover, CuZ® is
directly reduced back to the fully reduced enzyme by another electron coming from CuA. As
the enzymatic reaction produces a water molecule by consumption of two protons, we believe
that this water molecule is bound to the oxidized Cul in CuZ’. The fast reduction of the latter
species during turnover prevents the rearrangement of CuZ°® to the p-hydroxo-bridged, redox-
equivalent resting form. We already noticed that the Cu(ll)/Cu(l) redox potential of the p-
hydroxo-bridged dinuclear copper(ll) complexes is lower than that of the corresponding aqua
complexes (18). This is consistent with the formulation of the oxidized Cul-CulV as a non-
bridged Cu®*Cu**-H,0 species, as this would make the subsequent reduction by CuA easier.

In the typical activity assays, the strong absorption of the reductants (reduced MV or
cytochrome css5,) prevents the detection of the CuZ® intermediate form. Instead, as shown
here, in the absence of reductants, this form is slowly converted to the inactive resting state of
CuZ. Moreover, the inactivation process does not involve any electron transfer reaction,
because CuA remains in the oxidised state (Cu™>*/Cu™*") during this process.

The inactivation process that was detected in the electrochemical experiments, where the
activity of N,OR is mediated by cytochrome css,, has the same decay as the one observed in
the UV-visible study, which suggests that the process that is occurring is the same in the two
situations. In addition, the effect of pH on the inactivation process is consistent with the
deprotonation of the water-ligand between Cul and CulV in the CuZ’® species, as the pK,
calculated from the inactivation process (7.1 + 0.8) is compatible with those calculated through

the electrochemical assay and steady-state kinetic (pK, = 8.0 + 0.7 and pK, = 8.3, respectively)

3.4.4 Redox titration

The titration of N,OR was performed in the oxidation direction since the activated form is in
the fully reduced state. The CuA centre shows a midpoint potential at E = 240 mV (Figure 3.7 —
full squares in the oxidation direction, open squares in the reduction direction). This midpoint
potential is in full agreement with literature values for this centre in N,OR (13, 17, 37). The
oxidation of CuZ brings this centre directly to the form characterized by the 640-nm band with

no contribution at 680 nm (Figure 3.7 — open circles, spectra not shown).
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Figure 3.7 — Potentiometric redox titration of fully reduced Pseudomonas nautica N,OR following the
characteristic absorption bands of CuA and CuZ centre in the oxidation and reduction direction. CuA
centre was monitored by following the absorption at 540 nm in the oxidative (black squares) and in the
reductive titrations (red squares). The titration curve was fitted with E* = + 240 mV (solid line). CuZ
centre was monitored by following the absorption at 640 nm in the oxidative (yellow circles) and in the
reductive titrations (blue circles).

"citrate were not

The impossibility to reduce this form (titrations using either dithionite or Ti
successful, Figure 3.7 — full circles) does not allow the application of the Nernst equation that
can be used only for a reversible system and does not enable the calculation of the midpoint
redox potential for this centre. In fact, this data set does not fit with the Nernst equation for 1
electron.

The oxidation of the fully reduced CuZ promoted by ferricyanide, brings CuZ directly to the
inactive form, which is characterized by the 640-nm band. This form cannot be re-reduced
again unless through an activation process with reduced methylviologen (Scheme 3.2).

The irreversible oxidation of the CuZ is catalytically unproductive and this behaviour confirms
the proposed mechanism in which the CuZ°® is the only active form in the turnover cycle, where

it is generated by the substrate and it is rapidly reduced by the electron flow from the CuA

centre.

3.5 Conclusions
The first example of mediated electrochemistry of N,OR described here allowed the
calculation of the rate constant of the intermolecular electron transfer to the physiological

electron donor (k of (5.5 + 0.9) x 10° M's™"). The rate constant is similar to the values found for
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other intermolecular protein-protein electron transfers determined using cyclic voltammetry.
Moreover, the study of the dependence of the rate on N,0 concentration and pH confirms the
recent results obtained in the kinetic analysis between N,OR and cytochrome css, from
Pseudomonas nautica.

The reaction of the activated form of N,OR with a stoichiometric amount of substrate enabled
the identification of a new active CuzZ° form in the turnover cycle, which is characterized by an
absorption band at 680 nm and is different from the resting and inactive CuZ form, previously
observed. In the absence of reductants to complete the catalytic cycle, the Cuz® form
rearranges to restore the resting form in a slow process (k = 0.3 s™), compared with the
turnover rate. This inactivation process was also detected in the electrochemical studies where
the catalytic current decreases at a similar rate to the formation of the inactive enzyme form.
A scheme that shows the activation required in vitro and the inactivation detected during
these experiments was presented. In particular the difference between the resting CuZ and the
active CuZ°® was discussed in order to clarify the activation mechanism and the catalysis of

N,OR.
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3.6 Supplementaty materials

In the electrochemical experiment, the catalytic current is calculated by equation (4) in the
text. In this equation, the rate of the process is described as:
(1) rate=K'[cytc]

However, the global kinetic of the process can be written as:

(2) rate = (keaf cyt] /(Km+[cyt]))[ N20OR]

Since we are in the linear part of the Michaelis-Menten equation, we can omit the [cyt] term at
the denominator. Equation (2) can be re-written as:

(3) rate = (keat / Km)[cyt][ N2OR

Then we can equal equations (1) and (2)
(4) k'Teyt] = (kea! Km)[cyf][ N2OR
(5) K'= (keat / Km)[ N20R]

In conclusion

(6) k =K' [[N2OR] = kaat / Kim

Kinetic constants:

Kot =3.85"

Km=50 UM

Kot/ Ky = 7.6 x 10°M™'s™

Electrochemical constant:
k=55x10°M"s"
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Chapter 4

The electron transfer complex between nitrous oxide reductase

and its electron donors

4.1 Abstract

Identifying redox partners and the interaction surfaces is important to fully understand the
electron flow in a respiratory chain. In this study, we focus our attention on the interaction of
the enzyme nitrous oxide reductase (N,OR), that catalyzes the final step in bacterial
denitrification, with its physiological electron donor, either a cytochrome c or a type 1 copper
protein, pseudoazurin. The comparison between the interaction of N,OR from three different
microorganisms, Pseudomonas nautica, Paracoccus denitrificans and Achromobacter
cycloclastes, with their physiological electron donors was performed through the analysis of
their primary sequence alignment, electrostatic surface and by molecular docking simulations
using the BiGGER algorithm. The docking results were refined on the basis of experimental
data, since the interaction is suggested to have either a hydrophobic, in the case of
Pseudomonas nautica N,OR, or an electrostatic nature, in the case of Paracoccus denitrificans
and Achromobacter cycloclastes. The properties of the electron transfer complex were further
investigated by focusing on the pathways for the electron transfer. A set of well conserved

residues on the N,OR surface are proposed to be involved in the electron pathway from the
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redox partner to nitrous oxide reductase (Ala495, Asp519, Val524, His566 and Leu568 in the
case of Pseudomonas nautica N,OR). Moreover, we built a model for Wolinella succinogenes
N,OR, an enzyme that presents an additional cytochrome ¢ domain. The structure of both
N,OR — domain and cytochrome ¢ — domain were modelled and the full length structure was

obtained by molecular docking simulation of these two domains.

4.2 Introduction

Electron transfer reactions between proteins are essential for a large number of biological
processes involving redox changes, such as some metabolic processes, photosynthesis and
both aerobic and anaerobic respiration. The denitrification pathway occurs under anaerobic
conditions, and involves the reduction of nitrate to nitrogen (N,), that is catalyzed by a group
of enzymes that contain transition metals as cofactors. The global process requires 10
electrons that must be transfered to the enzymes through small electron donor proteins, such
as cytochromes c or type 1 copper proteins, as pseudoazurins.

In general, electron transfer complexes are part of a group of protein-protein complexes, the
transient complexes, characterized by a short life time (in the millisecond timescale) and a low
binding affinity (K4 in the mM to UM range). (1, 2) This transient nature distinguishes the
electron transfer complexes from more stable long-lived protein-protein complexes, such as
inhibitor-enzyme complexes, antigen-antibody and signal transduction complexes.

The short life time and the low binding affinity constant necessary for a rapid electron transfer
reaction make these complexes difficult to crystallize. As a consequence, until now only a few
three-dimensional structures of this type of complexes have been determined by X-ray
crystallography. An alternative to the co-crystallization is offered by protein-protein docking
simulations, often coupled with experimental data, such as NMR and other experimental
parameters that provide information on the binding interface.

One of these docking algorithms is BiIGGER (Bimolecular Complex Generation with Global
Evaluation and Ranking) that is included in the Chemera software package (3). This algorithm
has been used in the last decade to predict the putative interaction between electron donor
and acceptor of several electron transfer complexes (4-10). BiGGER is a free docking software
that can be used to obtain a structural model of protein complexes, as long as the three-
dimensional structures of the proteins involved are available. Although the coordinates used
are considered as “rigid bodies” the algorithm offers an option called “soft-docking” that takes
into account the conformational freedom of some of the residue side-chains, as lysine, located

at the surface to assist the prediction of the mode of binding of two proteins. However, for a
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complete analysis, the ET complexes obtained need to be validated by experimental data, as
mutagenesis studies, kinetic studies of the electron transfer or the mapping of the interaction
surface by chemical shift perturbation (using 2D NMR titrations).

In this work, the nitrous oxide reductase from different species, which catalyses the final step
of the bacterial denitrification process, the two-electron reduction of nitrous oxide (N,O) to
dinitrogen (N,) (11, 12), will be used as a case study for electron transfer complexes. The
recently solved structures (Pseudomonas nautica (Pn) N,OR (13), Paracoccus denitrificans (Pd)
N,OR (14), Achromobacter cycloclastes (Ac) N,OR (15)) revealed the presence of two
multicopper centres: a binuclear electron transfer centre CuA and a tetranuclear catalytic
centre CuZ. The large distance between CuA and CuZ within the same monomer imposes the
dimeric conformation of the enzyme, as a functional homodimer, in which the two subunits
are oriented “head to tail” bringing CuA and CuZ at approximately 10 A, a distance appropriate
for an efficient electron transfer (16).

The binuclear CuA centre in N,OR is located in a cupredoxin like domain, similar to the one
found in cytochrome c¢ oxidase and in both cases constitutes the proposed docking and
electron entry site from the small electron donor to the catalytic centre (12, 17, 18). The low
energy of reorganization between the reduced Cu’-Cu’ state and the mixed-valence oxidized
Cu™>*-Cu™* state ensures a rapid electron transfer (19-21).

The CuZ centre has a unique structure in biology, consisting in a novel cluster with a sulphide
ion bridging a distorted tetrahedron of four copper ions (Cu,S), coordinated by seven
histidines, while a water-derived ligand is proposed to bridge two copper atoms identified as
Cul and CulV, that constitute the substrate binding site. This copper centre is located in the N-
terminal domain that adopts a seven-blade Spropeller fold.

In Chapter 2, the physiological electron donor of Pseudomonas nautica N,OR was identified to
be cytochrome cs5; (22). In that study it was also shown by steady-state kinetics that the
interaction between the two proteins is mainly hydrophobic in nature and that mitochondrial
cytochrome c is not a competent electron donor to N,OR (22).

In the case of Paracoccus pantotrophus (Pp), an organism closely related to Paracoccus
denitrificans (23), there are two physiological electron donors of N,OR, cytochrome css, and
pseudoazurin, a type | copper protein (24-26), and also mitochondrial cytochrome ¢ was
demonstrated to be able to donate electrons to this enzyme. A structural model for the
electron transfer complex between Pd N,OR and either Pp cytochrome csso or Pp pseudoazurin
was proposed on the basis of a theoretical docking study (27).

In the case of Ac N,OR, its electron donor was shown to be only pseudoazurin (28), since no

small cytochrome ¢ was identified in the periplasm of the bacteria growing under denitrifying
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conditions (29). Nevertheless, it was demonstrated that bovine heart cytochrome c was able to
reductively activate this enzyme, thus reducing CuA centre (30).

The N,OR from Wolinella succinogenes (Ws) presents a unique structural feature with an
additional C-terminal domain containing a c-type heme, which is not found in any other N,OR
isolated up-to-now (31). The reduction of N,O by this cytochrome ¢c-N,OR system shows a
second-order kinetic, first order each in cytochrome ¢ and enzyme. The second order rate
constant is 3 x 10° M*s™ (32).

The purpose of this study is to analyze the electron transfer complexes formed between N,OR
from Pn, Pd and Ac and their respective electron donors using a molecular docking approach,
and compare the results obtained with the ones with the non-physiological redox partners.
The ab initio calculated docking solutions will be filtered using the properties of the electron
transfer complexes derived from the kinetic studies. The putative model structures will be
discussed in term of selectivity of the binding and electron transfer pathway.

Moreover, we will also build a model for Ws N,OR and compare this structure with the one of

a small cytochrome ¢ docked to N,OR.

4.3 Methods

4.3.1 Molecular docking simulation

Molecular docking simulations were performed using the algorithm BiGGER developed by
Palma et al. (3). The target protein was the functional dimer of nitrous oxide reductase. The
coordinates for the Pn N,OR (1QNI (13)), Pd N,OR (1FWX (14)), Ac N,OR (2IWF (15)), Pn
cytochrome css; (1CNO (33)), Pd cytochrome csso (1COT (34)), Pp pseudoazurin (3ERX (35)), Ac
pseudoazurin (1BQK (oxidized) — 1BQR (reduced) (36)), horse heart cytochrome ¢ (1HRC (37))
and bovine heart cytochrome ¢ (2B4Z (38)) were obtained from the RCSB Protein data Bank

(http://www.rcsb.org). The BiGGER algorithm provides a complete and systematic search of

the rotational space of one protein relative to the other, generating a large number of putative
docking geometries based on the complementarity of the molecular surfaces. The 5000 best
solutions thus generated were evaluated and ranked according to a combination of additional
interaction criteria that includes electrostatic energy of interaction, relative solvation energy,
and the relative propensity of side chains to interact. For each solution, this evaluation process
produces a “Global Score”. The solutions can be also ranked according to electrostatic or
hydrophobic scores. The top solutions were evaluated individually using the

http://www.ebi.ac.uk/msd-srv/prot _int/pistart.html site to determine the size of the interface

area of the complex and the hydrophobicity.
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4.3.2 Analysis of the electrostatic surface

The electrostatic potential of nitrous oxide reductase and small electron donor proteins used
in this study was generated in Chimera using the Coulombic Law and partial charges from the
Amber 99SB force field for all residues except for hemes, where the charges were calculated

by the Gasteiger method.

4.3.3 Analysis of the electron transfer pathways
The donor-acceptor coupling constant and the most probable electron transfer pathway was
predicted using the PATHWAYS algorithm (39, 40), included in the HARLEM molecular

modelling software (http://www.kurnikov.org/harlem_manual/html/index.html).

4.3.4 Sequence analysis and alignment

Sequence alignment was carried out using the program CLUSTALW (41) on the EBI Web site.

4.3.5 Model Building for N,OR from W. succinogenes

Models of the N-terminal N,OR and C-terminal heme-containing cytochrome ¢ domain from
W. succinogenes were obtained with the Web-based Protein Homology/analogY Recognition
Engine (42) (PHYRE; http://www.sbg.bio.ic.ac.uk/phyre/), the successor of 3D-PSSM (43) with a
fully up-to-date fold library and a 10-15% better coverage than 3D-PSSM. The resulting
structure-based sequence alignment is presented. Other homology modelling programs were
tested, ROBETTA (44) and SwissModel (45). Plausible conformations of Ws N,OR conformation
were predicted by analysis of the complexes obtained from the docking, performed with

BiGGER algorithm (3) between the N,OR domain and cytochrome ¢ domain described above.

4.4 Results and discussion

4.4.1 Surface and sequence homology analysis

We have started by investigating the charge distribution on the surface of the small electron
donor proteins and nitrous oxide reductase with known structure and the primary sequence
alignment between those nitrous oxide reductases.

In Figure 4.1, the three structures of nitrous oxide reductases are presented with their surface
coloured by electrostatic potential. Although, the total charge of Pseudomonas nautica (Pn),
Achromobacter cycloclastes (Ac) and Paracoccus denitrificans (Pd) N,OR dimer is -40, -43 and -
59, respectively, the Ac and Pd enzymes present a very similar charge distribution around CuA

center.
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Figure 4.1 — Structures and electrostatic surface potential of Pn N,OR (A-B), Ac N,OR (C-D) and Pd N,OR
(E-F). In panel A, C and E the CuA and CuZ of the same monomer are represented in blue and light green,
respectively. The two monomers are magenta and green coloured, respectively. Electrostatic surface
potential is represented between -3 and 3 kT/e (B, D, F). Images were prepared using WeblLab Viewer
(Accelrys) (Panel A, C abd E) and USCF Chimera program (panel B, D and F) [54]. The electrostatic
potential was calculated from Chimera using the Coulombic Law and partial charges from the Amber
99SB force field for all residues.
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As already suggested in previous studies (27, 46), the sequence alignment shows a high
similarity between Ac and Pd N,OR, consisting in 87% identity, while Pn N,OR has a lower
sequence identity relative to the other two enzymes, with 58 % identity with Pd N,OR and 60
% with Ac N,OR (Figure 4.2). However, N,OR sequences from different sources shows several
very conserved regions, such as the residues that bind CuA and CuZ and the residues at the
binding interface (14).

The homology is also pointed out in the charge distribution analysis (Figure 4.1), with Ac and
Pd N,OR having a more negatively charged surface, and also the region around CuA centre
presents a predominant negatively charged surface, while in Pn N,OR the charged residues are
globally distributed over the protein surface and the CuA patch is characterized by a

hydrophobic area.

Regarding the electron donors used in this study, which are represented in Figure 4.3, the
global charge is + 3 for Pn cytochrome css,, — 2 for Pd cytochrome csso, — 5 for Pp pseudoazurin,
0 for Ac pseudoazurin, and + 8 for both HH and BH cytochrome c. Although, there is a relative
difference in the global charge of the small electron transfer proteins, they share the feature
of having a more or less positive patch around the proposed electron entry/exit point, which is
located in a region composed mainly by hydrophobic residues. In the case of cytochrome css,
from Pseudomonas nautica the number of charged residues is clearly lower when compared

with the other small electron transfer proteins.
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A. cycloclastes NIRSVWDRNDPLWAETRKQAEADEVDIDEWTEAVIRDGNKVRVYMTSVAP 555
P. denitrificans DIKSVWDRNDPMWAETRAQAEADGVDIDNWTEEVIRDGNKVRVYMSSVAP 565
P. nautica -TKKIYERNDPYFASCRAQAEKDGVTLES-DNKVIRDGNKVRVYMTSVAP 496
W. succinogenes = o—----- PQVTYPMGTNSRTGKQHEAMTLAG QERVERKGNEVKIYGTLIRS 558
A. cycloclastes SFSQPSFTVKEGDEVTVIVTNLDEIDDLTHGF TMGNHGVAMEVGPQOTSS 605
P. denitrificans SFSIESFTVKEGDEVTVIVTNLDEIDDLTHGFTMGNYGVAMEIGPQMTSS 615
P. nautica QYGMTDFKVKEGDEVTWVYITNLDMVEDVTHGFCMYNHGYSMEISPQOTAS 546
W. succinogenes HINPEHVTVNKGDKVTFYLTNLERAQDETHGFAVSGYNVHASVEPGKTVA 608
A. cycloclastes VTEVAANPGVYWYYCQWFCHALHMEMRGRMFVEPKGA-—-——-——-———- 642
P. denitrificans VTRVAANPGVYWYYCOQWFCHALHMEMRGRMLVEPKEA-—-——-——-———- 652
P. nautica VTFTAGKPGVYWYYCNWFCHALHMEMVGRMLVEAA-- - - - —— - ——————- 581
W. succinogenes VTFTADEEGVFPYYCTEFCSALHLEMWGYLYVKDPKKKYESVKELKLQKM 658
A. cycloclastes @00 ——

p. denitrificans -

P. nautica = = —ommmmmmmmmmmmm

W. succinogenes SKEQLESEYKKVIATNKATDDVIOQSVVKFLKDKNYAKYPKVKSLVEDALD 708
A. cycloclastes == -

P. denitrificans . ----"-""""-"»"»"""--"—-"""--"""""-"""": -

P. nautica = = —ommmmmmmmmmmmm

W. succinogenes QYGKIGEVKAKADESYKKGDVNGAT LWEYQVWOYMVKTADVGLRAKNNLA 758
A. cycloclastes 0 0@—ommmmmmm e

P. denitrificans . ----"-"""""""""">""""""--""""""——-
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W. succinogenes WVFDFIKNPASKYEEDYVKTMINYFNLRMPNQHMNDQEIKDITEYLKWID 858
A. cycloclastes 0 ----—-

P. denitrificans  ------

P. nautjca  ------

W. succinogenes ENAGLF 864

Figure 4.2 — Amino acid sequence comparison of N,ORs. Comparison was performed using the program
CLUSTALW (41) on the EBI Web site.
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Figure 4.3 — Structures and charge distribution of Pn cytochrome css, (A-B), Pd cytochrome css
(C-D), Pp pseudoazurin (E-F), Ac pseudoazurin (G-H), HH cytochrome c (I-J). In panel A, C, E, G
and | the heme group is black coloured, while the copper atom is blue. In panel B, D and F the
aminoacidic residues are represented in order of their electrostatic properties: the negatively
charged residues are blue, the positively charged residues are red and the hydrophobic
residues are white.
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In general, electrostatic interactions are proposed to be instrumental in the pre-orientation of
the partners for the formation of a competent electron transfer complex, during the formation
of the encounter complex, rather than at the interface of the final electron transfer complex.
Moreover, in the “pseudo-specific” docking, when several proteins can act as electron donors
to the same enzyme or, on the other hand, one enzyme can receive electrons from different
small protein carriers, the hydrophobic patch that surrounds the exposed entry/exit site for
the electron has a prominent role (47).

The interaction of Pn cytochrome cs5, with the partner proteins is proposed to be driven
mainly by hydrophobic effects, while for Pd electron transfer complexes the electrostatic
forces have been proposed to play a higher role, and similarly mitochondrial cytochrome ¢
interactions are also driven by electrostatic forces (10, 23, 48).

In pseudoazurin from Ac and Pp, the contact site close to the Cu centre and centred around
the exposed histidine that coordinates this copper ion, is constituted by an hydrophobic
surface surrounded by positive charged residues, suggesting an electrostatic interaction with

the redox partner (49, 50).

4.4.2 Molecular docking simulation

The docking analysis of the complex formed between Ac, Pd and Pn N,OR and the respective
physiological and non-physiological electron donors was performed. In each case, the first
stage of the BiGGER algorithm provides a set of 5000 solutions chosen from all the possible
orientations generated by rotating the small electron donor (probe) around the surface of
each nitrous oxide reductase (target) in steps of 1 A and translation step of 15°. In the second
stage, the docking results were analysed considering the top solutions ranked by Global Score
and either hydrophobic or electrostatic Score depending on the nature of the electron transfer
complex (see Methods).

Although the primary sequence of Pp N,OR is not known, it is expected to have a high identity
to the enzyme from Pd attending to the high sequence identity that is found in the other
proteins from these two organisms (92% and 95% sequence identity for cytochrome c¢s50 and
pseudoazurin, respectively). This high homology justifies not only the use of Pp pseudoazurin

structure, in the docking studies, but also of the biochemical properties of Paracoccus
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pantotrophus nitrous oxide reductase, as it was reported that the increase in ionic strength
decreases the activity of N,OR in the presence of HH cytochrome c, which is an indication that
the complex formed has an electrostatic nature (23).

In the case of Pn N,OR there is information that in the complex between the enzyme and
cytochrome css,, the physiological electron donor, the interaction is hydrophobic (Chapter 2
and ref. 22). However, in the case of nitrous oxide reductase from Achromobacter cycloclastes,
there is no evidence in the literature for the complex to be of either electrostatic or
hydrophobic nature. Nevertheless, there are several studies that have shown that the copper
containing nitrite reductase (CuNiR) and pseudoazurin from this organism form an electrostatic
complex (50, 51). Thus, we propose that the electron transfer complex formed between
pseudoazurin and N,OR, from this same organism, has a similar nature.

Therefore in the second stage, the docking solutions were analysed taking into account this
information about the complex. The top 200 solutions ranked by Global Score and electrostatic
score or hydrophobic score were analysed and their representations are shown in Figure 4.4

and in Supplementary Material (Figures 4.51, 4.S2 and 4.S3).
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Figure 4.4 — The electron transfer complexes between N,OR and its physiological electron donors. (A)
200 best electron transfer complexes ranked by hydrophobic ranking of Pn N,OR with Pn cytochrome
Css. (B) 200 best electron transfer complexes ranked by electrostatic ranking of Ac N,OR with Ac
pseudoazurin. (C) 200 best electron transfer complexes ranked by electrostatic ranking of Pd N,OR with
Pd cytochrome csso. (D) 200 best electron transfer complexes ranked by electrostatic ranking of Pd N,OR
with Pp pseudoazurin. The geometric centre for cytochrome css,, the copper atom for pseudoazurin and
the iron atom for cytochrome cssq are represented as a yellow sphere. The two copper atoms of CuA are
coloured red, while the catalytic centre is coloured blue.

Previously, direct electron transfer studies have shown, for Pp and Pn N,OR, that the small
electron transfer proteins donate electrons directly to CuA of N,OR (22, 23). Therefore, the
solutions were then filtered using the condition that the distance between the redox centres,
the binuclear CuA centre of N,OR, and the Fe ion of cytochrome c, or Cu ion of pseudoazurin,
should be less than 20 A, a condition required for efficient electron transfer (16).

In order to further analyse the results obtained, and in an attempt to determine whether the
docking program can be used to discriminate between effective and non-effective electron
donors, the score obtained for each of the top 200 solutions were ranked as a function of the

distance between the redox centres (a summary of the results in presented in Table 4.1, and
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the representation of these results are in the Supplementary Materials, Figures 4.51, 4.S2 and

4.53).

Table 4.1 — Analysis of the molecular docking s between N,OR from different microorganisms and
the electron donors performed with BiGGER algorithm (3).

Best 200 Best 200 Best 200
N,OR source electron donor GB+d<20A®  electostatic+d<20A® hydrophobics+d<20A°

Pn Pn cyt css, 23 41 139
Pn Pd cyt cs50 / / 3

Pn HH cyt ¢ / / /

Pn Ac pseudoazurin 1 4 8

Pn Pp pseudoazurin / 4 4

Pd Pd cyt cs50 9 83 80
Pd Pp pseudoazurin 5 20 35
Pd HH cyt ¢ 12 92 108
Pd Ac pseudoazurin 1 27 39
Pd Pn cyt cssp 4 34 66
Ac Ac pseudoazurin 6 85 55
Ac BH cytc 1 44 37
Ac Pd cyt cs50 12 126 42
Ac Pn cyt cssp 8 79 62
Ac HHcytc / 26 27
Ac Pp pseudoazurin 9 26 40

(*) number of solutions in the top 200 in Global Score ranking with a CuA-Fe/Cu distance lower than
20A.
(°) number of solutions in the top 200 in electrostatic ranking with a CuA-Fe/Cu distance lower than
20A.
() number of solutions in the top 200 in hydrophobic ranking with a CuA-Fe/Cu distance lower than
20A.

In the case of Pn N,OR, the complex with the electron donor cytochrome cs5, shows a higher
number of putative effective electron transfer complex for N,OR compared to any of the other
non-physiological electron shuttles tested (Table 4.1, Figure 4.4 and Figure 4.53). The number
of solutions with an appropriate distance between the redox centres is maximum considering
the hydrophobic score, as predicted taking into account the kinetic studies (22). Moreover, it
was shown that the positively charged HH cytochrome ¢ was not able to donate electrons to
Pn N,OR, and this result is well confirmed by the docking analysis, without any solution with
the appropriate orientation for electron transfer (Figure 4.S3). On the other hand, this
mitochondrial cytochrome was demonstrated to be a competent electron donor to Pd N,OR
(23), and indeed the docking simulation gives rise to several top putative orientations, in all

the ranking scores used, in a geometry that is predicted to enable an effective electron

-98 -



transfer (Table 4.1), even if the formation of the competent electron transfer complexes is
thought to be mainly driven by electrostatic forces.

The physiological electron donors of Pd N,OR have long been established to be cytochrome
Css0 and a pseudoazurin (25, 26). In the first case, the docking simulation gave several solutions
in the top 200 of each ranking with a good orientation for electron transfer (Figure 4.4C and
4.4D and Table 4.1). The pseudoazurin shows a “lower affinity” (lower number of probable
solutions) towards Pd N,OR compared to cytochrome csso. Our results are widely in agreement
with a previous docking analysis performed with a different algorithm, FTDOCK (27), which
supports both the use of the docking algorithm BiGGER and the methodology employed in this
work for the analysis of the 5000 solution obtained from the ab initio soft-docking calculation.
In the last case study, the molecular docking simulation between Ac N,OR and its physiological
electron donor, pseudoazurin, originated several putative solutions with a short distance
between the redox centers especially when the solutions were ranked by the electrostatic
score (Figure 4.4B and Table 4.1).

The lower number of putative complexes obtained when pseudoazurin, either from
Achromobacter cycloclastes or Paracoccus pantotrophus are used, can be attributed to the
smaller size of protein surface that is expected to interact with nitrous oxide reductase
(surface which includes the solvent exposed histidine side-chain that also coordinates the
copper center), when compared with the corresponding surface in the case of the
cytochromes (surface that includes the exposed heme edge). This smaller protein surface
means that there is a smaller interface area involved in the electron transfer complex (below
the threshold set in the program), and thus solutions were not kept by BiGGER algorithm
during the early steps of the BiGGER algorithm.

It is interesting to note that the mitochondrial BH cytochrome c, that was shown to be able to
donate electrons to CuA center of Ac N,OR, behaves as potential electron donor, with more
putative solutions being found when the complexes were analysed considering the interaction
driven mainly by electrostatic forces (Figure 4.S1). Similarly, Pd cytochrome cs5o was also
predicted, by BiGGER, to function as putative electron donor to this enzyme, in an interaction
with electrostatic properties. This can be explained by the fact these small proteins all have a
similar electrostatic surface in the region proposed to interact with its partner, nitrous oxide
reductase.

The results of the analysis of the docking simulations combined with the previous experimental

data were summarized in Table 4.2.
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Table 4.2 — Comparison of the experimental data available for the electron transfer complexes

of N,OR with the electron donor and the docking analysis performed.

N,OR Ac PAz Pp Paz Pd css50 Pn cssy Mit. cyt ¢
Yes
Exp. Data - - - Hydrophobic No
Pn i (22)
Docking < 20A
hydrophobic 8 4 3 139 0
Yes Yes Yes
Exp. Data - Electrostatic  Electrostatic - Electrostatic
Pd ) (24) (24) (23)
Docking <204 20 83 34 92
electrostatic
Yes Yes
e Exp. Data ' (28) - - - (30)
Docking <204 o 25 126 79 44

electrostatic

The interface accessible area of the top solutions for each of the physiologic docking analysis

were evaluated; these complexes have an area between 943 to 1368 A? (Table 4.3), which is

typical for small complexes following the criteria of Lo Conte et al. (1). The docking models for

cytochrome cs5; — Pn N,OR presents the higher percentage of apolar residues in the interface

area (average area of 79 %), confirming the hydrophobic nature of the interaction. For Ac N,OR

and Pd N,OR the average value of apolar residues in the interface is 64 % and 69 %,

respectively, which corresponds to an electrostatic interaction between the lysine residues in

cytochrome or pseudoazurin surface and glutamate or aspartate residues on N,OR.
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Table 4.3 — Parameters of the top model complex obtained by docking simulation of N,OR with the respective

electron donor

docking ID GB Ele Hydro d(A) Couplin Pathwa Interf (%)

(rank) (rank) (rank) g y ace apolar

constan area residues

t() (A%) °

BHcytc-AcN,OR 4142 1.88  -151.71  -6.03 15.7  2.75 Fe- 1366 66
(387°) (56°) (440°) 10” Ala554

AcPs—AcN,OR 3203 2.17 -91.49 -5.36 169  1.08 Cu- 1090 63
(102°) (49°) (918°) 10" Leu627

AcPs-AcN,OR 3167 2.12 -78.38 -6.64 189  9.35 Cu- 1115 64
(140°)  (162°)  (266°) 10°® Leu627

PpPs—PdN,OR 3077 2.27 -22.65 -6.86 157  1.31 Cu- 1277 68
(71°) (298°)  (150°) 10° Leu593

Pdcssc—PdN,OR 4851 2.16  -101.42  -5.48 147  4.70 Cu- 1368 67
(62°) (152°)  (1385°) 10™ His635

HHcytc—PdN,OR 2205 1.90 -169.69  -5.61 153  7.63 Fe- 1163 71
(85°) (145°)  (135°) 10” Ala564

HHcytc—PdN,OR 1712 1.90 -175.13  -6.68 15.5  2.82 Fe- 1289 70
(86°) (121°) (38°) 10" His635

HHcytc—PdN,OR 4004 1.96  -197.66  -4.41 164  8.99 Fe- 1205 69
(29°) (27°) (310°) 10°® Ala564

HHcytc—PdN,OR 2367 1.89  -183.39  -5.54 16,5  1.33 Fe- 1215 68
(132°) (77°) (144°) 10° His635

HHcytc—PdN,OR 4808 1.99  -199.33  -4.62 173 4.63 Fe- 1168 70
(22°) (21°) (286°) 10° His635

HHcytc—PdN,OR 4737 1.91  -179.78  -4.39 174  3.79 Fe- 1148 72
(67°) (91°) (314°) 10” His635

HHcytc—PdN,OR 1822 1.89  -177.85  -5.73 17.8  8.49 Fe- 1231 64
(133°) (107°)  (119°) 10” His635

HHcytc—PdN,OR 1811 1.90 -189.2 -7.02 182  1.73 Fe- 1249 69
(88°) (45°) (27°) 10° His635

Pncss,~PnN,OR 105 10.38  -22.69 -6.05 163  3.04 Fe- 1222 75
(35°)  (3545°)  (13°) 10° Asp519

Pncss,—PnN,OR 579 9.17 -50.7 -6.97 17.5  3.00 Fe- 1211 79
(51°) (312°) (2°) 10° GIn497

Pncss,~PnN,OR 2181  10.36  -39.64 -4.83 17.9  2.06 x Fe- 943 84
(36°)  (1118°)  (175%) 10° His566

(%) Coupling constant is the value for the best electron transfer path from Cu or Fe atoms to
CuA centers as analyzed with PATHWAYS
(°) The percentage of the interface area of N,OR composed of apolar atoms.

4.4.3 Electron transfer pathway

In order to establish the electron pathway from the small electron donor protein to CuA center

of nitrous oxide reductase, the top complexes for each of the dockings simulation were further

analysed using the program PATHWAYS. These top complexes that were chosen for further

analysis had to have a distance between redox centres (small electron donor and CuA centre of

N,OR) shorter than 20 A, and be present in the top 200 Global Score and either in hydrophobic
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score, for Pseudomonas nautica, or in electrostatic score, for Paracoccus denitrificans and
Achromobacter cycloclastes complexes.

In the case of the electron transfer complex between Pn cytochrome css; and N,OR there are 3
solutions that fulfil those conditions (solution with the ID 105, ID 579 and ID 2181). In the case
of Paracoccus denitrificans N,OR, there are experimental evidences that it can receive
electrons from cytochrome cs5, pseudoazurin and HH cytochrome ¢, and the electron pathway
was analysed for the top putative complexes between them and Pd N,OR: there are one
complex for Pd cytochrome css (ID 4851), one for Pp pseudoazurin and Pd N,OR (ID 3077), and
for HH cytochrome c there are 8 solutions (ID 2205, ID 1712, ID 4004, ID 2367, ID 4808, ID
4737, ID 1822 and ID 114) with d < 20 in the top 200 for Global Score and electrostatic
rankings.

Finally, Ac pseudoazurin and BH cytochrome ¢ were the only small electron transfer proteins
shown to be competent in donating electrons to Ac N,OR, thus 2 solutions were analysed for
pseudoazurin (ID 3203 and ID 3167) and one for BH cytochrome c (ID 4142), which were in the
top 200 for Global Score and electrostatic rankings.

As represented in Table 4.4, a conserved histidine residue (Ac His625, Pd His635 and Pn
His566) is used as the entry point in the electron transfer path in 8 of the complexes analysed.
An alanine (Ac Ala554, Pd Ala564 and Pn Ala495) is present in 3 complexes, a leucine (Ac
Leu627, Pd Leu637 and Pn Leu568) in 2 complexes, while an aspartate (Ac Asp578, Pd Asp588
and Pn Asp519), a glutamine (Pn GIn497, that corresponds to Ac Ser556 and Pd Ser566) and a
leucine (Ac Leu583 and Pd Leu593, that corresponds to Pn Val524) are each present in 1

complex.

Table 4.4 — Key residues in the electron transfer pathway

N,OR (%) residue (°)
Ac (5) Ala554 (1)  Ser556 Asp 578 Leu583 His625 Leu627 (2)
Pd (12) Ala564 (2)  Ser566 Asp 588 Leu593 (1) His635(7) Leu637
Pn (3) Ala495 GIn497 (1) Asp519(1) Val524 His566 (1) Leu568

() number of docking analysed
(°) number of solutions in which the residue is involved in the electron transfer

The sequence alignment shows that all these residues are conserved in the N,OR from the
different microorganisms, suggesting that there is a conserved region located near the CuA
centre that functions both as the binding site for the electron donor and entry of the electron
to this redox centre of nitrous oxide reductase, which is the electron transferring centre to Cuz

centre, the catalytic centre of the enzyme (Figure 4.5).
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Figure 4.5 — Residues involved in the electron transfer pathways in Pn N,OR structure. Ala495, Asp519,
Val524, His566 and Leu568 are shown in dark green. The two copper atoms of CuA are coloured red,
while the catalytic centre is coloured blue.

Once more, these results are in agreement with a previous docking study on Pd N,OR with Pd
cytochrome cs50 and Pp pseudoazurin, in which three residues, His635, Ala564, and Pro565
were proposed to play key roles in electron transfer to the CuA centre (27).

In the case of non-physiological complexes Ac pseudoazurin with Pd N2OR and Pp
pseudoazurin with Ac N,OR, there is no solution with d <20 A and present in the top 200 in
both Global Score and electrostatic score (Table 4.3). The electron transfer pathways has been
analyzed for the 3 shorter redox centre distances solutions present in top 200 electrostatic
scores. Cys565 and the neighbour His566, already observed for the physiological electron
donor, are involved in the electron transfer.

Nitrous oxide reductase has two domains, one can be considered the electron transferring
domain and contains the CuA centre, and the other is the catalytic domain and contains the
CuZ centre (52). The CuA domain has a cupredoxin fold similar to the one found in cytochrome
c oxidase (COX), which also contains a similar binuclear copper centre, responsible for
receiving electrons from the electron transfer partner. Thus, the electron pathway proposed
for cytochrome c¢ oxidase can be compared with that proposed here for nitrous oxide
reductase. In cytochrome c oxidase from Paracoccus denitrificans a tryptophan residue
exposed on the surface plays a crucial role for the ET (17), while in cytochrome ¢ oxidase from
Thermus thermophilus the electron transfer pathway is proposed to involve a phenylanine

(Phe88) and a neighbouring alanine residue (Ala87) (53). Although, neither a tryptophan nor a
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phenylanine residue is present in any of the N,OR primary sequence in an equivalent position,
there is a conserved proline and histidine residue (27).

In the present study, the histidine residue (Ac His625, Pd His635 and Pn His566) was proposed
by the PATHWAYS analysis to be involved in the electron transfer pathway of several
complexes, while the proline residue is the neighbouring residue of the alanine (Ac Ala554, Pd
Ala564 and Pn Ala495) that was also proposed to be involved in some of the proposed electron
transfer pathways (27).

In our proposed model for the electron transfer pathway the electrons will then be transferred
from CuA to CuZ, through the histidine (His628 in Ac, His638 in Pd and His569 in Pn) that is one
of the two terminal ligands of CuA. In particular, rapid electron-transfer kinetics of cytochrome

c oxidase mutants studied by flash photolysis has proven the essential role of this residue (54).

4.4.4 Building a model for N,OR from W. succinogenes

The nitrous oxide reductase from Wolinella succinogenes is unique in that it presents an
additional domain at its C-terminal, which has the canonical sequence to bind a c-type
cytochrome, -CXXCH-. This enzyme was shown to receive electrons from a small soluble
periplasmic cytochrome isolated from the same organism, and to be always active without
going to the resting state when there is lack of electrons to complete a catalytic cycle (32).

As the structure of this protein has not yet been solved and it can be regarded as the electron
transfer complex between a nitrous oxide reductase and a cytochrome ¢, which we have just
modelled, we have decided to model its structure and compare with the model complexes
obtained before.

A model structure for Ws N,OR was constructed in two steps: first a model of the N-terminal
N,OR domain and the C-terminal cytochrome ¢ domain were created, and then the fusion of
these domains was performed in order to obtain a model structure for the complete enzyme.
In the first stage of the procedure, regarding the N,OR domain, the structure of the enzyme
from Pseudomonas nautica (PDB code 1qgni) has the highest score (with an amino acid
sequence identity with Ws N,OR of 34%), and was considered to be the most reliable model to
be used for the Ws N,OR N-terminal domain, composed by the CuA and CuZ domains.
Concerning the C-terminal domain, which presents the canonical sequence of c-type
cytochromes, CXXCH, the highest-scoring PHYRE model was given by the structure of
Rhodothermus marinus caas; cytochrome ¢ domain (1W2L (55)), followed by quinohemoprotein
alcohol dehydrogenase C-terminal domain from Pseudomonas putida HK5 (1KV9 (56)), the
monohemic cytochrome ¢, from Rhodopila globiformis (1HRO (57)) and the monohemic

cytochrome ¢ from Rhodothermus marinus (3CP5 (58)). These four model structures for the
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cytochrome ¢ domain were used in molecular docking experiments performed with BiGGER, as
probes, while the N,OR model built on Pn enzyme as a target.

However, the aminoacidic sequence alignment shows that there is a region between the N-
terminal N,OR-type domain, and the C-terminal cytochrome c-type domain which has very low
homology. This region comprises around 100 residues, which were modelled using ROBETTA,
as three a—helices, but this folding is specific for A N,OR (27), since it is not present in N,OR
from other sources. For this reason we cannot provide a realistic linker connecting N- and C-
terminal domains. However, an acceptable docking complex can be selected taking in account
that an effective electron transfer distance between the redox centre CuA and heme-iron
should be less than 20 A. In this way we can select the solutions provided by the docking
simulation that have the appropriate distance.

The results show that cytochrome ¢ from Rhodothermus marinus (3CP5) has the larger number
of solutions with an appropriate Fe-CuA distance.

In particular, the two solutions with the shorter Fe-CuA distance represent a good model for
Ws N,OR, as they position the cytochrome ¢ domain in close vicinity of the patch of the N,OR
domain that acts as the electron transfer site. Figure 4.6 shows the probable conformation of

the Ws N,OR.

Figure 4.6 — Proposed model for the N,OR from Wolinella Succinogenes with an additional C-terminal
domain containing a cytochrome c. The heme domain (the heme group is coloured black) is shown to
interact with the surface of the N,OR domain surrounding the CuA site, the supposed entry site for the
electron transfer. The two copper atoms of CuA are coloured red, the catalytic centre is coloured blue
and the two domains of N,OR are respectively green and orange coloured.
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The PATHWAYS analysis in this case determined a distance of 17.8 and 18.8 A between the Fe
iron and CuA centre, with Arg557 and Cys627 in the N,OR domain as the key residues for the
entry electron. Arg557 corresponds to the conserved alanine in N,OR from other sources (Ac
Ala554, Pd Ala564 and Pn Ala495). Cys627 is the neighbour residue of Ser628, that
corresponds to a histidine that is the entry point for several electron transfer complexes (Ac
His625, Pd His635 and Pn His566). The involvement of these two residues in the structural
model of Ws N,OR gives further evidence that the same small set of conserved residues

located in the same surface region of N,OR is involved in the electron transfer reaction.

4.5 Conclusions

In conclusion, the docking studies offer a good prediction of the interaction between N,OR and
its physiological electron donor when compared to the experimental data available. Moreover,
a previous docking study performed with a different algorithm used as a control experiment of
our procedure, confirmed the results presented.

A set of well conserved residues is crucial for the electron transfer, suggesting the presence of
specific region in both proteins, the donor and the acceptor, that enable the molecular
recognition and the electron transfer. However, not one single route has been found, but a
multiple set of effective pathways were identified. This comparative study enabled us to
propose an electron transfer pathway, in the absence of the possibility to mutating each of the
important residues.

We have also constructed a structural model for the Ws N,OR that, unlike the other N,OR
structures known, presents a C-terminal extension containing a c-type heme binding motif.
The model presents the Fe ion of the cytochrome at a distance of 17 A from the CuA site of the
N,OR domain, forming a possible electron transfer path. The structure determination is

however required to fully understand the structure of this N,OR.
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4.6 Supplementary material
Figure 4.5-1.1 N,OR Ac - Cytochrome cs50 Pd
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Figure 4.5-1.2 N,OR Ac - Cytochrome css, Pn
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Figure 4.5-1.3 N,OR Ac - BH Cytochrome ¢
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Figure 4.5-1.4 N,OR Ac - Pseudoazurin Ac
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Figure 4.5-1.5 N,OR Ac - Pseudoazurin Pp

top  model
complexes  ranked
by global score

200

top  model
complexes  ranked
electrostatic

200
by

score

top  model
complexes  ranked
hydrophobic

200
by

score

-111-



Figure 4.5-2.1 N,OR Pd - Cytochrome css5o Pd
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Figure 4.5-2.2 N,OR Pd — Cytochrome css; Pn
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Figure 4.5-2.3 N,OR Pd — HH Cytochrome c
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Figure 4.5-2.4 N,OR Pd — Pseudoazurin Ac
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Figure 4.5-2.5 N,OR Pd — Pseudoazurin Pp
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Figure 4.5-3.1 N,OR Pn — Cytochrome css5o Pd
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Figure 4.5-3.2 N,OR Pn — Cytochrome css; Pn
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Figure 4.5-3.3 N,OR Pn — HH Cytochrome c
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Figure 4.5-3.4 N,OR Pn — Pseudoazurin Ac
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Figure 4.5-3.5 N,OR Pn — Pseudoazurin Pp
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Chapter 5

Multiple forms of N,OR

5.1 Abstract

Nitrous oxide reductase catalyses the final step of the denitrification pathway, the reduction of
nitrous oxide to nitrogen. The catalytic center of this enzyme is a unique cluster in biology, CuZ
center, which is a tetranuclear center bridged by inorganic sulfur in a tetrahedron shape. The
CuZ center in N,OR isolated from Pseudomonas nautica was previously purified in the 1Cu*'-
3Cu’ resting form, which is a redox and catalytically inert state. By changing the growth
conditions it was possible to obtain CuZ center in a different redox state.

Here, we have prepared N,OR from Ps. nautica for the first time in the “purple” form, in which
CuZ center is in the oxidised 2Cu**-2Cu* redox state. This form is proposed to be redox active
but it is not catalytically competent, since its specific activity is comparable to the one of
enzyme in the non-active resting form and thus much smaller than the one of the fully reduced

active form of the enzyme.
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5.2 Introduction

CuZ is the catalytic center of nitrous oxide reductase (N,OR), the enzyme that catalyses the
final step of denitrification, the reduction of N,O to N, [1, 2]. This center has a unique structure
in biology and is constituted by a tetranuclear copper cluster bridged by a sulfur atom in a
tetrahedron arrangment [3]. There is a particular interest in revealing the complex chemistry
of CuZ center, which is to understand and identify the different forms of CuZ center, their
redox states, and the involvement of these states in the catalytic cycle.

The presence of the electron-transferring center, a binuclear CuA center, makes the
interpretation of the spectroscopic properties of these two copper centers difficult. However,
the spectral features of CuA have been widely studied in both cytochrome c oxidase and N,OR
[4, 5]. The oxidised mixed-valence form of the CuA center (Cu®**-Cu®**) presents absorption
bands at 480 nm and 540 nm, and a EPR spectrum characterized by a typical 7-line hyperfine
coupling [1, 4, 6].

Previously, Pseudomonas nautica N,OR, purified aerobically from a strictly anaerobic growth,
presented CuZ center in the resting form (1Cu**-3Cu’, some authors name this form as Cuz* [7,
8]), and CuA center as a mixture of the two possible redox states: oxidised (Cu*>*-Cu'**) and
one-electron reduced (Cu*-Cu’). Therefore, the resting form of N,OR presents an absorption
spectrum characterized by an absorption band at 640 nm, characteristic of the resting Cuz
center, and contributions at 480 nm, 550 nm and 800 nm from the CuA center [9].

Although the spectroscopic, electronic and structural properties of the resting state of Cuz
center have been very well characterized [10], this state is redox inactive, in the sense that it
cannot be oxidised or easily reduced. In addition, the resting form of CuZ center is catalytically
inactive, as its specific activity is very low when compared with the one of the enzyme with
fully reduced CuZ center [11, 12]. However, this resting form of the enzyme can be activated
via a prolonged incubation with a strong reductant, such as reduced methylviologen [11].
During this activation CuZ center is completely reduced to 4 Cu’.

It has been hypothesized that this activation is a long process as it corresponds to a change in
the coordination sphere of CuZ center, which is required for full activity. Indeed, recently, a
form of Cuz, Cuz°, which is proposed to be in the same redox state as the resting form (1Cu?*-
3Cu’), was shown to have full activity but being short lived, with a decay to the resting form of
0.3 min™ (Chapter 3 —[13]).

However, from the earlier purification of N,OR from Ps. stutzeri, it became clear that this
enzyme can be isolated with CuZ center in different redox states depending on the purification
conditions. Anaerobically purified N,OR from Ps. stutzeri, Ac. xylosoxidans, Pa. denitrificans,

and Pa. pantotrophus [7, 14-16] exhibits an intense absorption at 540 nm. This form, named

-128 -



“purple” (due to its colour), presents the CuA center oxidised since the EPR spectra presents
the typical seven-line hyperfine pattern in the g region, and the CuZ center in the oxidised
[2Cu**-2Cu"] state. On the other hand, aerobically purified N,OR from these bacterial sources is
in a different form, named “pink” [17], which is similar to the aerobically isolated enzyme from
Ps. nautica.

The reduction of N,OR in the purple form by sodium dithionite proceeds in two kinetic steps: a
fast phase in which the absorbance at 540 nm disappears almost within seconds, due to the
reduction of CuA (this form is a semi-reduced form, which is also obtained by reduction with
sodium ascorbate), and a slower phase, in which the resting form (named “blue”) is generated
in the course of minutes [1, 18].

The EPR spectrum of the purple form exhibits a well-defined 7-line hyperfine splitting whereas
that of the resting form has a broad and poorly resolved 4-line hyperfine splitting signal [19],
and the semi-reduced form, shows an extremely weak EPR signal and must be considered EPR-
silent, although it still presents an absorption band at 540 nm and a small contribution at 640
nm. MCD data confirmed that the semi-reduced form is not a ferromagnetically coupled (S=1)
but must be antiferromagnetically coupled (S=0) [8].

It is also important to mention that the aerobic preparation of P. pantotrophus N,OR presents
a ratio of CuZresting/CuZ., of 0.66, while in the anaerobic preparation this ratio is 0.29 [7],
thus the resting form of CuZ center has always been present in all enzyme preparations
reported.

It has been argued that the oxidised CuZ form is catalytically important, and its redox potential
was estimated to be E’° = 60 mV for the reduction of [2Cu**-2Cu’] to [1Cu?**-3Cu’]. However,
this is still a subject of discussion and contradictions, as its catalytic activity seems to be very
low, and similar to the one of N,OR with CuZ center in the resting dithionite-reduced state [7].
Moreover, it was reported that the enzymatic activity of the anaerobically purified Ac.
cycloclastes N,OR increases from 8 to 125 U/mg after incubation with MV [12].

Another spectroscopic characterization of the different forms of CuZ center has been
performed by Dooley et al. [18] using resonance Raman spectroscopy, in which an anaerobic
“purple” form of N,OR was compared with an aerobic “pink” form. In this resonance Raman
characterization it was pointed out that the resting CuZ center (or 1-hole CuZ or CuZ*, as
defined here) is predominant in the aerobic preparation. This form has a strong frequency line
at 384 cm™, which is also observed in the enzyme form obtained after dithionite reduction.
The resting CuZ center ([1Cu®*-3Cu’]) is also present in the anaerobic preparation, as the
contribution at 384 cm™ is always present in the Raman spectra. The presence of other

contributions at 352 cm™ and 408 cm™ was ascribed to the CuZ center in the [2Cu**-2Cu’]
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form. They observed that the striking similarities between CuZ and CuZ* when reduced with
dithionite (identical absorption maximum at 650 nm, nearly identical MCD features,
superimposable broad EPR signals, and resonance Raman spectra with nearly identical
frequency lines) indicate that they are the same spectroscopic chromophore rather than
independent moieties.

In Al. xylosoxidans N,OR [16], the enzyme was isolated in the “semi-reduced” form (CuA center
reduced and CuZ center oxidised), as shown by the optical absorption spectrum, which
presents an absorption maximum at 550 nm with a shoulder at 635 nm, and by the shift in the
absorption maximum to 540 nm and appearance of new contributions at 800 nm and at 480
nm, with KsFe(CN)g oxidation, corresponding to CuA center oxidation.

The redox active purple form, in which the CuZ center can be oxidised and reduced between
the [2Cu*"-2Cu"] and [1Cu®**-3Cu’] states, had not been isolated from Pseudomonas nautica.
Here, we present for the first time isolation, purification and characterization of Pseudomonas
nautica N,OR in the purple form. This form of the enzyme was obtained from a microaerobic
growth in the presence of nitrate and was aerobically purified, unlike the precedent isolation
from other bacterial sources, which has only been accomplished from anaerobic preparations.
In this work, a thorough analysis of the spectroscopic and catalytic activity of N,OR, with Cuz

center in the different redox states, was performed.

5.3 Materials and Methods

5.3.1 Preparation of the different N,OR forms

Pseudomonas nautica 617 (recently renamed as Marinobacter hydrocarbonoclausticus [20])
was grown in a 10L fermenter in microaerobic conditions in the presence of nitrate (Ribau, et
al., unpublished results). The periplasmic extract was obtained by diluting 5x the resuspended
cells into 10 mM Tris-HCI, pH 7.6 and 1 mM EGTA and incubating during 1h. The extract was
ultracentrifugated at 40000 g (Beckman), and the soluble extract was loaded onto a DE52 fast-
flow chromatographic column (GE Healthcare), equilibrated with 10 mM Tris-HCl, pH 7.6. The
proteins were eluted with a gradient between 10 mM Tris-HCI, pH 7.6 and 10 mM Tris-HCl, 500
mM NaCl. The fractions containing N,OR were combined and concentrated in a diaflo
apparatus (Millipore) over a 30 kDa cut off membrane. This fraction was then loaded onto a gel
filtration column (Superdex 200) equilibrated with 300 mM Tris-HCI, pH 7.6. The fractions
containing the pure N,OR were combined, concentrated, and stored at -802C until further use.

The purity of the fractions was checked through out the purification by SDS-PAGE, and N,OR
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concentration was determined using 7.1 mM™cm™ extinction coefficient at 640 nm for the
dithionite-reduced form [9]. The total protein content was determined using BCA kit (Sigma).
N,OR from two different anaerobic growths were prepared and purified as previously

described [9].

5.3.2 Spectroscopic methods

UV-visible absorption spectra were recorded with a Shimadzu UV-1800 spectrophotometer
using 1 cm quartz cells. X-band EPR spectra were recorded on a Bruker EMX spectrometer
equipped with a rectangular cavity (model ER 4102ST) and an Oxford Instruments continuous-
flow cryostat at 30 K temperature. EPR spectra were simulated using the program WINEPR
Simfonia version 1.2 from Bruker Instruments. Samples for EPR spectroscopy were prepared
with 150 UM enzyme in 100 mM Tris-HCI. Spin quantification was performed at the same
temperature under nonsaturating conditions, using a sample of dithionite-reduced N,OR (1

spin). Experimental conditions are described in the Figure legends.

5.3.3 Activity assay

The activity assay was performed using the procedure previously described in Chapter 2 [21],
by adding N,OR in the different forms as the last reactant to a cuvette already containing
reduced methylviologen and N,O. The enzyme specific activity was expressed in U/mg units,

corresponding to pmol N,O reduced e min e (mg of N,OR dimer)™.

5.4 Results and discussion

5.4.1 Aerobic growth of Pseudomonas nautica cells

The growth of Ps. nautica in microaerobic conditions, in the presence of nitrate, expressed
unexpectedly N,OR, showing that not only strictly anaerobic conditions promote the

denitrification pathway in Ps. nautica.

5.4.2 Characterization of the Purple form of N,OR from Ps. nautica

i) Spectroscopic characterization

The “purple” Pseudomonas nautica N,OR form was obtained from a cellular growth of Ps.
nautica under microaerobic conditions in the presence of nitrate and purified aerobically.

This N,OR preparation presents a UV-visible spectrum characterized by an absorption
maximum at 550 nm with a shoulder at 635 nm (Figure 5.1 A - ii) and a small absorption band
at 800 nm. After oxidation with K;Fe(CN)g the absorption maximum at 550 nm shifts to 540 nm
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and the absorption band at 800 nm (Figure 5.1 A — i) becomes more intense, which is an
evidence of CuA center being practically reduced in the as-isolated form (only approximately
10 % of CuA center is oxidised in the as-isolated form), and becoming fully oxidised upon
addition of potassium ferricyanide.

The absortion spectrum of CuA center alone can be obtained by subtracting the ascorbate-
reduced N,OR spectrum from the ferricyanide-oxidised N,OR spectrum (Figure 5.1 D). Thus,
the absorption bands observed at 550 nm and 635 nm must correspond to the CuZ center in
the 2Cu**-2Cu" oxidation state (see below). This form of N,OR has never been isolated from an
aerobic purification and microaerobic growth in the presence of nitrate.

Although, a similar form of the enzyme was previously reported for Al. xylosoxidans N,OR [16],
it had been isolated from a growth under denitrifying anaerobic condition and purified
anaerobically with two anionic-exchange (DE-52 and Q-sepharose) and one gel-filtration
chromatographic steps (Sephacryl S-200).

The reduction of the as-isolated “purple” N,OR with sodium ascorbate produces a spectrum
with absorption bands at 550 nm with a shoulder at 635 nm (Figure 5.1 A —iii), which is similar
to the one described for the semi-reduced state of Ps. stutzeri N,OR. The reduction with
dithionite brings the enzyme to what has been denominated as the resting state (Figure 5.1 A
— iv), with CuZ center in the 1Cu®*-3Cu" state. However, the shape of the absorption band at
640 nm is broader in this case than the one of the resting state obtained from the anaerobic

preparation.
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Figure 5.1 — UV-visible spectra of N,OR purified from (A) an aerobic growth, (B) anaerobic growth 1, (C)
anaerobic growth 2. In each panel it is presented the spectrum of the ferricyanide-oxidised (i), as-
isolated (ii), ascorbate-reduced (iii) and dithionite-reduced (iv) form of the enzyme. In panel D, the
visible difference spectra: ferricyanide oxidised minus ascorbate-reduced samples of N,OR: (i)
continuous line — aerobic; (ii) bold line — anaerobic 1; (iii) dotted line — anaerobic 2.

As previously described by Prudéncio et al [9], the N,OR isolated from an anaerobic growth of
Ps. nautica and purified aerobically shows absorption bands at 480 nm, 550 nm, 640 nm and
800 nm (Figure 5.1 C —ii). This shows that CuA center is partially oxidised (480 nm, 550 nm and
800 nm absorption bands, see below) and CuZ center is in the resting state (640 nm). This form
of N,OR has been named “pink” due to its color, and will be referred here as “anaerobic 2”.
However, there are different preparations of the enzyme in which CuZ center is in a mixture of
states, “anaerobic 1”, being partially as [2Cu**-2Cu"] (the amount in this state can vary from
preparation to preparation).

Regarding the redox behavior, ferricyanide is able to fully oxidised CuA (Figure 5.1 C —i) that is

not completely oxidised in the as-isolated form, while both sodium ascorbate and dithionite
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fully reduce CuA center, with CuZ center remaining unchanged and in the resting state (1Cu®'-
3Cu’) (Figure 5.1 C —iii and iv). It is also important to mention that the degree of oxidation of
CuA center varies between different preparations, while CuZ center has been found mostly in
the resting state.

Indeed, a N,OR preparation from another anaerobic growth/aerobic purification shows
spectroscopic features that are intermediate between the “purple” and the “pink” forms
described above (Figure 5.1 B). In particular, in this preparation, which will be named here as
“anaerobic 1”, the ferricyanide-oxidised form (Figure 5.1 B — i) presents a 550 nm absorption
band / 640 nm absorption band ratio of 1.38, that is lower than that of the “aerobic” form
(1.87) but higher than the “anaerobic 2” (1.11) (Figure 5.1 C). In addition, when N,OR
“anaerobic 1” is reduced with sodium ascorbate, it is observed a shoulder at 550 nm, similar to
what is observed in the “aerobic” form. Similarly to what was observed for the ferricyanide-
oxidised N,OR, in the ascorbate reduced enzyme, the ratio of the absorption band at 550 nm
and 640 nm, is smaller for the “anaerobic 1” N,OR (1.38) than the one in “aerobic” N,OR
(1.87). In the “anaerobic 2” sample, it is only observed the band at 640 nm, which is sharper
than the one obtained for the other two preparations. These results indicate that the 550 nm
absorption band is due to the CuZ center in the [2Cu**-2Cu"] state.

The EPR spectra of the different redox forms of these N,OR preparations were analysed. The
total spin was quantified for each form of the enzyme (Table 5.1), assuming that the dithionite-
reduced N,OR presents a total spin of 1 (in this state CuZ center contains one unpaired
electron in the mixed-valence state 1Cu*-3Cu*) and CuA center is reduced (Cu***-Cu®**) and
thus does not contribute to the EPR spectrum [10].

In all the preparations, the as-isolated N,OR shows EPR spectra dominated by the CuA center
features, since this center is partially oxidised in different proportions (Figure 5.2 A, B, C —ii),
as observed before in the visible spectra.

The EPR spectra of Ps. nautica N,OR with CuA center fully oxidised (by ferricyanide) is
characterized by the typical seven-line hyperfine splitting pattern (Figure 5,2 A, B, C—i). These
EPR spectra are characterized by a g, = 2.18, g. = 2.04 and A = 40 G for all the preparations. In
the case of the “anaerobic 2” N,OR the seven-line hyperfine splitting is less resolved due to the
larger contribution of the “resting” CuZ centre contribution [1]. Moreover, the dithionite
reduced Ps. nautica N,OR has a similar EPR spectrum for all enzyme preparations, and is
characterized by a broad four-line splitted signal (Figure 5.2 A, B, C —iii), typical for the resting
state. These EPR spectra are characterized by a g; = 2.19, g. = 2.05 and A; = 60 G for all the

preparations.
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Finally, the EPR of the ascorbate-reduced N,OR points out differences between the different
preparations, not in the EPR spectrum shape, that is similar to the one of the resting state, but

in the total spin quantification (Figure 5.2 A, B, C—iv and Table 5.1).

— Figure 5.2 - EPR spectra of N,OR purified from
(A) an aerobic growth, (B) anaerobic growth |I,
(C) anaerobic growth Il. In each panel it is
presented the spectrum of the ferricyanide-
oxidised (i), as-isolated (ii), dithionite-reduced
(iii) and ascorbate-reduced (iv) form of the
enzyme. Instrumental parameters: modulation
— amplitude, 5 G; microwave frequency, 9.66
GHz; temperature 30 K.
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Magnetic field (gauss) Table 5.1 — Spin quantification of Pn N,OR

from EPR spectra.

Aerobic N,OR Anaerobic 1 N,OR Anaerobic 2 N,OR
Fe"-oxidised 1.9 2.5 2.2
As-Isolated 1.2 2.2 1.6
Asc.-reduced 0.7 0.8 1.1
Dth.-reduced 1.0 1.0 1.0

Asc — ascorbate reduced; Dth — dithionite reduced.

In the case of “aerobic” N,OR, the ascorbate-reduced form of the enzyme has a total spin

lower than 1 (0.7 — see Table 5.1), which means that the CuZ center is not completely in the
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resting state (characterized by a total spin of 1). Thus, there is a second form of CuZ center
contributing with as a diamagnetic state, which is the [2Cu®*-2Cu'] state, since ascorbate
quickly reduces CuA center but the reduction of CuZ center in the 2Cu**-2Cu’* state is slow and
not complete [8].

The “anaerobic 2” form does not present CuZ center in the [2Cu**-2Cu'] state, since the
ascorbate-reduced form is equal to the dithionite, both in the UV-visible and EPR spectroscopic
analysis, attesting that the CuZ center is only present as the resting state (or CuZ* form).
However, the “anaerobic 1” preparation has a percentage of CuZ in the diamagnetic [2Cu**-
2Cu’] form, as shown by the total spin lower than 1 and by the visible spectra with
contribution at 550 nm in the ascorbate-reduced form.

According to the definition used by Rasmussen et al. [7], the catalytic center, CuZ center, is
always present in two different states, CuZ (2Cu**-2Cu* - diamagnetic) and Cuz* (1Cu®*-3Cu’* -
paramagnetic). From the EPR spin quantification it is possible to estimate the ratio of these
two forms of CuZ center. In the “aerobic” N,OR there is the 30% of CuZ and 70% CuZ¥*;
“anaerobic 1”7 N,OR 20% of CuZ and 80% CuZ*; and in the “anaerobic 2” N,OR CuZ is
completely in the Cuz* state’.

Therefore, this work presents the first report of the [2Cu**-2Cu"] state of CuZ center from Ps.
nautica N,OR and the first time that this form of the enzyme has been isolated from an aerobic

purification/microaerophilic growth.

i) Specific activity of N,OR in the different forms

In addition to the spectroscopic characterization, it is also important to evaluate the specific
activity that is associated with the “purple” state of CuZ center. This state has been proposed
to be redox active, in comparison with the non-active resting state of CuZ center.

The modified activity assay, described in Chapter 2 [21], will enable the separation of the slow
activation, that is accomplished with reduced methylviologen, from the catalytic activity, and
thus the determination of the specific activity of each of these enzyme forms.

The specific activity of the different forms of the enzyme is shown in Table 5.2, along with the

main redox state of the CuZ center in those forms.

' The exact quantification of the percentage of CuZ and CuZ* in the EPR samples is still in progress,
because in the time elapsed between the visible spectra and the freezing of the EPR tube (about 15
minutes) the ascorbate is able to reduce partially the CuZ to the CuZ* state.

-136 -



Table 5.2 - Activity values (U/mg) of the forms of Pn N,OR isolated from microaerobic and
anaerobic growth.

“Aerobic” “Anaerobic 1” “Anaerobic 2”
. . CuZ center .. CuZ center . . CuZ center
activity redox state Activity redox state activity redox state
Fe" oxidised 0.4 2Cu*-2¢u’ 0.4 2Cu**-2Cu*/ 1.1 1Cu*-3Cu’
1Cu*-3cu’
Asc-reduced 0.3 2Cu*-2¢u’ 0.3 1Cu*-3Cu’ 0.9 1Cu*-3Cu’
Dth-reduced 0.2 1Cu®*-3cu* 0.3 1Cu®-3cu* 0.2 1Cu**-3Cu’
Fully-reduced 88.0 4cu’ 96.1 4cu’ 92.4 4Cu’

Asc- ascorbate; Dth - dithionite

The analysis of Table 5.2 clearly shows that none of these N,OR forms has an activity
comparable with the maximum specific activity that is reached with the fully reduced form of
the enzyme, and that there are no significant differences between the different preparations
of N,OR.

A similar result was obtained for A. cycloclastes and P. pantotrophus N,OR [7, 12], where the
specific activity of N,OR with CuZ center in different redox states from both aerobic and
anaerobic preparations is low compared to the high activity of the enzyme described more
recently [11, 12], in which the CuZ center is in the fully reduced state.

In conclusion, the 2Cu**-2Cu* species of CuZ center present in the “purple” form of N,OR is not
catalytically competent, even if it is redox active, and as proposed by other authors can be
reversibly reduced to 1Cu**-3Cu’ [7].

In conclusion, N,OR isolated either anaerobically or aerobically always requires an activation

process. This activation process consists in the fully reduction of the CuZ center.

5.5 Conclusion

Here, we presented the first purification and characterization of a “purple” form of N,OR from
Ps. nautica. For the first time, N,OR was isolated from a non-strictly anaerobic growth, using
microaerobic conditions in the presence of nitrate. This indicates that in Pseudomonas nautica
the denitrification pathway can take place simultaneously with the aerobic respiration in the
presence of oxygen.

Moreover, the spectroscopic characterization of this N,OR form enabled the comparison of the
“purple” form Ps. nautica with the ones obtained from other bacterial sources, which is

characterized by a diamagnetic state [2Cu®*-2Cu*] and an absorption band at 550 nm in the
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UV-visible spectrum. The catalytic center is still present as a mixture of two species: [2Cu**-
2Cu'] (or CuZ) present at 30 % and [1Cu®*-3Cu'] (or Cuz*) (70%).

The activity assay allows us to conclude that the oxidised [2Cu®*-2Cu"] state of CuZ center is
not catalytically competent, since the activity of the enzyme with CuZ center in that state
(“purple” form) is much smaller than the one with CuZ center in the non-active resting state.
Up-to-now, only the fully reduced state (4Cu®) and the CuZ°® center states have been identified
as catalytically competent, being CuZ’® an intermediate in the catalytic cycle of N,OR. However,
it is important to point out that in the proposed catalytic cycle of N,OR, there is a (2Cu**-2Cu”)
state of CuZ center, as the first intermediate after N,O release, which has not yet been

observed nor characterized.
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Chapter 6

. Biomimetic complex of CuZ — Copper-Sulfur chemistry

6.1 Abstract

The ultimate goal is to understand the copper-sulfur chemistry in enzymes and in particular to
investigate the unique motif in the catalytic centre of nitrous oxide reductase, Cuz, a U4-
sulfido-tetranuclear copper cluster coordinated by multiple histidine donors. Reaction of
mononuclear and binuclear Cu'(PFs) complexes supported by N-donor ligands with Sg yielded

copper(ll)-sulfur clusters, the structure of which is still to be clarified.
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6.2 Introduction

Several examples of copper-sulfur enzymes are present in biological systems, which show a
versatile and sometimes unusual coordination chemistry. In synthetic models, sulfur atoms
from thiolates, thioethers or, more rarely, disulfide or inorganic sulfur have been shown to act
as donor ligands in a variety of copper complexes. In biology, copper ions coordinated by
multiple histidine N-donor and sulfur-containing thiolate or sulphide ligands comprise the
active site of several metalloproteins. Much interest has been focused on the mononuclear
type-1 copper site and on the binuclear CuA electron-transfer sites, in which the nature of
highly covalent copper(ll)-thiolate interaction has been demonstrated through detailed
structural, spectroscopic and synthetic modelling studies (1, 2). Copper(l)-thiolates are also
largely present in proteins involved in the copper transport and storage, as well as those that
regulate gene transcription ensuring a proper copper ion homeostasis in the cell (3-6).
Although proteins containing iron-sulfide clusters are widespread in biochemistry (7, 8), a
copper-sulfide cluster has only been identified in the catalytic centre of nitrous oxide
reductase (9). Recent structural (9, 10) and spectroscopic (11-16) studies have revealed that
CuZ, the catalytic site of N,OR, contains a novel p4-sulfido tetranuclear copper cluster
coordinated by multiple histidine donors. This cluster can exist in different redox states,
however the fully reduced Cu, form has been proposed to bind and reduce N,O via pathways
supported by theoretical calculations (17, 18). In higher oxidized states the electron
delocalization is mediated through the p4-sulfide cluster (11, 16).

Previous synthetic efforts have yielded sulfur-containing Cu(ll) or Cu(lll) compounds with
either the S-S bond intact (e.g., disulfo(2-), Figure 6.1 — A and B (19, 20)), or disulfide (¢1-)
(Figure 6.1 — C (21)), or broken (e.g., sulfide, Figure 6.1 - D (22)), depending on the nature of

the N-donor ligand and the reaction conditions.

A B C D
..;#FJIJ;
e \ ~.,
bt i S i
~
[CuzSy™ [CuzSal** [CugSql* [CusS,]*

Figure 6.1 — Core structural motifs identified by X-ray crystallography for copper sulfur
complexes supported by N-donor ligands (not shown) (adapted from ref. (23)).
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The u—r]l:nl— and u—nz—r]z—disulfidodicopper complexes A (19) and B (20) are close
counterparts of peroxodicopper analogs with identical tetra- or tridentate supporting ligands
(24-26), and the bonding interactions in the Cu,0, and Cu,S, cores are similar as determined
from comparative spectroscopic/theoretical studies (27). The side-on p—r]z—rl2 complexes (B,
and the its peroxo analogous) exhibit an intense charge-transfer (CT) electronic absorption
bands and low S-S and O-O stretching frequencies of 500 and 760 cm™, respectively, that

indicate weak bonds. These features have been rationalized by a common core-bonding model

illustrated in Figure 6.2.

i a*
LUMO ¢
1 I!I Ir-*:.r‘dny _d,:?
Oyy. xy
LO* 4 dy - Oyy
HOMO '
%} T'E*-, H:Erw H*"J
'-t*i'l + dx}r + d}['_.l'

Cu(ll)  Cuz0,/CuzSs  0.5/S,%

Figure 6.2 — Schematic molecular orbital energy-level diagram for the (u—nz—r]z—

peroxo/sulfide)dicopper core (adapted from ref. (28)).

According to this picture, the 0,%/S,> 1t orbital that lies in the plane of the Cu,0,/Cu,S, core
(TT*) interacts strongly with the Cu d,, orbitals, while the out-of-plane 0,7/S,” T orbital (17*,)
remains basically unperturbed (nonbonding with respect to the Cu ions). The Cu-O/S bonding
is thus dominated by highly covalent, strong o-donation from the filled 0,>/S,> Tt*, orbital into
the Cu d,, set. An additional interaction occurs between the Cu d,, orbitals and the empty 0,”
/S,> o* orbital. It is, essentially, a backbonding interaction, it results in a lowering the HOMO

energy predominantly based on Cu-orbitals and rationalizes the weakening of the 0,%/S,”
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bond. The electronic CT absorption bands derive from excitations of the T* + xy + dxy and T
orbitals, with the former being more intense and at higher energy. A detailed comparative
study (27) showed that the Cu,S, core of complex B exhibits greater metal-ligand covalency
(r}/Cu) and backbonding (Cu/o*) than its peroxide analog, corresponding to a more
significant weakening (activation) of the S-S bond.

Recently, the first complex able to bind and react with N,O has been described (29). The
complex presents a [CusS,]*" core having a localized mixed-valence cluster, supported by
tertiary amine ligands. This complex presents a contribution at 395 nm that is a S,> = Cu**
charge transfer transition also present in the Cu,-lI-S; and an additional band at 630 nm that is
similar only in appearance to the CuZ resting typical spectroscopic feature. In this case the
transition can be attributed to a metal-to-ligand charge transfer (MLCT) from the Cu' centres
into a Tt* orbital of the S-S bond, while for the CuZ in the resting state, the transition is due to a
S > Cu' charge-transfer, as already mentioned. The experimental data, supported by DFT
calculations, indicate that the cluster dissociates in a Cu' fragment and a dicopper(l,Il) species
that binds N,O by a p-1,1-O coordination that promotes the N-O cleavage. This mechanism is
different from the p-1,3-O,N coordination proposed for the CuZ active site in the enzyme (11,
30).

Several Cu,0, complexes were synthesized and characterized in Casella’s lab in order to study
the binding and activation of molecular dioxygen in copper-proteins such as hemocyanin and
tyrosinase (31-33). In particular, a series of polibenzymidazolic ligands were used as histidine-
mimetic donor ligands for the metal ions. This type of heterocyclic ligands bears the advantage
with respect to the more widely employed amine or pyridine donors, of having similar donor
properties to the natural imidazoles, and of being easily obtained from a synthetic viewpoint
with respect to histidine containing molecules.

This work is focused on the synthesis of polynuclear complexes containing aromatic amines as
ligands for the coppers, in order to mimic the seven Cu-bound histidines in the enzyme active

site, and containing a p-sulfido bridge.

6.2 Materials and methods

6.2.1 General procedures

All solvents and reagents were obtained from commercial sources and used as received unless
otherwise noted. NMR spectra were recorded on a Bruker AVANCE 400 spectrofotometer.

Optical spectra were measured on HP 8453 diode array spectrophotometer.
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6.2.2 Synthesis of the ligands

The ligand Me-BB5 (Figure 6.3 — A) was prepared following a procedure similar to that
previously described (34). Powdered KOH (0.3 g) was added to a stirred suspension of N,N-
bis(benzimidazolyl-methyl)methylamine (0.3 g) in acetone (100 ml). The solution was stirred at
room temperature for 5 min. lodomethane (0.29 g) was added dropwise with vigorous stirring.
Stirring the mixture for further 15 min, a fine precipitate of Kl is formed. The solvent was
removed under reduced pressure and the residue shaken with a mixture of water and CH,Cl,.
Upon dissolution of all the solid, the organic phase was separated and the aqueous phase
extracted again with CH,Cl,. The combined organic extracts were dried over MgSQ,, filtered,
and the solvent removed under reduced pressure. The crude product was recrystallyzed from
methanol-water to give white crystals of the monohydrate. 'H NMR (400 MHz, CDCls, 20 °C,
TMS): 6 7.70 (2H, m), 7.19 (6H, m), 3.78 (4H, s) 3.50 (6H, s), and 2.26 (3H, s).

The ligand BB6 (Figure 6.3 — B) was prepared following a procedure similar to that previously
described (35). N,N’-bis[2-(1’-methyl-2’-benzimidazolyl)ethyl]amine (BB6) compound was
obtained by refluxing a solution of 3,3’-iminodipropionitrile (12.5 mmol) and N-methyl-o-
phenylenediamine (25.0 mmol) in 6 M hydrochloric acid for 100 h. The resulting brown
solution was cooled in an ice bath and made basic by dropwise addition of ammonia (conc.).
The precipitate thus formed was collected by filtration and washed several times with dilute
ammonia. The product was crystallized from ethanol-water (1:1). *H NMR (400 MHz, CDCl,, 20
°C, TMS): & 2.5 (br, NH), 2.9-3.4 (t, *J(H,H)=7.8 Hz, 8H; N-CH,-CH,-benzimidazole), 3.68 (s, 4H;
N-CH,-phenyl), 7.1-7.3 (m, 6H; benzimidazole-H) and 7.6-7.8 (m, 2H; benzimidazole-H).

The ligand L55 (Figure 6.3 — C) was prepared following a procedure similar to that previously
described (36). A mixture of a,a'-diamino-m-xylene dihydrochloride (0.38 g, 1.8 mmol), 2-
(chloromethyl)-N-methylbenzimidazole (1.35 g. 7.4 mmol), anhydrous sodium carbonate (1.5
g, 14.2 mmol), and dry DMF (100 mL) was refluxed for about 8 h. After evaporation to dryness
under vacuum, the solid residue was treated with chloroform and the inorganic salts were
filtered off. The filtrate was concentrated to a small volume, and diethyl ether was added to
precipitate the product (yield 70%). "H NMR (400 MHz, CDCls, 20 °C, TMS): & (4H, CH2-phenyl),
3.94 (s, 8H, CH2-benzimidazolyl), 7.2-7.4 and 7.6-7.8 (m, 16H, Ph H + benzimidazolyl H).

The ligand Me-L66 (Figure 6.3 — D) was prepared following a procedure similar to that
previously described (31). N,N’-bis[2-(1’-methyl-2’-benzimidazolyl)ethyl]amine (BB6), dry
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Na,COs, and 1,3-bis(bromomethyl)-5-methylbenzene were reacted at 85 °C under stirring for
55 h in dry DMF (freshly distilled over CaH,) under an inert atmosphere. After cooling to room
temperature, a precipitate was obtained by addition of cold water. The crude Mel66 product
was purified by column chromatography on silica (4x40 cm), using an eluent mixture of
CH,Cl,/MeOH 15:1 containing 1% NEt; (v/v). *H NMR (400 MHz, CDCls, 20 °C, TMS): & 7.68 (m,
4H; benzimidazole-H), 7.20-7.24 (m, 12H; benzimidazole-H), 6.94 (s, 1H; phenyl-H), 6.92 (s, 2H;
phenyl-H), 3.66 (s, 4H; N-CH,-phenyl), 3.52 (s, 12H; N-CHs), 3.13 (t, ®J(H,H)=7.8 Hz, 8H; N-CH,-
CH,-benzimidazole), 2.99 (t, *J(H,H)=7.8 Hz, 8H; N-CH,-CH,-benzimidazole), 2.14 (s, 3H; CHs-

phenyl).

(@]
w)

Figure 6.3 — Structures of the ligands used to form the copper complexes. In panel A, B, C, and D the
mononuclear ligands MeBB5 and BB6 and the binuclear ligands L55 and MelL66 are represented,
respectively.

6.2.3 Synthesis of copper(l) complexes and reaction with Sg
To a solution containing [Cu(CH3;CN),]PFs (1.0 or 2.0 equiv. depending on the nuclearity of the
ligand used) in CH,Cl, or CHsCN was added the ligand and, subsequently, a stoichiometric

amount of inorganic sulfur (Sg). The reaction was performed in anaerobic conditions using a
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Schlenk apparatus and the progress of the reaction was monitored through the development

of UV/Vis bands by using a home made fiber-optics immersion probe.

6.2.4 Reaction with triphenylphosphine (PPh;)

Three equivalents of PPh; (4.6 mg, 0.018 mmol) were dissolved in CH,Cl, (2 mL), and the
mixture was added to compound Cu-BB6-S (5.0 mg, 0.006 mmol). After the mixture was stirred
for 1 hour, *H and *'P NMR spectra were recorded, which, showed formation of 1 equiv of
triphenylphosphine sulfide (S=PPh;) and 2 equivalents of (L)Cus(PPhs),. **P NMR (CD;Cl): 42.7, -
5.65. A similar reaction of PPh; with compound Cu-BB6-S,, using 4 equivalents of phosphine,

yielded 2 equivalents of triphenylphosphine sulfide and 2 equivalents of (L)Cu,(PPhs)s,.

6.3. Results and discussion

Initially the reaction of Cu(l) complex with molecular Sg was tested in the presence of the
binuclear ligands L55 and MelL66 because, in the case of the analogue reaction with O,, these
complexes offer a better stabilization of the Cu,0, core, due the preorganitazion of the ligand.
In particular, the complex supported by the MelL66 ligand is able to form a stable Cu,0,
complex at very low temperature (-80°C) (31). However, the reaction with Sg of the complexes
containing Cu(l) and L55 or MeL66 do not show any coordination of sulfur to the copper ions.
We decided to use more flexible ligands and with less steric hindrance, in order to offer better
coordination to the sulfur. The reaction of Cu(l)-MeBB5 complex with Sg appears to occur into
2 steps. The first one is characterized by the formation of a sharp band at 640 nm, while in the
second the absorption band becomes broader and shifts to 680 nm. The first intermediate is
formed in the order of time of minutes and it is not stable. The final compound has been
identified as Cu'-MeBB5, without any sulfur coordinated, because it shows the same features
in the UV-vis, NMR and EPR spectra. The first intermediate has not been fully characterized
due to the transient nature of this species.

Another mononuclear N-donor was then used in the reaction with the correspondent Cu'-
compound and molecular sulfur. The reaction of Cu'-BB6 with Sg shows again the formation of
a first intermediate characterized by a sharp absorption band at 640 nm (Figure 6.4 — black
line). This intermediate species has a longer life-time than the one formed with the MeBB5
ligand; it is stable for 1 hour, then it slowly degrades to the mononuclear Cu"MeBBS that is

characterized by a broad band centred at 680 nm (Figure 6.4 - blue and red lines).
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In order to establish the presence of sulfur in the cluster and preliminary testing the reactivity
in the S transfer, the reaction of the compound Cu-BB6-S with different amount of PPh; were
explored. 'H and P NMR spectra showed that treatment of compound Cu-BB6-S with 3
equivalents of PPh; towards copper yielded 1 equivalent of S=PPh; and 1 equivalent of
Cu,(PPh3), adduct; if one more equivalent of PPh; was used, 2 equivalents of S=PPh; and 1
equivalent of Cu,(PPhs), adduct were obtained. The reaction with phosphine suggests the
presence of more than one sulfur atom per cluster.

Moreover 'H-NMR spectra of the mononuclear Cu"BB6 complex shows very broad signals
according with its paramagnetic nature, whereas the Cu-BB6-S compound shows sharper
signals probably due to coupling of the copper ions mediated by a bridging sulfur coordination.
The data reported suggest the formation, after addition of elemental sulfur to the
mononuclear copper cluster, of a transient copper-sulfur species, where the sulfur is likely
bridging two copper ions forming a binuclear centre. However, even if the solution is kept
under anaerobic conditions, the product is not stable, which means that the coordination of
the sulfur is labile and the complex slowly rearranges to the mononuclear Cu" compound. We
made several attempts to characterize the structure of this complex but the unstable and

transient nature of this compound prevented the formation of crystals of appropriate size.

- 148 -



6.4 Conclusions

The complicated copper-sulfur chemistry has been explored by studying different
mononuclear and binuclear N-donors ligands. The copper(l) complexes with binuclear ligands,
that has been showed to form stable adducts with a bridging oxygen in the Cu,0, complexes,
do not react with sulfur. The copper(l) complexes with mononuclear ligands react with sulfur,
even if the Cu-S species has a labile nature. The troubles connected to obtain crystals of
appropriate size made difficult to understand the real structure of the cluster, and in particular
the number of sulfur atoms bound to the copper complex. A preliminary reactivity study
revealed a facile sulfur transfer to the added PPhs.

Since the copper(ll)-sulfur clusters have been synthesised as model compounds for nitrous
oxide reductase, their further characterization will require the study of their reactivity versus
the substrate of the enzyme. We plan to follow the spectral changes of the cluster upon
addition of gaseous N,0O. Furthermore, attempted to transform the reaction from

stoichiometric into catalytic will be performed by employing a reductant as co-substrate.
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Chapter 7

Conclusions and future perspectives

The study of the enzyme N,OR represents an open field in bioinorganic chemistry, especially
after the resolution of the first structure of the enzyme from Pseudomonas nautica had
revealed the unique motif of the catalytic centre CuZ.

The objectives of this thesis are linked with the need to investigate the reaction mechanism of
the enzyme, the interaction with the electron donors, the active forms of the catalytic centre
and its correlation with structural and electronic features.

In Chapter 2, the study of the interaction of Pseudomonas nautica N,OR with its physiological
electron donor was described. Activity tests in the presence of different c-type cytochromes,
isolated from the same bacterial source, show that only cytochrome css, has able to donate
electrons to this enzyme and thus is its physiological electron donor. The first detailed kinetic

treatment for N,OR with its redox partner was performed and the comparison of the kinetic
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parameters obtained when using cytochrome css; or methylviologen (the artificial electron
donor also used as reducing agent in the activation process) pointed out important differences
in the mechanism of interaction of these two electron donors with the enzyme. The kinetic
study also revealed the hydrophobic nature of the interaction and direct electron transfer
studies showed that CuA center is the center that receives electrons from the physiological
electron donor.

The electron transfer complex between cytochrome css, and N2OR was then investigated by
other techniques, such as 'H-NMR protein-protein titrations and a molecular docking program,
BiGGER, was used to obtain a model structure of the complex. The proposed docked
complexes corroborated the ET studies, giving a large number of solutions in which
cytochrome css; is placed nearby a hydrophobic patch located around the CuA center of N,OR.
Following the previous study, in Chapter 3 the interaction of cytochrome c¢ss, and N,OR was
studied by electrochemical methods, using a membrane configuration electrode. The
intermolecular electron transfer was analysed by cyclic voltammetry, under catalytic
conditions, and a second-order rate constant (k) of (5.5 + 0.9) x 10° M~*s ™ was determined.
Moreover, the direct reaction of the activated form of Pseudomonas nautica nitrous oxide
reductase with stoichiometric amounts of N,O allowed the identification of a new reactive
intermediate of the catalytic centre, CuZ°®, in the turnover cycle, characterized by an intense
absorption band at 680 nm. Both the reaction of stoichiometric amounts of substrate and the
electrochemical studies showed that the active CuZ® species, generated in the absence of
reductants, can rearrange to the resting non-active CuZ state. New aspects of the catalytic and
activation/inactivation mechanism of the enzyme are discussed and represented here in an
overall scheme (Figure 7.1). In perspective, the complete spectroscopic and electronic
characterization of the CuZ°® specie is imperative to understand its electronic properties and

structure.
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Figure 7.1 — Schematic diagram of the possible mechanism of reduction, catalysis and inactivation of the
N,OR catalytic centre — CuZ. Copper ions are blue colored spheres in the (ll) oxidation state or light blue
in the (I) oxidation state. In the CuZ resting form, the Cu(ll) ion is represented as a blue square to
indicate that this form is inactive. In both CuZ and CuA centers, the unpaired electrons are delocalized
within the cluster through the sulfur atom.

In Chapter 4, the study of the model structure of the electron transfer complex between N,OR
and its electron donor was extended to enzymes from different bacterial sources. The
comparison between the interaction of N,OR from three different microorganisms,
Pseudomonas nautica, Paracoccus denitrificans and Achromobacter cycloclastes, of which the
three-dimensional structure is available, with their physiological electron donors was
performed through the analysis of their primary sequence alignment, electrostatic surface and
by molecular docking simulations using the BiGGER algorithm. The docking results were

refined on the basis of experimental data, since the interaction is suggested to have either a
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hydrophobic, in the case of Pseudomonas nautica N,OR, or an electrostatic nature, in the case
of Paracoccus denitrificans and Achromobacter cycloclastes.

The properties of the electron transfer complex were further investigated by focusing on the
pathways for the electron transfer. A set of well conserved residues on the N,OR surface were
proposed to be involved in the electron pathway from the redox partner to nitrous oxide
reductase (Ala495, Asp519, Val524, His566 and Leu568 in the case of Pseudomonas nautica
N,OR). Moreover, we built a model for Wolinella succinogenes N,OR, an enzyme that presents
an additional cytochrome ¢ domain. The structure of both N,OR — domain and cytochrome ¢ —
domain were modelled and the full length structure was obtained by molecular docking

simulation of these two domains.

In Chapter 5, the first purification and characterization of the redox-active “purple” form of
Pseudomonas nautica N,OR was reported. This study showed that both the as-isolated form of
N,OR, the “blue” resting and the “purple” form, show a very low activity when compared with
the high activity of the fully reduced state and also with the CuZ’ intermediate state.

The strong reducing conditions required for N,OR activation, which are also not available in the
periplasm of a Gram-negative bacterium, suggests that MV can interact directly with CuZ over-
passing the physiologic electron transfer pathway that goes through CuA centre.

However, the enzyme can have a high catalytic activity in the absence of reduced MV, as
shown by the CuZ®° that has the same catalytic activity as the fully reduced form. The full
spectroscopic and electronic characterization of the CuZ® intermediate is necessary to
understand the properties of this intermediate.

The first intermediate of the CuZ after the N,O reduction should be a two-hole form that until
now has not been trapped under turnover conditions, probably because of its short-life time
due to the very fast delivery of one-electron from the CuA center. Therefore, stopped-flow
kinetics and rapid-freeze quenching techniques will be required to trap this key intermediate
of the turnover cycle.

In addition, structural data of N,OR with CuZ in different redox states is also essential to obtain
because the crystal structures available are of the resting non-active form of the enzyme. The
prolonged incubation required to fully activate the enzyme suggests that there is a
conformational change in the protein structure or in the cluster geometry in order to reach the

optimal configuration of catalytically active CuZ center.

The biomimetic approach described in Chapter 6 represents a valid alternative to study the

complex copper-sulfur chemistry of the catalytic centre of N,OR, CuZ center. A synthetic
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method that exploits the capability of copper(l) complexes to react with molecular sulfur (Sg)
was used. In particular, polybenzimidazole residues as histidine-mimetic were used as donor
ligands for the copper ions.

In conclusion, in spite of the progress already achieved in the study about the enzymatic
properties of Pseudomonas nautica N,OR, several aspects remain unclear. Moreover, the full
understanding of the CuZ center structure in N,OR and its catalytic mechanism is urgent due to
the high impact that the N,O has towards the environment, as a potent greenhouse gas which

plays a serious role in stratospheric ozone depletion.
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