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ABSTRACT

Mechanistic Studies of NO Reduction in Dinuclear Metalloproteins
Takahiro Hayashi, B.S.

Doctor of Philosophy
Division of Environmental and Biomolecular Systems within

School of Medicine, Oregon Health and Science University

March 2011

Thesis Advisor: Pierre Moénne-Loccoz

The ultimate goal of this research is to define the mechanisms by which
metalloproteins reduce NO to N,O. This reaction is an obligate step in bacterial
denitrification, and it also provides microorganisms resistance to nitrosative stresses. We
have characterized two prominent families of enzymes that catalyze this reaction.

Terminal oxidases are members of heme/copper oxidase superfamily and are
evolutionally related to denitrifying heme/non-heme NO reductase enzymes (NORs).
Despite differences in recognized function and active site metal composition, these
enzymes exhibit cross reactivity with NORs showing oxidase activity and several
terminal oxidases capable of reducing NO to N,O. Here, we use low temperature
photolysis combined with UV-vis, FTIR, resonance Raman (RR), and EPR
spectroscopies to determine how NO interacts with the metal centers of cytochrome ba;
from Thermus thermophilus, bo; from Escherichia coli, and bioengineered models of
NORs in myoglobin scaffold. Our results show that in all cases, the first NO molecule
binds to the heme iron(II) and that the binding of a second NO to the distal metal center is
not an essential step of the NO reductase activity. Indeed, while a side-on copper-nitrosyl
complex can be trapped in bas, none of the enzymes studied show the formation of an
end-on distal metal-NO complex. Thus, the role of the distal metal center is proposed to

be limited to the stabilization of a heme-hyponitrite species via electrostatic interaction.
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This NO reduction mechanism is described as a cis-heme reaction route and is supported
by theoretical calculations.

We also investigated the NO reductase activity of flavodiiron proteins (FDPs)
using UV-vis, FTIR, RR, and EPR spectroscopies. The close vicinity of the flavin
mononucleotide cofactor (FMN) to the diiron site has led to the proposal of a super-
reduction mechanism where [Fe"-NO], complex is reduced by FMN. To distinguish the
role that FMN and diiron center play in catalysis, we prepared an FMN-free FDP
(deflavo-FDP). Our experiments show that the reduced diiron center in deflavo-FDP is
capable of a single reducing turnover of NO to N,O. Furthermore, stoichiometric addition
of NO to the reduced deflavo-FDP as well as holo-FDP results in the formation of a
diiron-mononitrosyl complex Fe'' « Fe'-NO as the first intermediate in the catalysis.
These results support a catalytic route for NO reductase in FDPs where the diiron site

reduces NO to N,O and the role of the FMN cofactor is to reduce the oxidized diiron site.



CHAPTER 1
NO DETOXIFICATION BY METALLOPROTEINS

1.1  NO detoxification in biology

Nitric oxide (NO) is a gaseous molecule that plays important roles in a number of
physiological processes, including vasodilatation, neurotransmission, and host immune
response to infection (Marletta and Spiering, 2003). NO is also an intermediate species
during denitrification, a process catalyzed by denitrifying microorganisms in which
nitrate and nitrite are converted to dinitrogen gas (eq. 1.1) (Watmough et al., 1999).

NO3;  — NO;” - NO — N,O —- N, (eq 1.1)

NO contains an unpaired electron, making it a free radical species. Although NO
is not very reactive toward most biomolecules, it reacts rapidly with transition metals and
other radicals such as superoxide (O;") (Beckman and Koppenol, 1996). The ability of
NO to form stable complexes with metalloproteins can lead to pathological effects. For
example, cytochrome ¢ oxidase (CcO) is known to react with NO to form a stable nitrosyl
complex, resulting in inhibition of the cellular respiration system (Brunori et al., 20006).
Reaction of NO with O, forms peroxynitrite (OONO"), a highly toxic oxidant which
causes nitration of lipid, DNA, and proteins (Goldstein and Merenyi, 2008).

In vivo, NO is formed either by NO synthase (NOS), which converts the amino
acid arginine to citrulline and NO (Alderton et al., 2001), or by the denitrifying enzyme
nitrite reductase (NIR), which reduces NO™ to NO (Averill, 1996). Some bacteria are
regularly exposed to NO either as it is produced by the inducible NOS (iNOS) of the host
immune response, or as NO is release by the nitrogen cycle. In response, bacteria have
developed a variety of defensive mechanisms in order to prevent build-up of toxic
concentration of NO and formation of peroxynitrite species (Chakravortty and Hensel,
2003). One way to efficiently remove NO from the environment is to detoxifying NO by
converting it to none-reactive species, either nitrate (NOs") or nitrous oxide (N,O) via NO

dioxygenation or NO reduction, respectively.



The cellular conversion of NO to nitrate under aerobic conditions is mediated by
the ~AmpA-encoded protein flavohemoglobin as well as other hemoglobin-like proteins
(Gardner et al., 1998; Cruz-Ramos et al., 2002). These proteins contain a heme cofactor
which binds dioxygen (O,) to form a stable heme-superoxo species. Like superoxide, the
heme-superoxo reacts very efficiently with NO to quantitatively produce NO;™ and Fe**
heme according to eq. 1.2.

NO + Fe"-0, — NO; + Fe'" (eq. 1.2)

Under anaerobic condition, on the other hand, NO is converted to N,O via an NO
reductase reaction (eq. 1.3).

NO+2H"+2¢ — N,O +H,0 (eq. 1.3)

This reaction is mediated by two families of enzymes: 1) norB-encoded
heme/non-heme NO reductases (NORs) and heme-copper terminal oxidases (HCOs)
(Householder et al., 2000; Stevanin et al., 2005), and 2) norV-encoded flavodiiron
proteins (FDPs) (Gardner and Gardner, 2002; Gardner ef al., 2002). This thesis focuses

on these anaerobic NO detoxifying systems.

12 NO reductase enzymes

The NO reductase enzymes NORs, HCOs, and FDPs share no structural
homology. In fact, NORs and HCOs are integral membrane proteins (Wasser et al., 2002)
whereas FDPs are cytoplasmic soluble proteins (Kurtz, 2007). Despite these structural
differences, these enzymes have in common a dinuclear metal active site, where the
reduction of two NO molecules to N,O takes place (Girsch and de Vries, 1997; Frazao et
al., 2000; Soulimane et al., 2000). Additionally, these enzymes are also capable of
catalyzing the four electron reduction of O, to H,O (Fujiwara and Fukumori, 1996; Butler
et al., 2002; Gomes ef al., 2002). While NORs and HCOs possess heme/non-heme and
heme/copper dinuclear metal center (Wasser ef al., 2002), FDPs possess symmetric
carboxylate bridged non-heme diiron center (Frazao et al., 2000). Metal-metal distances
in heme/non-heme diiron and heme/copper centers have been observed to range between
<3.5and 5.1 A (Moénne-Loccoz et al., 2000; Soulimane et al., 2000; Liu ef al., 2009)
and between 3.2 and 3.6 A in the non-heme diiron center of FDPs (Di Matteo et al.,

2008). These variations in the metal-metal distances reflect the oxidation and ligation



states of the dinuclear metal clusters, and in all cases the two metals show evidence of
magnetic coupling which renders their characterization by magnetic spectroscopic more

complex (Girsch and de Vries, 1997; Silaghi-Dumitrescu et al., 2003).

1.2.1 Heme-copper oxidases (HCOs) and NO reductases (NORS)

Introduction

Heme-copper oxidases (HCOs) are terminal oxidases present in the respiratory
chain of bacteria and eukaryotic mitochondria. HCOs utilize O, as terminal electron
acceptor and catalyze the four electron reduction of O, to H,O to generate a proton
gradient that is used for ATP production (eq. 1.4 and Figure 1.1).

0,+8H L, +4e - 2H,0+4H oy (eq. 1.4)
NO reductases (NORs) are evolutionarily related to heme-copper oxidases but their role
is to reduce NO to N,O as part of the respiratory chain of denitrifying bacteria. While the
reduction of O, by HCOs is electrogenic, i.e., that the chemical reaction generates an
electrochemical gradient across the membrane, the reduction of NO by NOR is not,
presumably as coupled proton pumping is lacking and the two electrons and two protons
involved in the reaction originate from the same side of the membrane (Wasser ef al.,
2002).

Despite their difference in recognized function, NORs and HCOs exhibit cross
reactivity with NORs showing oxidase activity and several terminal oxidases (i.e.,
cytochrome bas, bos, and cbb;) being capable of reducing NO to N,O (Fujiwara and
Fukumori, 1996; Butler et al., 2002). The NO reductase activity of HCOs is significantly
lower than that of denitrifying NORs (Table 1.1), and thus, this activity may not have
physiological relevance. In contrast, the oxidase activity of denitrifying NO reductases
found in some pathogenic bacteria, such as Pseudomonas aeruginosa, Neisseria
gonorrhoeae, and Neisseria meningitidis, have been proposed to play an important roles
in microbial infections as these microorganisms adaptation from aerobic to anaerobic
respiration (Householder et al., 2000; Anjum ef al., 2002; Hassett et al., 2002).

Furthermore, the levels of expression of the NORs are upregulated by exposure to NO



and provide resistance to the mammalian immune response (Householder ef al., 2000;

Anjum et al., 2002; Stevanin et al., 2005).

Table 1.1. NO reductase activity of HCOs and NORs

Type of enzyme Organism NOR activity” /
mol NO/mol [E] * min
NOR (cNOR) P. denitrificans ~1400
chb; P. stutzeri 20
ba; T. thermophilus 0.5
bo; E. coli 0.3
aas Bovine ND'
aas R. sphaeroides ND'

"NOR activity at [NO] = 5 uM. "Not detected.

Crystal structures

Although X-ray crystal structures are available for many of HCOs, including the
mitochondrial aa;-type (Figure 1.1) (Tsukihara et al., 1996), bacterial aas-type from P.
denitrificans (Iwata et al., 1995) and R. sphaeroides (Svensson-Ek et al., 2002), the bas-
type from 7. thermophilus (Soulimane et al., 2000), the bos-type from E. coli (Abramson
et al., 2000), and the cbb;-type from P. stutzeri (Buschmann et al., 2010), there is no X-
ray crystal structure or NMR solution structure currently available for bacterial NORs.
Nevertheless, sequence alignments, hydropathy plots, and homology modeling have
predicted that the major subunit common for all the NORs, norB, is structurally
homologous to subunit I of HCOs (Wasser et al., 2002; Reimann ef al., 2007).

All the six histidine residues that ligate the metal centers in HCOs (two axial His
of the low-spin heme, one axial His of the high-spin heme, and three His of Cug) are
consistently conserved in NORs. These histidines are presumed to coordinate the low-
spin heme-b, the high-spin heme-b;, and the non-heme iron Feg center in place of Cug. In
HCOs, a strictly conserved tyrosine residue covalently attached to one of the three
histidines of Cug is thought to play both structural and functional roles in O, reduction

(Figure 1.1), as Tyr-variants in bacterial aa; and bo; HCOs show altered histidine ligation

4



to the high-spin heme and loss of Cug (Thomas et al., 1994; Das et al., 1998).
Consequently, these mutants exhibit less than 1 % of the wild-type activity (Mogi et al.,
1998). The cross-link tyrosine has also been proposed to form a radical as it participates
in electron transfer and O-O bond cleavage during catalysis (Proshlyakov et al., 2000).
In NORs, several conserved glutamate residues have been predicted to locate in
the vicinity of the catalytic diiron active site. Mutation of the conserved glutamate
residues does not affect enzyme stability or cofactor composition but the variants retain
less than 5% of NO reductase activity (Butland et al., 2001). These observations suggest
that the glutamate residues might serve as additional ligands to the non-heme Fep center
and/or proton donor during catalysis. Computational calculations also support the
participation of glutamate in the coordination sphere of Feg, as an octahedral
coordination with three histidines, one glutamate, and one water molecule, provides more
energetically feasible reaction coordinates than a tetrahedral coordination with three

histidines (Blomberg et al., 2006).

+
otk ¢ 4H Proton

de Gradient
(‘u‘ e

hacm a

ZHIO domain

[N
Ll e

translocation
chemistry

Figure 1.1 Overall structure (left) and the metal cofactors (Cua center, low-spin heme,
and high-spin heme/copper center) (right) of bovine heart cytochrome ¢ oxidase (PDB
code: 2DYR).



1.2.2 Flavodiiron proteins (FDPs)

Introduction

The other family of enzymes that play a dominant role in NO detoxification is that
of flavodiiron proteins (FDPs) (Saraiva et al., 2004). FDPs are widespread among
bacteria, archaea, and some protozoan pathogens, and their roles have been shown to
protect these microorganisms against nitrosative as well as oxidative stresses by
reductively scavenging NO and O, according to Figure 1.2 (Gardner et al., 2002; Gomes
et al., 2002; Kurtz, 2007; Di Matteo et al., 2008).

(2)NADH [NROR/Rd]req FDPreg N20, Hz0
(2)NAD*, H* [NROR/Rd], FDPoy 2NO, 2H*
(Og, 2H*)

Figure 1.2 Schematic representation of electron transfer chain coupling NADH oxidation
to O, or NO reduction by FDP. Rd; rebredoxin, NROR; NADH: rubredoxin

oxidoreductase.

Turnover numbers for NO reduction are comparable in several FDPs to those
reported for denitrifying NORs (Gomes ef al., 2002; Silaghi-Dumitrescu et al., 2003).
The relative levels of NADH:O, reductase vs NADH:NO reductase activities (at
saturating NROR/Rd) vary significantly among FDPs, but these variations have yet to be
correlated with specific structural features (Kurtz, 2007). This bifunctionality exhibited
by FDPs is reminiscent of the cross-reactivity observed with HCOs and NORs.

Crystal structures

FDPs are soluble cytoplasmic enzymes that are unrelated to the membrane-bound
denitrifying NORs. The minimum functional unit of all structurally characterized FDPs is
a ‘head-to-tail’ homodimer (Figure 1.3) (Frazao et al., 2000; Silaghi-Dumitrescu et al.,

2005; Di Matteo et al., 2008). The N-terminal domain of each subunit contains a non-



heme diiron site (Fel-Fe2 distance 3.2-3.6 A), while the C-terminal domain binds a flavin
mononucleotide (FMN) cofactor ~5 A away from the diiron site in the opposite subunit
(Figure 1.3). In almost all structurally characterized FDPs, each iron of the diiron site
contains two histidine ligands and one terminal monodentate carboxylate ligand from
either aspartate or glutamate. Bridging aspartate carboxylate and oxo/hydroxo ligands
complete the diiron coordination sphere resulting in two 5-coordinate irons. While the
diiron sites of FDPs are reminiscent of those of the non-heme carboxylate-bridged diiron
proteins, including subunit R2 of ribonucleotide reductase (Nordlund et al., 1990; Voegtli
et al., 2003), the hydroxylase component of soluble methane monooxygenase (MMOH)
(Rosenzweig ef al., 1993; Whittington and Lippard, 2001), and the A’-stearoyl-acyl
carrier protein desaturase (A9D) (Lindqvist ef al., 1996), there is no detectable amino
acid sequence homology between any of these latter enzymes and FDPs.

An obvious inference from the structures is that diatomic substrate O, or NO
diffuses into this pocket and binds to the sixth iron coordination sites during enzymatic
turnover. Minimal O,;R and NOR mechanisms would involve formation of diferrous-
substrate complexes which lead to reductive formation of either water from O, or N,O

from NO.

Figure 1.3 Overall structure (left) and zoom-in on the diiron center (right) of FDP from
Moorella thermoacetica (PDB code: 1 YCF).



1.3  Metal-nitrosyl chemistry

As mentioned above, NO-detoxification is mediated by metalloproteins that
contain iron and copper ions. The reaction of NO with these metals has been the subject
of intense investigation as NO has been used as an O, analog to study the O,-chemistry of
iron- and copper-containing enzymes and model complexes. Under ambient conditions,
NO usually binds to these metals in an N-terminal fashion (i.e., M-N-O), although side-
on geometry (1>-NO) has also been observed (Tocheva ef al., 2004; Antonyuk et al.,
2005). The binding of NO to a metal involves donation of electron density from the o-
orbital of the N atom lone pair to the metal d-orbitals (c-bonding) and back-donation
from the metal d-orbitals to the 7t -orbitals of the NO group (back-bonding). According to
the notion of Enemark and Feltham, the principle bonding scheme of metal-nitrosyl
complexes are expressed as {M(NO),}", in which z is the number of NO group(s) and x
the number of electrons associated with the metal d- and NO " -orbitals (Enemark and
Feltham, 1974).

Iron-nitrosyl complexes may exist as {FeNO}°®, {FeNO}’, or {FeNO}® and may
correspond to Fe'(NO"), Fe'"(NO"), or Fe'(NO") electronic structure, respectively.
Changes in the electronic structure of {FeNO}’ species, for example, may vary between
[Fe"-NO7] < [Fe"-NO'] <> [Fe'-NO] configurations. Most non-heme {FeNO}7 are Fe'l!
high-spin species with electron transfer to the NO group which adopts an NO™ electronic
structure with two unpaired 7 electrons (Zhang et al., 1992; Brown et al., 1995). On the
other hand, heme {FeNO}’ are exclusively low-spin species and described as heme Fe'
coordinated by NO' (radical), thus formulated as [Fe"-NO'] (Li et al., 2002). An [Fe'-
NO'] extreme has not been reported yet, but recent experimental and theoretical data
suggest that 5-coordinate heme {FeNO}’ species exhibit some [Fe'-NO'] character
(Praneeth et al., 2005; Praneeth et al., 2006). These different electronic structures of
{FeNO}’ will lead to very different spectroscopic properties, and most importantly,
different reactivities. Thus, a clear definition of electronic structures of iron-nitrosyl
species would be important to elucidate NO reduction mechanisms.

The two-electron reduction of NO to N,O by metalloproteins involves binding of
two NO molecules to active site followed by the N-N bond formation between the two

NO units as the central step of catalysis. The NO reduction mechanism for fungal
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cytochrome P450 NO reductase (P450nor) is well defined. This protein contains a heme
cofactor which binds NO to form a stable heme {FeNO}° species as the first
intermediate. In the presence of reducing agents, the {FeNO}° species undergoes two
electron reduction to form {FeNO}* which can then react with NO to quantitatively
produce N,O, H>0, and Fe'" heme according to eq. 1.5 (Shiro et al., 1995; Obayashi et
al., 1998).

Fe""-NO + NADH + NO + H" — N,O + H,0 + Fe" + NAD"  (eq. 1.5)

On the basis of spectroscopic data, the electronic structure of the {FeNO}® species is
described as [Fe-NO'], and thus the bound-nitrosyl provides the nucleophile for N-N
bond formation.

The NO reduction mechanisms for dinuclear metal metalloproteins are yet to be
defined. Alternative pathways for the N-N bond formation in dinuclear metal centers
include 1) electrophilic attack on metal bound NO™ by the other NO molecule as seen in
P450nor, and 2) coupling of two metal-bound NO neutral radicals. The possible reaction
mechanisms for HCOs, NORs, and FDPs are discussed below.

1.4  Putative reaction mechanisms for NO reductase enzymes

1.4.1 Heme-copper oxidases (HCOs) and NO reductases (NORS)

Three possible mechanisms are proposed for HCOs and NORs; trans-, cis-Mg,
and cis-heme mechanisms (Figure 1.4). Experimental and theoretical studies have
brought some support to all three mechanisms in NOR. In the trans-mechanism, the
catalytic cycle is initiated by the binding of one NO molecule to each metal center to
form a trans-dinitrosyl complex. The close proximity of the two metal-nitrosyl species
facilitate the formation of N-N bond via an electrophilic attack to form a hyponitrite
species (N,0,%) bridged between the two metal centers. Several experimental
observations support this reaction mechanism. Shiro and coworkers have shown that fully
reduced cNOR reacts with NO in a submilisecond time scale and observed appearance of
EPR signals characteristics of § = 1/2 low-spin heme {FeNO}’ and S = 3/2 non-heme
{FeNO}’ species (Kumita ef al., 2004). Furthermore, using CO as an analog for NO,



Moénne-Loccoz and coworker reported the characterization of an [heme-CO ¢ OC-Feg]

ternary complex at the active site of B. azotoformans qCuaNOR (Lu et al., 2004).
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Figure 1.4 Putative NO reduction mechanisms in heme/non-heme iron or heme/copper

dinuclear metal center. Adapted from (Moénne-Loccoz, 2007).

The cis-Mp mechanism is supported by the observation that NO can be reduced
to N,O by free Fe' ion in the presence of reduction agents, such as ascorbic acid (Zumft
and Frunzke, 1982). Additionally, formation of non-heme iron-dinitrosyl
{Fe(NO),}complexes have been observed in some non-heme iron containing proteins
(Gomes et al., 2000; Cruz-Ramos et al., 2002; D'Autreaux et al., 2004; Strube et al.,
2007). In this model, the role of heme iron would be limited to electron transfer site for
the non-heme iron active site.

In the cis-heme mechanism, the first NO binds to the heme iron(Il) to form a
heme-nitrosyl {FeNO}’ complex and is partially reduced to a more nitroxyl anion
character, which activates it toward an electrophilic attack by the second NO molecule
(Blomberg ef al., 2006). The product of this reaction is a hyponitrite species bridged
between the two metal centers analogous to that of the trans-mechanism. This reaction
mechanism is reminiscent of that proposed for fungal P450nor, where an initial {FeNO}°
complex is reduced to a {FeNO}® intermediate by the reducing power of NADH, which
then react with the second NO to yield a hyponitrite species, followed by N,O and H,O
production (Shiro et al., 1995; Obayashi et al., 1998).
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The catalytic mechanism of NO reduction in HCOs is generally considered to be
initiated by the binding of NO to the high-spin heme in the fully reduced enzyme,
forming an S = 1/2 low-spin heme {FeNO}’. Subsequent steps are expected to involve
Cug', either as a coordination site for a second NO molecule (the frans-mechanism) or as
an electron donor and electrostatic partner to a heme-hyponitrite complex (the cis-heme
mechanism). The ability of Cug to bind NO in either a stable or transient fashion has been
demonstrated in bovine cytochrome ¢ oxidases (Zhao et al., 1994; Pilet et al., 2007), ba;
from Thermus thermophilus (Pilet et al., 2004), and bo; from Escherichia coli (Butler et
al., 1997). Further, Varotsis and coworkers have shown that exposure of saturated NO to
fully oxidized ba; result in formation of a hyponitrite ion (HONNO") bridged
heme/copper species, which is seemingly an intermediate species in the frans-mechanism
(Varotsis et al., 2007). Although the theoretical calculation by Varotsis and coworkers
have proposed formation of a trans-dinitrosyl complex as an intermediate of the reaction
(Ohta et al., 2006), similar theoretical work by Blomberg and coworkers favor a cis-heme
mechanism (Blomberg et al., 2006).

Clearly, the mechanisms of NO reduction by HCOs and NORs are matters of
debate. Defining these mechanisms will require strategies that combine multiple
spectroscopic techniques. In chapter 3 and 4, we will present mechanistic study of NO
reductase reactions in HCOs. More specifically, low temperature photolysis is employed
to investigate chemical behaviors of NO in heme/copper centers of cytochrome ba; and
bos. Using the same technique, we will describe the manner in which NO interacts with

heme/non-heme diiron center of NOR models in Chapter 5.

1.4.2 Flavodiiron proteins (FDPs)

While only two electrons are required to complete the reduction of NO to N,O,
fully reduced FDPs have four electron equivalents (two from the diiron center and two
from the FMN cofactor). Several mechanisms have been proposed for FDPs (Figure 1.5)
(Silaghi-Dumitrescu et al., 2005; Kurtz, 2007). Kinetic studies predict cooperative
binding of two NO molecules at the enzyme active site (Silaghi-Dumitrescu et al., 2005),
but more data will be needed to exclude some of the mechanistic models described

below.
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The ‘diferrous-dinitrosyl’, ‘hyponitrite’, and ‘iron-dinitrosyl’ mechanisms (Figure
1.5-1, 2, and 3) are reminiscent of ‘trans’, ‘cis-heme’, and ‘cis-Mp’ mechanisms
proposed for NORs, respectively (Figure 1.4). A computational study by Siegbahn et al.
supports the ‘hyponitrite’ mechanism for FDP, where a ferrous iron-nitrosyl reacts with a
second NO, leading to a diferric-hyponitrite species (Figure 1.5-2) (Blomberg et al.,
2007). In these reaction mechanisms, the proximal FMN cofactor is not directly involved
into the catalysis; its role is only limited to re-reduction of the diiron site back to
diferrous after its oxidation to the diferric state by two NO molecules. In the ‘super-
reduced’ mechanism (Figure 1.5-4), however, the FMN cofactor plays a more integral
role in the catalytic turnover; a diferrous-dinitrosyl precursor is super-reduced to a
diferrous-dinitroxyl intermediate species (i.e., [ {FeN(H)O}*],) by the reducing power of
FMNH,.

Reactivity of diiron centers with NO has been investigated in some of the non-
heme carboxylate-bridged diiron proteins, such as MMOH, R2, hemerythrin (Hr), and
NorA, a NO-binding diiron protein, but none of these proteins exhibits significant NOR
activity (Nocek et al., 1988; Haskin et al., 1995; Coufal et al., 1999; Strube et al., 2007).
In fact, these diiron centers have been shown to react with NO to form stable iron-nitrosyl
complexes, i.e., [{FeNO}’], in MMOH and R2, [Fe-{Fe(NO),}'°] in NorA, and [Fe-
{FeNO}'] in Hr. The reasons for this striking difference in reactivity towards NO in
apparently similar non-heme diiron proteins are yet to be elucidated. The catalytic NO-
reductase efficiency of FDPs might be due to the presence of the proximal FMN cofactor
which can provide reducing equivalents to a diferrous-dinitrosyl complex as in the 'super-
reduced' mechanism. The reduction potential of the high-spin non-heme
{FeNO}’/{FeN(H)O}® couple have not been reported yet, however, in heme proteins (Lin
et al., 2000) and octahedral non-heme iron complexes (Serres et al., 2004; Montenegro et
al., 2009) the reduction potential of low-spin {FeNO}'/{FeN(H)O}® couples range from -
1.4 to -0.6 V. The redox potential of free FMN is -0.2 V but it is always lowered by
interaction with the protein matrix, with the lowest value reported at ~-0.5 V in
flavodoxins (Barman and Tollin, 1972).

Evaluating the super-reduced mechanism using a flavin-free form of FDP is the

subject of chapter 6. Specifically, we will present the first evidence that the diiron center
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of a flavin-free FDP reacts with one NO molecule to form a diiron-mononitrosyl species
which can react with a second NO molecule to produce N,O. These results suggest that

the NO reduction in FDPs might proceed via the hyponitrite mechanism (Figure 1.5-2).
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Figure 1.5 Proposed NO reduction mechanisms in flavodiiron proteins. Adapted from

(Kurtz, 2007).
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CHAPTER 2
SPECTROSCOPIC CHARACTERIZATION OF METAL-NITROSYL
COMPLEXES

2.1 Molecular spectroscopy

A variety of spectroscopic methods have been used to define the molecular and
electronic structures of metal-nitrosyl complexes. Unlike synthetic model compounds,
which contain a limited number of atoms, metalloproteins consist of a large number of
atoms and are typically available at limited concentrations in aqueous solutions. Here we
will discuss spectroscopic approaches used to selectively study metal-nitrosyl species

formed within the complexity of NO reductase enzymes.
2.1.1 UV-vis absorption and EPR spectroscopy

Hemoproteins

Heme and other iron-porphyrin complexes exhibit characteristic intense visible
absorption near 400 nm known as Soret or y band; weaker absorption bands below 500
nm are known as Q or o/p bands. These absorption features are primarily due to 7 — 7
electronic transition of the porphyrin macrocycle but the absorption maxima and intensity
of these bands are sensitive to the heme iron oxidation state, spin state, coordination
number as well as the type of ligand present at the 5th and 6th coordination sites and the
heme pocket environment. Although UV-vis spectra of heme are rarely straightforward to
interpret, changes due to ligand binding or other alterations of heme environment are
easily reported by these spectra.

Unlike O, and CO, NO can coordinate to both Fe' and Fe' hemes to form
{FeNO}’ and {FeNO}° complexes. All {FeNO}° species reported for hemoproteins are
6-coordinate low-spin (6¢LS) (Ding et al., 1999), with Soret absorbance at ~420 nm and
split o/ bands at ~530 and ~575 nm (Figure 2.1). The {FeNO}° species are EPR silent as

a result of either antiferromagnetic coupling of S = 1/2 low-spin Fe"" heme with S = 1/2
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NO' or an S = 0 low-spin Fe" heme coordinate by S =0 NO", both of which give a total
electron spin of § = 0.

The Fe'-nitrosyl {FeNO}’ species can exist as a 6-coordinate low-spin (6cLS) or
5-coordinate low-spin (5cLS) species. This difference in coordination number in
{FeNO}’ species is easily detected by UV-vis and EPR spectroscopy. While 6¢cLS heme
{FeNO}’ species display the Soret absorbance at ~420 nm, 5cLS species show blue-
shifted Soret at ~400 nm (Figure 2.1) (Decatur ef al., 1996). Both 6- and 5-coordinate
heme {FeNO}’ are S = 1/2 system and thus exhibit EPR signals at g ~ 2. However, they
show distinct hyperfine splitting due to interaction of the electronic spin with the '*N
nucleus (nuclear spin quantum number, / = 1) of the NO ligand and a trans N-ligand.
5cLS species exhibit a 3-line hyperfine structure with hyperfine coupling constant (Ayr)
of ~17 G due to the NO ligand (Wayland and Olson, 1974) (Figure 2.1). In contrast, 6¢cLS
species typically exhibit a 9-line hyperfine structure with hyperfine coupling constant
(Ap) of ~22 G and superhyperfine coupling constant (Agpr) of ~6 G due to the NO ligand
and a trans N-ligand, such as histidine, respectively (Maxwell and Caughey, 1976)
(Figure 2.1).

Preparation of a stable heme {Fe(H)NO}® species have been reported in Mb either
by one electron reduction of {FeNO}’ species or by addition of nitroxyl (HNO) to Fe"
heme (Sulc ef al., 2004). As {FeNO}° species, {FeNO}® are diamagnetic and show no
EPR signal. The electronic absorption spectra of {FeNO}® species observed in myoglobin
are nearly identical to those of 6¢LS heme {FeNO}’ or {FeNO}° (Figure 2.1). Therefore,
characterization of these diamagnetic iron-nitrosyl species requires additional
spectroscopies, such as vibrational spectroscopy, which will be discussed later in this

chapter.
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Figure 2.1 Electronic absorption spectra of myoglobin nitrosyl complexes at equivalent
concentrations (left) and EPR spectra of 3-line (A) and 9-line (B) species observed in
cytochrome ba3;(NO) (right).

Non-heme iron proteins

Electronic absorption spectra of non-heme iron and copper NO adducts are
dominated by ligand to metal (LM) and metal to ligand (ML) charge transfer (CT)
transitions. NO has been shown to react with ferrous state of many mononuclear non-
heme iron enzymes to produce stable S = 3/2 high-spin non-heme {FeNO}’ species, best
described as a high-spin Fe"' (S = 5/2) antiferromagnetically coupled with NO™ (S = 1)
(Arciero and Lipscomb, 1986; Nelson, 1987; Brown et al., 1995). These species exhibit
EPR signals at g ~ 2 and ~ 4. These {FeNO}’ species exhibit characteristic electronic
absorption at 400~500 nm due to nitrosyl to iron LMCT transitions. The molar extinction
coefficient of these species is typically ~1000 M'ecm™. Figure 2.2 shows electronic

absorption and EPR spectra of the {FeNO}’ species formed in Fe"EDTA model complex.
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Figure 2.2 Electronic absorption spectra of Fe"EDTA reduced and {FeNO}’ complex
(left) and EPR spectra of the {FeNO}’ complex (right).

Both UV-vis absorption and EPR spectroscopies are based on absorption
measurements and thus contain quantitative information on the absorbing species present
in the sample. For UV-vis absorption spectroscopy, the absolute concentration of a
species can be determined once a molar extinction coefficient (¢) is defined. For EPR
spectroscopy, the concentration is determined in terms of spin-concentration using a
series of well-characterized standards. For § = 1/2 and 3/2 {FeNO}’ species, EPR signal
quantifications are performed using a series of concentrations of Cu"EDTA, an S = 1/2
system, and Fe"EDTA(NO), a S = 3/2 complex. EPR measurements of these standards
should be carried out under non-saturating condition and ideally using identical
instrumental conditions. After double integration of the EPR derivative signals, the
double integral values (A) are converted to normalized values (Aporm) according to

equation 2.1 for more accurate quantification (Bou-Abdallah and Chasteen, 2008).

= 4 (eq. 2.1)

RGxMAx\/?lexg‘“’exCT

ATLOTTTL

where RG is the receiver gain which is given by 10%%2° MA is the modulation amplitude

(in G), P is microwave power (in mW), T is temperature (in Kelvin), and CT is
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conversion time (in ms). g is average value of g-factors for all orientations and is given

by equation 2.2.

[42 +92 +42 rg. +
gave — g Ix iy gz+ é[gx .933./ gz] (eq 22)

2.1.2 Low temperature FTIR photolysis

Although metal-nitrosyl complexes exhibit strong IR absorptions due to v(N-O)
stretching mode of M-N-O unit, IR spectra of protein aqueous solutions contain a number
of bands due to H,O bending (~1600 cm™), amide I (~1650 cm™), and amide II (~1550
cm™) of peptide vibrations, making it difficult to isolate the v(N-O) mode. Alternatively,
a photolysis-induced IR difference spectroscopy has been recognized as a powerful tool
to selectively study metal-ligand interactions in metalloproteins. This method involves
measurement of IR spectra before and after photolysis, and the difference of the two
spectra contains only IR absorption features due to photodissociation of the ligand from
the metal (e.g., ligand vibrations, and protein and cofactor bands associated with
photodissociation events). At ambient temperature, the ligand IR absorption features
rapidly disappear in difference spectra after photolysis due to ligand recombination. For
example, recombination of NO and CO with myoglobin has been reported to be
completed in picosecond to nanosecond time scales (Vos et al., 2000). At cryogenic
temperatures, however, the ligand recombination becomes sufficiently slow such that IR
spectra of photodissociated species can be measured with a conventional FTIR
instrument.

Figure 2.4 shows FTIR spectra of Mb"(CO) and Mb"(NO) before and after
photolysis, and the ‘dark’ minus ‘illuminated’ difference spectra obtained at 30 K. In the
difference spectrum of the Mb "(CO) complex, the photodissociation of CO from the
heme and docking of the free CO to proteinaceous pocket are revealed by the positive
v(C-O)heme at 1945 cm™ (i.e., from the heme-CO in the ‘dark’ spectrum) and the
negative v(C-O)free at 2131 cm™ (i.e., from the free CO in the ‘illuminated’ spectrum)

(Figure 2.4). The down-shifts of the v(C-O) bands to 1901(-44) and 2083(-48) cm’! with
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BCO are in perfect agreement with predicted value for isolated diatomic oscillators

according to equation 2.3.

o= v [ ) w2

where M; and M, are atomic masses. Besides the v(C-O) bands, the difference spectra
show a number of differential signals between 1100 and 1800 cm™ which are not isotope
sensitive and are not observed in control experiments with deoxy-Mb samples (Fe"-heme
without CO). Thus, these IR bands originate from perturbations of protein and heme
vibrational modes associated with the CO dissociation event.

Similarly, the difference spectra of the Mb "(NO) reveal a positive v(N-O)heme at
1613 cm™ and a negative V(N-O)free at 1855 cm’™’, which down-shift to 1539(-74) and
1772(-83) em™ with ""N'®0 isotopes, respectively. Again, these shifts are consistent with
the calculated value for isolated diatomic vibrations. As shown in the difference spectra,
use of isotope technique is particularly helpful for NO samples as v(N-O)heme overlaps
with the bands due to protein and heme vibrational modes.

Importantly, the ‘dark’ minus ‘illuminated’ difference spectra of Mb "(CO) and
Mb "(NO) can be regenerated after annealing the FTIR samples above 40 K to allow
geminate rebinding of the dissociated ligand to the heme iron (Figure 2.3). These

photolytic processes are reversible and can be reproduced for multiple cycles.

Figure 2.3 Schematic representation of diatomic ligand migration due to photolysis and

geminate rebinding in myoglobin at cryogenic temperature. X is either C or N.
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Figure 2.4 FTIR spectra of Mb "(CO) (top) and Mb "(NO) (bottom) before and after

illumination and the ‘dark’ minus ‘illuminated’ difference spectra at 30 K. * indicates

v(CO,) asymmetric stretching mode from variations in CO, content of sample

compartment of FTIR instrument.
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One could argue that processes observed at low temperature might not be relevant
to functions of a protein in physiological conditions. However, evidence has accumulated
over the years that cryogenic photolysis provide insights into physiological ligand
binding mechanisms (Nienhaus ef al., 2002). Insight come from X-ray crystal structure
analyses of photodissociated Mb "(CO) at cryogenic temperature, where photolysis at
different temperature results in selective trapping of CO into different distal cavities also
observable by occupancy with xenon in crystal exposed to high Xe pressure (Figure 2.3)
(Chu et al., 2000; Ostermann et al., 2000). These studies indicate that, after entering the
protein from the solvent matrix, the ligand samples multiple cavities, many times, before
binding to the heme iron or exiting the protein matrix.

To validate the integrity of active site configurations and protein conformations
during the course of cryogenic FTIR experiments, we also use other spectroscopic
techniques such as resonance Raman, UV-vis absorption, and EPR spectrscopy. For
hemoproteins, relatively high-quality UV-vis spectra can be obtained on FTIR films at
cryogenic temperature. Figure 2.5 shows comparison of UV-vis spectra of Mb "(CO)
obtained at room temperature and 30 K which correspond to the FTIR spectra shown
above (Figure 2.4 top). In dark state, the low temperature UV-vis spectra reveal the Soret
band at 426 nm and o/f bands at 546 and 582 nm, which are in good agreement with
those observed at room temperature. Upon illumination, Soret absorption at 444 nm
appears at the expense of the Soret bands at 426 nm, indicating the dissociation of CO

from the heme (Figure 2.5), as reported by the FTIR photolysis data.
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Figure 2.5 UV-vis spectra of Mb " reduced and CO adduct at room temperature (left) and
of Mb "(CO) before and after illumination at 30 K.
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Carrying mechanistic studies at cryogenic temperatures provide further
advantages. The temperature dependence of ligand-rebinding kinetics directly reflects the
thermal stability of dissociated states. In chapter 3 and 4, illumination of cytochrome
ba3(NO) and bo3(NO) dissociates heme-nitrosyl complexes with equivalent efficiency,
but rebinding of NO in ba; requires temperature annealing up to 90 K, which is 30-K
higher than in bo3(NO) (Hayashi et al., 2007; Hayashi et al., 2009). This difference in
rebinding temperature indicates that the photolyzed ba3(NO) is thermodynamically more
stable than the photolyzed state in bo3(NO). In fact, our vibrational data show that the
dissociated NO is stabilized through binding to Cug' in bas, but not in bo; (Hayashi et al.,
2007; Hayashi et al., 2009). In chapter 4, different ligand-rebinding temperatures for CO
and NO complexes in bo; and bajs allow us to isolate spectroscopic signatures from these

two complexes (Hayashi et al., 2009).

2.1.3 RR spectroscopy

Unlike infrared absorption spectroscopy, Raman spectroscopy is a scattering
technique where the interaction of monochromatic light with a molecule reports on
molecular vibrations. The energy difference between scattered and incident photons
corresponds to vibrational transition energy of the molecule. In resonance Raman (RR)
spectroscopy, the energy of the incident light is adjusted to match the energy of an
electronic transition to enhance vibrational modes involving electrons associated with the
excited state. This resonance effect becomes particularly useful to gather information
from prosthetic groups that exhibit electronic absorptions in large biomolecules, such as
proteins and enzymes (Carey, 1982).

Hemoproteins have been extensively studied using RR spectroscopy. Use of Soret
excitation results in strong resonance enhancement of porphyrin skeletal vibrations that
are sensitive to oxidation state, spin states, and coordination number of the heme iron,
and heme pocket environment. RR spectroscopy has also been used for the study of other
metalloproteins. For example, in non-heme iron proteins, the nitrosyl to metal LMCT
transitions can be used to selectively resonance enhance the vibrational modes associated

with iron-nitrosyl complexes (i.e., Fe-N-O stretching modes). Figure 2.5 shows the UV-
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vis absorption spectra of reduced and the {FeNO} nitrosyl complex of iron superoxide
dismutase (FeSOD). The {FeNO}’ species exhibits a visible absorption band at ~420 nm
due to nitrosyl to iron LMCT transitions (Jackson et al., 2003), and a 458-nm excitation
allows resonance enhancement of vibrational modes associated with the {FeNO} unit.
Isotope-edited RR spectra of Fe(I[)SOD(NO) reveal v(Fe-NO), v(N-O), and a
combination mode (v(Fe-NO) + 8(Fe-NO)) at 482, 1771, and 957cm’, respectively.
Other non-isotope sensitive bands present in the RR spectra are due to peptide backbone

and aromatic side chains (Carey, 1982), and are effectively subtracted out in difference

spectra (Figure 2.6).

/ L
7/

—"NO 1656
. — FE(”)SOD NS}
4 1617
—— Fe(Il)SOD(NO) v(Fe-NO) —— Reduced ‘

w
1

v(Fe-NO)+5(Fe-NO)
= 957(-19)
|

N
1

A, = 458 nm
v(N-O)

| =1771(-30)
"“NO' minus 'reduced’
Pt
0 . ; . ; ; ; WIS - ; . ; . . . ; ///W
300 400 500 600 700 800 400 600 800 1000 1600 1800
Wavelength / nm Raman Shift / cm™

Figure 2.6 UV-vis spectra of Fe(I1)SOD and Fe(II)SOD(NO) at room temperature (left)
and RR spectra of reduced, NO and '"NO adduct Fe(I[)SOD , obtained with 458-nm
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excitation at room temperature (right).
2.2 Instrumentation and general methods

2.2.1 Anaerobic sample preparation

Samples are purged with argon bubbled through water to prevent desiccation and
transferred to a glove box containing less than 1 ppm of O, (Omni-Lab System; Vacuum
Atmospheres Co.). The reduction of protein solution is achieved by addition of microliter
aliquots of concentrated sodium dithionite solution (~100 mM), followed by removal of
the excess reduction agent with desalting spin column (Zebra, Pierce). To prepare NO

adducts, the headspaces over reduced protein solutions are replaced with NO (NO
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purchased from Airgas and ""NO and ’N'®0 from Aldrich and treated with 1 M KOH

solution) directly in UV-vis cuvettes, EPR tubes, or Raman capillaries (Figure 2.7). For
FTIR measurements, the NO adducts are prepared in Eppendorf tubes before immediate
transfer to CaF, cells. 2CO (Airgas) and *CO (99% "*C; ICON stable isotopes) adducts

are obtained by the same procedure.

Figure 2.7 From left to right; anaerobic UV-vis cuvette, EPR tube, FTIR cell, and Raman
capillary

Stoichiometric addition of NO to fully reduced protein is achieved by adding
small aliquots of NO-saturated solutions after determining the stock concentration by
titration against deoxymyoglobin. Alternatively, a diethylamine NONOate (Cayman
Chemical, Ann Arbor, MI) is added into reduced protein solutions. The concentration of
NONOate stock solution was determined using an €;s extinction coefficient of 6500 M
'em™ in 0.01 M NaOHag, and addition of aliquots to deoxymyoglobin at pH~5 was used
to further confirm the concentration of NO produced. In both cases, these additions were

made just prior to transfer into EPR tubes, Raman capillaries or FTIR cells.

2.2.2 UV-vis spectroscopy

Electronic absorption spectra are obtained using a Cary 50 Varian
spectrophotometer using 1-nm resolution a scanning rate of 1200 nm/min. Protein
solutions are monitored in UV-vis cuvettes, EPR tubes, Raman capillaries or FTIR cells,

whose pathlength is 1 cm, ~3 mm, 1.2 mm, and 15 pm, respectively (Figure 2.7).
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2.2.3 Low temperature FTIR and UV-vis spectroscopy

Approximately 15 pL of protein solutions are deposited as a droplet on a CaF,
window (International Crystal Labs, Garfield, NJ) and a second CaF, window is gently
dropped on the sample to form an optical cell with a pathlength controlled by a 15-um
Teflon spacer (International Crystal Labs, Garfield, NJ) (Figure 2.8). After confirming
the presence of the NO adduct by UV-vis absorption spectroscopy, the FTIR cell is
mounted to a sample rod which then flash-frozen in liquid N, prior to insertion into the
sample compartment of closed-cycle cryogenic systems (Displex and Omniplex,
Advanced Research System) (Figure 2.8). The sample is placed inside the sample
compartment of the FTIR or the UV-vis instrument and kept in the dark during cooling
below 30 K (Figure 2.9). The temperature of the sample is monitored and controlled with

a Cryo-Con 32 and Lake Shore Model 331 units.

Figure 2.8 IR cell compositions (left top): a cell holder, bottom window, Teflon spacer,
top window, and cover. A sample rod (left bottom) and Closed-cycle cryogenic system

Omniplex (right). The red arrow indicates where the sample rod is inserted.

FTIR spectra are obtained on a Perkin-Elmer System 2000 and a Bruker Tensor
27, both equipped with a liquid-N,-cooled MCT detector. Sets of 1000-scan
accumulations are acquired at 4-cm™ resolution. Photolysis of nitrosyl or carbonyl

complexes are performed by continuous illumination of the sample directly in the FTIR
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sample chamber using a 50-W tungsten lamp and 300-W arc lamp after filtering out heat
and NIR emissions. The complete reversibility of the photolysis processes is confirmed
by reproducing the same FTIR difference spectra after annealing the samples. The low
temperature UV-vis spectra are obtained directly on FTIR cells mounted on a closed-
cycle cryogenic system (Displex and Omniplex, Advanced Research system), using a

Cary 50 Varian spectrophotometer.
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Figure 2.9 Instrumental setup for the low temperature IR (left) and UV-vis spectroscopy
(right).

2.2.4 RR spectroscopy

Resonance Raman (RR) spectra are obtained using a custom McPherson 2061/207
spectrograph (set at 0.67 m with variable gratings) equipped with a liquid-N,-cooled
CCD detector (LN-1100PB, Princeton Instruments). The 413-, 568-, and 647-nm
excitation lasers are derived from an Kr laser (Innova 302, Coherent), the 442-nm line
from a He-Cd laser (4240NB Liconix), and the 458-, 488-, and 514-nm excitation lasers
from an Ar laser (Innova 90, Coherent). Kaiser Optical supernotch filters or long-pass
filters (RazorEdge, Semrock) are used to attenuate Rayleigh scattering (Figure 2.10).

Room temperature RR spectra are collected in a 90° scattering geometry on
samples mounted on a reciprocating translation stage (Figure 2.10). To assess the
photosensitivity of the NO adduct, rapid acquisitions with minimal laser power and

continuous sample translation are compared with longer data acquisitions on static
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samples. The low temperature RR spectra are collected in a backscattering geometry on
samples prepared in a multiwell sample holder attached to the same closed-cycle cryostat
system used in the low temperature FTIR and UV-vis experiments (Figure 2.10).
Frequencies are calibrated relative to indene and aspirin standards and are accurate to +1
cm™'. Polarization conditions are optimized using CCls and indene. The integrity of the
RR samples is confirmed by direct monitoring of their UV-vis absorption spectra in
Raman capillaries before and after laser exposure. Typical enzyme concentrations for RR

experiments are ~100 uM for heme-proteins and ~1 mM for non-heme iron proteins.
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Figure 2.10 Raman setup (Top) and different types of sample-geometry: a 90° scattering
geometry for room temperature experiments (bottom left) and backscattering geometry
for low temperature experiments (bottom right). The laser beam paths are indicated by

green lines.

27



2.2.5 EPR spectroscopy

Electron paramagnetic resonance (EPR) spectra are obtained with a Bruker E500
X-band EPR spectrometer equipped with a superX microwave bridge and a dual-mode
cavity with a helium flow cryostat (ESR900, Oxford Instrument, Inc.). The experimental
conditions, i.e., temperature, microwave power, and modulation amplitude, are varied to
optimize the detection of all potential EPR active species. Quantitation of the EPR signals
is performed under non-saturating conditions by double integration and comparison with
series of concentrations of Cu"EDTA and Fe"EDTA(NO) standards. Photolysis of
samples is achieved by direct illumination of samples in EPR cavity using the 300-W arc

lamp.
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CHAPTER 3
CHARACTERIZATION OF Cu-(NO) COMPLEX IN CYTPCHROME bas;

3.1  Cytochrome baz from Thermus thermophilus

Cytochrome baj; is a cytochrome ¢ oxidase that is expressed under limited O,
supply in the extremely thermophilic bacterium Thermus thermophilus (Keightley et al.,
1995). On the basis of sequence similarity and conserved amino acid residues for the
proton channels, HCOs are divided into three subgroups: A, B, and C (Pereira ef al.,
2008). Most of HCOs, including mitochondrial cytochrome ¢ oxidase and bacterial aa;-
and bos-type oxidases, are classified as A-type and possess at least two proton channels.
Cytochrome ba; and cbb; are diverged from other members of the HCO superfamily and
classified as B and C type, respectively; they exhibit only very few sequence identities
with other members of this superfamily (~20% sequence identity) and possess fewer
recognized proton channels. Despite this divergence among HCOs, X-ray crystal
structures show that these enzymes share the same structural fold of the catalytic subunit
(subunit I) and the side chain residues that anchor the low-spin heme and the catalytic
high-spin heme/copper center. From these structural considerations, the chemistry that

takes place at the active site of HCOs seems likely to be the same.

*Material in this chapter has been published in this or similar form in Journal of American Chemical
Society, and is used here with permission of the American Chemical Society.

Hayashi T, Lin I.J., Chen Y., Fee J.A., and Moénne-Loccoz P. (2007) Fourier Transform Infrared

Characterization of a Cup-Nitrosyl Complex in Cytochrome ba; from Thermus thermophilus: Relevance to
NO Reductase Activity in Heme-Copper Terminal Oxidases. J. Am. Chem. Soc., 129, 14952-14958.
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Figure 3.1 Overall structure (top) and zoom-in on the heme/copper center (bottom) of
Cytochrome baj; from Thermus thermophilus (PDB code: 1XME). Peripheral chain is

omitted in order to better visualize the heme/copper center
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Unlike aa;-type oxidases, bas has been shown to catalyze two electron reduction
of NO to N,O (Giuffre ef al., 1999). Because the NO-reductase activity of ba; is less than
1% that of denitrifying NO reductases, it is unlikely to be its primary function (Butler et
al., 2002). However, bas can be viewed as a ‘slow” homologue of NORs and may reveal
features responsible for NO reductase catalytic ability. Furthermore, characterization of
the reaction intermediates, if any, can expand our knowledge of the chemical behavior of

the divergent a;-Cug centers and dinuclear sites in general.

3.2  Proposed NO reduction mechanisms for bas

As mentioned in Chapter 1.4, the catalytic mechanism of NO reduction in
terminal oxidases is generally considered to be initiated by the binding of NO to heme a;
in the fully-reduced enzyme. Subsequent steps are expected to involve Cug', either as a
coordination site for a second NO molecule or as an electron donor and electrostatic
partner to a heme a;-hyponitrite complex (Pinakoulaki et al., 2005; Blomberg et al.,
2006; Ohta et al., 2006). The initial heme a;-nitrosyl complex is a low-spin Fe(II)-NO,
i.e., an §=1/2 {FeNO}’ species in Enemark and Feltham notation (Enemark and
Feltham, 1974). Using resonance Raman (RR) spectroscopy, Varotsis and coworkers
have shown that the ba3;(NO) complex is a six-coordinate species with v(Fe-NO) and
v(N-O) at 539 and 1620 cm™, respectively (Pinakoulaki et al., 2005). In addition, Vos
and coworkers have monitored the rebinding kinetics of the photolyzed NO, at room
temperature in the picosecond to microsecond time scale. While geminate NO
recombination to the heme of myoglobin is completed in the picosecond timescale,
rebinding of NO to heme a; is observed on the nanosecond timescale in ba3;(NO) (Pilet et
al., 2004). Since binding of NO from solution occurs in microseconds, these results
strongly support the idea that the photolyzed NO binds transiently to Cug before
rebinding to heme a; in the nanosecond regime. Varotsis and coworkers have attempted
to gain information on this photoinduced state at room temperature using time-resolved
step-scan FTIR, but the microsecond-time resolution of this technique precludes the
characterization of a Cug-nitrosyl complex (Pinakoulaki et al., 2005).

In this chapter, we carry out low-temperature FTIR photolysis experiments to

study the ba3;(NO) complex. Our hypothesis is that, at low temperature, NO dissociates
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from the heme-a; and binds to a secondary site upon photolysis at low temperature, and
this site would likely be the second NO binding site during the NO reduction turnover in
bas. The low-temperature UV-vis, EPR, and RR spectroscopies confirm the efficiency of
the photolysis and NO-isotopic labeling permits the isolation of v(NO) modes from the
light-induced FTIR difference spectra. After NO dissociation from the heme a;, we
detected a new species associated with an IR band at 1589 cm™ at 30 K, which is
assigned to a Cug-nitrosyl complex. However, this N-O stretching frequency is unusually
low compared to the few Cu-NO species reported so far (Ruggiero ef al., 1993; Zhao et
al., 1994). Because our low-temperature UV-vis and RR data rule out a bridging

configuration between Cug and heme a3, this exceptionally low v(NO) identifies the Cug-

nitrosyl complex as either an O-bound (n'-O) or a side-on (1°-NO) complex. The
relevance of this Cug-nitrosyl complex is discussed in the context of the NO reductase

activity in the heme/copper center of cytochrome ba;.
3.3  Materials and methods

Protein preparations

The expression and purification of ba; was performed as previously described
(Chen et al., 2005). Protein solutions were prepared in 20 mM Tris-HCI pH 7.5 with
0.05 % dodecyl B-D-matoside and concentrated in a glovebox containing less than 1-ppm
O using a microcon filtering device (30 kD cutoff, Biomax, Millipore), if necessary. The
sample was fully reduced by addition of dithionite at a final concentration of 10 mM in
an Eppendorf tube with a septum top. NO gases (NO and °N'®0 purchased from Aldrich,
'>NO purchased from ICON) were initially treated with 1 M KOH solution to remove
higher nitrogen oxide impurities. NO gas addition to the sample headspace was achieved
in the glove box using gastight Hamilton syringes to reach a partial pressure of 0.1 atm of
NO. After one minute of incubation at room temperature, the septum was removed and
protein solution was transferred to an IR cell, RR capillary, EPR tube, or UV-vis cuvette.
Experiments with 1.0 equivalent NO addition were performed as described in Chapter

2.2.
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Molecular spectroscopy

UV-vis, EPR, FTIR and RR spectroscopy were carried out as described in
Chapter 2.2. The typical enzyme concentrations for UV-vis, EPR, FTIR and RR
spectroscopy are 3, 30, 350, and 430 uM, respectively.

For EPR spectroscopy, 250 pL of ha3(NO) complex prepared in an EPR tube was
flash-frozen in liquid N; after confirming the presence of the NO adduct by UV-vis
absorption spectroscopy. Quantitation of the EPR signals was performed under non-
saturating conditions by double integration and comparison with 0.1 mM and 0.01 mM
Cu"EDTA standards.

The FTIR cell was mounted to a closed-cycle cryogenic system and kept in the
dark while the temperature dropped to 30 K (cooling rate ~ 4 K/min). The FTIR spectra
were obtained on a Perkin-Elmer system 2000 equipped with a liquid-N, cooled MCT
detector and purged with compressed air dried and depleted of CO,. Sets of 1000-scan
accumulations were acquired at a 4-cm™ resolution. These data averaging conditions
required 15-min, and because of instrumental drift, further accumulation time did not
result in an improvement of the FTIR difference spectra. Photolysis of the ba3(NO)
complex was achieved with continuous illumination of the samples directly in the FTIR
sample chamber with a 50 W tungsten lamp after filtering out heat and NIR emission.
The same illumination procedure was used to follow the dissociation-rebinding process
by UV-vis spectroscopy with the Cary-50 spectrophotometer.

RR sample of reduced bas and ba3(NO) complexes were prepared in a glovebox
and loaded on a multi-well sample holder mounted to the same closed cycle cryostat
system used in the FTIR experiments. The RR spectra were obtained using a
backscattering geometry. Kaiser Optical supernotch filters were used to attenuate
Rayleigh scattering generated by the 413- and 442-nm excitation. Frequencies were

calibrated relative to aspirin, indene and CCl standards and are accurate to £1 cm’.

3.4 Formation of az-NO complex in Tt bas
In our preliminary experiments, extended exposure of fully-reduced 7t ba; to
excess NO, was shown to produce UV-vis spectra identical to that of fully-oxidized 7t

baj;, consistent with the NO reductase activity reported previously. However, rapid
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exposure of the fully-reduced 7t ba; to a headspace containing 0.1 atm NO, results in the
formation of a ba3;(NO) complex as evidenced by changes in its UV-vis spectrum (Figure
3.2A). Specifically, the Fe' heme a3 Soret band at 443 nm blue-shifts to merge with the
Soret absorption of the Fe'" low-spin heme b at 426 nm. Moreover, the Fe" heme a;
absorption at 612 nm blue-shifts to 600 nm upon NO binding. Identical UV-vis
absorption features were observed at 30 K (Figure 3.2B). The absence of a 443-nm
shoulder in the Soret region and the presence of a 597-nm band confirm the presence of
the heme a3-NO complex at 30 K (Figure 3.2B) (Reddy et al., 1996). After a few minutes
of illumination with white light, the 443-nm shoulder characteristic of the high-spin
Fe(II) heme a; species is clearly observed at the expense of the 597-nm absorption band
from the a3;-NO complex (Figure 3.2B red trace).

The low-temperature UV-vis data reveal efficient NO photolysis from heme a; to
form a stable photolyzed state at 30 K. Based on the intensity of the 443-nm shoulder in
the UV-vis spectrum of ‘illuminated’ ba3;(NO) and that of ‘illuminated’ ba3;(CO), we
estimate that in the former samples, at least 2/3 of the total heme a; content is converted

to high-spin after illumination.
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Figure 3.2 UV-vis absorption spectra of fully reduced cytochrome ba; (red) and the
ba3;(NO) complex (black), and ‘the ba3;(NO)’ minus ‘fully reduced ba;’ difference
spectrum (blue) obtained at room temperature (A); and of the ha3;(NO) complex before

(black) and after illumination (red), and ‘dark minus illuminated’ difference spectrum

(blue) obtained at 30 K (B).
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Prior to photolysis, the EPR spectrum of ba3(NO) complex shows a superposition
of two signals centered near g ~ 2 (Figure 3.3A black trace). One signal is readily
photolabile and exhibits g values (2.098, 2.008, 1.97) and a 9-line '*N-hyperfine structure
at g. (Ano = 21.5 G, Agis = 6.5 G), characteristic of 6-coordinate heme-nitrosyl with a
proximal histidine ligand (Yonetani ef al., 1972). Another signal with distinctive 3-line
"“N-hyperfine structure (Ano = 16.5 G) (Figure 3.3A red trace) is reminiscent of the 5-
coordinate heme-nitrosyl myoglobin-NO formed at low-pH and in hemoglobin-NO in the
presence of allosteric effectors, and in myoglobin proximal histidine variants (Rein et al.,
1972; Wayland and Olson, 1974; Szabo and Perutz, 1976; Hille et al., 1979; Ruggiero et
al., 1993). The two different EPR signal are easily isolated from one another as the 3-line
EPR signal is not affected by illumination at 30 K.

Equivalent 3-line EPR signal have been observed in bovine and P. denitrificans
aa3(NO) and have been assigned alternatively to a 5-coordinate a;-NO subpopulation or
to a 6-coordinate a3-NO with distinct orientations of the imidazole and nitrosyl axial
ligands, which limits the interaction between the p-orbital of the imidazole nitrogen and
the m-orbital of NO moiety (Pilet et al., 2007) (vide infra). Significant variations in the
relative intensity of the 9-lines versus 3-lines EPR signals were observed among samples,
with the 3-line EPR species representing as low as 20% in some enzyme preparation but
reaching up to 50% in others (Figure 3.3B). On the other hand, using different reducing
conditions (10 mM dithionite, and 10 mM ascorbate with 0.1 mM N,N,N’, N -tetramethyl-
p-phenylenediamine (TMPD)), or different NO concentrations (1 or 5 equiv) had no
impact on the relative concentrations of the two heme a3-NO populations (data not
shown). Increasing the protein concentration to 300 uM as used in the FTIR experiments
had also no effect on the intensity ratio between the two EPR signals (data not shown).
While the two heme a;-NO species are easily distinguished by EPR spectroscopy, the low
temperature UV-vis spectra show no evidence for the variable population of the 3-line
EPR signal. Similarly, RR experiments fail to detect two distinct heme-nitrosyl
complexes (vide infra).

Both EPR and UV-vis experiments show that rebinding of the photolyzed NO to
the heme a; is inhibited at temperatures below 80 K. This temperature is lower than the

protein-solvent glass transition temperature (~180 K) at which the escape of photolyzed
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ligand can occur. Thus, the data suggest that rebinding of NO to the heme a; does not
require release of the photolyzed ligand from the active site pocket as proposed for the
gate rebinding mechanism of CO in HCOs. Yet, the rebinding temperature in ba3;(NO) is
significantly higher than that measured with the ferrous-nitrosyl complex of myoglobin
where rebinding of the photodissociated NO occurs at 40 K (Miller et al., 1997,
Schlichting and Chu, 2000) which suggests that the photolyzed NO is trapped by
stabilizing interactions, presumably with Cug’. Earlier low-temperature UV-vis and EPR
photolysis experiments carried out with bovine HCO have reported similar rebinding
temperatures (Yoshida ez al., 1980; Boelens et al., 1982). As with these early studies,
formation of the photolyzed state of ba3(NO) does not result in the appearance of new

features in the EPR or UV-vis spectra.
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Figure 3.3 EPR spectra of the ba3;(NO) complex prepared with two independent enzyme
preparations (A and B) at 30 K. Before and (black) and after (red) illumination, and the

‘dark’ minus ‘illuminated’ difference spectrum (blue).

3.5  Trapping of the photolyzed NO on Cug' at 30 K

Figure 3.4A shows ‘dark’ minus ‘illuminated’ FTIR difference spectra of fully-
reduced ba3;(NO) at 30 K; an FTIR difference spectrum collected on the ba3;(CO)
complex is also shown for comparison. In the latter complex, the difference spectrum

reveals a positive and negative bands at 1985 and 2052 cm™, which are assigned to v(C-
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0) of a3-CO and Cug-CO complexes, respectively. These observations are consistent
with dissociation of CO from heme a; and ligation of the CO to Cug. The difference
spectrum also shows weaker differential signals near and below 1700-cm™ that are
insensitive to CO-isotopic labeling and are assigned to perturbations of amide and
porphyrin vibrational modes from heme a; (Gregoriou et al., 1995).

In the ‘dark’ minus ‘illuminated’ FTIR difference spectra of ba3;(NO) obtained at
30 K, the positive 1622 cm™ and negative 1589 cm™ features are assigned to v(N-O)
modes based on their -29 and -27 cm™ downshifts with '’NO (Figure 3.4A). By analogy
with ba3;(CO) complex, a few minutes of white light at 30 K is sufficient to generate these
FTIR difference spectra and subsequent illuminations do not produce any further
changes. The positive band at 1622 cm™ is attributed to the heme a3-NO complex based
on its photolabile character and this v(N-O)a; frequency is within a few cm™ of that
reported by Varotsis and coworkers (Pinakoulaki et al., 2005). The photo-induced v(N-
0) appears as a negative band at 1589 cm™ and is best extracted from raw data by making
differences of difference spectra such that modes insensitive to NO-isotopic labeling
cancel out (Figure 3.4B). This approach is particularly useful with the ’N'*0 sample
where the superposition of differential signals around 1530 cm™ leads to the lack of a
negative v(°N-"0) (Figure 3.4B lower red trace). The subtraction of the PN'®0 data
from those obtained with "*N'°O clearly reveals two sets of isotope-sensitive bands. The
[‘dark’ minus ‘illuminated’ ba3(**N'°0)] minus [‘dark’ minus ‘illuminated’ bas('"°"N'*0)]
(Figure 3.4B, lower green trace) exhibits a positive and negative bands at 1622 and 1547
cm” which correspond to the v('*N-"°0)a; and v('°N-"*0)as, respectively. In this same
trace, the photo-induced v(**N-'°0) is observed as a negative band at 1589 cm™ and a
positive v(’N-"*0) at 1535 cm™.

The observed frequency and isotopic dependence of the 1589 cm™ signal is
consistent with an N-O stretching mode of a metal-nitrosyl, and by analogy with the
photolysis on the CO complex, we assign this photo-induced signal to an v(N-O) of a
Cug-nitrosyl complex. In agreement with the UV-vis and EPR data, the ‘dark’ FTIR
spectrum can be regenerated after annealing the FTIR sample at 90 K, and a new set of
‘dark’ and ‘illuminated’ spectra can be collected subsequently. Comparison of successive

FTIR difference spectra obtained after annealing above 90 K shows identical features as
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the previous cycle, confirming the reversibility of the photolysis to produce identical
FTIR difference spectra from one cycle to the next (Figure 3.5). These observations
demonstrate that the low-intensity white light used in these experiments only induces
fully-reversible processes involving only the photolysis of the exogenous ligand bound to

heme a;.
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Figure 3.4 FTIR ‘dark’ minus ‘illuminated’ difference spectra of the ba3;(CO) (green)
and ba3(NO) (NO; black, °NO; red) complex at 30 K (A). Difference of ‘dark’ minus
‘illuminated’ FTIR difference spectra obtained at 30 K (B). Top traces: ba3;(NO) (black),
bas(°"NO) (red), and the ba3(NO) minus bas('’NO) difference spectra (blue). Bottom
traces: baz(NO) (black), bas(’N'*0) (red), and the ba3(NO) minus bas(°N'*0) difference

spectra (green).
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Figure 3.5 Comparison of successive (‘dark’ minus ‘illuminated’) FTIR difference

spectra obtained after annealing above 90 K for bas- NO (A. and B.), bas("’NO) (C. and
D.), and bas("°"N'®0) (E. and F.).

Low-temperature RR experiments were carried out to compare the porphyrin
vibrational modes of the ferrous heme a; in the fully-reduced enzyme with those in the
photolyzed ba3;(NO) complex. A 442-nm excitation provides selective enhancement of
the 5-coordinate high-spin ferrous heme a; vibrations, and the fully-reduced ba; exhibits
two low-frequency modes at 193 and 209 cm™ that have been assigned to heme a;
iron(IT)-histidine stretches on the basis of their downshift with °’Fe (Oertling et al., 1994;
Gerscher et al., 1999). While these two bands are of comparable intensity at 10 °C
(Oertling et al., 1994), at 30 K they are replaced by a single v(Feas-His) band at 214 cm™
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(Figure 3.6, top black trace). When the same experimental conditions are used with
bas(**N'°0) and bas("°N'*0) samples at 30 K (Figure 3.6, bottom black and grey traces),
the 442-nm laser line provides an effective means of fully dissociating the heme a;-
nitrosyl complex, and an intense RR band at 215 cm™ is assigned to the v(Feas-His) in
the photolyzed ba3;(NO) complex. The 1-cm™ up-shift of the v(Feas-His) in the
photodissociated state relative to the resting state of the fully-reduced enzyme is
reminiscent of the 6- to 8-cm™ up-shift observed with the CO complex of bovine HCO in
nanosecond to sub-millisecond timescales (Findsen et al., 1987). These data suggest that
subsequent to NO dissociation, the heme a; is trapped in a non-equilibrium conformation.
The detection of this v(Feas-His) mode confirms that, following the photolysis of NO
from heme a3, Feas' is in a 5-coordinate high-spin state equivalent to that of the fully-
reduced resting enzyme and thus, is not involved in a bridging coordination of the
photolyzed NO with Cug'.

Figure 3.6 shows RR spectra of the ba3(NO) samples obtained at 180 K, where
rapid rebinding of the photolyzed NO to the heme a; occurs and prevents accumulation of
the photolyzed state (bottom blue and green traces). Because v(Fe-His) modes are
resonance enhanced only in 5-coordinate high-spin Fe" heme species, no v(Feas-His) is
detected in the ba3;(NO) samples at 180 K with 442-nm excitation. Under these condition,
only weak pre-resonance Raman bands for both heme a3-NO and the low-spin heme b are
observed. In contrast, the fully-reduced enzyme continues to display v(Fe-His) modes
similar to those observed at 30 K (Figure 3.6). RR experiments with 413-nm excitation
at 180 K also confirm the presence of heme a3-NO complexes (Figure 3.7). Specifically,
the heme a3-NO complex displays porphyrin skeletal modes v, vs, v2, and vjg at 1370,
1496, 1595, and 1632 cm™, respectively, and an NO-isotope sensitive band at 544 cm’!
that shifts by -17 cm™ with ""N'®0. This band at 544 (-17) cm™ is typically assigned to
v(Fe-NO) (Stong, 1980; Tsubaki and Yu, 1982; Coyle et al., 2003). However, using
nuclear resonance vibrational spectroscopy (NRVS) combined with normal coordination
analyses, Lehnert et al. favor a reassignment of Fe-N-O vibrations in the 520-580 cm™
region to modes dominated by Fe-N-O bending character and only minor contributions
from Fe-NO stretching displacement (Lehnert ez al., 2010). As with the low-temperature

UV-vis data, and in contrast with the EPR data, the low-temperature RR spectra provide
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no evidence for the presence of a significant 5-coordinate heme-nitrosyl population.
Indeed, 5-coordinate heme {FeNO}’ species display porphyrin modes that are upshifted
~5 cm’™ from their 6-coordinate counterparts. Their v(Fe-NO) and v(N-O) modes are also
affected by the absence of a sixth frans ligand which facilitates the back-donation of
electron density from Fe d-orbital to nitrosyl 7t -orbital, and are typically observed at ~ -

20 cm™ and ~ +50 cm™, respectively, from their 6-coordinate counterparts.

Reduced, 30K
Reduced, 180K

T T T T
400 500 600 700

Raman Shift / cm™

|
300

Figure 3.6 RR spectra obtained with 442-nm excitation at cryogenic temperatures. Top
traces: reduced ba; at 30 (black) and 180 K (red). Bottom traces: ba3;(NO) and
bas(**N'0) at 30 (black and grey) and 180 K (blue and green).
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Figure 3.7 High-frequency rR spectra, obtained with 413-nm excitation (Top). Fully-
reduced bas at 30 (A) and 180 K (B); bas('*N'°0) at 30 (C) and 180 K (D); bas("°’N'*0)
at 30 (E) and 180 K (F). The porphyrin modes assigned to the heme a;-nitrosyl adducts
are labeled in red. Low-frequency rR spectra, obtained with 413-nm excitation (bottom).

Fully-reduced bas (A), bas(**N'°0) (B), bas("°"N'*0) (C) at 180 K
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3.6 Discussion

Fully reduced ba; exhibit high affinities for NO, and formation of heme a;-
nitrosyl complexes is demonstrated by UV-vis, EPR, and vibrational spectroscopies
(Blokzijl-Homan and van Gelder, 1971; Stevens et al., 1979; Brudvig et al., 1980;
Mascarenhas et al., 1983; Blackmore et al., 1991; Zhao et al., 1994; Vos et al., 2001;
Pinakoulaki ef al., 2005). In bovine CcO, at high NO concentration, evidence for the
binding of a second NO molecule to Cug'is based on the disappearance of the a3-NO
EPR signal and the detection of two v(NO)s in the FTIR spectra: one at 1610 cm™
assigned to a3-NO, and one at 1700 cm™ assigned to Cug-NO (Brudvig ef al., 1980; Zhao
et al., 1994; Pilet et al., 2007). Only a few Cu-nitrosyl complexes have been fully
characterized so far, but N3-Cu-NO model compounds synthesized by Tolman and
coworkers have v(N-O) between 1712 and 1753 cm™, in good agreement with the data on
bovine CcO(NO) (Ruggiero ef al., 1993; Schneider ef al., 1998). Presumably, the lack of
NO reductase activity in bovine HCO allows for the accumulation of a stable
[{FeNO}"/{CuNO}'"] complex. In contrast, binding of a second NO molecule in
ba3(NO) is proposed to result in the formation of the N-N bond and the eventual release
of N,O (Pinakoulaki et al., 2005). Whether Cug' in ba; binds NO, even transiently,
remains unclear since the attack of a3-NO by a second NO molecule may occur without
its coordination to Cug' (Blomberg et al., 2006). Flash photolysis experiments on the
ba3(NO) complex carried out at room temperature reveal efficient geminate rebinding of
NO to the heme a; with a time constant of 15 ns (Pilet ez al., 2004). This rapid rebinding
rate precludes characterization of the photolyzed state of ba; using step-scan FTIR
spectroscopy since the time resolution of this technique is limited to the ps range
(Pinakoulaki et al., 2005).

Using cryogenic temperatures, we were able to trap the photolysis product of
ba3(NO) and identify a novel v(NO) at 1589 cm’'. The efficient formation of this
photolyzed state by illumination of the ba3(NO) complex with a diffuse 50-W white light
limits the realm of this photoprocess to the dissociation of the exogenous ligand from
heme a3, as previously observed with ba3;(CO). Low-temperature UV-vis and RR spectra
suggest that the heme a; does not interact with the photolyzed NO group in any
significant manner, and thus, by analogy with the photolysis process in ba3(CO), the
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novel v(NO) at 1589 cm™ is assigned to a Cug-nitrosyl complex. However, this v(NO)
frequency is exceptionally low and contrasts with terminally-bound M-NO complexes,
which typically display v(NO)s above 1650 cm™ (Nakamoto, 1997). A bridging
coordination of the photolyzed NO group between heme a3 and Cug may explain the
observed v(NO) since multinuclear inorganic complexes with bridging nitrosyl groups
adopt p-1,1 N-bound bridging geometries with v(NO)s near 1500 cm™ (Nakamoto,
1997). This interpretation however, is not supported by the UV-vis and RR features of the
heme a; in the photolyzed ba3;(NO) complex which are practically indistinguishable from
those of the histidine-bound 5-coordinate heme a 3H. Thus, we favor an assignment of the
1589-cm™ v(NO) to an NO bound to Cug' either in an O-bound or side-on geometry.
Precedent for such NO coordination to transition metals is beginning to accumulate
(Coppens et al., 2002; Novozhilova et al., 2006). Light-induced isomerization of
(Jasinski ef al.)®, {RuNO}®, {FeNO}° and {FeNO}’ complexes to O-bound and/or side-
on conformers are associated with large downshifts in v(NO) (Fomitchev and Coppens,
1996; Fomitchev et al., 1999; Cheng et al., 2000). In the case of porphyrin {FeNO}’
models, N-bound isomers, with v(NO)s near 1670 cm’™, experience downshifts of ~140
cm” upon light-induced isomerization (Cheng et al., 2000). O-bound isomers of
{CuNO}"" species have yet to be reported, but this is hardly surprising in view of the
scarcity of characterized {CuNO}'" species as a whole. While the investigation of Cu-
nitrosyl complexes in metalloproteins is equally scarce, the type-II copper of nitrite
reductase has been shown, crystallographically, to coordinate NO with a side-on
geometry (Tocheva et al., 2004; Antonyuk et al., 2005). More recently and subsequently
to publication of our work, formation of a side-on Cug-NO complex has been reported on
bovine HCO under white-light illumination at 50 K (Ohta et al., 2010) (Figure 3.9). Thus,
it is tempting to propose an equivalent side-on geometry for the Cug-nitrosyl complex in
Tt bas.

The low v(NO) in the photolysis product of ba3(NO) suggests a {CuNO}"!
species that should be viewed as a Cug-NO" rather than a Cug'-NO species. The latter
formulation implies a cuprous d'° electronic configuration with an S = 1/2 NO ligand and
is expected to produce an overall S = 1/2 species with an EPR signal centered around g ~

2. In contrast, a Cug"-NO formulation suggests an S = 1/2 cupric center coupled to an S
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=1 NO" ligand to produce an S = 3/2 or S = 1/2 species depending on whether
ferromagnetic or antiferromagnetic coupling occurs. The latter description of the
{CuNO}"" species is equivalent to that of a non-heme {FeNO}’ species, which is
described as an S = 3/2 species with an S = 5/2 high-spin ferric center
antiferromagnetically coupled to an S =1 NO" ligand (Brown ef al., 1995). Based on this
analogy, an EPR signal at g ~ 4 or g ~ 2 would be expected for the Cug-nitrosyl complex
in bas; however, despite our efforts, we were not able to detect an EPR signal associated
with the photolyzed state of the enzyme. The lack of an EPR signal may originate from a
rapid intramolecular electron transfer between Cu' and NO that results in signal
broadening beyond detection. Magnetic coupling of the {CuNO}'" species with the § =2
high-spin ferrous heme a; may also render the heme/Cu dinuclear center EPR silent.
Finally, environmental effects could also play an important role in the EPR silent
character of some {CuNO}"" species since Tolman and coworkers have noted that the
addition of 7-electron systems into the surrounding of Cu-NO model complexes can
result in the disappearance of EPR activity (Schneider ef al., 1998).

Our EPR data obtained prior to photolysis also deserve further discussion. The 9-
line and 3-line g ~ 2 signals observed in our experiments with ba3(NO) are similar to
those reported earlier for heme a3-NO complexes in other terminal oxidases (Pearce et
al., 2003; Pilet et al., 2004), but the presence of these two populations in ba3;(NO) is in
apparent conflict with earlier reports by Pilet and coworkers (Pilet et al., 2004; Pilet et
al.,2007). Indeed, while Pilet et al. observed both the 9-line and 3-line EPR features in
P. denitrificans aa3(NO), they observed no 3-line signal in their EPR spectra of ba3(NO)
(Pilet et al., 2004). In P. denitrificans aa3;(NO), the appearance of the 3-line g ~ 2 signal
was dependent on the number of NO equiv added and was accompanied by a second
signal at g ~ 4 assigned to an S = 3/2 Cug-NO complex (Pilet ef al., 2004). These same
authors have proposed that binding of a second NO molecule at the heme/Cu site results
in a reorientation of heme a3 proximal histidine plane perpendicular to, rather than
parallel to, the plane of the Fe-N-O unit. However, the structural event that leads to the
heme a;-NO 3-line EPR signal in 7t ba; must be different since our measurements show
that the 3-line g ~ 2 signal is observed without the accompanying g ~ 4 signal and

without a clear dependence on the NO concentration. Additionally, the presence of two
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NO molecules in the active site of bas is expected to represent a highly reactive
intermediate within the NO reductase turnover.

Several structural characteristics may determine the proficiency of a given
terminal oxidase with regard to NO reductase activity, and proposing distinct isomer
forms of Cug-nitrosyl complexes in terminal oxidases has mechanistic significance. For
example, the distance between the two metal ions at the active site is likely to be
important for NO reductase activity. In P. denitrificans cNOR, the iron-iron distance is
<3.5 A and could favor the formation of an N-N bond between two metal-nitrosyl
complexes (Moénne-Loccoz et al., 2000; Moénne-Loccoz, 2007). Crystal structures of
terminal oxidases have revealed a range of Fea3-Cug distances. In oxidized 7t ba;, the
heme-copper distance is 4.4 A (Soulimane et al., 2000; Hunsicker-Wang et al., 2005),
while in bovine CcO, it varies between 4.9 and 5.3 A depending on the state of the
enzymes (Yoshikawa et al., 1998). Similarly, in P. denitrifcans aa;s the Feas-Cup distance
varies between 4.5 and 5.2 A depending on the presence of an auxiliary subunit
complementing the subunit I/subunit II core complex (Iwata et al., 1995; Ostermeier et
al., 1997). Also noteworthy is the observation that heme-copper terminal oxidases form
both 5- and 6-coordinate heme {FeNO}’ species (Pinakoulaki ez al., 2002; Pearce et al.,
2003; Pilet et al., 2004; Pinakoulaki ef al., 2005). Undoubtedly, the coordination numbers
must impact the fate of the NO reaction at the dinuclear active site. Our current data
suggest that the manner in which Cug' interacts with NO, i.e., through an N-bound, side-
on, or O-bound complex, may also determine whether or not NO reductase activity will
be observed. Specifically, while a heme/non-heme [ {FeNO}’], complex in cNOR is
believed to be catalytically competent (Kumita et al., 2004), the formation of an N-bound
Cug-NO complex in bovine aa; may lead to an inhibitory [{FeNO}’{CuNO}''] dead-end
complex (Figure 3.8C). Instead, the NO reductase activity in 7t ba; may be based on the
formation of a {CuON}"! species or the concerted formation of Cug-O and N-N bond
between a free NO molecule and the heme a;-nitrosyl complex to form a bridging

hyponitrite between Cug and Fea; (Figure 3.8B).
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Figure 3.8 The photolysis process observed in ba3;(NO) (A) and putative mechanisms for
NO reductase reaction in terminal oxidases (B). Also shown is expected formation of a

[{FeNO}’{CuNO}'"] dead-end complex in non-NO reductase active bovine aas (C).

Figure 3.9 Crystal structures of the NO-bound aa; at 100 K (left) and at 50 K under light
illumination (right) of bovine heart aa; (PDB code: 3AG3 and 3ABK). The peripheral

side chain and cross-linked tyrosine are omitted in order to better visualize the
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CHAPTER 4
CHARACTERIZATION OF [03-NO » OC-Cug] COMPLEX IN CYTOCHROME

b03

4.1  Cytochrome bos from Escherichia coli

In the previous chapter, we reported a cryogenic FTIR photolysis study of the NO
complex of cytochrome ba; from Thermus thermophilus. The results show the formation
of a transient Cug-nitrosyl species with an unusual N-O stretching frequency suggestive
of an O-bound (n'-0) or side-on (n*-NO) configuration. The characterization of this
complex suggested that the N-N bond formation in bas does not proceed from a [a3-NO e
ON-Cug] trans bas-(NO), complex as proposed by Ohta and coworkers (Ohta et al.,
2006). Instead, we speculated that the photo-induced Cug-nitrosyl species describes the
mode of binding of the second NO molecule during the NO reduction turnover.

To determine whether the hypothesis drawn with ba; apply to other terminal
oxidases with NO reductase activity, we now direct our effort to the bo; ubiquinol
oxidase from Escherichia coli (Figure 4.1) (Abramson et al., 2000; Butler et al., 2002).
Only a few investigations have been focused on the interaction of NO with bo; from E.
coli. Sarti and coworkers measured a low but significant NO reductase activity in bo;
under reducing condition (Butler et al., 2002). Thomson and coworkers have reported
EPR data that led them to propose that two NO molecules bind to Cug" in the oxidized
form of bo; (Butler et al., 1997). To our knowledge, cytochrome boj; is the only quinol
oxidase reported to exhibit NO reductase activity, and thus, it provide a relevant model
for the quinol NOR (qNOR) from N. gonorrhoeae and Neisseria meningitidis (Anjum et
al., 2002).

*Material in this chapter has been published in this or similar form in Biochemistry, and is used here with
permission of the American Chemical Society.

Hayashi T., Lin M.T., Ganesan K., Chen Y., Fee J.A., Gennis R.B., and Moé&nne-Loccoz P. (2009)

Accommodation of Two Diatomic Molecules in Cytochrome bo;: Insights into NO Reductase Activity in
Terminal Oxidases. Biochemistry, 48, 883-890.
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Figure 4.1 Overall structure (top) and zoom-in on the heme/copper center (bottom) of
Cytochrome bo; from Escherichia coli (PDB code: 1FFT). The presence of cross-link
between His284 and Tyr288 could not be determined at the resolution of 3.5A. The

peripheral side chain is omitted in order to better visualize the heme/copper center.
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Here we report cryogenic FTIR photolysis experiments on fully reduced bo3(NO)
and the mixed gas bo3;(CO)(NO) complexes. Amperometric measurement of NO
concentrations and monitoring of production of N,O by FTIR spectroscopy demonstrate
that bas and boj; catalyze the same reaction at similar rates. However, the Cug-nitrosyl
species observed in ba3(NO) does not form in ho3(NO), and instead, the photolyzed NO
docks a protein pocket that lead to efficient NO geminate recombination as in ferrous
myoglobin(NO) (Miller et al., 1997). FTIR experiments carried out on bo; and ba;
exposed to NO/CO mixed gas show simultaneous binding of two diatomic molecules, in
the dinuclear site of o3 to form a [03-NO ¢ OC-Cug] complex which is not observed in
ba;. The relevance of this [03-NO ¢ OC-Cug] state to the NO reductase activity in
cytochrome boj; is discussed in the context of other terminal oxidases and of denitrifying

NORs.
4.2 Materials and methods

Protein Preparations

The expression and purification of ba; and bo; were performed as previously
described (Rumbley et al., 1997; Chen et al., 2005). bas and bo; were prepared in 20
mM Tris-HCI pH 7.5 with 0.05% dodecyl B-D-maltoside and 50 mM potassium
phosphate pH 8.0 with 0.1% dodecyl B-D-maltoside, 10 mM EDTA, and 5% glycerol,
respectively.

bo3(NO) complex was prepared by the method used for ba3;(NO). The bo; was
fully reduced by addition of dithionite at a final concentration of 10 mM, followed by
exposure to 0.1 atm of NO. After one minute of incubation at room temperature, the
protein solution was transferred to an IR cell, RR capillary, EPR tube, or UV-vis cuvette.
Experiments with 1.0 equivalent NO addition were performed as described in Chapter
2.2. CO/NO mixed gas experiments were carried out with ~500 uM reduced protein
solution with 10 mM ascorbate, 0.1 mM TMPD, and 25% glycerol addition. The sample
headspace was thoroughly exchanged with CO gas (**CO purchased from Airgas or *CO

purchased from ICON), and after 15 min of incubation at room temperature, 1.0 or 3.0
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equiv NO addition was achieved using NONOate. 15 pL of the protein solution was

immediately transferred to a FTIR cell with a 15-um Teflon spacer.

NO reductase activity measurements

NO stock solutions were prepared by bubbling of NO previously treated with 1
M KOH through double distilled water in an anaerobically sealed vessel for ~15 min at
25°C. The concentration of NO in the solution was determined to be 1.5 mM by titration
against ferrous Mb. NO reduction measurement was carried out with a Clark-type NO
electrode (Figure 4.2) equipped with a 2 ml gas tight sample chamber at 25°C in a glove
box containing less than 1ppm O, (Omnilab System, Vacuum Atmospheres Company).
The electrode polarization was adjusted to +860 mV, at which NO is oxidized to nitrite
(NO + H,0 — NO, + 2H" + ¢') (Girsch and de Vries, 1997). The current was stabilized
with a buffer solution containing 10 mM ascorbate and 0.1 mM TMPD in the sample
chamber, followed by three successive addition of saturated NO solution to reach final
NO concentrations of 40 to 60 uM. After stabilization of the NO solution, the reduced

enzyme was added and the current monitored until it returned to zero.

adjustable
stopper
water jacket
sample water jacket
threaded chamber
ring
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| electrodes

magnetic stitrer

+
Figure 4.2 Schematic representation of Clark-type NO electrode.

N>O production measurements
The production of N,O by the two terminal oxidases was monitoring the v(NNO)
stretch at 2230 cm™ in the FTIR spectra (Zhao et al., 1995). Protein solutions were made

anaerobic by prolonged purging with argon on a Schlenk line and brought to a final
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enzyme concentration of 50 uM with 10 mM ascorbate and 0.1 mM TMPD in the glove
box. Quickly after the addition of NONOate to the protein solution, a 33-uL droplet of
sample was deposited on a CaF, window and a second CaF, window was dropped on the
sample. The optical pathlength was controlled by 100-um Teflon spacer. The FTIR cell
was placed in the sample compartment of the FTIR instrument. FTIR spectra were
obtained on a Perkin-Elmer system 2000 and sets of 100 scans accumulations were
acquired every 2 min at a 4-cm™ resolution until no further growth of the N,O IR band
was observed. These data were compared to a calibration curve obtained from controlled

solutions with varying N,O concentrations.

Molecular spectroscopy

UV-vis, EPR, FTIR and RR spectroscopy were carried out as described in Chapter 2.2.
The typical enzyme concentrations for UV-vis, EPR, FTIR and RR spectroscopy are 3,
30, 350, and 120 uM, respectively.

For EPR spectroscopy, 250 uL of bo3(NO) complex prepared in an EPR tube was
flash-frozen in liquid N, after confirming the presence of the NO adduct by UV-vis
absorption spectroscopy. Quantitation of the EPR signals was performed under non-
saturating conditions by double integration and comparison with 0.1 mM and 0.01 mM
Cu"EDTA standards.

The FTIR cell was mounted to a closed-cycle cryogenic system and kept in the
dark while the temperature dropped to 30 K (cooling rate ~ 4 K/min). The FTIR spectra
were obtained on a Perkin-Elmer system 2000 equipped with a liquid-N, cooled MCT
detector and purged with compressed air dried and depleted of CO,. Sets of 1000-scan
accumulations were acquired at a 4-cm™ resolution. These data averaging conditions
required 15-min, and because of instrumental drift, further accumulation time did not
result in an improvement of the FTIR difference spectra. Photolysis of the bo3;(NO)
complex was achieved with continuous illumination of the samples directly in the FTIR
sample chamber with a 50 W tungsten lamp after filtering out heat and NIR emission.
The same illumination procedure was used to follow the dissociation-rebinding process

by UV-vis spectroscopy with the Cary-50 spectrophotometer.
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RR sample of reduced bo; and bo3;(NO) complexes were prepared in anaerobic
Raman capillaries. The RR spectra were collected in a 90° scattering geometry on
samples mounted on a reciprocating translation stage at room temperature. Kaiser Optical
supernotch filters were used to attenuate Rayleigh scattering generated by the 413-nm
excitation. Frequencies were calibrated relative to indene and CCly standards and are
accurate to £1 cm™'. The integrity of the RR samples is confirmed by direct monitoring of

their UV-vis absorption spectra in Raman capillaries before and after laser exposure.

4.3  NO reductase activity measurements

Both ba; and bo; have been reported to possess NO reductase activity (Giuffre et
al., 1999; Butler et al., 2002), but their steady-state turnover rates have not been
compared in side-by-side experiments. Thus, we carried out parallel NO reductase
activity measurements on baz and boz by monitoring NO consumption amperometrically
in reducing conditions (10 mM ascorbate and 0.1 mM TMPD) (Figure 4.3 top). Upon
addition of myoglobin, aas, bas, and bo;s, a rapid initial decay of current is assigned to
stoichiometric binding of NO to ferrous high-spin hemes. While no further decay is
observed with myoglobin and aas, bas and bo; display NO consumption with initial rates
of 3.8 mol NO/mol baz-min and 3.5 mol NO/mol bo;-min at [NO] =40 uM (Figure 4.3
top). These values match previous report by Giuffre et al. (3.0 = 0.7 mol NO/mol ba;-
min at [NO] = 55 uM) (Giuffre et al., 1999) and complement Butler et al. (0.3 mol
NO/mol baz-min at [NO] =5 uM) (Butler ef al., 2002). It is worth noting that, in the
presence of excess reducing agent, both enzymes remain as mononitrosyl-complexes
after the turnover measurements (data not shown). This observation indicated that, in
both enzymes, the binding affinity for the second NO is much lower than that of the first
NO.

The production of N,O was monitored by FTIR measurement of the
antisymmetric N-N-O stretch mode v3; of N,O at 2231 cm™. Using calibration curves
with N,O saturated solutions, the 223 l-cm™ absorption values in ba; and bo; confirm that

all the NO consumed is converted to N,O. (Figure 4.3 bottom).
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Figure 4.3 NO binding and reductase activity of deoxy myoglobin (Mb), aas, bas, and
bosat 25°C (Top). Black arrows show time points where each enzyme were added to
react a final concentration of 7 uM. For ba; and bos, the early part of the trace is also
shown expanded 10-times to reveal the initial NO-binding steps. FTIR spectra of ba; and
boj; after 15-min incubation with 2.0 mM NO generated from NONOate, 10 mM
ascorbate, and 0.1 mM TMPD (Bottom).

4.4  Formation of 6-coordinate 03-NO in Ec bos

Similar to 7t bas, extended exposure of fully-reduced Ec bo; to excess NO,
produces an UV-vis spectrum identical to that of fully-oxidized Ec bo;, consistent with
the NO reductase activity observed above. Exposure of fully-reduced bo; to a headspace

containing 0.1 atm NO results in the formation of b03(NO). The Fe" heme-o; Soret
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absorption at 427 nm is blue-shifted to generate a new Soret band at 417 nm, and there
are only minor changes in the visible range of the room-temperature absorption spectra
(Figure 4.4A). The Soret absorption, assigned to the heme-o0;-NO complex, is also
observed at 30 K, but disappears following illumination (Figure 4.4B). As reported
previously (Cheesman et al., 1993), the EPR spectrum of the bo3;(NO) complex is
characteristic of a 6-coordinate low-spin heme iron(II)-nitrosyl species with spectral
parameters equivalent to those observed in ba3;(NO) (Figure 4.5). In addition, this EPR
spectrum includes an easily saturated, isotropic g =2.005 with a 10 G linewidth which
was previously assigned to a semi-quinone radical (Yap et al., 2006; Yap et al., 2007).
Unlike the EPR features associated with the heme 03-NO, this signal is insensitive to
short illumination at cryogenic temperatures (Figure 4.5). The only new EPR signal
observed after illumination is that of free NO at g = 1.97, which is best observed at high
microwave power and below 10 K (data not shown). Thus, the low-temperature UV-vis
and EPR data reveal efficient NO photolysis from heme 03 to form a stable photolyzed
state at 30 K.

421 A. 426 B.

Absorbance

400 450 500 550 600 650 700 400 450 500 550 600 650 70
Wavelength / nm Wavelength / nm

Figure 4.4 UV-vis absorption spectra of fully reduced cytochrome boj; (red) and the

bo3(NO) complex (black), and ‘ba3;(NO)’ minus ‘fully reduced bo;’ difference spectrum

(blue) obtained at room temperature (A); and of the bo3;(NO) complex before (black) and

after illumination (red), and ‘dark’ minus ‘illuminated’ difference spectrum (blue)

obtained at 30 K (B).
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Figure 4.5 EPR spectra of bo3(NO) at 30 K. Spectrum taken in dark (black), after
illumination (red), and the ‘dark’ minus ‘illuminated’ difference spectrum (blue).
Conditions: protein concentration, 30 uM; temperature, 30 K; microwave power, 0.04

mW; modulation amplitude, 2G; microwave frequency, 9.66 GHz.

RR spectra of the ho3(NO) complex, obtained with a 413-nm excitation at room
temperature, display enhancement of vibrational modes from the heme 03-NO complex
(Figure 4.6). The porphyrin skeletal modes va, vs, v2, and vy at 1361, 1504, 1587, and
1638 cm™, respectively, are characteristic of a 6-coordinate low-spin heme-nitrosyl
species. Vibrational modes involving the Fe-N-O unit are identified by their ""N'*O-
downshifts (Figure 4.6). The v(N-O)o; mode is observed at 1615 cm™ and exhibits a 67-
cm™' downshift with "N'0 that is within 5-cm™ of the calculated shift for a diatomic N-
O oscillator. Two bands, at 534 (-17) and 440 (-13) cm™, are assigned to 8(Fe-NO) and
v(Fe-NO) modes, respectively, according to theoretical work from Lehnert et al.(Lehnert

et al.,2010). The unusually intense v(Fe-NO) band, which is not observed in ba3;(NO)
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(Pinakoulaki et al., 2005), and the low 6(Fe-NO) frequency suggest that the Fe-N-O
angle is smaller than the 140° equilibrium value. The low v(N-O)o; frequency is also

consistent with a small Fe-N-O angle which favors the Fe""NO™ resonance structure and

N-O double-bond character.
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Figure 4.6 Low- and high-frequency RR spectra of bo s(*N'%0) (red), bos(°N'*0)
(blue), reduced bo; (black), and the ‘bo 5(**N'0)’ minus ‘bos("°N'*0)’ difference

spectrum (green) obtained with a 413-nm excitation at room temperature.
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45  Concomitant binding of NO and CO in bos

bo3(NO) complex

As done previously with ba3(NO) (chapter 3), we use cryogenic photolysis
experiments to isolate v(N-O) vibrations in ‘dark’ minus ‘illuminated’ FTIR difference
spectra. In ba3(NO), these experiments revealed the disappearance of a v(N-O)a; at 1622
cm’, consistent with the dissociation of NO from the heme, and a negative v(N-O)Cug at
1589 cm™ corresponding to the formation of a Cug-nitrosyl complex. In the case of
bo3(NO), the FTIR ‘dark’ minus ‘illuminated’ difference spectrum shows a sharp positive
band at 1610 cm™ that is readily assigned to the v(N-O)oj; by its 30-cm™ downshift with
>NO, but there are no negative signals below 1800 cm™ that might be suggestive of a
Cug-nitrosyl species (Figure 4.7). Instead, a negative band at 1863 cm™ that shifts -34
cm” with "°NO is characteristic of a v(N-O) from an NO molecule docked in a
proteinaceous pocket, as observed with the nitrosyl complex of myoglobin (Miller ef al.,
1997). Changing buffer and salt conditions had no effect on the FTIR difference spectra
of bo3(NO) (Figure 4.8). Thus, these experiments suggest that, despite the structural
similarities of the heme-copper sites in these two terminal oxidases (Abramson et al.,
2000; Soulimane et al., 2000) and despite efficient capture of photolyzed CO by Cug' in

both terminal oxidases, NO transfer from the heme to Cug does not occur in bos.
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Figure 4.7 FTIR ‘dark’ minus ‘illuminated’ difference spectra of bo3(NO) (top traces)
and ba3(NO) (bottom traces) at 30 K. The spectra were obtained with protein
concentration near 350 uM and were normalized based on the room temperature UV-vis

spectra obtained directly from the FTIR cell.
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Figure 4.8 FTIR ‘dark’ minus ‘illuminated’ difference spectra of b0o3(NO) complex
formed after exposure to 0.1 atm NO addition at pH 8.0 (black), pH 6.0 (red), pH 9.5
(blue), at pH 8.0 with 500 mM NaCl (green), and at pH 8.0 with 1.0 equiv NO addition
(magenta) at 30 K. The spectra were obtained with protein concentration near 350 uM
and were normalized based on the room temperature UV-vis spectra obtained directly

from the FTIR cell.
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bo3(NO)(CO) complex

To gain further insight into the catalytically-relevant step where two NO
molecules interact with the heme-copper, we carried out experiments with consecutive
exposure of reduced basz and bo; proteins to CO and NO gases, and succeeded in forming
a [03-NO *» OC-Cug] complex in bo;. In baj, exposure of ba3(CO), in the presence of
excess CO, to 3 equiv of NO minutes before freezing (see experimental section) resulted
in the formation of ha3(NO) and ba;(CO) complexes that were easily distinguishable in
the FTIR spectra (Figure 4.9). While rebinding of the photolyzed CO required annealing
the sample above 220 K, the rebinding of NO was complete after annealing at 100 K.
This difference in rebinding temperature allows the separation of FTIR features
associated with ba3(NO) and ba3;(CO). When the same experiment was carried out with
bos, features in the FTIR difference spectra associated with ho3(NO) and bo3(CO)
complexes were also observed (Figure 4.10 A and B); however, the NO dissociation
process induces a differential signal in the v(C-O)Cug region that shifts —47 cm™ with
BCO (Figure 4.9). We assign this signal, centered at 2057 cm’™, to a perturbation of the
Cug-carbonyl as NO is dissociated from heme o3 (Figure 4.10 C). The v(NO)oj; in these
mixed-gas experiments is observed at 1610 cm™ and is indistinguishable from the
v(NO)o; observed when the complex is formed with pure NO. The relative intensities of
the v(N-O)o; and v(C-O)o; bands suggest that the active site in the bo3(CO) state
represents only 10% of the sample, while the remaining 90% contains the heme 03-NO
complex. Furthermore, on the basis of the v(C-O)Cug band observed in the 'dark’
spectrum (Figure 4.11), we estimate that out of the 90% of nitrosylated active site, at least
10% binds CO to form the [03-NO * OC-Cug] complex. Thus, although the active site of
bo; cannot bind two CO molecules at the same time, binding of NO to heme a; allows the
subsequent binding of CO to Cug. The v(C-O)Cug band in the [03-NO ¢ OC-Cusg]
complex is symmetric and centered at 2057 cm™', which contrasts the multiple
conformers observed in the light-induced [0; * OC-Cug] state (Figure 4.11). Changing
the order of gas exposure by forming the heme-nitrosyl complexes before the addition of

excess CO had no effect on the FTIR data obtained with bo; and ba; (data not shown).
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Figure 4.9 FTIR ‘dark' minus 'illuminated’ difference spectra of ba;(CO)(NO) (left) and
bo3(CO)(NO) (right), before (black) and after annealing at 120 K (blue). Also shown for
comparison, are the ‘dark' minus 'illuminated’ difference spectra for the pure-CO
complexes (red traces) and the bo3('°*CO)(NO) difference spectra after illumination and
annealing at 120 K (pink). The spectra were obtained with protein concentration near 350
uM and were normalized based on the room temperature UV-vis spectra obtained

directly from the FTIR cell.
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Figure 4.10 Three species bo3(NO) (A), bo3;(CO) (B), and bo3(CO)(NO) (C) observed in
the ho3(CO)(NO) preparation and their photo-induced states based on the low

temperature photolysis data.
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Figure 4.11 Comparison of FTIR difference spectra in the range of the v(**C-O)Cug
modes in bo;. From top to bottom: bo3;(CO)(NO) minus bo 5(*CO)(NO) difference
spectrum from the ‘dark’ spectra (black), bo3(NO) minus bo3('°NO) difference spectrum
from the “dark’ spectra (red), and 'illuminated' minus 'dark' bos3-'>CO (blue). The spectra
were obtained with protein concentration near 350 uM and were normalized based on the

room temperature UV-vis spectra obtained directly from the FTIR cell.
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4.6  Discussion

Several terminal oxidases, including 7. thermophilus bas and E. coli bos, have
been shown to catalyze the two electron reduction of NO to N,O (Giuffre et al., 1999;
Butler et al., 2002). In the present work, we show that the bo; ubiquinol oxidase from E.
coli reduces NO at a rate equivalent to that of ba; (~3 mol NO / [E] mol-min at [NO] =
40 uM). In analogy to baj;, fully-reduced boj; rapidly binds NO to form a stable 6-
coordinate low-spin heme-o; nitrosyl complex. This nitrosyl complex exhibits Fe-N-O
bending modes suggestive of a bent Fe-N-O geometry (Coyle et al., 2003; Lehnert et al.,
2010). [llumination of ho3(NO) at 30 K dissociates the heme-nitrosyl complex with
equivalent efficiency as in ba3(NO), but complete rebinding of NO to the heme 03 occurs
after annealing the sample to 60 K which is significantly lower than the 90-K annealing
temperature measured in ba3(NO). Thus, the photolyzed bo3;(NO) state is
thermodynamically less favored than the corresponding nitrosyl complex in ba;.
Comparison of low-temperature FTIR photolysis data for bo3(NO) and ba3(NO) support
this conclusion. Indeed, light-induced FTIR difference spectra show that stabilization of
the photolyzed NO through interactions with Cug' does not occur in bo3(NO) as it does in
ba3(NO). Rather, the photolyzed FTIR spectrum of »03(NO) reveals a v(N-O) band at
1863 cm™ which corresponds to an NO molecule docked in a proteinaceous pocket
(Miller et al., 1997).

What prevents the formation of a light-induced Cug-nitrosyl in bo;? Because the
photolysis process with the bo3;(CO) complex leads to the efficient capture of the
photolyzed CO by Cusg, a lack of an open coordination site on Cug can be ruled out.
Extensive RR and FTIR studies of the heme-copper carbonyl complexes have revealed
different configurations, which have been named a, 3, and y forms that correspond to
increasing levels of steric restrictions at the active site pocket (Alben et al., 1981;
Einarsdottir et al., 1989; Wang et al., 1995; Puustinen ef al., 1997). According to these
studies, the ba3;(CO) complex represents a highly-restricted site (y form) (Einarsdottir et
al., 1989), while the bo3(CO) complex offers more open configurations of the dinuclear
site (Puustinen et al., 1997). The iron-copper distances reported for the crystal structures
of terminal oxidases support this view, with metal-metal distance ranging for 5.3 A in bo;

and 4.4 A in ba; (Iwata et al., 1995; Tsukihara et al., 1996; Yoshikawa et al., 1998;
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Abramson et al., 2000; Soulimane et al., 2000; Hunsicker-Wang et al., 2005). However,
metal-metal distance comparison from crystal structures should be used with caution
specially since some the structure of ho; was only solved at 3.5 A resolution, and because
the redox state of the active sites during the X-ray diffraction data acquisition is not
always clearly defined.

Based on our FTIR results, we hypothesize that in bo3;(NO), a larger metal-metal
distance prevents the efficient capture of the photolyzed NO by Cug. This hypothesis
also explains the formation of a ho;-(NO)(CO) complex which is not observed in bas;.
This [03-NO * OC-Cug] state is evidenced by a differential signal centered at 2057 cm’™
from a Cug-carbonyl complex perturbed by the photolysis of NO from heme-o0;. It is
striking that one CO and one NO can co-exist at the dinuclear site of ho;, while two CO
molecules cannot. This observation suggests that the distance between heme 03 and Cug
is just large enough to accommodate one CO at the Cug with one NO at the heme 03 in a
bent geometry but not large enough to accommodate two linear diatomics. The limited
accumulation of [03-NO « OC-Cug]) to 20% of the active sites may reflect the presence of
multiple conformations of the heme-copper site (in bo3). The v(N-O)o; frequency in the
[03-NO « OC-Cug] state is equivalent to that observed in the [03-NO ¢« Cug] state.
However, the [Fe-NO » OC-Cug] state exhibits only one v(C-O)Cug at 2057 cm™', which
contrasts with the multiple v(C-O)Cug bands observed at 2056 and 2073 cm™ observed
after photolysis of ho3(CO) at low temperature (Figure 4.10) (Hill et al., 1992). EXAFS
measurements suggest that high v(C-O)Cug frequencies could correspond to active site
populations where one of the three coordinating histidines to Cug is weakly bound
(Calhoun et al., 1993). Regardless of the structural significance of the different v(C-
O)Cus frequencies, the mixed-gas experiments suggest that the conformer that
correspond to the high v(C-O)Cug does not bind CO in presence of the heme 03-NO
complex.

Reports of concomitant binding of two diatomic molecules at heme-copper
dinuclear sites are scarce. In fully-reduced bovine and prokaryotic aa;, the loss of the
EPR signal from a3-NO at high NO concentration has been assigned to the binding of a
second NO molecule to Cug (Brudvig et al., 1980; Pilet et al., 2007). Using FTIR

spectroscopy, Caughey and coworkers observed two v(NO)s in bovine aas: one at 1610
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cm’ assigned to a3-NO, and one at 1700 cm™ assigned to Cug-NO (Zhao et al., 1994).
Presumably, the lack of NO reductase activity in aa; terminal oxidases permits the
accumulation of a stable [{FeNO}’/{CuNO}''] complex, but the presence of two NO
molecules in the active site of ba; and bo; is expected to represent a highly reactive
intermediate within the NO reductase turnover. Although the characterization of a [0;-
NO ¢ OC-Cug] complex in bo; suggests that this active site can also accommodate a
[{FeNO}'/{CuNO}'""] trans-complex, this state may also correspond to a dead-end adduct
as in the aa; systems.

Low-temperature photolysis experiments are a sensitive probe of dinuclear heme-
copper active site. The results presented here show that fully-reduced ba; and bo; bind a
first NO molecule to the high-spin heme-iron(II) in similar fashion, but the heme iron-
copper distance differs significantly in the two proteins. Thus, in ba;, the close vicinity of
the heme a3 and the Cug allows for the transfer of the photolyzed NO from the heme to
Cug in a side-on geometry as shown in Chapter 3, whereas in bo;, the larger metal-metal
distance does not restrict the coordination of a second diatomic molecule at the Cug site.
Our experiments do not determine whether the Cug' site in bo 3(NO) binds a second NO
molecule to form a trans [ {FeNO}’/{CuNO}''] complex. Nevertheless, the comparison
of baz and bo; shows that the mechanism of NO reduction can accommodate the
difference in heme-copper distances in these two active sites. This conclusion argues
against the coordination of the second NO molecule to Cug' as an essential step in the
reaction mechanism. Instead, the role of the Cug site may be limited to promote the
formation of a heme iron-hyponitrite species through electrostatic interactions (Blomberg

et al., 2006; Moénne-Loccoz, 2007).
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CHAPTERS
CHARACTERIZATION OF HEME AND NON-HEME Fe-NO COMPLEXES IN
FeBMb

5.1  Structural and functional model of NORs

In chapter 3 and 4, we reported low-temperature FTIR photolysis experiments on
cytochrome ba3(NO) and bo3(NO) complexes, and showed that, although ba; and bo;
exhibit similar NO reductase activities (e.g. ~3 mol NO/[enzyme] ¢ min), a side-on Cug-
NO complex was observed only in ba;. Furthermore, only bo3;(NO) can concomitantly
bind CO to form a [03-NO ¢ OC-Cug] ternary complex. We assigned these differences to
differences in iron-copper distance in the two proteins and proposed that coordination of
the second NO to Cug is not a productive step in the NO-reduction mechanisms of these
enzymes (Hayashi et al., 2007; Hayashi et al., 2009). However, because the active site
metal composition in NORs is different than in HCOs, this conclusion does not directly
apply to NORs.

Recently, Yeung et al. reported a protein model that mimics the active site of
NORs by introducing three histidine and one glutamate residues, as ligand sets to
engineer a non-heme iron Fep center in the distal pocket of sperm whale myoglobin
(Yeung et al., 2009). The crystal structure of the triple mutant (L29H, F43H, and V68E),
named FegMb, shows that the non-heme iron in the Feg site is coordinated by the three
histidine, one glutamate, and one water molecule in an octahedral coordination geometry
(Figure 5.1). The iron-iron distance of FegMb is 4.8 A and is similar to the iron-copper
distances reported for terminal oxidases (~5 A). Although these NOR modes exhibit low
NO reductase activities, study of the interaction of NO with this NOR active site model
would expand our knowledge of NO chemistry that occurs in heme/non-heme dinuclear
iron center of NORs.

Here, we report the UV-vis, RR, and FTIR characterization of the Fe-NO
complexes formed in FegMb. Addition of 1 equiv NO to reduced Fe''-FegMb results in
the formation of a stable 6¢cLS heme-nitrosyl {FeNO}’ complex with an exceptionally

low v(NO) stretching frequencies. This complex reacts further with NO to form a new
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species, previously assigned to oxidized protein (Yeung et al., 2009). However, our
spectroscopic data suggests that the product of this reaction is not the oxidized protein
and N,O but instead a stable [heme-NO « ON-Fe] diferrous-dinitrosyl complex. These
{FeNO}’ complexes are discussed within the context of proposed NO reduction

mechanisms in the heme/non-heme center of NORs.

Figure 5.1 The heme/non-heme diiron center of FegMb. (PDB ID code: 3M39)

5.2 Materials and methods

Protein preparations and Metal titrations

The expression and purification of FegMb (swMb L29H/F43H/V68E) was
performed as previously described (Yeung et al., 2009). All the protein concentrations
were calculated based on an g4 extinction coefficient of 175 mM 'cm™! in the oxidized
state. Approximately 1 mM FegMDb solutions were brought into a glove box containing

less than 1ppm of O, (Omnilab System, Vacuum Atomsphares Company) and
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concentrated by a microcon filtering device (10 kDa cutoff, Amicon ultra, Millipore) if
necessary. The protein solution was reduced by addition of ~5 mM dithionite followed by
removal of excess reduction agents with desalting spin columns (Zebra, Pierce). Fe" and
Zn" titrations were performed in 50 mM Bis-Tris pH 7.0 using Fe"Cl, and Zn"SO,
respectively. Fresh Fe' and Zn" solutions were prepared each time by dissolving Fe"'Cl,
and Zn"SO4 in 0.01 M HCI. Typically, 3 ul of metal solution containing 1.3~2 equiv of
metals was added to 80~100 pl of ~1 mM protein solutions at 60 pl/h with gentle stirring.
After metal addition, the protein solution was incubated at room temperature for 20 min
with gentle stirring. The metal binding to the protein was confirmed by UV-vis
spectroscopy. 1 equiv and excess NO adducts of Fe'- and Zn"-FegMb were prepared as

described in Chapter 2.2.

Molecular spectroscopy

UV-vis, RR, and FTIR measurements were performed as described in Chapter
2.2. The typical enzyme concentrations for RR, EPR and FTIR were 80~100 uM, 100 uM
and 0.5~1.2 mM, respectively.

For EPR spectroscopy, 250 pL of ho3(NO) complex prepared in an EPR tube was
flash-frozen in liquid N after confirming the presence of the NO adducts by UV-vis
absorption spectroscopy. Quantitation of the EPR signals was performed under non-
saturating conditions by double integration and comparison with CuEDTA standards.

The FTIR cell was mounted to a sample rod prior to flash-freezing in liquid N,
and insertion into the sample compartment of a pre-cool closed-cycle cryogenic system
(Omniplex). The sample was kept in the dark while the temperature dropped to 10 K. The
FTIR spectra were obtained on a Bruker Tensor 27 equipped with a liquid-N; cooled
MCT detector and purged with compressed air dried and depleted of CO,. Sets of 1000-
scan accumulations were acquired at a 4-cm™ resolution. These data averaging conditions
required 7-min. Photolysis of the NO adducts was achieved with continuous illumination
of the samples directly in the FTIR sample chamber with a 300 W arc lamp after filtering
out heat and NIR emission. The same illumination procedure was used to follow the
dissociation-rebinding process by UV-vis spectroscopy with the Cary-50

spectrophotometer.
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RR samples were prepared in anaerobic Raman capillaries. The RR spectra were
collected in a 90° scattering geometry on samples mounted on a reciprocating translation
stage at room temperature. Kaiser Optical supernotch filters were used to attenuate
Rayleigh scattering generated by the 413-nm excitation. Frequencies were calibrated
relative to indene and CCl, standards and are accurate to +1 cm™. The integrity of the RR
samples is confirmed by direct monitoring of their UV-vis absorption spectra in Raman

capillaries before and after laser exposure.

5.3  Formation of heme-NO complex in FegMb

Upon addition of Fe" or Zn", the UV-vis spectra of deoxy FegMb exhibits small
changes; the Soret band at 434 nm blue-shifts to 433 nm and the o/p band at 556 nm
splits into two bands at 556 and 577 nm, suggesting metal binding to the apoprotein
(Figure 5.2) (Yeung et al., 2009). Addition of up to 1 equiv of NO to reduced Fe"-FegMb
results in a blue-shift of the Soret to 420 nm and appearance of o/p bands at 546 and 582
nm in the UV-vis spectrum (Figure 5.3 A). These absorption features are characteristics
of 6¢cLS heme-NO complexes and very similar to those of the NO complex formed in
apo-FegMb (Figure 5.3A). The near complete conversion of FegMb upon stoichiometric
addition of NO suggests that the ferrous heme has a higher NO affinity than the non-
heme Feg center.

The reaction of Zn"- FegMb with 1 equiv of NO generates a mixture of species as
indicated by the presence of pronounced shoulders on both high- and low-wavelength
sides of the heme Soret band (Figure 5.3 B). The Soret band at 421 nm is characteristics
of 6¢LS heme-NO, and the shoulders on high- and low-wavelength sides suggest
incomplete reaction of the proteins with NO and the presence of 5cL'S heme-NO species,
respectively (Coletta et al., 1990; Decatur et al., 1996). A deconvolution analysis of the
Soret absorption envelope yields estimates for the 1 equiv NO adducts composition of
40% 6¢LS heme-NO, 30% 5cLS heme-NO, and 30% reduced (data not shown). So far,

addition characterization of Zn"-FegMb(NO) is hampered by this mixture of species.
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Figure 5.2 UV-vis absorption spectra of deoxy apo-, Fe''-, and Zn"-FegMb.
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Figure 5.3 UV-vis absorption spectra of deoxy and 1 equiv NO adduct Fe"-FegMb and
NO adduct apo-FegMb, obtained at room temperature (A). The presence of a small
shoulder on high-wavelength side of the Soret suggests incomplete reaction of the protein
with NO. Indeed, subtraction of the high-wavelength component from the UV-vis
spectrum of Fe"-FegMb using the spectrum of Fe"-FegMb produces a spectrum identical
to that of apo-FegMb(NO). UV-vis absorption spectra of deoxy and 1 equiv NO adduct

Zn"-FegMb obtained at room temperature (B).
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At 10 K, the UV-vis spectra of apo-FegMb(NO) and Fe"-FegMb(NO) exhibit
Soret bands at 423 and 426 nm, respectively, and are consistent with 6¢LS heme-NO
complexes (Figure 5.4). After a few minutes of illumination with 300-W arc lamp,
however, new species associated with Soret band at ~440 nm appear at the expense of the
Soret bands at ~425 nm, with ‘dark’ minus ‘illuminated’ difference spectra suggestive of
efficient photo-dissociation of the nitrosyl complex in apo- and Fe'-FegMb.

As previously reported, the EPR spectrum of apo-FegMb(NO) is characteristic of
an S = 1/2 6¢LS heme-NO species with g value centered around 2 (2.094, 2.012, 1.970)
and a clear 9-line 14N-hyperﬁne structure (Ano = 21.5 G, Anis = 6 G) (Figure 5.5) (Lin et
al., 2010). Conversely, the EPR spectrum of Fe"-FegMb(NO) complex shows a weak
signal centered at g ~ 2 with 3-line '*N-hyperfine structure (Ano = 16.5 G), typically
assigned to 5cLS heme iron"-NO species. EPR signal quantification using Cu"EDTA
standards suggests that this g ~ 2 signal represents only 6% of entire heme/non-heme
diiron site. Thus, majority of the heme-nitrosyl species in Fe'-FegMb(NO) are EPR silent

at liquid nitrogen temperature (Figure 5.5).
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Figure 5.4 UV-vis spectra of apo-FesMb(NO) (A) and Fe"-FegMb(NO) (B) obtained at
10K before (black) and after illumination (red). Also shown are ‘dark’ minus

‘illuminated’ difference spectra (blue).
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Figure 5.5 EPR spectra of Apo- and Fe'-FegMb(NO), obtained at 110 K. Condition:
protein concentration, 100 uM; microwave frequency, 9.43 GHz; microwave power, 4

mW; modulation frequency, 100 kHz; modulation amplitude, 2.0 G.
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The apo-FegMb(NO) complex resulting from the reaction of reduced apo-FegMb
with excess NO are sufficiently stable to allow extended acquisition time for optimal RR
spectral characterization. The high-frequency RR spectra of apo-FegMb(NO) obtained
with 413-nm excitation, show porphyrin skeletal modes v4, v3, v, and vy at 1375, 1503,
1583, and 1638 cm™, consistent with 6¢cLS heme-NO complexes (Figure 5.6) (Tsubaki
and Yu, 1982; Benko and Yu, 1983). The ‘NO’ minus ‘I>NO’ RR difference spectrum
reveals an isotope sensitive band at 1606 cm™ which downshifts to 1582 (-24) cm™,
readily assigned to v(NO) of the heme-NO complex. The low-frequency RR spectra
exhibit isotope sensitive mode at 560 cm™ which downshifts to 538 (-22) cm™, assigned
to 6(Fe-NO) of the heme-nitrosyl complexes and similar to that of wild-type sperm whale
myoglobin (Tsubaki and Yu, 1982).

The mononitrosyl Fe'-FegMb(NO) complex forms only when using <1 equiv of
NO. As expected from the UV-vis data, incomplete reaction of the protein with NO was
also observed in RR samples (data not shown). In addition, the Fe"-FegMb(NO) complex
exhibits a highly photolabile character at room temperature. Even with minimal laser
power (~0.05 mW) and continuous sample translation, the accumulation of the NO
dissociated state (i.e., reduced-like species) was observed in RR capillaries. The high-
frequency RR spectra of Fe"-FegMb(NO), obtained with 413-nm excitation, show two
prominent oxidation-state marker bands vy4 at 1353 and 1375 cm™ (Figure 5.6). The
species with v4 at 1353 cm™ increases at higher laser power and was also observed for
reduced FeH—FeBMb, consistent with NO dissociated state of Fe'-F esMb(NO) complex; a
RR difference spectrum was computed to isolate the component of the nitrosyl complex
from the raw data (Figure 5.6). The RR difference spectrum of Fe'-FegMb(NO) exhibits
porphyrin skeletal modes vy, v, v2, and vig at 1374, 1503, 1583, and 1638 cm™,
characteristic of 6¢cLS heme-nitrosyl species (Figure 5.6). Although v(NO) could not be
extracted from the RR spectra, its low-frequency spectra reveal an isotope sensitive mode
at 577 cm’', assigned to 8(Fe-NO) of the heme-nitrosyl complex (Figure 5.6). This 8(Fe-
NO) mode is up-shifted ~17 cm™ compared to the corresponding vibration in apo-

FesMb(NO).
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Figure 5.6 High-frequency RR spectra of Fe'-FegMb(NO), Fe"-FegMb, and apo-

FegMb(NO), and RR ‘NO adduct’ minus ‘reduced’ difference spectrum of Fe'-

FegMb(NO), obtained with 413-nm excitation at room temperature (left). Low-frequency

RR spectra of Fe''- and apo-FegMb(NO), obtained with 413-nm excitation at room

15

temperature (right). Also shown are ‘NO’ minus ‘ "NO’ difference spectra.
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In the 10 K ‘dark’ minus ‘illuminated’” FTIR difference spectra of apo-
FegMb(NO), a positive band at 1601 cm™ which downshifts to 1570 with °NO is
assigned to v(NO) of the heme-NO complex. The frequency is a close match to that
observed in the RR spectra. The difference spectra also reveal a negative band at 1856
cm” which downshifts to 1823 cm™ with '°NO, readily assigned to v(NO) of free NO
docked in a proteinaceous pocket as observed with the nitrosyl complexes of myoglobin
and some HCOs (Miller et al., 1997; Hayashi et al., 2009). Although Fe" binding at the
Feg site does not significantly affect the electronic absorption spectrum of the
FegMb(NO) complex (Figure 5.3 A), it leads to a large downshift of the v(NO)heme
mode. Specifically, the 10 K ‘dark’ minus ‘illuminated’” FTIR difference spectrum of
Fe"-FegMb(NO) complex shows a positive band at 1549 cm™, which shifts to 1525 and
1480 cm™ with "NO and "’N'®0, respectively (Figure 5.7). Reproducible detection of a
negative band which could be assigned to free NO docked in a proteinaceous pocket was
not achieved and may reflect the presence of multiple docking sites in Fe'-FegMb
compared to apo-FegMb.

The v(NO) vibrations are accompanied by weaker signals between 1200 to 1700
cm’ that cancel out in the isotope-edited difference spectra and are thus assigned to
perturbations of amide and porphyrin vibrational modes. In addition, the difference
spectra of apo-FegMb(NO) complex show a differential signal centered at 1742 cm™,
readily assigned to v(C=0) of a carboxylic acid, which disappears upon Fe" binding,
suggesting that the carboxylic acid is deprotonated and presumably coordinated to the
Fep metal center (Baenziger ef al., 1993; Yeung et al., 2009; Lin et al., 2010), while in
apo-FegMb(NO) the side chain of Glu68 must be protonated and impacted by the
photolysis process. It is worth pointing out that the annealing temperature for the
photolysis process in apo-FegMb(NO) is 60 K but 120 K in Fe"-FegMb(NO), suggesting

a greater thermodynamic barrier for NO-rebinding in the latter complex.
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Figure 5.7 FTIR ‘dark’ minus ‘illuminated’ difference spectra of apo-FegMb(NO) (top)
and Fe'-FegMb(NO) (bottom) with NO (black), °NO (red), and °N'*0 (blue), obtained
at 10 K. Also shown are ‘NO’ minus ‘'’NO’ (red) and ‘NO’ minus ‘"°N'*0’ (blue)

difference spectra.
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5.4 Formation of [heme-NO « ON-Feg] trans-dinitrosyl complex in FegMb
Further addition of NO to Fe"-FegMb(NO) results in a blue-shift of the Soret
absorption from 420 to 406 nm and the appearance of a new absorption band at ~470 nm
(Figure 5.8). The same complex was prepared by addition of 1 atm NO gas to the
headspace of reduced Fe"-FegMb (Figure 5.8). The product of this reaction is stable as no
additional changes occur in the UV-vis spectrum in the course of several hours. To
determine whether the reaction of NO with Fe"-FegMb(NO) produces N,O, we attempted
to detect the asymmetric N-N-O stretch mode v; of N,O at 2231 cm’! in the room
temperature FTIR spectra from a Fe"-FegMb sample incubated with 2 mM NO produced
from NONOate, but observed no significant N,O production, even after 960 min (Figure
5.9). From comparison with standard samples, the intensity of the FTIR band at 2330 cm’
! reveals that less than 0.2 equiv of N>O is produced per Fe'-FegMb protein. Another
observation inconsistent with the occurrence of a NO reduction cycle at the diiron site is
the detection of an intense IR band at 1760 cm™ which is a good candidate for a v(NO)

from a non-heme {FeNO}’ formed at the Feg site (vide infra).
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Figure 5.9 FTIR detection of N,O produced by 0.7 mM Fe'_FegMb after incubation for

4, 30, 180, 960 min with 2 mM NO produced from NONOate. Also shown are average of

two FTIR spectra of 1 mM N,O standards obtained from multi-turnover reactions of

reduced cytochrome bo; (50 uM) and ba; (50 uM) in presence of 10 mM ascorbate The

IR spectra of Fe"-FegMb were normalized to 1 mM to facilitate the comparison.
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The NO complex of Fe'-FegMb formed with excess NO is sufficiently stable to
allow extended acquisition time and optimal RR characterization. The high-frequency RR
spectra obtained with 413-nm excitation, show porphyrin skeletal modes v4, v3, V2, and
vio at ~1375, ~1505, 1583, and ~1641 cm™ consistent with a 5cLS heme-NO complex
(Figure 5.10 A) (Yu et al., 1994; Decatur et al., 1996). These high-frequency RR spectra
also reveal isotope sensitive bands at 1666 cm™, which downshifts to 1633 (-33) and
1596 (-70) cm™ with "°NO and '"N'®0, respectively. These isotope shifts are in perfect
agreement with predicted value for isolated diatomic vibrations and consistent with v(N-
O) of a 5cLS heme-NO complex (Deinum et al., 1996; Andrew et al., 2001; Thomas et
al., 2001). In addition, the RR spectra reveal another isotope sensitive band at 1758 cm'l,
which downshifts to 1726 (-32) and 1685 (-73) cm™ with "NO and "N"'*0, respectively
(Figure 5.10A). The 1758 cm™ frequency matches the intense IR band observed at 1760
cm’ in Fe"-FegMb incubated with 2 mM NO (F igure 5.10 A and 5.9), and is less
photolabile than the 5cLS heme-NO complexes at high laser power with static samples
(data not shown). This signal is not observed in the RR spectra of wild type Mb incubated
with 1 atm NO in the presence of 2 equiv Fe" (Figure 5.10 A), and is assigned to the v(N-
0) of a {FeNO}’ formed at the Feg site, since this frequency is in good agreement with
the v(NO) of other non-heme {Fe-NO}’ complexes (Table 5.1) (Brown et al., 1995; Feig
et al., 1996; Clay et al., 2003; Lu et al., 2004). Thus, excess NO addition to Fe"-FegMb
results in the formation of a [heme Fe-NO ¢« ON-Feg] frans-dinitrosyl complex.

The low-frequency RR spectra of Fe'-FegMb(NO), reveal an isotope sensitive
band at 515 cm™, which downshifts to 507 (-8) and 505 (-10) cm™ with °’NO and "N'*0
respectively, and is assigned to the 5(Fe-NO) of the 5cLS heme-NO complex (Figure
5.10 B and Table 5.1) (Deinum et al., 1996; Andrew et al., 2001; Thomas et al., 2001).
Not surprisingly, the detection of low-frequency Fe-N-O vibrations from the {FegNO}’

complex is prevented by more intense porphyrin vibrations.
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Figure 5.10 High- and Low-frequency RR spectra (A and B) of Fe"-FegMb and wild
type Mb plus 2 equiv Fe'' NO adducts prepared with 1 atm NO (black), ’NO (red), and
N8O (blue), obtained with a 413-nm excitation at room temperature. Also shown are

“NO’ minus <"’NO’(red) and ‘NO’ minus ‘°N'*0’(blue) difference spectra.
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Table 5.1 Vibrational frequencies of heme and non-heme {FeNO}’ species

{FeNO}’ species v (Fe-N-0) / cm’' v(N-O) / cm’! References
(AN) (*AIN'*0) (APN) (*AIN'*0)

6-coordinate heme {FeNO}’

Fe'l-FegMb(NO) 577 (-25) 1549 (-22) (*-69) this chapter

apo-FegMb(NO) 560 (-24) 1601 (-29) this chapter

swMb(NO) 560 (-28) (*-28) 1613 (- 26) (*-68) (Miller et al., 1997; Tomita et al., 1999)
T.t. ba;(NO) 539 (-17) 1622 (-32) (*-75) Chapter 3, (Pinakoulaki ef al., 2005)
E.c. bo;(NO) 534 (*-17) 440 (*-13) 1610 (-30)(*-70) Chapter 4

5-coordinate heme {FeNO}’

Fe'-FegMb(NO), 515 (-7) (*-10) 1666 (-33) (*-70) this chapter

H93G swMb(NO) 535 (-14) 1670 (-32) (Thomas ef al., 2001)
A. x.cytochrome ¢ (NO)” 526 (-14) 1661 (-30) (Andrew et al., 2001)
Bovine sGC(NO) 525 (*-16) 1677 (*-70) (Deinum et al., 1996)

Non-heme {FeNO}’

Fe"-FegMb(NO), Not observed 1758 (-32) (*-73) this chapter

Deflavo-FDP(NO), 459 (-7) 1749 (-30) Chapter 6

Wild-type R2(NO), 445 (-7) 1742 (-29) (Haskin et al., 1995; Lu et al., 2004)

Fe(EDTA)(NO) 496 (-4) 1776 (-37) (Orville and Lipscomb, 1993; Brown et al.,
1995)

Fe,(NO),(EtHPTB) 490 (-5) 1785 (-35) Hayashi et al. unpublished,

(O,CPh)(BF,), (Feig et al., 1996)

"Alcaligenes xylosoxidans cytochrome ¢
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5.5  Discussion

Stoichiometric addition of NO to fully reduced Fe"-FegMb results in the
formation of a stable heme-NO complex. The UV-vis absorption spectra of this complex
is very similar to that of apo-FegMb and characteristic of 6¢cLS heme {FeNO}’ species.
The RR and FTIR characterization of this Fe"-FegMbNO complex reveal unusual 6(Fe-
NO) and v(NO) frequencies. The v(NO) modes observed at 1549 cm™ is the lowest
v(NO) frequencies ever reported for heme-nitrosyl complexes (Thomas ef al., 2001;
Coyle et al., 2003) while the 5(Fe-NO) is high (Table 5.1). Overall, these vibrational data
are consistent with a small Fe-N-O angle which favors an [Fe""NO] resonance structure
with increased backbonding from the Fe dr electrons to the NO n* orbital (Vogel et al.,
1999; Coyle et al., 2003). The presence of Fe'" at the Feg site is likely to stabilize this
[Fe'" NO7] resonance structure, possibly via electrostatic interaction. Characterization of
the Zn"-FegMb(NO) complex will be valuable to this interpretation. The interaction
between the heme-bound NO and high-spin Feg" is further evidenced by the EPR silent
character of the complex which contrast with the g ~2 signal observed in apo-
FegMb(NO). Magnetic coupling between the S = 1/2 heme {FeNO}’ and S = 2 high-spin
Feg' may results in a total spin of S = 3/2 or S = 5/2 and should be detectable at liquid
helium temperature.

Further addition of NO to the Fe"-FegMb(NO) results in a further blue-shift of the
Soret in the UV-vis spectrum, consistent with NO reacting with the 1 equiv NO adduct
but do not produce N,O, even after 16 hours incubation at room temperature. Our
vibrational analysis shows that exposure to excess NO leads to a Fe'-FegMb(NO),
complex (Table 5.1 and Figure 5.11). This [5cLS heme Fe-NO * ON-Feg] trans-
dinitrosyl complex is unreactive as previously observed in heme/non-heme diiron
synthetic models by Karlin's group (Wasser et al., 2005). Yet, others have assigned
[heme Fe-NO ¢ ON-Feg] trans-dinitrosyl complexes to NO reduction turnover (Kumita et
al., 2004; Collman et al., 2008). Additional attempts to facilitate NO reduction turnover
in Fe'-FegMb were unsuccessful. Varying the concentration of NO or protein, or the
number of metal equivalent does not lead to NO reduction turnover. The reasons for this
striking difference in reactivity of seemingly similar trans-dinitrosyl complexes are yet to

be understood. One possible explanation is that the ScLLS heme-NO is less reactive

84



toward the second NO than a 6¢cLS heme-NO species. Indeed, decreased nucleophilicity
of heme-bound NO of 5cLS species compared to that of 6¢LLS has been shown to be
disadvantageous for N-N bond formation (Praneeth et al., 2006).

The heme/non-heme diiron center of FegMDb is designed for the reductive
coupling of two NO to produce N,O by catalysis by approximation. However, the fact
that we could not drive the reductive coupling of adjacent stable iron-nitrosyl complexes
suggests that putative NO reduction mechanism of NORs may be over simplified and that
other factors might also need to be considered, or that formation of ¢trans-dinitrosyl
complex is inhibitory. We are currently working on optimizing the reaction conditions
that drive efficient NO reduction turnover. Different pH, presence of reduction agents,
and incorporation of other metals at Feg site will be tested. The results of this study
provide a clear framework for further structural-tuning of the NOR models and

mechanistic insight into NO reduction by bacterial NORs.
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Figure 5.11 Summary of the NO reaction with the reduced Fe'-FegMb with NO based on

results presented here.
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CHAPTER 6
NO REDUCTION MECHANISM IN FLAVODIIRON PROTEINS

6.1  Flavodiiron proteins (FDPs); scavenging NO reductases

Flavodiiron proteins (FDPs) are widespread among bacteria, archaea, and some
protozoan pathogens. FDPs are initially thought to be scavenging O, reductases,
protecting air-sensitive microorganism against oxidative stress (Chen et al., 1993; Gomes
et al., 1997; Frazao et al., 2000). However, accumulated evidences suggest that, at least
in some bacteria, FDPs also function as scavenging NO reductases (Gardner ef al., 2002;
Gomes et al., 2002).

FDPs are soluble cytoplasmic enzymes that are unrelated to the membrane-bound
denitrifying NORs (see Chapter 1.3). The minimum functional unit of all structurally
characterized FDPs is a ‘head-to-tail” homodimer: the N-terminal domain of each subunit
contains a non-heme diiron site (Fel-Fe2 distance 3.2-3.6 A), while the C-terminal
domain binds a flavin mononucleotide (FMN) cofactor ~5 A away from the diiron site in
the opposite subunit (Figure 6.1). The non-heme iron center of the diiron site contains
two histidine ligands, a terminal monodentate carboxylate ligand, and carboxylate- and
oxo/hydroxo- briding ligands. These diiron centers are reminiscent of those of the non-
heme carboxylate-bridged diiron proteins, including subunit R2 of ribonucleotide
reductase (Nordlund et al., 1990; Voegtli ef al., 2003), the hydroxylase component of
soluble methane monooxygenase (MMOH) (Rosenzweig et al., 1993; Whittington and
Lippard, 2001), and the A’-stearoyl-acyl carrier protein desaturase (A9D) (Lindqvist et
al., 1996), although there is no detectable amino acid sequence homology between any of

these latter enzymes and FDPs.

*Material in this chapter has been published in this or similar form in Biochemistry, and is used here with
permission of the American Chemical Society.

Hayashi T., Caranto J., Wampler A.D., Kurtz M.D., and Moénne-Loccoz P. (2010) Insight into the Nitric

Oxide Reductase Mechanism of Flavodiiron Proteins from a Flavin-Free Enzyme. Biochemistry, 49, 7040-
7049.
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Figure 6.1 Overall structure (A) and zoom-in on the diiron center (B) of FDP from
Moorella thermoacetica. Overall structure (C) and zoom-in on the diiron center (D) of Mt
FDP (magenta) superposed with 7m FDP (cyan) which has no FMN bound. PDB ID for
TmFDP and M{FDP are 1YCF and1 VME, respectively.
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6.2  Proposed NO reduction mechanisms for FDPs

Several NO reduction mechanisms have been proposed for FDPs (Kurtz, 2007).
Super-reduction of a diferrous-dinitrosyl precursor to a diferrous-dinitroxyl, i.e.
[{FeN(H)O}*1],, by the proximal FMNH, has been proposed to provide an energetically
favorable route for proton delivery and N-N bond formation leading to the release of N,O
and water (Figure 6.2) (Silaghi-Dumitrescu et al., 2005; Kurtz, 2007). A computational
study, however, suggested an alternative mechanism involving a formally diferric-
hyponitrite intermediate (Figure 6.2) (Blomberg et al., 2007). An analogous hyponitrite
pathway is also presumed to occur in the denitrifying NORs (Blomberg ef al., 2007;
Moénne-Loccoz, 2007). Thus, in the super-reduction mechanism FMNHj is essential for
turnover of the diferrous-dinitrosyl, whereas in the hyponitrite intermediate mechanism,
protonation of the spontaneously formed diferric-hyponitrite intermediate leads directly
to release of N,O without participation of the FMN.

In principle these mechanisms could be distinguished by examining the reactivity
of the diiron site with NO in the absence of the FMN cofactor. In 2004, a crystal structure
of an FDP from the thermophilic bacteria, Thermotoga maritima (Tm) was deposited into
the Protein Data Bank (PDB code: 1VME) by the Joint Center for Structural Genomics.
The diiron site structure in 7m FDP is very similar to that in other FDPs (Figure 6.1), but
the proximal FMN cofactor is absent in the deposited 7m FDP structure. This latter
structure, thus, suggests the possibility of characterizing the reactivity of the diiron site in
the flavin-free 7m FDP.

In order to test these alternative mechanisms, we examined a deflavinated FDP
(deflavo-FDP) from Thermotoga maritime (Tm). The deflavo-FDP retains an intact diiron
site but does not show multi-turnover NOR or O; reductase (O,R) activity. Reactions of
the reduced (diferrous) deflavo-FDP with NO were examined by UV-vis absorption,
EPR, RR, and FTIR spectroscopies. Anaerobic addition of NO up to 1 NO:diferrous
deflavo-FDP results in formation of a diiron-mononitrosyl complex. Further addition of
NO results in two reaction pathways, one of which produces N,O and the diferric site and
the other of which produces a stable diiron-dinitrosyl complex. Both NO-treated and as-
isolated deflavo-FDPs regain full NOR and O;R activities upon simple addition of FMN.
The production of N,O upon addition of NO to the mononitrosyl deflavo-FDP supports
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the hyponitrite mechanism. Yet, the concomitant formation of a stable diiron-dinitrosyl
complex in the deflavo-FDP may be viewed as an alternate reaction path at high NO
concentration conditions where the flavinated enzyme can function via a super-reduction
mechanism. These two reaction pathways are discussed within the context of NO

reduction by FDPs in general.

Super-reduction mechanism
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Figure 6.2 Proposed NO reduction mechanisms for FDPs. Super-reduction mechanism

(top) and hyponitrite-intermediate mechanism (bottom).
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6.3 Materials and methods

Protein preparations.

All protein concentrations are expressed either in monomers or, where indicated,
on the basis of FMN content. The expression and purification of recombinant 7m FDP
(GenelD TMO0755), Tm rubredoxin (Rd), and 7m NADH:rubredoxin oxidoreductase
(NROR) (Hillmann et al., 2009), iron, protein and flavin analyses were carried out as

described elsewhere.

FDP deflavination and reflavination.

Approximately 20 mg of as-isolated 7m FDP was applied to a 50-mL phenyl
sepharose column (GE Healthcare) with buffer A (50 mM MOPS, 100 mM Na,HPOy,,
100 mM KC,H30; and 1.2 M NH4SOj4 at pH 7.4) to immobilize the FDP. The column pH
was then lowered using a 20-column-volume gradient from buffer A to buffer B (50 mM
MOPS, 100mM Na,HPO4, 100 mM KC,H30; and 1.2 M NH4SO4 at pH 2.5). FMN
(yellow band) was eluted from the column at pH 2.5 with buffer B. The column pH was
returned to pH 7.3 using a 20-column-volume gradient from buffer B to buffer A. The
deflavinated FDP (deflavo-FDP) was eluted with 50 mM MOPS, pH 7.3. Excess salt was
removed by washing the concentrated deflavo-FDP with 50 mM MOPS, pH 7.3 in an
Amicon 30 kDa cutoff centrifugal filter unit (Millipore) and the protein was stored in 50
mM MOPS at pH 7.4. Deflavo-FDP was quantitatively reflavinated (reflavo-FDP) by
incubating a 5 mole FMN:1 mole (in monomer) deflavo-FDP mixture ([approximate
FDP] =2 mM) at 37 °C for ~15 minutes. Excess FMN was removed by centrifugal
filtration washing with 50 mM MOPS pH 7.3 until the flow-through was colorless.

O>R/NOR activity assays and N,O production measurements.

NADH-dependent O,R and NOR activities were measured spectrophotometrically
by monitoring NADH consumption rates (€340= 6220 M'cm™), as reported earlier.
Assays were typically carried out in 50 mM MOPS pH 7.4 with 0.1 mM EDTA, and the
sequential addition of NADH (100-200 uM), Rd (2-10 uM), NROR (0.1 uM for the O,-
reduction and 0.2 pM for the NO-reduction), and FDP (50 nM-1 uM for the O,-reduction
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and 9 to 17 uM for the NO-reduction (concentrations on an FMN or diiron basis). Small
volumes of aqueous O,- or NO-saturated stock solutions were injected into the initially
anaerobic assay solutions to initiate the reactions. Alternatively, gaseous air or 0.1 atm
NO was introduced into the headspace of the initially anaerobic UV-vis cuvette
containing the assay solutions, which were stirred in order to maximize equilibration with
the headspace gas. N,O production measurements were performed as described in

Chapter 4.2.

Preparation of NO adducts

Fully reduced deflavo-FDPenzyme was obtained either by titration to achieve a
slight stoichiometric excess of sodium dithionite or by addition of excess dithionite
followed by removal of the reducing agent with a desalting spin column (Zebra, Pierce).

Complete reduction of flavinated FDP (~100 uM in 50 mM MOPS pH 7.4) was
achieved after 4 h incubation with | mM NADH, 4 uM Rd and 0.4 uM NROR. The
NADH excess was removed using a spin column inside the glove box and the sample was
concentrated down to reach 1 mM in diiron concentration. 1 equiv and excess NO

addition to protein solution is achieved as described in Chapter 2.2.

Molecular spectroscopies.

UV-vis, RR, and FTIR spectroscopy were performed as described in Chapter 2.2.
Typical enzyme concentrations for RR experiments were 1 mM. Approximately 15 uL of
1.2 mM protein solutions were loaded in FTIR cells with a 15-um pathlength. The
complete reversibility of the photolysis processes described below was confirmed by

reproducing the same FTIR difference spectra after sample annealing process.
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6.4  Characterization of Tm FDP and FMN-free TmFDP (deflavo-FDP)

O3R and NOR activities of 7mFDP were measured via NADH consumption using
the 7m redox protein components, NROR and Rd (Figure 6.3). The turnover numbers of
OzR and NOR activities are determined to be >150 uM NADH / min-uM [E] and ~1 pM
NADH / min-uM [E] (Figure 6.4). Neither activity is observed if any one of the protein
components (FDP, NROR or Rd) is omitted from the assay solutions.

Complete removal of FMN from as-isolated 7m FDP is achieved by an acid-wash
(pH 2.5) of the protein bound to phenyl sepharose prior to elution of deflavo-FDP at pH
7.3. The deflavo-FDP consistently retains 2 Fe per protein monomer. As expected, the
UV-vis absorption features of FMN are absent from the spectrum of the 7m deflavo-FDP
(Figure 6.4). The integrity of the diiron site in the absence of FMN is supported by the
crystal structure of 7m FDP which has no FMN bound and shows a diiron site structure
and overall protein fold very similar to those observed in the crystal structure of Mt FDP
(Figure 6.1). The deflavo-FDP has no detectable multi-turnover O;R or NOR activity
(Figure 6.4), but the deflavo-FDP can be quantitatively reconstituted with FMN to show
full restoration of O,R and NOR activity.

(2)NADH [NROR/Rd]yeqg FDP(ed N,O, H,O
(2H,0)
(2)NAD*, H* [NROR/Rd]ox FDPoyx 2NO 2H*

\ f)| ]+
(Y2, 21 )

Figure 6.3 Schematic representation of electron transfer chain coupling NADH oxidation
to O, or NO reduction by FDP. Rd; rebredoxin, NROR; NADH: rubredoxin

oxidoreductase.
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Figure 6.4 O,R activity assay (top), and NOR activity assays (bottom) of
deflavinated, as-isolated (~50% FMN occupancy), and reflavinated 7m FDP. Extinction
coefficients are based on protein monomer. O;R and NOR activities were determined in
air-saturated solutions or NO solutions equilibrated with a headspace containing 0.1 atm
NO partial pressure, as described in Materials and Methods. The arrows indicate times of
additions of protein components or FMN. To facilitate comparison of O2R and NOR
activities, all traces were normalized to 1 uM final concentration in protein monomer or

FMN concentration.

6.5  The reaction of deflavo-FDP with NO
Reduction of deflavo-FDP with dithionite results in the loss of broad absorption
features between 350 and 420 nm that originate from carboxylate and bridging

|
oxo/hydroxo-to-iron

LMCT transitions (Figure 6.5), and results in reduction of diferric
to diferrous deflavo-FDP. Addition of up to 1 equiv NO to reduced deflavo-FDP
produces a pale yellow color associated with absorption bands at 420, 455, and 638 nm
(Figure 6.5). These absorption features are characteristic of nitrosyl-to-iron LMCT
transitions of non-heme {FeNO}’ complexes with O/N ligands (Table 6.1). At 1 equiv
NO per diiron site, the 420/455-nm absorption corresponds to a €420/455 nm~ 1,000 M!em
" which is a good match for non-heme {FeNO}’ species in proteins and synthetic model
complexes (Table 6.1). The high absorbance at 420/455 nm reached with 1 equiv NO also

suggests that the diiron(II) site binds NO with high affinity. We refer to this 1 equiv
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NO:diiron complex as deflavo-FDP(NO) hereafter. Further addition of NO, up to 2
equiv, results in a significant loss of the nitrosyl-to-iron LMCT bands in favor of
absorption increases below 420 nm (Figure 6.5). These absorption changes suggest that,
above 1 equiv NO added per diiron site promotes the formation of oxidized, presumably
diferric, deflavo-FDP. However, this conversion is incomplete, and further NO addition
results in increased absorptions at 455 nm and 638 nm. These rising absorption features
at high NO concentrations are assigned to a deflavo-FDP(NO), complex that forms in

parallel with oxidized deflavo-FDP (see below).

2
. oxidized 0 equiv
f= — dithionite reduced —— 0.2 equiv
= — 1.0 equiv NO added — 0.4 equiv
% —— 2.0 equiv NO added — 0.7 equiv
= 1 atm NO ——0.9 equiv
sl VNN {FeNO}’ component 1.1 equiv
E 1- — 1.3 equiv
"ag —— 1.6 equiv
o — 2.0 equiv
c
i)
3]
£
=
]
0 T T T T T =0 T T T T i
300 400 500 600 700 80C 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 6.5 UV-vis spectra of oxidized (orange), dithionite reduced (black), and reduced
deflavo-FDP after addition of 1 equiv (red), 2 equiv (green) and 1 atm NO (blue) at room
temperature (top). Also shown is the difference spectrum [1-atm NO spectrum] — 0.65
[oxidized spectrum] (black dashed line). UV-vis spectra monitoring the titration of
reduced deflavo-FDP with up to 2.0 equiv of NO (bottom). Protein concentration = 147

uM in 50 mM MOPS pH 7.4; extinction coefficient per diiron site.
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Table 6.1 Spectroscopic properties of non-heme ferrous-nitrosyl complexes containing

O/N ligands.

{FeNO}’ species Amax (nm) v(Fe-NO) S(Fe-N-O) v(N-0) References

(einM"' em™)* (APN) (cm™) (APN) (cm™) (APN) (cm™)

Deflavo-FDP-(NO) 420,455(1000) 451 (-9) 1680 (-28) this work
Deflavo-FDP-(NO), 455 (1000) 459 (-7) 444 (-8) 1749 (-30) this work
Wild-type R2-(NO), 450 (760) 445 (-7) 434 (-9) 1742 (-29) (Haskin ef al., 1995;

Lu et al., 2004)

D84E-R2-(NO), 450 (1200) 454 (-8) 442 (-8) 1735 (-30) (Lu et al., 2004)
Hemerythrin-(NO) 408 (1000) 433 (-6) 421 (-6) not obs. (Nocek et al., 1988)
Superoxide reductase-(NO) 475 (530) 475 (-7) 1721 (-31) (Clay et al., 2003)
Fe(EDTA)-(NO) 434 (900) 496 (-4) 493 (-10) 1776 (-37) this work and
(Orville and

Lipscomb, 1993;
Brown et al., 1995)

[Fe,(NO),(u-XDK) (1~ 450 (1,000) nr.t nr.t nr.t (Lu et al., 2004)
0,CPh)(ImH),(0,CPh)-
(MeOH)]

Fe,(NO),(Et- nrbe nr. nr. 1785 (Feig et al., 1996)
HPTB)(0,CPh)(BF,),

“per iron.
"not reported.

“obscured by ligand absorptions.
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The NO adducts that form at high vs low added NO:protein ratios can be
distinguished by their sensitivity towards dithionite. Specifically, when the deflavo-
FDP(NO) complex is exposed to a 2-fold molar excess of dithionite at room temperature,
the nitrosyl-to-iron LMCT transitions are bleached in a monotonous fashion and with a
slow apparent t;, ~ 15 min (Figure 6.6A). In contrast, the 455-nm absorption due to the
deflavo-FDP(NO), complex formed with excess NO decays within the manual mixing
time (Figure 6.6B). This rapid bleaching is accompanied by the slower reduction of the
oxidized diiron sites; the residual absorption that decays at an even slower rate is likely to
correspond to a small population of mixed-valent Fe''Fe" sites (Figure 6.6B). This
interpretation is supported by the UV-vis spectral changes observed for the reaction of 2
equiv dithionite with oxidized deflavo-FDP (Figure 6.6C). In this experiment, the
spectrum obtained immediately after mixing is distinct from that of the oxidized deflavo-
FDP, and the relative absorbance loss near 400 nm and gain at ~500 nm can be assigned
to mixed-valent diiron contributions; subsequent traces show a slow bleaching of these
visible absorptions that is equivalent to the later changes observed during dithionite
reduction of the deflavo-FDP(NO),/oxidized deflavo-FDP mixture. Taken together, these
data suggest that the bleaching of the deflavo-FDP(NO) complex by dithionite reflects
the slow NO off-rate from the mononitrosyl complex as dithionite scavenges free NO
from solution. The NO off-rate from the deflavo-FDP(NO); is significantly higher as
confirmed by the rapid decay of this complex within the manual mixing time in NO-free
buffer (data not show). Thus, the reaction of deflavo-FDP(NO), with dithionite most
likely reflect this slow NO off-rate, but a ‘super-reduction’ of deflavo-FDP(NO), by
dithionite to produce N,O cannot be ruled out. The fraction of oxidized deflavo-FDP
present in the mixture produced by exposure of the reduced protein to high NO is re-

reduced slowly by dithionite with formation of mixed-valent and diferrous states.
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Figure 6.6 UV-vis spectra of deflavo-FDP(NO) (A), deflavo-FDP(NO); (B), and
oxidized deflavo-FDP (C), before and after addition of sodium dithionite (initial

concentrations [FDP] = 60 uM, [dithionite] = 120 uM).

The picture that emerges from these experiments is that the deflavo-FDP diferrous
site binds one NO molecule with relatively high affinity before further reaction with
excess NO to produce a mixture of oxidized deflavo-FDP and unreactive {FeNO}’
centers (Figure 6.7). Presuming the as-isolated spectrum is equivalent to the post-NO
treated oxidized spectrum, we subtracted its contribution to the absorption spectra; the
remaining spectra correspond to the fraction of non-heme {FeNO}’ complexes with

absorption bands at 455 and 638 nm (Figure 6.8). Using this analysis, the fraction of
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oxidized protein resulting from the excess NO treatment was consistently reproducible
for individual deflavo-FDP preparations, typically ranging from 60 to 70%, reaching 40%
for one of the preparations (Figure 6.8). The origin of this variability is currently unclear.
The remaining absorbance at 455 nm corresponds to a molar extinction coefficient of
~1,000 M™'em™! per iron. This value is again in good agreement with other non-heme
{FeNO}’ complexes (Table 6.1) and suggests that the diiron sites that do not proceed to
the diiron(III) state instead form stable diferrous-dinitrosyl [{FeNO}'], clusters, as

previously observed with reduced R2 exposed to excess NO (Haskin et al., 1995; Lu et
al., 2004).

0 (0]
q ' = ¢ 9
(— /N\ l}l N N
(Fall (Fe! (Fe! | Fe! | |
A Ne” \ o7 & &
0 N~ S
(Fe! (Fe! NO p-1.1 n'-terminal NO 0
gy ———< 60~30%
00 e N~
N-Q 1O -
Fel (Fet  (Fe! \ Felh  (Fell
\\0/'! \\ﬁ’f \No” |/ (+ NQO)
oh ~ 0.h0
\_ M2 pnta? ) 40~70%

Figure 6.7 Schematic representations of the reaction of deflavo-FDP with NO based on

the UV-vis results. Possible structures of one NO bound deflavo-FDP are also depicted.

The solvent bridge is expected to be lost upon formation of the diferrous-dinitrosyl

[{FeNO}'], complex (vide infra).
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Figure 6.8 UV-vis spectra of oxidized (black), dithionite reduced (blue), and 1 atm NO
treated (red) deflavo-FDP for two different preparations. Also shown, are the difference
spectra generated after subtracting contributions from the diferric product spectra (0.65

and 0.4 subtraction factor for the upper and lower panels, respectively). The samples

were in 50 mM MOPS pH 7.4 and the extinction coefficients are per diiron site.

6.6  FTIR evidence for N,O production

Consistent with the preceding UV-vis absorption analysis, FTIR spectroscopy
shows production of N>,O from the reaction of excess NO with reduced deflavo-FDP.
Specifically, we detect the N-N stretching mode of N,O at 2330 cm™ in the FTIR spectra
of deflavo-FDP samples and compare these measurements with data for myoglobin and
terminal oxidases as negative and positive controls, respectively (Figure 6.9). The
intensity of the FTIR band at 2330 cm™ upon completion of the reaction reveals that ~0.7
equiv of N,O is formed per deflavo-FDP diiron sites, which closely matches the
estimated fraction of oxidized diferric deflavo-FDP from UV-vis absorption
spectroscopy. A comparable FTIR experiment with fully reduced reflavinated FDP
exposed to excess NO from NONOate shows ~2.0 equiv N,O produced per FDP diiron

site (Figure 6.9), which confirms that all reducing equivalents are used to produce N,O.
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Figure 6.9 FTIR detection of N,O produced by reduced flavinated FDP (red: 1 mM, 100
% FMN occupancy), reduced deflavo-FDP (black: 1 mM diiron) deoxymyoglobin (green:
2 mM) after incubation with excess NONOate to produce 4 mM NO. Also shown, are the
FTIR spectra from multi-turnover reactions of reduced cytochrome bo; (blue: 50 uM)
and ba; (light blue: 50 uM) in presence of 10 mM ascorbate and 0.1 mM TMPD and after
incubation with 2 mM NO produced from NONOate.
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6.7  Formation of S = 1/2 deflavo-FDP(NO) and S = 3/2 deflavo-FDP(NO),

As established earlier for native FDPs (Silaghi-Dumitrescu et al., 2003; Vicente
and Teixeira, 2005; Vicente et al., 2009), the oxidized diiron site of deflavo-FDP is EPR
silent as bridging solvent and carboxylate ligands promote antiferromagnetic coupling of
the two non-heme iron(III) ions (Figure 6.10). The dithionite-reduced deflavo-FDP is
also EPR silent, as expected for a fully reduced diiron(II) site with no evidence for the
formation of mixed valent Fe'' « Fe'" cluster, as observed previously in redox titration of
FDPs (Figure 6.10) (Vicente and Teixeira, 2005; Vicente ef al., 2009). Addition of 1
equiv of NO results in the appearance of a broad axial EPR signal centered at g ~ 2 which
we assign to an S = 1/2 diiron-mononitrosyl species produced by antiferromagnetic
coupling of an § =2 Fe'' to an S = 3/2 {FeNO}’ species (Figure 6.10). This EPR
spectrum is reminiscent of the axial signals of hemerythrin-NO adducts with g, and g,
near 2.8 and 1.8, respectively (Nocek et al., 1988), although the anisotropic components
of deflavo-FDP(NO) are more difficult to pinpoint since the splitting is small and the g
strain on both g ,and g, are relatively large. Double integrations of the EPR signal of
deflavo-FDP(NO) against Cu"EDTA standards indicate that the axial g ~ 2 signal
represents 0.75 spin per diiron site. This deviation from stoichiometry is easily
explained by some dissociation of NO from deflavo-FDP(NO) complex prior to freezing
the EPR tubes since the complex is prepared without NO excess; a slight overshot in the
NO addition, above 1 equiv, will also lower the deflavo-FDP(NO) content to produce a
fraction of diferric deflavo-FDP. As expected from the UV-vis experiments, the g ~ 2
EPR signal from the diiron-mononitrosyl complex disappears upon addition of 2 equiv
NO, concomitant with the appearance of new EPR resonances near g ~ 4 (Figure 6.10).

These EPR features at g ~ 4 are consistent with thombic EPR signatures from S =
3/2 {FeNO}’ species (Westre et al., 1994; Brown et al., 1995). Comparing double
integrations of these signals with those of Fe"EDTA(NO) standards shows that less than
3% of the total iron content contribute to this regions of the EPR spectra in deflavo-FDP
samples treated with 2 equiv NO, but that this value rises to ~30% of the total iron when
the free NO concentration is increased to 100 uM with an 0.05 atm NO, headspace
(Figure 6.10). Further increases in free NO concentration do not affect the intensity of the

g ~ 4 signals (data not shown). The multiplicity of g ~ 4 resonances is readily assigned to

101



two distinct S = 3/2 {FeNO}’ species, a more rhombic one with g = 4.37, 3.68, 2.00 and
another with g =4.14, 3.93, 2.0 (Figure 6.10). While the more rhombic signal represents
a minor species at all NO concentrations, the more axial species becomes prominent at
the higher NO concentration. The quantitation of the g ~ 4 signals matches well with the
~30% of diferrous-dinitrosyl [ {FeNO} ], sites estimated from the UV-vis analysis. The
EPR data, thus, imply that the remaining 30% of deflavo-FDP diiron sites form {FeNO}’
centers that are magnetically uncoupled. This observation is in striking contrast with the
magnetically coupled, EPR-silent diferrous-dinitrosyl [ {FeNO} '] sites of R2(NO),
(Haskin et al., 1995; Lu et al., 2004).

4.25 oxidized

reduced

414 393 224 1 equiv NO
\
4.37—:: —3.68 2.00
~ —

2 equiv NO

x1/10 ~ highNO

1OIOO ZOIOO 3OIOO 4OIOO 5000
Magnetic Field / Gauss
Figure 6.10 EPR spectra of oxidized deflavo-FDP (orange), dithionite-reduced deflavo-
FDP (black), and reduced deflavo-FDP after the addition of 1 equiv (red), 2 equiv (green)
and 0.05 atm NO headspace (blue) at 4.2 K. Conditions: protein concentration of 100
uM, 100 uM in 50 mM MOPS pH 7.4; microwave frequency, 9.66 GHz; microwave

power, 2 mW; modulation amplitude, 10 G.
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6.8  Vibrational characterization of deflavo-FDP NO complexes

The deflavo-FDP(NO), complex prepared with excess NO is sufficiently stable to
allow extended acquisition times for optimal RR spectral characterization. As expected,
the RR spectra obtained with 458-nm laser excitation revealed enhancement of
vibrational modes associated with the {FeNO}’ unit (Figure 6.11 and Table 6.1). A band
at 459 cm™ that downshifts to 452 (-7) and 447 (-12) em™ with ’NO and "N'*0,
respectively, is assigned to the v(Fe-NO) mode. In the high frequency region, a band at
1749 cm™ downshifts to 1719 (-30) and 1679 (-70) cm™ with "NO and "N'*0,
respectively (Figure 6.10) and is readily assigned to the v(N-O) mode. In addition to
these two Fe-N-O vibrations, another isotope-sensitive RR band is observed at 903 cm™
and shifts to 888 (-15) and 879 (-24) cm™ with '’NO and "N'*0, respectively.
Comparable RR signals in the 900-cm™ region for the NO adduct of R2 were assigned to
a combination of bending and stretching Fe-N-O modes (Lu ef al., 2004). An equivalent
RR band and isotope dependence are observed for the mononuclear complex,
Fe"EDTA(NO) (Table 6.1), which rules out some alternative assignments, such as a
bound hyponitrite (Varotsis et al., 2007), for this mid-frequency vibration. All of these
assignments are consistent with those in Table 1 for {FeNO}’ units in other proteins and
synthetic complexes, including the deduced Fe-N-O bending/stretching combination
modes.

The [{FeNO}’], complex of deflavo-FDP can also be characterized by light-
induced FTIR difference spectroscopy at low temperature. The ‘dark’ minus
‘illuminated’ difference spectra obtained at 30 K show a single v(N-O) at 1751 cm™ that
shifts to 1721 (-30) cm™ with °NO (Figure 6.11). These frequencies are in good
agreement with those observed in the RR spectra and the isotope shift matches with the
predicted value for isolated diatomic vibrations. These observations support the notion
that the two {FeNO} units experience similar environments within the protein matrix.
Nitrosyl ligands, when photo-dissociated from metal centers at cryogenic temperatures,
typically remain as free NO molecules trapped with the protein pocket, and typically
exhibit very weak v(N-O) modes between 1850 and 1860 cm™ (Miller ez al., 1997; Lu et
al., 2004). Such vibrations should appear as negative band(s) in the FTIR difference

spectra, but so far, we have not detected such signals in a reproducible fashion in the
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light-induced difference spectra of deflavo-FDP(NO),. The empty FMN-binding site may
provide a more expansive pocket with multiple docking sites for the dissociated NO,

which may broaden these signals beyond detection.
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Figure 6.11 RR spectra of reduced deflavo-FDP before (green) and after exposure to
excess NO (top black), PNO (top red), and N0 (top blue) obtained with 458-nm
excitation and at room temperature (top). Also shown are ‘NO complexes’ minus
‘reduced’ difference spectra color-coded as for the top spectra. FTIR difference spectra
(‘dark’ minus ‘illuminated’) of deflavo-FDP(NO), (black) and deflavo-FDP(*’N O), (red)
obtained below 30 K (bottom).
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The mononitrosyl deflavo-FDP(NO) complex forms without appreciable fractions
of the dinitrosyl complex only when using <1 equiv NO:diiron site. Under these
conditions significant dissociation and degassing of free NO can take place in RR
capillaries. Nevertheless, RR spectra obtained with acquisition time of a few minutes
reveal vibrational modes similar to those of the [ {FeNO}’], complex, but at lower energy
(Figure 6.12). A broad RR band centered at 451 cm™ downshifts to 442(-9) cm™ and
436(-15) cm™ with °’NO and "’N'®0, respectively. Changes in half-widths and
bandshapes with different NO-isotopes in deflavo-FDP(NO) suggest that this broad band
may be composed of more than one unresolved components and may reflect overlapped
bending and stretching modes of the Fe-N-O unit. Due to the low signal-to-noise ratio of
these RR spectra, no other vibrational modes could be clearly identified. As expected,
additions of excess NO to the mononitrosyl complexes produce RR spectra equivalent to
those of deflavo-FDP(NO), (data not shown).

The light-induced FTIR difference spectroscopy at low temperature was also
employed to further characterize the deflavo-FDP(NO) complex. The ‘dark’ minus
‘illuminated” difference spectra of the NO and '’NO adducts obtained at 10 K show
positive and negative bands at 1680 and 1869 cm™ which downshifts to 1652 (-28) and
1837 (-32) cm™ with "°NO, respectively (Figure 6.12). The isotope sensitivities of these
bands are in good agreement with the predicted values for isolated diatomic vibrations
and are consistent with v(N-O) of the deflavo-FDP(NO) complex and free NO molecules
trapped within the protein pocket.

With "N'®0, the v(N-O) splits to generate two bands with equally intensity at
1574 and 1624 cm™. These frequencies, below and above the predicted value for "N'*0
of 1605 cm™, are indicative of a Fermi-coupling of v(N-O) with another vibration of
similar energy; a candidate for such vibration is an asymmetric stretching mode of
bidentate carboxylate bridge which typically occurs near 1550 cm™ (Gregoriou ef al.,

1995; Costas et al., 2003).
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Figure 6.12 RR ‘NO complexes’ minus ‘reduced’ difference spectra of deflavo-

FDP(NO) with NO (black), °NO (red), and "N'®0O (blue) obtained with 458-nm

excitation and at room temperature (top). FTIR ‘dark’ minus ‘illuminated’ difference

spectra of deflavo-FDP(NO) with NO (black), "°NO (red), and ° N80 (blue) obtained at

10 K (bottom). Also shown are differences of ‘dark’ minus ‘illuminated’ FTIR difference

spectra. ‘NO’ minus ‘'°NO’ (pink) and ‘NO’ minus ‘'°N'*0’ difference spectra (green).
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6.9  Formation and characterization of mononitrosyl reflavo-FDP(NO) Complex

In order to confirm the relevance of the mononitrosyl complex formed in deflavo-
FDP to the native system, this complex was also prepared in reduced reflavo-FDP which
contains FMN cofactor with 100% occupancy. Overnight reduction of reflavo-FDP with
excess NADH in the presence of the redox partners results in loss of visible absorption,
consistent with full (4 electron) reduction of reflavo-FDP (data not shown). Addition of
up to 1 equiv NO to the reduced reflavo-FDP produces a pale yellow color associated
with the absorption at ~500 nm, consistent with the formation of an iron nitrosyl
complex. The EPR spectra of this chromophoric species reveal a broad and axial signal
with g, =2.38 and g, = 1.90, which is similar to, but distinct from the S = 1/2 diiron-
mononitrosyl species observed in deflavo-FDP (Figrue 6.13 and 6.10). Double
integrations of the EPR signal of reflavo-FDP(NO) against Cu" EDTA standards indicate
that the axial g ~ 2 signal represents .8 spin per diiron site. This deviation from
stoichiometry is easily explained by the dissociation of NO as mentioned previously. As
expected, the g ~ 2 EPR signal from the diiron-mononitrosyl complex disappears upon
addition of 2 equiv NO, presumably due to oxidation of diiron center accompanied with
N,O production.

The ‘dark’ minus ‘illuminated’ difference spectra of reduced reflavo-FDP NO,
N0, and "*’N"*0 adducts obtained at 10 K show the features nearly identical to those
observed for the deflavo-FDP(NO) (Figure 6.13). The positive and negative bands at
1681 and 1869 cm™ which downshifts to 1652 (-29) and 1837 (-32) cm™ with °NO,
readily assigned to v(N-O) of reflavo-FDP(NO) complex and free NO molecules trapped
within the protein pocket (Figure 6.14). As expected, the fermi-coupling also exits in

reflavo-FDP(NO) and thus the v(N-O) mode is best extracted from the '*N'°O data.
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Figure 6.13 EPR spectra of 1 equiv NO adduct deflavo-FDP (black) and reflavo-FDP
(red) at 4.2 K (Top). Conditions: protein concentration of 100 uM, 100 uM in 50 mM
MOPS pH 7.4; microwave frequency, 9.66 GHz; microwave power, 2 mW; modulation
amplitude, 10 G. FTIR ‘dark’ minus ‘illuminated’ difference spectra of deflavo-FDP(NO)
(top) and reflavo-FDP(NO) (bottom) with NO (black) and ’NO (red) obtained at 10 K
(bottom).
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Figure 6.14 FTIR ‘dark’ minus ‘illuminated’ difference spectra of reflavo-FDP(NO) with
NO (black), NO in D,O (green), ’NO (red), and °N'*O (blue) obtained at 10 K (left).
Also shown are difference of ‘dark’ minus ‘illuminated’ FTIR difference spectra (right).
‘NO’ minus ‘'’NO’ (black), ‘NO’ minus ‘°N'*0’, and *'"’NO’ minus ‘°N'*0’ difference
spectra (blue).
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6.10 Discussion

The heterologously expressed 7m FDP has full diiron site but only partial FMN
occupancies. We found that the as-isolated protein has a high O;R activity relative to
NOR activity. The O;R activity is consistent with its upregulation in 7. maritima exposed
to oxidative conditions (Le Fourn et al., 2008). However, the relatively low NOR
activity of the heterologously expressed 7m FDP is still significantly above background.
Whether this NOR activity is physiologically relevant in Thermotoga maritima remains
to be determined, but in other organism such as E. coli, D. gigas, and D. vulgaris, FDPs
have been shown to confer both oxidative and nitrosative stress protection in vivo
(Gardner et al., 2002; Rodrigues et al., 2006; Wildschut et al., 2006).

In an attempt to distinguish between the two NOR mechanisms of FDPs (i.e.,
super-reduced and hyponitrite-intermediate mechanisms), we prepared 7m deflavo-FDP
and characterized its reaction with NO. In agreement with the deposited X-ray crystal
structure, the FMN cofactor can be removed from 7m FDP without irreversible disruption
of the protein structure as well as the diiron site. As expected, the FMN-free FDP is
catalytically inactive, but can be readily and quantitatively reconstituted with FMN.

Stoichiometric addition of NO to reduced deflavo-FDP results in the formation of
a stable deflavo-FDP(NO) complex. The UV-vis absorption spectrum of this complex is
characteristics of non-heme {FeNO}’ complexes containing oxygen and nitrogen ligands.
Further, the calculated extinction coefficient is in good agreement with values reported
for other proteins and synthetic {FeNO}’ complexes. Such {FeNO}’ complexes are best
described as S = 3/2 species characteristic EPR signals around g ~ 4 (Rodrigues et al.,
2006; Wildschut et al., 2006). In the deflavo-FDP(NO) complex, antiferromagnetic
coupling between the {FeNO}’ S = 3/2 and the second iron(II) S = 2 produces an S = 1/2
[Fe''« {FeNO}] species that exhibits a broad g ~ 2 signal, as previously observed in the
NO adduct of hemerythrin (Nocek et al., 1988). The double integration of this EPR signal
suggests that the stoichiometric addition of NO nearly quantitatively converts the
diiron(II) to [Fe" « {FeNO}] sites. Most importantly, the same complex was also
observed in reflavinated FDP, indicating that the formation of this complex is relevant to

native system. To our knowledge this is the first example of a diferrous-mononitrosyl
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complex formed in a diiron(Il) protein or synthetic complex where the two metals share
the same ligand sets.

The near-stoichiometric formation of the diferrous-mononitrosyl complex implies
that, in both deflavo-FDP and reflavo-FDP, the first NO molecule binds with higher
affinity than that of the second NO. This order of NO affinities seems in conflict with the
cooperativity in NO binding inferred from the sigmoidal Michaelis-Menten plots for
NOR activities of some other FDPs (Silaghi-Dumitrescu et al., 2003; Silaghi-Dumitrescu
et al., 2005; Hillmann et al., 2009). The relatively low NOR activity of flavinated 7m
FDP may reflect a lack of cooperativity in NO binding. Relative NOR vs O,R activities
are also variable among FDPs for unknown reasons(Gardner et al., 2002; Gomes et al.,
2002; Silaghi-Dumitrescu et al., 2003; Saraiva et al., 2004; Kurtz, 2007; Di Matteo et al.,
2008; Victor et al., 2009).

Further addition of NO up to 2 equiv and beyond results in a change in the UV-vis
absorption spectrum and the loss of the broad g = 2 EPR signal, consistent with NO
reacting with the diferrous-mononitrosyl site. The product of this reaction is not
homogenous: up to 70% of the diiron sites are catalytically competent and produce N,O,
as revealed by FTIR, while the remaining diiron sites form magnetically uncoupled
{FeNO}’ S = 3/2 species with characteristic g ~ 4 EPR signatures. Quantitative analyses
of the UV-vis, FTIR, and EPR data all support these relative proportions for a given
deflavo-FDP preparation, even though some variability in proportions of the two diiron
products was observed from preparation to preparation.

The lack of magnetic coupling between the two {FeNO}’ centers of deflavo-
FDP(NO), requires a major disruption of the efficient exchange coupling pathway
provided by the oxo/hydroxo solvent bridge between the iron centers in the [Fe™" « Fe'"],
mixed-valent [Fe"" « Fe''] diiron sites, and in the diiron-mononitrosyl complex [Fe' ¢
{FeNO}7] (Silaghi-Dumitrescu et al., 2003; Vicente and Teixeira, 2005; Vicente et al.,
2009). Presumably, the solvent bridge is lost upon formation of the diferrous-dinitrosyl
complex, but the bridging Asp carboxylate present in both reduced and oxidized FDP
diiron sites may or may not remain in the diferrous-dinitrosyl complex. To our
knowledge, there has been no report of synthetic analogs containing a carboxylate-

bridged diiron site without at least one other supporting bridge. The only well-
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characterized, carboxylate-bridged, non-heme, O/N-ligated diferrous-dinitrosyl synthetic
complex, Fe,(NO),(Et-HPTB)(O,CPh)(BF,),, includes an additional bridging alkoxo
ligand (Feig et al., 1996). This complex is EPR silent due to antiferromagnetic coupling
between the two {FeNO}’ centers. In the case of the diferrous-dinitrosyl adduct of
ribonucleotide reductase R2 protein, the antiferromagnetic coupling between the two
irons (and EPR silent character) may be due to the presence of both bidentate and
monodentate carboxylate bridges, as observed in the diferrous R2 protein (Voegtli et al.,
2003). Dinuclear Mn" sites in both proteins and synthetic complexes containing a
bidentate carboxylate as the only bridging ligand have reportedly shown no evidence of
magnetic exchange coupling (Samples et al., 2005). A single bridging carboxylate with
anti-syn configuration can accommodate metal-metal distance beyond 6.3 A (Adams,
1995; Rodriguez-Martin, 2003), and the two {FeNO}’ units could move further apart if
the bridging carboxylate group adopt a non-bridging conformation. We view these data
as evidence of conformational flexibility at the diiron site since uncoupling of the two
irons at the active site is fully reversible and is not associated with iron loss. Indeed, the
[{FeNO} '], species can be re-oxidized after exchanging the sample headspace, first with
Ar then with O, re-reduced, and re-exposed to NO to regenerate the same fraction of
[{FeNO} '], species, with no loss of iron (data not shown). Similarly, two consecutive
redox-cyclings of deflavo-FDP(NO), do not decrease the steady-state O,R or NOR
activity observed after FMN addition.

The vibrational characterization of the uncoupled [ {FeNO} '], reveals a single set
of Fe-N-O vibrations, suggesting that the individual {FeNO}’ units adopt equivalent
configurations. The Fe-N-O vibrations of deflavo-FDP(NO), are similar to those
observed previously in R2(NO), (Lu ef al., 2004), which is not unexpected since the
endogenous iron ligands are similar in both proteins. While the v(Fe-NO) mode of
deflavo-FDP(NO) is comparable to that of deflavo-FDP(NO), (only ~8 cm’ lower), the
v(N-O) mode is ~70 cm™ lower than in the [{FeNO} ], complex. The observed v(NO)
mode is the lowest v(NO) frequencies ever reported for of non-heme, non-sulfur
{FeNO}’ species repotted for proteins and model complexes (Table 6.1). One
explanation for this exceptionally low v(NO) frequency is that the Fe-N-O moiety

interacts with the other iron center, leading to further reduction of nitrosyl to nitroxyl
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anion. This result is reminiscent of the low v(N-O) observed for Fe'-bound FegMb(NO)
(chapter 5). We viewed the low v(N-O) as the heme-bound NO having more NO
character due to electrostatic interaction with the Fe' at the distal Feg site. Further,
nitroxyl-like character of the mononitrosyl complex of FDPs is predicted by the
computational calculation by Siegbahn et al. (Blomberg et al., 2007).

The reactions of reduced deflavo-FDP with NO based on our results are
summarized in Figure 6.15. Reduction of NO to N,O by the reduced diiron site in the
absence of FMN (pathway A in Figure 6.15), is consistent with the hyponitrite
mechanism in Figure 6.2. While Figure 6.2, as suggested by the computational study by
Siegbahn and coworkers (Blomberg et al., 2007), indicates that the second NO reacts
with the {FeNO} species rather than the second iron(II), a magnetically coupled
diferrous-dinitrosyl could be a transient intermediate in pathway A and in the hyponitrite
mechanism. Thus, super-reduction of {FeNO} units to nitroxyl {FeN(H)O}® species
does not represent an absolute requisite step in the NOR reaction pathway in FDPs. The
parallel pathway B in Scheme 3 leading to a stable magnetically uncoupled diferrous-
dinitrosyl may be prevented in the flavinated enzyme via steric constraints. Alternatively,
turnover of an [{FeNO} '], complex in FDP may require reduction by the proximal FMN
cofactor, as proposed in the ‘super-reduction’ mechanism (Figure 6.2) (Silaghi-
Dumitrescu et al., 2005; Kurtz, 2007). Uncoupling of the two {FeNO}’ units may also
permit a reaction pathway in the flavinated enzyme where each iron center functions
independently to form mononuclear hyponitrite complexes, thereby maximizing
scavenging efficiency under high NO stress conditions. The results of this study provide a

clear framework for further investigation of this unique family of enzymes.

2e NO NO Fell Fell+ N,O (A)
Fell Fell "~ FellFel —~ Fel-NO Fe! A—i
2 NG\] F|E”-ND Fe'-NO (B)

Figure 6.15 Schematic representations of the reaction of deflavo-FDP with NO based on

our results.
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CHAPTER 7
CONCLUSION AND FUTURE DIRECTIONS

7.1  Therole of Cug in NO reduction by cytochrome baz and bos

To investigate the possible involvement of a Cu-nitrosyl species during the NO
reduction by HCOs, we studied ligand-dynamics in ba3;(NO), bo3;(NO), ba3;(CO)(NO),
and bo3(CO)(NO) using low-temperature photolysis experiments combined with UV-vis,
EPR, FTIR, and RR spectroscopies. Interestingly, both bas and bo; exhibit equivalent NO
reduction turnover rates, and both fully-reduced enzymes bind a first NO molecule to
form stable S = 1/2 6¢cLS {FeNO}’ species with similar spectroscopic features. However,
cryogenic photolysis in ba3;(NO) generates a side-on Cug-NO complex, but in bo3(NO),
the photolyzed NO group is not capture by the Cug site. Furthermore, combined exposure
of reduced ba; and bo; proteins to CO and NO resulted in the formation of a [heme-NO «
OC-Cug] complex only in bos;. We assigned these differences to a geometrical difference
in the heme/copper center of bas and bo;. In bas, close vicinity between the heme a; and
Cug ions allows transfer of the photolyzed NO, while a larger heme-copper distance
permits concomitant binding of NO and CO in reduced bo;. These results lead us to
propose that the coordination of a second NO to Cug, after binding of a first NO to the
heme iron, is not an essential step of the NO reduction reaction in these enzymes
(Hayashi et al., 2007; Hayashi et al., 2009). Our preferred reaction mechanism is that the
two electron reduction of NO to N,O by ba; and bo; proceeds via the cis-heme

mechanism (Figure 1.4).

7.2 NO activation mechanisms in the heme/non-heme diiron site of FegMb

The reactivity of NO with FegMb, a bioengineered model of the dinuclear active
site of NORs, was examined with UV-vis, FTIR, EPR, RR, and FTIR spectroscopies. We
have shown that 1 equiv NO addition to fully reduced Fe'-FegMb results in the formation
of a 6¢LS {FeNO}’ complex that exhibits an exceptionally low NO stretching frequency
which we assign to electrostatic interactions of the bound NO group with the distal non-
heme Feg center. This low v(NO) frequency suggests the heme-bound NO having an NO

character, which could provide a nucleophile for N-N bond formation. Unexpectedly, this
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complex reacts further with NO to produce a stable [ScLS heme-NO ¢ ON-Feg] trans-
dinitrosyl complex. The stability of this complex is consistent with the absence of N,O
production and we identify this species as a dead-end product. Despite this apparently
negative outcome, a recent crystal structure of the cytochrome-c-dependent NOR from
Pseudomonas aeruginosa (Hino et al., 2010) reveals a heme/non-heme diiron center
nearly identical to that of FegMb (Figure 7.1). The reasons for this striking difference in
reactivity towards NO of seemingly similar heme/non-heme diiron sites are yet to be
elucidated. One possible explanation is that the ScLS heme-NO is less reactive toward the
second NO than a 6¢LS heme-NO species due to the decreased nucleophilicity of heme-
bound NO for 5cLS species compared to that of 6¢cLS (Praneeth et al., 2006).

Figure 7.1 Heme/non-heme diiron active site of NOR from Pseudomonas aeruginosa

(left) and of FegMDb (right) (PDB ID: 300R and 3M39).

Recently, Lu and coworkers have reported other active site models of NORs;
I107E FegMb (swMb L29H/F43H/V68E/1107E) (Lin et al., 2010) and FegMb(-His)
(swMb L29H/F43H) (Lin ef al., 2010). Studying these NOR active site models would
expand our knowledge in structure-reactivity relationship of heme/non-heme dinuclear

iron center of NORs.

7.3 The roles of diiron center and FMN cofactor in the NO reduction by FDPs

In order to test the ‘super-reduced’ and ‘hyponitrite-intermediate’ mechanisms in
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FDPs (Figure 6.2), we examined the reactivity of the FMN-free FDP enzyme from
Thermotoga maritima towards NO using UV-vis, EPR, RR, and FTIR spectroscopies.
Addition of up to 1 equiv NO to deflavo-FDP and reflavo-FDP results in formation of a
stable S = 1/2 [Fe"'» {FeNO}’] complex that exhibits an exceptionally low NO stretching
frequency. As with FegMb(NO), we assign this low v(N-O) to an NO™ character
stabilized by electrostatic interaction with the non-coordinating Fe" ion at the diiron site.
Further addition of NO to the deflavo-FDP mononitrosyl complex results in two reaction
pathways: one of which produces N,O and the diferric center, and another which
produces a stable diiron-dinitrosyl complex. The production of N,O by deflavo-FDP
supports the hyponitrite mechanism, whereas the concomitant formation of a stable
diiron-dinitrosyl complex in the deflavo-FDP is suggestive of an inactive protein fraction,
or of super-reduction pathway in the flavinated enzyme. However, since the reaction of
four-electron reduced reflavo-FDP with excess NO results in the production of ~2 equiv
of N,O, the super-reduction of {FeNO}’ units to nitroxyl {FeN(H)O}* species does not
represent an absolute step in the reaction pathway. In conclusion, our data support the
hyponitrite mechanism for NO reduction in FDPs with FMN's role limited to electron
transfer to the diiron site and to prevent accumulation of uncoupled diiron-dinitrosyl

complexes.

7.4 Future Direction

Characterization of mononitrosyl species in bacterial NORs and other FDPs

Reactivity of bacterial NORs and FDPs with NO has been investigated for years,
however there are no published reports on monitoring the reaction of these enzymes with
1 equiv NO. We have shown in this thesis that either addition of 1 equiv NO or addition
of slight excess NO in the presence of excess reducing agents results in the formation of
stable mononitrosyl species in heme/copper center of ba; and bo;, heme/non-heme center
of FegMb, and at the diiron center of FDP. The accumulation of such mononitrosyl
species implies that the first NO molecule binds at the active site with significantly higher

affinity than the second NO (Figure 7.2).
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Figure 7.2 The reaction of dinuclear centers of ‘slow NO reductases’ with NO.

Steady-state kinetic analyses of NO reductase enzymes with high turnover rate
show sigmoidal Michaelis-Menten plots that have been modeled by NO binding
cooperativity (Girsch and de Vries, 1997; Silaghi-Dumitrescu et al., 2003; Silaghi-
Dumitrescu et al., 2005). We will try to prepare mononitrosyl species in bacterial NORs
and FDPs by addition of 1 equiv NO. If such complexes form in bacterial NORs and

FDPs, we will define their vibrational signatures and correlate with the activity.

Detailed characterization of the reaction of Fe"-FegMb with NO and optimization of NO
reaction conditions

In chapter 5, we have shown that further addition of NO to the 6¢cLS heme-NO
species of FeH-FeBMb results in formation of a stable [ScLS heme-NO ¢ ON-Feg] trans-
dinitrosyl complex. We will define the detailed mechanisms of the conversion of 6¢LS to
5¢LS heme-NO species using stopped-flow and rapid freeze quench techniques. The
alternative mechanisms include formation of either a [6¢cLS heme-NO ¢ ON-Feg] trans-
dinitrosyl complex or a [ScLS heme-NO e Feg] as a transient species (Figure 5.11).
Definition of the reaction mechanisms allow us to propose chemical behaviors of NO in
the heme/non-heme center of NORs, where the [ScLS heme-NO ¢ ON-Feg] trans-

dinitrosyl complex was observed as a millisecond intermediate (Kumita et al., 2004).

Characterization of reaction intermediate species during NO reduction by FDPs

In previous chapter, we concluded that the NO reduction mechanism of FDPs is
more consistent with the hyponitrite mechanism (Figure 6.2). However, our results did
not show any evidence for the formation of a diferric-hyponitrite species as a reaction

intermediate. In order to fully understand the catalytic mechanisms of FDPs, we will
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characterize reaction intermediates of the reaction of diiron-mononitrosyl species with the
second NO molecule using stopped-flow and rapid freeze quench techniques combined
with EPR, FTIR, and RR spectroscopies. The expected intermediate species are a
diferric-hyponitrite intermediate and a magnetically coupled diiron-dinitrosyl complex
(Figure 7.3). Although these species are expected to be EPR silent, they can be
differentiated by RR and FTIR spectroscopies. The diiron-hyponitrite is expected to
exhibit v(N-N) and v(N-O) at ~1300 and 1100 cm™ (Andrews and Liang, 2001; Varotsis
et al., 2007), respectively, whereas the magnetically coupled diiron-dinitrosyl complex is
expected to exhibits a single v(N-O) at ~1750 cm™ due to the symmetric nature of

complex (Lu et al., 2004; Hayashi et al., 2010).
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Figure 7.3 Schematic representations of possible intermediate species in the reaction of
the diiron-mononitrosyl complex with the second NO; diiron-hyponitrite (left) and diiron-

dinitrosyl (right).

Nitroxyl chemistry in dinuclear metalloproteins

Nitroxyl (HNO) is the one electron reduced form of NO, and is short-lived species
in aqueous solution due to near diffusion-controlled dimerization (k=8 x 10° M'ss™)
(Shafirovich and Lymar, 2002). The involvement of a heme-nitroxyl species during the
NO reduction have been proposed for both heme-based and non-heme iron based NO
reductases (Blomberg et al., 2006; Blomberg et al., 2007). Further, a heme-nitroxyl
intermediate has been spectroscopically characterized during turnover of the fungal NO
reductase P450,; (Shiro et al., 1995). We will characterize the reaction of HNO with
NORs and FDPs using RR and FTIR spectroscopies. Further the reactivity of HNO
complexes formed in those NO reductase enzymes will be studied.

So far we have carried out extensive characterization of the Mb-HNO {FeHNO®}

complex, which can be generated by either one electron reduction of Mb(NO) {FeNO}’
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or addition of HNO donors to deoxy Mb (Sulc et al., 2004; Immoos et al., 2005). The
FTIR difference spectra of Mb-HNO exhibit a positive band at 1380 cm™, which
downshifts to 1357 and 1326 cm™ with ’NO and ’N'*0, assigned to v(NO) of Mb-HNO
(Figure 7.4) (Immoos et al., 2005). The spectra also reveal two negative bands at 1546
and 2733 cm™, which downshifts to 1532 and 2728 em™ with "NO and to 1511 and 2727
cm™ with "N'®0, respectively (Figure 7.4). Based calculated shifts by DFT, diatomic
oscillation, and sensitivity to H/D exchange (Linder and Rodgers, 2005), these bands are
assigned to v(NO) and v(NH) of free HNO docked in a proteinaceous pocket. Further,
RR spectra of Mb-HNO exhibit a H/D sensitive modes at 647 cm™ which downshift to
611 cm™ upon H/D exchange, readily assigned to v(Fe-(H)N) (Figure 7.5).

We will monitor the reactivity of HNO with NORs and FDPs using RR and FTIR
spectroscopies. Such studies would allow us to characterize reaction intermediate during
the catalytic cycle of these enzymes.
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Figure 7.4 FTIR ‘dark’ minus ‘illuminated’ difference spectra of Mb-HNO (NO; black,
NO; red, "N"0; blue) and Mb(NO) (green) complex at 30 K (left). Difference of
‘dark’ minus ‘illuminated” FTIR difference spectra obtained at 30 K (right). Top traces:
Mb-HNO minus Mb-H"°NO difference spectra (black) and the Mb-HNO minus Mb-
H"°N"®0 difference spectra (red).
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Figure 7.5 Low frequency RR spectra of Mb-HNO and Mb-DNO obtained with 413-nm

excitation at room temperatures.
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