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Chapter 1

Introduction

1.1 Neuroglobin and the vertebrates
globin family

Hemoglobins (Hbs) are small globular proteins able to bind
gaseous ligands by means of a Fe-containing porphyrin ring.
These hemeproteins are endowed with the ‘globin fold’ consist-
ing of eight α-helices (A-H), which are arranged in the so called
3/3 α-helical sandwich typical of sperm whale Myoglobin. Some
variants of this fold have been described, e.g. the 2-on-2 sand-
wich characterizing the ‘truncated globins’. Independently to
the fold adopted, all globins share an invariant histidine at posi-
tion F8 providing the proximal ligand to the heme iron [1]. Hbs
are widely present in all the three domains of Life (Bacteria,
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Archea and Eukaryota [1, 2, 3]).
Evolutionary considerations on the environment experienced in
the early stages of the life on earth have suggested that the O2

transport function of vertebrate globins was a relatively recent
adaptation, acquired by Hbs when aerobic metabolism became
predominant. According to such considerations, the variety of
globins identified in bacteria, displaying a wide range of cat-
alytic activities, makes it clear that the early globin function
must have been enzymatic and O2-sensing [1]. Although Myo-
globin (Mb) and Haemoglobin (Hb) are the most extensively
studied vertebrate globins, several other globins have been dis-
covered during the last decade. Therefore the vertebrates globin
superfamily is so far represented by six members: Hb, Mb, Neu-
roglobin (Ngb), Cytoglobin (Cygb), Globin E (GbE) and Globin
X (GbX) [4, 5]. Among these, both Ngb and Cygb are expressed
in human, where their precise function and mechanism of action
is still elusive.
In the case of Ngb, its localization in neurons [6] elicited partic-
ular interest, and several hypothesis were proposed for its role
in the brain [7]. Among others, very interesting experiments in
vitro and in vivo published by Greenberg and colleagues showed
that Ngb may play a role in neuroprotection, since they observed
that recovery from stroke in experimental animals was amelio-
rated by Ngb over-expression [8, 9].
It seems unlikely, although not excluded by some authors, that
Ngb is an O2 reservoir or transporter, because of its low average
concentration in neurons (∼ 1 μM), and of its high autoxidation
rate [10]. Some of the alternative functions that were proposed
group into the following categories: (i) signaling of hypoxia; (ii)
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radical scavenging (constitutive or under hypoxic conditions);
(iii) apoptosis regulation under hypoxic conditions [11, 12]; (iv)
a component of a signal transduction pathway [13]; (v) possible
interaction with the cellular prion protein (PrPc) [14]. However,
it is not possible to exclude that interaction with O2 represents
a relevant feature of the physiological Ngb role.
Phylogenetic analysis and biochemical studies support the idea
that Ngb has retained some enzymatic functions endowed by
ancestral globins; an alternative (or complementary) function
could be the participation in a novel signalling function to trig-
ger protective responses to hypoxia, mainly regulating the apop-
totic processes [15].
Since the discovery of Ngb by Burmester and colleagues [6],
its three-dimensional structure has been determined for human
(deoxy) and murine (deoxy and carbonmonoxy) Ngbs. Its kinet-
ics and reactivity towards O2, CO and NO has been analyzed,
and extensive spectroscopic investigations have been carried out.
Moreover both in vivo and in vitro studies were performed to
shed light on Ngb mechanism of action in the nervous tissue.

1.1.1 Gene evolution and structure

The ancestor of globins is thought to be present in organisms as
far as back the Last Universal Common Ancestor (LUCA, Lane,
2002) since members of the globin family are spread among vir-
tually all kingdoms of Life [2].
The discovery of ‘protoglobins’ in two Archea [16] suggests that
this ancestral Hbs arose before oxygenic photosynthesis. Since
enzymatic functions are observed in several non-vertebrate sys-
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tems, where globins catalyze reactions towards O2, NO and H2S
[17, 18], a likely function for the ancestor globin is thought to be
enzymatic. A likely scenario envisages that an ancestral globin,
with an original redox function, gained O2 binding and scav-
enging properties. Mb and Hb would be evolved in dioxygen
carriers from this ancestor. In fact, although delivery and facil-
itated diffusion of O2 is the commonly acknowledged function
for Hb and Mb, enzymatic properties of these (and others) Hbs
have been reported and generally accepted [19, 20].
During the last decade Ngb, Cygb, globin GbE (eye-specific)
and GbX (recently discovered in fish and amphibians) have been
added to the vertebrate globin family, based on the results of
database searches for globin-like sequences [6, 21, 22].
These novel globins, which are all expressed at low concentra-
tion, differ in sequence, tissue distribution and likely in function.
Phylogenetic analysis of vertebrate globins indicates that they
can be associated with two distinct branches of metazoa, which
share a starting point within the taxon of archaic Bilateria [5].
The first branch includes Ngb and GbX and the second branch
includes two clades, respectively the protostomian globins clade
and the clade of vertebrates globins, which is formed by GbE,
Cygb, Mb and Hb, as shown in Fig. 1.1.1.
Taking into account the early divergence of these two globin
branches, some authors suggest that the last common bilaterian
ancestor should possess at least two distinct globin genes: one
is the predecessor of Ngb and GbX, whereas the other gives rise
to the other metazoan globins [5].
Within this second group, one lineage leads to globins special-
ized in intracellular functions: Cygb and Mb. Haemoglobins
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Fig. 1.1.1: a simplified phylogenetic tree of vertebrate globins.

instead diverged from intracellular globins and obtained their
function in circulatory system. This function gain was probably
correlated with an increase in body size and the evolution of an
efficient circulatory system [22].

From evidences based on the number and the position of introns,
the Ngb gene structure differs from that of Mb and Hb: the last
two are formed by three exons and two introns, whereas Ngbs
genes show four exons and three introns. In fact, Ngb and GbX
are the unique vertebrate globins showing an intron in helix E,
evidence that reinforces their assignment to a gene family sepa-
rate from that including Mb, Hb and Cygb [5].
Reliable sequences of Ngb from 11 mammals, 1 bird and 4
teleost fish species have been determined [23]. In all species
apart from the trout, Ngb seems to be present as a single-copy
gene. Structural analysis showed that Ngb sequences are con-
sistent with the globin fold template, given the conservation of
amino acids involved in iron coordination (proximal and distal
histidines), heme accommodation and ligand interactions (i.e.,
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PheB10, PheCD1, TyrCD3, ValE11, LeuF4, ValFG1, ValFG3
and PheG5; [24, 25]). Comparison of Ngb with Hb and Mb
shows less than 25% of conserved residues; on the other hand ∼
0.4 x 10-9 amino acid changes/year are observed within mam-
malian sequences of Ngb, a frequency which corresponds to one
third of that observed for Hb [5]. In fact 46.4% of all residues
(corresponding to 70 positions) are conserved within Ngbs from
vertebrates, suggesting that tight functional requirements in-
duce a strong purifying selection. Insertions are observed at the
C and N termini of Ngb sequences and, limited to one amino
acid, at the flexible CD corner. In Ngbs from different organ-
isms, up to three cysteines are observed but only one, in topo-
logical position D5, is conserved in all sequences.
Finally, the fact that Ngb seems to be allowed little evolutionary
divergence, and very similar ligand binding parameters observed
in man, mouse and zebrafish Ngb, suggest that its function has
tight requirements in terms of protein sequence and structure.

1.2 Functional parameters

1.2.1 Spectroscopic and kinetic characteriza-
tion

Since the discovery of Ngb, its spectroscopic properties have
been investigated with different techniques; optical and reso-
nance Raman spectra clearly show that Ngb is a hexacoordi-
nated globin, in both the ferric and ferrous states [10, 21, 26];
crystallographic models demonstrate that, in absence of external
ligands, the distal histidine (HisE7) occupies the sixth coordi-
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nation position of the heme iron [24, 25]. This is an uncommon
feature in vertebrates: so far, Ngb and Cygb are the only hexaco-
ordinated globins among vertebrates. On the contrary, different
kind of eukaryotic taxa display some examples of hexacoordina-
tion, since this feature has been reported for some Hbs of inver-
tebrates, cyanobacteria and other plant globins [27, 28, 29].
Endogenous hexacoordination allows the binding of an external
ligand only upon rupture of the bond with distal His(E7), which
implies a competition for the heme sixth coordination position
between this histidine and the exogenous ligand, that affects
the overall affinity for O2, CO and NO. Therefore, the kinetics
and thermodynamics of binding to Ngb can be depicted by a
minimum two-step mechanism (Eq. 1.1):

NgbH
k−H−−→←−
kH

NgbP + L
kL−→←−−
k−L

Ngb−L (1.1)

where the pentacoordinate species (NgbP) is the species com-
petent for binding a ligand (L).
Upon mixing ferrous Ngb with several ligands (O2, CO, NO and
methyl isocyanide), the formation of the adduct was found to
be a slow process (t1/2∼ 1s) and the relative rate constant(s)
was ligand independent [21, 10, 26, 30], showing that the disso-
ciation of distal histidine (k-H) is the rate-limiting step for the
adduct formation.
Endogenous hexacoordination also implies that the pentacoordi-
nated state (NgbP) is briefly populated, due to the competition
between distal histidine and the ligand for the sixth coordination
position. Extensive flash photolysis experiments, instantly pop-
ulating NgbP, allowed to measure the rate constant for ligand

11



Chapter 1. Introduction

binding in competition with His(E7). NO, O2 and especially
CO show high values of association rate (kL), which together
with the low dissociation rate (k-L) account for its affinity, that
is higher than that of Mb and isolated Hb-chains [10, 31].
The same experiments also show a rate constant for histidine
rebinding of ∼ 2000 s-1 [21, 10, 30, 32, 33]: such a value implies
that the equilibrium constant for the hexa-to-pentacoordinated
states (k-H/kH) is around 10-3 (in agreement with rapid mix-
ing experiments); in other words, the hexa-to-penta equilibrium
favours the hexacoordinated state by a ratio of ∼ 1000:1. There-
fore, in spite of the significant kL, the competition with the
His(E7) determines in Ngb an oxygen P50 lower than that of
Mb, although in the same order of magnitude (see Par. 1.2.2 for
a more detailed discussion on Ngb oxygen P50).
Rapid mixing experiments of ferrous Ngb with CO and methyl
isocyanyde indicate that the kinetics of the rupture of the dis-
tal His(E7) is heterogeneous [32]. These experiments showed
the presence of two phases, with relative amplitude of (∼ 7:3).
This heterogeneity has been explained invoking a pronounced
structural heterogeneity of distal heme pocket, shown by IR
and NMR spectroscopy and also by complementary mutational
data [26, 34]. In this respect, it is relevant to recall that solid
evidence exists [35, 25, 36] for heme orientational disorder in
metNgb (see Par. 1.3). It is not clear, however, if the heme ori-
entational disorder is an artefact of heterologous Ngb synthesis
or is an intrinsic property of the native protein.
Geminate rebinding is a common feature of globins, and con-
sists in the rapid rebinding of a heme-photodissociated molecule
from internal docking sites to the iron. Rebinding of photolyzed
ligands to Ngb has been analyzed using UV-Vis and IR spec-
troscopy. These analyses point out that the geminate rebinding
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is an extremely fast process, suggesting a very small enthalpy
barrier at the heme Fe [34].
This fact represents an interesting feature, which partially sheds
light on the role of the internal matrix in regulating the reactiv-
ity of Ngb towards several gaseous ligands.

1.2.2 Oxygen binding

The canonical role of globins in vertebrates is the delivery of
O2 for aerobic metabolism, from Hb to Mb and finally to cy-
tochrome c oxidase. The transfer is achieved by proper modula-
tion of the affinity for this ligand. The discovery that Ngb binds
O2 reversibly led initially to the assumption that also this novel
protein was primarily involved in O2 transport in neurons.
Several groups have measured the O2 affinity, reporting the oxy-
gen half saturation pressure (oxygen P50); nevertheless, the use
of different techniques, the wide range of conditions explored
and the concomitant usage of both murine and human Ngb (re-
spectively mNgb and hNgb), account for the presence in the
literature of contrasting values of the oxygen P50. Moreover, de-
termination of the O2 affinity of Ngb is particularly difficult due
to its tendency to autooxidize with a half time, in air, that varies
from ∼ 20 to ∼ 3 minutes, depending on pH values [21, 10, 37].
Burmester and colleagues reported an oxygen P50 of about 1.9
- 2.3 torr for mouse Ngb at 20 C [6]. Nevertheless, these mea-
surements were carried out at equilibrium on an Escherichia coli
(E. coli) extract expressing mNgb. Under these conditions, Ngb
is expected to be kept in the reduced state by a bacterial reduc-
tase [38], whose activity could interfere with the affinity mea-
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surements. Fago and co-workers referred a different value (10
torr) for the oxygen P50 in mNgb, also demonstrating that this
parameter is pH dependent in both the human and murine forms
(a Bohr effect; [37]). Mutational studies demonstrate that this
effect is mainly due to the protonation of His(E7) and Lys(E10)
[33].
The determination of a univocal value of oxygen P50 for hNgb
has been also challenged by the dependence on the temperature.
For hNgb, oxygen P50 was estimated from kinetics [10] to be 2.0
torr at 37 C, somewhat similar to that reported for Mb at 20
C (1.0 torr). Further measurements, carried out by means of
O2 equilibria at physiological pH under conditions that would
minimize autooxidation, indicated that at 25 C P50 = 5.0 torr,
while at 37 C P50 = 7.5 torr [37], the last being almost 4 times
greater than that observed previously at the same temperature.
The relatively low O2 affinity under physiological conditions, to-
gether with the low average concentration of Ngb in the Central
Nervous System (CNS) (∼ 1 μM) and its tendency to autooxida-
tion, may suggest a peculiar primary role different from O2 stor-
age and/or facilitated diffusion. Since in Ngb the overall affinity
constant for O2 (or other exogenous ligands) results from a com-
petition with His(E7) rebinding, as illustrated in Eq. 1.1, ligand
affinity is not modulated exclusively by the on and off rate con-
stants to the pentacoordinate state as in the case of Mb. This
was clearly shown by mutational studies on Ngb [10, 37, 30].
Upon changing the distal His(E7) to Leu, Val or Gln, the over-
all affinity for O2 of mNgb and hNgb increased with respect to
the wild type (by a factor that ranges from 3 to 100 in different
mutants), in spite of the variations of kL and of k-L that would
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imply a decrease in affinity [10, 37]. The absence of competition
for the endogenous His(E7) ligand is most likely the cause of the
increase in the apparent affinity for O2. Another remarkable ef-
fect of the mutations His(E7)Gln and His(E7)Leu/Lys(E10)Leu
is the drastic reduction of the autooxidation rate in air [37],
indicating that His(E7) enhances the reactivity of oxygenated
Ngb. For human Ngb, Hamdane et al. [30] reported a ten-
times decrease in O2 affinity (P50 from 0.9 to 8.4 torr) upon re-
duction of an intramolecular disulfide bridge between Cys(CD7)
and Cys(D5); moreover, a consistent effect of this disulfide bond
was observed also by kinetics [39]. The general physiological rel-
evance of the disulphide bridge is questionable and still under
debate. Some authors consider this evidence as the proof of a
mechanism for the ‘fine regulation’ of oxygen affinity: under low
oxygen supply the disulfide bridge in Ngb would be in the re-
duced state; the ensuing lower O2 affinity would result in a net
release of O2 to the cell. Under higher oxygen concentrations
the CD7-D5 disulfide will form, increasing the Ngb affinity for
O2 and reloading the protein [30, 37, 40].
Moreover, recent Molecular Dynamics (MD) simulations sug-
gested a mechanical explanation for such a behaviour of cysteine-
oxidated hNgb: the disulfide bridge would force the CD-D re-
gion of the hexacoordinated state in a conformation similar to
that of NgbP, promoting therefore the achievement of the latter
species; once pentacoordinate, human Ngb would be ready to
bind the incoming ligand with higher affinity. Obviously, such a
lowering in enthalpy barriers between the two states is lost upon
reduction of the two cysteines [40].
Nevertheless, this scenario is prone to some objections. First of
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all, within living cells oxidized thiols are intrinsically unstable
[41]. Moreover, the relevance of Cys(CD7)-Cys(D5) disulphide
bridge may be limited to H. sapiens species, since in other ver-
tebrates Cys(CD7) is not conserved.

1.2.3 Catalytic activity

The reactions of Hbs with NO are among the most relevant
globin functions. Several globins, in spite of their phylogenetic
distance, share reactivity toward NO, indicating that these reac-
tions might reflect an ancestral globin function. In vertebrates,
reactivity of Mb toward NO has been well characterized as a
protective mechanism for the respiration chain. The Mb abil-
ity to both scavenge NO under physiological conditions and to
switch to NO generation under hypoxia, makes Mb a kind of
O2 sensor which slacks off the terminal oxidase activity when,
due to limited oxygen concentration, the cell cannot sustain an
elevate metabolism [1].
Ngb catalyzes several in vitro redox processes, mainly but not
only directed towards NO and related radicals. These reactions
imply that ferrous Ngb can react with a radical substrate, yield-
ing a non-toxic product and ferric Ngb (metNgb). Thus, assum-
ing that Ngb is involved in redox reactions in the cell, a suitable
intracellular reductase is expected to exist to allow re-cycling
from the ferric to the ferrous state, as required by a catalytic
cycle. So far, identification of a specific metNgb reductase is
missing [11]. Anyway, preliminary experiments have recently
shown that liver and brain cells contain such an enzyme, which
could be orthologous to a NAD(P)H dependent Ngb reductase
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detected in E. coli extracts [38].
In order to shed light on the in vivo redox functions of Ngb,
we may recall that characterization of the reduction kinetics
in hexacoordinated Hbs (hxHbs), including human Ngb [42],
showed that in these proteins electron transfer is much faster
than in pentacoordinated hemeproteins. This behaviour has
been explained on the basis of the more favourable reorganiza-
tion energy term involved in the reduction of the hexacoordi-
nated hemeproteins, supporting the hypothesis that hxHbs may
be tuned for redox cycling rather than binding. As an example,
it was shown that oxygenated Ngb reacts very rapidly with NO
(complete in the dead time of the stopped-flow, ∼ 3 ms) to yield
a peroxynitrite intermediate that decays to nitrate and metNgb
[43] with first order rate constants of 90 s-1(at 5 C) and 300
s-1(at 20 C). This behaviour seems compatible with NO scav-
enging under partially hypoxic conditions in the nervous system
where, at the same time, NO synthesis would be enhanced by
induced expression of Nitrous Oxide Systems (NOS) [44]. On
the contrary, since unligated ferrous Ngb does not show any di-
rect NO reductase activity, binding of NO to Ngb(FeII) would
yield essentially a dead-end adduct, given that its thermal dis-
sociation is very slow (t1/2 > 30 min; [39]).
It is possible to hypothesize another role for the Ngb(FeII)-NO
adduct, since this species reacts rapidly with peroxynitrite in
vitro (second-order rate constant ∼ 1.3 x 105 M-1s-1, almost 100
times faster than Hb) to yield NO and metNgb [45].
In vivo, Ngb(FeII) may sequester NO by forming Ngb(FeII)-NO
and consequently act as a scavenger towards peroxynitrite [45].
Such a scenario is compatible with the behaviour of NO within
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hypoxic cells, where it increases from nM to μM range. At such
concentration, NO easily reacts with superoxide to form harm-
ful peroxynitrite [46]. Peroxynitrite is not only toxic by itself,
but in vivo it rapidly reacts with mM CO2 (3 x 104 M-1s-1 at 24
C [47]), generating even stronger nitrating agents than perox-
ynitrite. Therefore the reactions of both oxy-Ngb with NO and
Ngb(FeII)-NO with ONOO-, counteract the generation of NO
radicals and may provide an explanation of the neuroprotective
effect of Ngb [48]. In fact some papers show that in vivo Ngb
overexpression protects the cell from oxidative stress, especially
if oxidative stress has been induced by NO and peroxynitrite
donors [49]. It has been demonstrated that, under anaerobic
conditions, Ngb(FeII) is able to reduce NO2- to NO, by forma-
tion of Ngb(FeIII) and NO (Eq. 1.2); moreover, the latter binds
the remaining Ngb(FeII) forming the Ngb(FeII)-NO adduct with
low yield (< 20 %, Eq. 1.3). The reaction follows this scheme
[12]:

Ngb(FeII)+NO
2−+H+ ! [Ngb(FeIII)-NO]+OH− ! Ngb(FeIII)+NO+OH− (1.2)

Ngb(FeII) + NO ! Ngb(FeII)-NO (1.3)

The overall process terminates slowly given the rebinding of NO
to available ferrous heme (Eq. 1.3) that causes a slow decay of
the nytrosil complex (t1/2 = 1500 s-1) a rate in the same order
of magnitude than in Mb. Interestingly, spectroscopic analysis
demonstrates [Ngb(FeIII)-NO] being the same short-living inter-
mediate that characterizes the reaction of Ngb(FeII)-NO with
peroxinitrite; during the reduction of nitrite, this intermediate
is slowly populated, accounting for a second-order rate constant
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of 5.1 x M-1s-1.
In Hb, a role for the β-chain C93 as reactive centre for NO has
been documented: the evidence of its S -nitrosylation induced
some authors to suggest a role for Hb as NO carrier and periph-
eral deliver [1]. Moreover, it has been shown that Mb-nitrite
reductase activity in the heart allows to regulate, by soft NO-
mediated inhibition, the muscle cells metabolism under hypoxic
conditions. It is important to note that very little NO (n-molar
levels) is needed to activate soluble guanylate cyclase or to in-
hibit cytochrome c oxidase, the two main physiological targets
of the biological activity of NO in mammals.
In analogy to Mb, it is possible to speculate that Ngb would
regulate cellular activities by means of similar mechanisms, in-
volving controlled NO release. Also in Ngb nitrite reduction
leads to the formation of S -nitrosylated species [12]. Taking
into account the lower intracellular amounts of Ngb with re-
spect to Mb, the relevance of nitrosylation and nitrite reduction
for Ngb has yet to be confirmed by means of in vivo studies.
It has to be reminded that other enzymatic functions may, in
theory, represent a cellular defence toward radical stress, such
as O2 reductase, superoxide dismutase, catalase and peroxidase.
Ngb does not display any of these activities [38]. Ngb can reduce
cytochrome c (Cyt-c) in vitro [15]. Cyt-c is a redox protein es-
sential for oxidative phosphorylation, located in the internal mi-
tochondrial membrane space. Moreover, Cyt-c is also involved
in apoptosis, since its release into the cytosol is a step of the
pro-apoptotic cascade, leading to the formation of the ‘Apop-
tosome’, an oligomeric ATP-dependent complex also formed by
Apaf-1 and procapase-9, that regulates caspase (casp-9, casp-3)
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activation. This complex is one of the most relevant check-point
during the pro-apoptotic cascade, hence it is fine-regulated by
the redox state of Cyt-c: only the oxidized form is competent
for the formation of an active complex.
MetNgb binds ferric Cyt-c with a KD in the order of 100 μM,
strongly affected by salt concentration. Nevertheless, the reac-
tion catalyzed by ferrous Ngb proceeds with a second-order rate
constant of 2 x 107 M-1s-1, a value close to the fastest known
inter-protein redox reaction rate constant, for example the one
between Cyt-c and cytochrome c oxidase [50]. This reaction
may represent a physiological step in the regulation of apopto-
sis, useful to avoid unnecessary initiation of apoptotic processes
[15].

1.2.4 Involvement of Ngb in a signal transduc-
tion pathway

It is possible that Ngb regulates the signal transduction path-
way mediated by Heterotrimeric G proteins (G proteins). These
proteins consist of a regulatory subunit (the α-subunit, G ) and
a βγ-dimer (G ; [51, 52]). When a molecule of GDP is bound to
the regulatory G subunit, it is associated to G . The trimeric
state corresponds to the inactive form of G protein. The G
subunit easily releases GDP and binds GTP, leading to the dis-
sociation of the trimer and the consequent activation of signal
transduction. In fact the GTP-bound G and G regulate the
activity of different systems, such as adenyl cyclase, phospho-
lipase C , and ion channels. Signal transduction is turned off
by the intrinsic GTPase activity of the G protein, which hy-
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drolyzes GTP to GDP and a phosphate, inducing the reassoci-
ation of GDP-bound G with G .
Ligand or signal-activated G protein-coupled receptors (GPCRs)
induce GDP release from a G -subunit. Moreover the on/off G
protein state can be regulated by three groups of protein modu-
lators: guanine nucleotide exchange factors (GEFs), which stim-
ulate GDP dissociation and subsequent GTP binding (GPCRs
fall in this cathegory); guanine nucleotide dissociation inhibitors
(GDIs), which inhibit GDP dissociation; and GTPase-activating
proteins (GAPs), which enhance GTP hydrolysis [51, 52].
Wakasugi and co-workers [13] proposed that Ngb is a component
of a signal transduction pathway, based on the observation that
metNgb binds to the α-component of the G protein, acting
as a guanine dissociation inhibitor (GDI). More recently they
reported evidence for a complex between metNgb and G , and
identified the protein-protein interface of the putative complex
[53]. Based on this information, a scheme relating the redox-
ligation state of Ngb and the control of signal transduction was
proposed (see Fig. 1.2.1). It was shown that metNgb is en-
dowed with GDI function, whereas reduced CO bound Ngb is
not, suggesting that Ngb might play a role in signal transduction
depending on its ligation and redox state. In fact, by means of
Surface Plasmon Resonance (SPR) analysis, a relevant affinity of
metNgb for G was measured, with a KD of 6 x 102 nM, while
the KD observed with the ferrous-CO form falls into the mM
range; subsequent GST pull-down experiments have confirmed
the capability of metNgb to compete with G for interaction
with α-subunit [53].
Based on crosslinking and mass spectrometry experiments [53],
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Fig. 1.2.1: schematic representation of the GDI function of metNgb
(modified from [13]).
Upon binding of met Ngb to the GDP-bound G - subunit, G is kept
released in an active form, with beneficial cellular effects.

Wakasugi and colleagues concluded that the CD-D region is cru-
cial for the binding of Ngb to G . They also suggested that the
conformational motions of Ngb CD-D region, due to the ligation
state, trigger the binding of Ngb to G . The same experiments
shows that the Ngb could bind G near to the GDP/GTP bind-
ing site, providing a structural explanation to the metNgb effect
as inhibitor.
Finally, recent in vivo investigations suggest that the GDI activ-
ity of human Ngb is correlated with its neuroprotective activity.
More in detail, these results show that residues responsible for
the GDI activity are also crucial for neuroprotection. Because
all these residues are charged and exposed to the solvent, these
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results suggest that specific protein–protein interactions of Ngb
are indispensable for its neuroprotective function [54].

1.3 Structural features

The structures of human Ngb in the met (Fe3+) state, and of
mouse Ngb in the met (Fe3+) and CO (Fe2+) bound states have
been determined by crystallography [24, 25, 55]. In spite of
low sequence homology (less than 25%, [24]), Ngb displays the
canonical 3/3 α-helical fold, thus strictly resembling Mb with
an average rmsd for C atoms of 2.0 and 1.85 Å for met and
NgbCO, respectively (Fig. 1.3.1 a). Structural superposition
with hexacoordinated rice nonsymbiotic hemoglobin (nsHb, pdb
code 1D8U) yielded a comparable result (average rmsd = 2.24
Å) upon exclusion of the short N-terminal extension of nsHb
(Fig. 1.3.1 b). The Ngb 3D structure differs from tipical globin
for four remarkable peculiarities: (i) the ferric and ferrous heme
iron are both hexacoordinate, with the distal His(E7)64 and the
proximal His(F8)96 directly bound to the metal ion, (ii) the
heme display a significant rotational disorder (iii) the binding
of CO to ferrous Ngb is associated to a large conformational
change involving a sliding motion of the heme and a moderate
shift in the position of helix F and loops CD and EF, (iv) the
presence of a huge internal cavity (∼ 290 Å3). Among the ver-
tebrates Hbs, Cygb shares with Ngb both the hexacoordination
and the presence of a large internal cavity.
As predicted by spectroscopy, metNgb, in the absence of an ex-
ogenous ligand, is hexacoordinated with His96(F8) bound to the
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iron on the proximal heme side and His64(E7) on the distal one.
In order to bind the iron, the position of the distal His64(E7)
in mNgb is closer to the heme by 2.38 Å with respect to sperm
whale Mb, and the whole helix E is somewhat repositioned, with
a rotation around Leu70(E13) leading to a displacement of the
N-term and C-term of the helix of 3.79 and 2.92 Å, respectively.
Also in hNgb the position of helix E is shifted of about 3 Å to-
wards the heme. Inspection of metNgb and comparison with the
structure of nsHb suggests that the region joining helices C and
D (CD turn) may play a role in the structural rearrangement
that follows exogenous ligand binding, due to its high mobility
and the position it occupies in the globin fold, where it acts like
a hinge to allow helix E displacement (Fig. 1.3.1). Significant
heme rotational isomerism was observed [24, 25] in both human
(hNgb) and murine (mNgb) metNgb structures, with a ratio of
7:3 in mNgb (Fig. 1.3.2), in agreement with earlier NMR data
[36]. The two conformers differ by a 180 rotation of the heme
moiety along the α-γ meso axis. In the main (A) conformer the
metal lies within the heme plane, whereas in the minor (B) con-
former it is 0.2 Å out of the heme plane; the propionate groups
have identical conformations in both isomers. This difference,
which is also reflected in the positions of the distal and proximal
His, may account for the heterogeneity observed in the dynam-
ics of ligand binding, as mentioned before. Moreover it is not
clear if the heme orientational disorder is an artifact of heterol-
ogous Ngb synthesis in E. coli or an intrinsic property of the
protein, as expressed in the neurons. Both hNgb and mNgb in
the met hexacoordinate state possess a large cavity (120 and 290
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(a)

(b)

Fig. 1.3.1: structural superposition of Ngb, Mb and nsHb based
on the C atoms.
The letters indicate globin helices A to H, according to standard nomen-
clature. (a) Best-fit superposition of murine Ngb (cyan) and sperm whale
Mb (green). (b) Best-fit superposition of murine Ngb (cyan) and non-
symbiontic Hb (purple).
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Fig. 1.3.2: the two conformers of the heme in metNgb.
The heme conformers A (dark gray) and B (light gray) from mice Ngb
are shown (population ratio 7:3). Fo-Fc positive electron density map was
calculated (contour: 3 ) omitting the heme B conformer and the distal
and proximal His of the B conformer.
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Å3, respectively) localized among the helices E, F, G and H, en-
dowed with a distal branch, corresponding to the distal moiety
of the heme pocket; in mNgb a proximal branch, reaching the
proximal heme side, is also present, including the so-called Xe1
and Xe2 binding sites identified in sperm whale Mb [56]. Such
a branched cavity forms a tunnel which connects the two heme
sides with the exterior and provides a potential passageway for
ligands; structural rearrangements and heme sliding, following
the binding of CO in mNgb, affect the topology of these cavities
(see Par. 1.3.2, [55]), but not its size.
Heme orientational disorder may be related to the presence of
this huge internal packing defects that leaves some empty space
between the heme ring and the protein moiety; heme isomers
were first identified by La Mar and co-workers to a much lesser
extent (4 %) [57] in sperm whale Mb, which contains several
internal packing defects [56] but lacks the huge tunnel typical
of Ngb. The functional relevance of the large cavity in Ngb and
Cygb is still waiting to be assessed.
In order to allow binding to the sixth heme coordination site,
not only must the bond with the distal His64(E7) break, but
a conformational transition has to take place in order to create
space to accommodate the external ligand. In analogy with the
gating role played by His64(E7) in Mb and Hb, it was initially
expected that in Ngb a swinging motion of the distal His would
allow, at the same time, availability of the sixth coordination po-
sition and formation of an empty niche for an external ligand to
bind. Unexpectedly, determination of the structure of mNgbCO
[55] showed that this protein adopts a ‘heme-sliding mechanism’
to remove the blockage of the binding site. In fact, CO binding
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is associated to a major heme displacement within the frame
of the globin fold (Fig. 1.3.3, panel a), which may imply a new
mechanism for ligand affinity modulation in the globin family.
Repositioning of the heme upon CO binding leaves the position
of the distal His64(E7) almost unchanged (0.5 - 0.7 Å) while
being associated to a displacement of the proximal His96(F8).
The heme in this new position seems to reside in a pre-formed
docking site and, consistently, only Phe106(G3) is drastically
repositioned (by 3.8 Å). The regions that experience the largest
movement upon binding are the EF-F-FG module and the CD
loop that moves to a slightly more open conformation, but al-
together the total rmsd displacement of the C is comparable
to that observed in sperm whale Mb upon ligation (0.49 Å vs
0.54 Å). The 1H NMR data from met mNgb in the absence and
in presence of cyanide presented by Du et al. [36] were ana-
lyzed by Walker [58], leading to the indication that the solution
structure, the orientation of the proximal and distal histidines,
could be different from the one determined in the crystal state.
On the other hand EPR spectroscopy seems to indicate good
agreement of solution and crystallographic parameters in met
mNgb [59]. The reshaping of the large internal cavity is ob-
served upon CO binding, with the disappearance of its proxi-
mal branch (Fig. 1.3.3, panel b) and the expansion of the distal
region; moreover a new, small (13.3 Å3) niche is created in the
proximity of topological position D5, which is a Cys in the wild
type and a Ser in the mutant used for crystallization.
MD simulations of mNgb indicate that the huge cavity likely
allows the structure reshaping coupled to CO binding; it can
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(a) (b)

Fig. 1.3.3: heme sliding and cavity reshaping in NgbCO.
(a) Close-up view of the active site of murine NgbCO (red) and metNgb
(violet-blue). The sliding motion of heme, as well as the proximal and distal
histidines and the amino acids (notably Phe106(G5) and Tyr44 in the CD
turn) that undergo the largest displacements are highlighted. (b) The
major cavity observed in NgbCO (blue) and metNgb (green) are shown.
The heme displacement associated with CO binding induces a reshaping of
this cavity, with the disappearance of its branch in the region proximal to
the heme.

provide, at the same time, the space for the rapid (ca. 90 ns)
heme sliding motion and for an easy repositioning of the EF-
F-FG module and CD loop, which are coupled to CO binding,
thus accounting for the similar thermodynamic stability of the
protein in both the ligated and unligated state [60]. Another
relevant feature of mNgbCO with respect to the internally hex-
acoordinate structure, is the decrease of the thermal B-factors
of the EF region, that contributes the residues surrounding the
access of the large tunnel to the bulk (Leu70(E13), Val71(E14),
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Ala74(E17), Leu85(EF), Tyr88(EF)). The increased rigidity of
the EF region might restrict external accessibility and trap small
molecules inside the protein tunnel. These data are in good
agreement with recent MD-XANES combined approach that
clearly demonstrate the higher rigidity of the mNgb adduct with
respect to the mNgbCO one [61].
In the absence of an external ligand, access to the heme distal
binding side is restricted by the presence of a salt bridge between
one of the heme propionates (distance of 2.7 Å) and Lys67(E10),
which is reinforced by a close contact with the hydroxyl group of
Tyr44(CD3) and a water molecule. This network is weakened in
mNgbCO, where the minor displacement of His64(E7) induces
a movement of Tyr44(CD3) that is communicated to the CD
loop (Fig. 1.3.3, panel b). This is consistent with data obtained
from spectroscopy and mutagenesis experiments indicating that
upon ligation and mutagenesis of Lys67(E10), the accessibility
of the distal site is increased [33].
In summary, the structure of NgbCO reveals the likely mecha-
nism whereby the iron hexa-coordination, expected to consider-
ably lower ligand affinity, is made labile enough to allow binding
of exogenous ligands.
The heme sliding counterbalances the presence of internal co-
ordination, which a priori should be fairly strong, leading to a
different protein conformation and promoting the availability of
the heme for O2 and other external ligands. What can we infer
on the mechanism of action of Ngb, in the light of the structures
of its liganded and unliganded derivatives? Ngb is most likely
reduced and (partly or largely) ligated by O2 under physiologi-
cal conditions (normoxia); upon deoxygenation Ngb is expected
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to adopt the hexacoordinate structure.
The thermal B-factors indicate that exogenous ligand release
will induce a marked change in the mobility of the EF loop
and a reorganization of the CD loop. It was suggested that
this conformational change may be the signal to transmit the
information ‘low oxygen’, to allow interaction of metNgb with
GDP-bound G to liberate G and thus protect the cell against
neuronal death [13]. Enhanced Ngb expression, as observed
under conditions of hypoxia [8] would enhance this signaling
pathway. Moreover, hypoxia is known to reduce the pH of a
neuronal cell [46]; acidity decreases the rate of exogenous lig-
and binding and favors hexacoordination [33] and the coupled
conformational changes involving the EF loop.

1.3.1 Crystallographic study of Ngb cavities

As discussed in Par. 1.3, Ngb shows at least two structural pe-
culiarities: endogenous hexacoordination and the presence of a
wide internal cavity. These are two uncommon features for a
vertebrate globin, only Cygb and Ngb share these characteris-
tics. While the relevance of hexacoordination for Ngb reactions
has been investigated, the functional role of the huge cavity is
still elusive. This cavity occupies the internal structure from
the heme pocket to the EF corner, with a volume of around 300
Å3, and connects the iron with the solvent (see Fig. 1.3.3 and
[25]). The cavity displays two branches, which extend around
the heme and connect the distal and the proximal moieties of the
heme pocket. The heme sliding coupled to CO binding affects
the cavity topology, drastically reducing the proximal branch
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and enlarging the distal one. This ligand-induced motion also
determines the repositioning of the F helix, the CD loop and the
EF corner. Both crystallographic studies and MD simulations
indicate that the wide cavity is necessary to accommodate the
heme during the sliding motion and to allow the rearrangements
of the overall structure [55, 60].
During the last decades, Mb has been a paradigmatic model to
unveil the role of cavities in the diffusion dynamics of gaseous
ligands (i.e., O2, CO, and NO) into the protein matrix. In 1984
Tilton and co-workers showed that Mb displays four protein ma-
trix cavities, which can bind Xe [56]. Therefore xenon can be
used to identify internal pockets in globins, since this noble gas
remains trapped into cavities due to Van der Waals interactions
with hydrophobic side chains.
Kinetic and crystallographic studies of photodissociated inter-
mediates of wild type and mutant Mbs [62, 63] have shown that
the Xe binding sites of Mb play a role as transient docking sites
for ligands, providing a structural interpretation for the kinetics
of ligand binding. These results convey the general picture that
internal cavities are involved in controlling the dynamics of Mb
reactions [64, 65].
In order to explore the potential role of the Ngb cavity in its
reaction with ligands, Moschetti and co-workers [66] have de-
termined the crystal structure of Ngb under pressure of xenon
and krypton at 100 K. In this paper they show the presence of
four xenon atoms, called XeI, XeII, XeIII and XeIV (Fig. 1.3.4
a), and two krypton binding sites, KrII and KrI (equivalent to
XeII, XeIII in Fig. 1.3.4 a), both in the met form and in the CO
bound derivative; the XeI atom is on the external Ngb surface,
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at the interface between two symmetry-related molecules; the
XeII and KrII are both placed near the interface with a symme-
try related monomer, in a little breach accessible to the solvent
(Fig. 1.3.4 a); the XeIII (and KrI) pocket is located above the
heme plane and it consists of a hydrophobic pocket close to the
EF corner, at the entrance to the tunnel connecting the heme
iron with the bulk; XeIV is adjacent to XeIII and it is the atom
closest to the iron and is located in the distal branch of the
large cavity, between the XeIII and the heme. Inspection of the
structure allows to notice that XeIII and XeIV are both located
in the large cavity found in murine Ngb (Fig. 1.3.4); as shown
in Fig. 1.3.4 (a), they seem to map a tunnel towards the heme,
which connects the protein surface to the heme distal site.

1.3.2 Comparison of Ngb cavities with Mb and
Cygb

Mb from sperm whale displays four Xe docking sites [56]. Two
of these (the Xe1 and the Xe4) are closer to the heme pocket.
Only MbXe4 is located distally with respect to the heme, while
the other sites are on the proximal heme side. In human Cygb
there are four Xe binding sites per molecule [68] that are not in
the proximal site of the protein.
In Fig. 1.3.5 Moschetti et al. report the structural superimpo-
sition of mNgbXe with swMbXe and hCygbXe: (i) in analogy
with Cygb [68] Xe atoms dock into pockets located within the
large Ngb inner cavity, which is therefore able to host non-ionic
gaseous ligands; (ii) one of these pockets, the NgbXeIII, dis-
plays a clear similarity with the Xe3 sites in Cygb and Mb; (iii)
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(a)

(b)

Fig. 1.3.4: xenon and krypton binding to Ngb.
(a) view of the Ngb protein backbone, showing the location of the four
Xe atoms and the two Kr atoms (see text) represented as spheres. -
Helices have been labeled according to the globin fold topology rules. The
pathway of the main tunnel and its distal branch has been calculated by
using CAVER [67]. Note that the calculated tunnel starts on the proximity
of the distal histidine and leads to several way of escape to the solvent. (b)
The XeIII and XeIV atoms in the main cavity, surrounded by the heme
and neighbour side chains. The electron density map for XeIII and XeIV
atoms is depicted (contours: 2Fo-Fc 1.8 and Fo-Fc 3.36 ).
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Fig. 1.3.5: structural superimposition of mNgbXe with swMbXe
and hCygbXe.
Zoom picture of the structural superimposition in the main Ngb cavity; only
the mNgb heme is depicted, as a single conformer. The overall CygbXe is
not displayed, but only the relative xenon atoms.

the XeIV niche in Ngb shares similar residues with MbXe4 and
CygbXe1, but its topological location is peculiar; (iv) both Ngb
and Cygb lack the proximal Xe binding sites seen on Mb [56].

1.3.3 Cavities and photolytic intermediates in
Myoglobin and Neuroglobin

In Myoglobin the presence of internal cavities and packing de-
fects seems to play a role in controlling function by defining
pathways for the diffusion of the ligand to the active site. These
cavities are an integral part of the protein matrix and are coated
by hydrophobic residues and therefore do not contain water
molecules. The structure of Mb shows that the heme is deeply
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Reaction: Mb-CO ↔ Mb*CO ↔ Mb**CO ↔ Mb + CO

State: A B C S
Name: (Bound) (Photolyzed) (Photorelaxed) (Deoxy)

Ligand at: Heme Fe Primary docking site Secondary docking site Solvent

Table 1.1: MbCO reactions under visible illumination.

buried in the protein. Ligand binding to Mb (MbCO) has been
described by a four-state scheme, as shown in Tab. 1.1. The
heme-iron-CO (state A) can be photolyzed with unity quantum
yield by visible light allowing synchronous initiation of the re-
binding reaction. If the photodissociated ligand diffuses into
the solvent (state S), rebinding to Mb will follow bimolecular
kinetics. However, a fraction of the photodissociated ligand re-
mains momentarily ‘trapped’ within the protein matrix; this
quota may recombine by intramolecular diffusion and collision
with the iron, in a process called geminate rebinding.
The migration of the photodissociated ligand can be exploited
to probe the internal structure of the protein and its fluctua-
tions on a time-scale ranging from picoseconds to microseconds.
In Tab. 1.1 are shown two geminate states (B and C) because
geminate rebinding can be biphasic or multiphasic.
The binding of xenon to Mb suggests that there may be a
link between internal cavities and dynamic states, as shown in
Fig. 1.3.6. The crystallographic data show that photolyzed CO
can be seen at more than one docking site inside the protein.
As shown in Fig. 1.3.6, the primary docking site is close to the
Fe2+ in the distal pocket, the CO lying parallel to the heme
plane, ∼ 3.6 Å from the metal. This position, which is occupied
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Fig. 1.3.6: structure of the MbCO complex.
The heme, the bound CO and the distal and proximal histidines are shown
in red ball-and-stick representation. The docking positions of CO (B and D
states) in wildtype Mb are shown in black. The D-state position coincides
with a xenon-binding site (Xe1). Xenon is depicted by orange spheres.

a few picoseconds after photodissociation [69], is presumed to be
associated with the faster geminate rebinding phase (state B).
Photodissociated CO has also been observed at two secondary
docking sites at greater distance from the Fe2+. These overlap
with two of the xenon binding sites (Xe1 and Xe4). Nienhaus
and co-workers [34, 70] have investigated Neuroglobin matrix by
FTIR spectroscopy in the infrared stretching bands of CO and
flash photolysis at cryogenic temperature. They have observed
ligand migration to the primary docking site (according to Mb’s
results). They also have observed CO migration to a secondary
docking site, from which CO binding involves somewhat higher
barriers.
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1.4 In vivo characterisation: localiza-
tion and hypoxic-induced expres-
sion

The name ‘Neuroglobin’ refers to the localization in the Central
Nervous System (CNS). Since Ngb discovery, several groups an-
alyzed its expression pattern in nervous tissues, also wondering
whether it is continuously expressed or only in response to some
stimuli. These data are clearly relevant for understanding the
in vivo function of Ngb, although there are still some significant
discrepancies among them.
The analysis of the RNA expression profiles shows a predom-
inant expression in the CNS, where Ngb mRNA synthesis is
observed in neuronal cells and is qualitatively absent in the
vascular tissue, with major amounts localized, as referred by
Burmester and co-workers [6], in the frontal lobe (the pyramidal
cell layer near to the Ammon’s Horn), the subthalamic nucleus
and the thalamus of the adult mouse.
In several papers Greenberg and co-workers indicate that Ngb
is present in the cortical region, and its expression is regulated
by stress conditions, mainly hypoxic stress. Their studies reveal
transient overexpression of Ngb in cultured cortical neurons ex-
posed to acute anoxic conditions (∼ 24 hr, 95% N2 5% CO2;
[8]). In addition, neurons survival under hypoxia is reduced
after Ngb-gene silencing and enhanced by Ngb overexpression
[8]. Finally, using an in vivo rodent model of focal cerebral
ischemia–reperfusion injury, Sun et al. [9] observed that Ngb
overexpression reduces the extent of ischemic damage. They
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conclude that Ngb favours neuron survival in response to acute
hypoxia, protecting the brain against the ischemic damage.
Evidences exist in disagreement with experiments cited above:
using ISH and quantitative RT-PCR, some authors do not de-
tect any significant change of Ngb mRNA levels in the rat brain
after transient global ischemia [71]. Some vertebrates, for in-
stance zebrafish and turtle, live in an environment where the
oxygen concentrations easily and frequently change. In these
animals hypoxia dramatically increases Ngb expression in the
brain. Moreover, hypoxia-tolerant vertebrates (i.e., the mole rat
Spalax and goldfish) express more Ngb in their brains than their
related species, which are not adapted to oxygen deprivation.
[6]. Based on these results, it seems that the general amount of
Ngb in neurons is related to hypoxia adaptation. Only hypoxia-
adapted vertebrates would be able to regulate Ngb levels in re-
sponse to it; this category would then exclude mouse, rat, H.
sapiens, and most of mammals. Finally, in seal it has been no-
ticed a strict association of Ngb with mitochondria. Therefore,
these authors conclude that the Ngb activity is probably linked
to oxidative metabolism, suggesting a role as O2 supplier or rad-
ical scavenger.
However a recent paper supports the idea that Ngb is involved
in response to hypoxic stress, also in those vertebrates that are
not clearly adapted to hypoxia. These experiments, carried out
in mice, demonstrate that retinal cells, and in a minor extent
brain cells, express higher Ngb levels upon hypoxia. In these ex-
periments, Ngb expression follows a trend that correlates with
the increase of reactive oxygen species (ROS) intracellular con-
centration after prolonged hypoxia (24 - 48h) and reperfusion
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[72]. These results link the Ngb scavenging activity with the
enhancement of cell survival, at least in retina.

1.5 Physiological role: is Ngb a neu-
roprotectant?

In the light of literature examined, the role of Ngb and its bio-
chemical activity within the cell remain unclear. Here we sum-
marize the main hypotheses under debate. One possibility is
that Ngb activity is linked to oxidative metabolism [73]. Being
clearly a globin, Ngb was initially thought to be an intracellular
O2 carrier, like Mb. Ngb binds O2 reversibly with high affin-
ity (about 2 torr at 20 C), but the stability of the oxygenated
complex in vitro is low and the protein undergoes a fairly rapid
autoxidation [10, 37]; moreover, Ngb is expressed in the brain at
low concentration (in the M range). Therefore it seems unlikely
that it may act either as an O2 reservoir or as an intracellular
carrier in facilitated diffusion.
At least in those vertebrates adapted to hypoxic environment,
Ngb expression seems to be more abundant and overregulated
by hypoxic stimuli, and the protein colocalizes with mitochon-
dria.
Therefore one may hypothesize that Ngb could sustain phospho-
rilative respiration and protect terminal oxidase from the effect
of toxic molecules, such as NO and related radicals.
The alternative hypothesis implies that Ngb directly protects
from ischemia the cells belonging to penumbra area. During
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the stroke, the necrotic area corresponds to the infarct local-
ization. The penumbra area is composed by cells neighbour-
ing the necrotic area: although in this region the anoxic stress
can, at the end, induce apoptosis, at the beginning the cells
in the penumbra are vital and able to survive. The penumbra
is presently the principal target of therapy during the stroke.
The hypothesis that Ngb protects the neurons localized in the
penumbra area against hypoxia [8], promoting their survival,
implies that the response to hypoxia is also a general property
of mammals, including human. This scenario is prone to some
objections: Burmester and colleagues proposed, based on com-
parative anatomy and histology of vertebrates, that most of the
mammals are unadapted to hypoxia.
Another point of debate is the presence of Ngb in the cortex
and its up-regulation upon hypoxia [6], since related evidences
seem to suffer for very low reproducibility. But it has to be re-
minded that several evidences support the reliability of the sce-
nario proposed by Greenberg and co-workers: (i) it is possible
to detect Ngb mRNA and protein in the cortical region [74] (ii)
Ngb expression in cortical cultured neurons is up-regulated un-
der conditions of hypoxia [8] (iii) its overexpression reduces the
extent of ischemic damage after experimental stroke in rats and
mice [9] (iv) the general extent of Ngb concentration depends
of hypoxic conditions and seems to counteract the ROS produc-
tion, at least in retinal cells [72]. Wakasugi and colleagues [13]
proposed that Ngb is a component of a signal transduction path-
way, and sense the level of intracellular O2 concentration. The
main result suggesting this hypothesis was the observation that
metNgb binds to the α-component of the G protein, acting
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as a guanine dissociation inhibitor (GDI), also suggesting that
there is a linkage between the oxidoreduction and ligation state
of Ngb and its role in signal transduction. Accordingly, Ngb
would protect neurons from cell death, though it remains to be
assessed whether the redox state of Ngb has any relevance in
the latter mechanism.
The hypothesis that Ngb is a signal transducer is intriguing and
possibly relevant to account for the neuroprotective role of this
protein, expressed at such a low concentration in the brain. In
a series of parallel in vitro studies consistent evidence was re-
ported. Vallone et al. [25, 55] showed by crystallography that
the conformation of Ngb is dependent on the oxidation and lig-
ation state of the heme iron. When reduced Ngb binds CO (and
presumably also O2 and NO), a structural change was observed;
thus upon CO binding to reduced Ngb, a substantial sliding mo-
tion of the heme was observed. This conformational change of
the active site is associated to protein fluctuations which extend
to the surface, involving in particular the EF and the CD loops.
By molecular dynamics simulations it was observed [60, 40] that
the CD loop populates two different conformational states. In-
terestingly, the CD loop is part of the contact interface between
Ngb and G [53]. Thus it appears reasonable to correlate the
ligand linked conformational change of Ngb and the formation
of a complex with G .
A parallel finding which bears significance for the sensor func-
tion is the demonstration that oxy-Ngb reacts rapidly with NO,
with formation of metNgb and harmless nitrate. Brunori et al.
[43, 11] proposed that this is a significant property of a signal
transducer, which is sensing the relative concentration of O2 and
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NO in the hypoxic nervous tissue. Given that in the penumbral
area of the stroke, the concentration of O2 is reduced and that
of NO is increased, this mechanism may fulfill a signalling role.
The scavenger properties of Ngb (see Par. 1.2.3) have been
pointed out by a series of papers, and are in good agreement
with both the scenarii above illustrated. During hypoxia, the
increasing NO concentration (up to micromolar) determines a
chain reaction leading to the formation of peroxinitrite and oth-
ers related radicals in micromolar amounts (at least), which are
seriously toxic for the cellular environment. Moreover, NO by
itself is involved in the pro-apoptotic signalling cascade, in other
words, in cell death. Interestingly, the NO and NO-radical prop-
agation can impair the mitochondrial activity and determine
Cyt-c release into the cytosol, in its oxidized form. Also this
process represents a crucial regulative step in the pro-apoptotic
cascade. The reaction of oxy-Ngb(FeII) with NO and the reac-
tion of Ngb(FeII)-NO with ONOO- [48] may quench the propa-
gation of radicals, and moreover the unligated (under low oxygen
pressure) ferrous Ngb may reduce the oxidized cytosolic Cyt-c;
taken together, these three processes can represent a regulative
step of the incoming apoptosis, which is temporarily paused by
Ngb in order to allow the survival of those cells that are rescuing
a normometabolic oxygen level.
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Materials and
methods

2.1 Gene synthesis and cloning

The synthetic gene coding for murine Ngb was supplied by Gen-
eArt, based on the protein sequence reported in dbEST database
[6], applying codon frequencies observed in E. coli. With respect
to the wilde type sequence, we introduced the double mutation
C55S/C120S in order to allow crystallization. From now on, the
double mutant C55S/C120S will be referred as wt protein. The
synthetic gene was assembled from synthetic oligonucleotides.
The fragment was cloned into pPCR-Script using KpnI and
SacI restriction sites. The plasmid DNA was purified (Pure
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Yield Plasmid Midiprep, Promega) from transformed bacteria
and concentration determined by UV spectroscopy. The final
construct was verified by sequencing. Then Ngb(C55S/C120S)
was cloned in the pET 3-a vector (Invitrogen), and also in the
pET14-b (Invitrogen) vector which allows the expression of an
N-terminal His6-tagged protein, where the tag is removable by
means of thrombin specific cleavage.

2.2 Neuroglobin expression and purifi-
cation

We expressed and purified both the NGB pET 3-a and pET14-b
constructs. Since only the pET14-b construct yielded crystals,
we used for all our experiments this protein, and accordingly we
report below only its purification protocol. All the genetic con-
structs, including mutants, were transformed in E. coli strain
BL21(DE3)pLysS. Transformed cells were grown at 37 C in Ter-
rific Broth (TB) medium up to 0.6 OD, and then induced with
1mM IPTG in the presence of 1mM 5-deoxyaminolevulinic acid
as a heme precursor; 1 hour after induction, CO was bubbled
into the medium and expression was continued for 23 hours at
25 C.
Harvested cells were resuspended in 20 mM Hepes/Na buffer pH
7.4, 300 mM NaCl and 30 mM imidazole (‘lysis buffer’); RNase
and DNase were added, together with Lysozime (20 mg/L of cul-
ture) and then the cells were incubated at 4 C for 30 minutes
under stirring. Subsequently cell lysis was achieved by sonica-
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tion (pulse 3 s., pause 7 s., total time 10 min., amplitude 65
%). After sonication the sample was clarified by centrifugation
(12.000 rpm for 20 minutes at 4 C), and the filtered super-
natant was applied to a Ni-NTA affinity column, washed to zero
absorbance with lysis buffer and the protein was eluted with an
imidazole gradient: the elution peak was at a 250 mM imida-
zole.
In order to remove imidazole, the eluted sample was exchanged
with 20 mM Hepes/Na pH 7.4 using Amicon Ultra Centrifugal
Filter Devices (Mw cutoff 10.000 Da), and then the Histidine-
tag was removed by treatment with Bovine Thrombin (Sigma),
5 U/mg protein for 16 hours at RT. After reaction with throm-
bin, the sample was exchanged with 20 mM Bis-Tris pH 6.0 us-
ing Amicon Ultra Centrifugal Filter Devices (Mw cutoff 10.000
Da), and was applied to a monoQ-FF column in order to re-
move thrombin, histidine tags and unprocessed Ngb. Finally,
the processed Ngb was eluted with an NaCl gradient up to 100
mM, concentrated with Amicon Ultra Centrifugal Filter Devices
(Mw cutoff 10.000 Da), and stored at -80 C. Concentration of
wt Ngb in the deoxy state was assessed spectrophotometrically
using the extintion coefficients ε1 = 16.2 mM-1 cm-1 for λ528 nm

and ε2 = 28.9 mM-1 cm-1 for λ558 nm [37].

47



Chapter 2. Materials and methods

2.3 Crystallization and crystal handling

2.3.1 Neuroglobin

Ferric Ngb crystals grew in a 1:1 mixture of protein (10 mg/ml)
and reservoir solution (1.6 M ammonium sulphate, 0.1 M MES
pH 6.5, 10% v/v dioxane), at 20 C in the hanging-drop setup,
and their size was, in the best case, about 100 x 100 x 150 μm. To
obtain ferrous derivative, ferric crystals were transferred into a
suitable glass slide filled with mother liquor that contained 25%
glycerol as cryoprotectant and 4 mM sodium dithionite, this so-
lution had been previously deoxygenated by purging with N2. A
change in colour, from intense red-brownish to cherry-red, indi-
cates a successful reduction. To obtain the ferrous Ngb(FeII)CO
derivative (NgbCO), ferrous crystals were transferred from the
reducing mother liquor to the same solution containing, in ad-
dition, 1mM CO. The crystals used for diffraction and UV-Vis
microspectrophotometer data collection at Synchrotron radia-
tion sources, at low temperature, were frozen in liquid nitrogen
(see Fig. 2.3.1 a).

2.3.2 Horse skeletal muscle Myoglobin

Ferric crystals of horse skeletal muscle Myoglobin (HMb) grew
in a 1:1 mixture of protein (9 mg/ml) and reservoir solution
(2.7 M ammonium sulfate, 0.1 M Tris, HCl pH 8.0), at 20 C
in the hanging-drop method, and their size was 300 x 200 x 1.5
μm. Crystals were transferred into a cryoprotectant solution
containing 25% glycerol, 0.1 M Tris, HCl pH 8.0 and 2.7 M
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ammonium sulfate. After a 30 s soak, the crystals were flash-
cooled in liquid nitrogen (see Fig. 2.3.1 b).

2.3.3 Sperm whale Myoglobin

Ferric crystals of sperm whale Myoglobin (SWMb) grew in a
1:1 mixture of protein (10 mg/ml) and reservoir solution (2.4 M
ammonium sulfate, 0.05 M potassium phosphate buffer, pH 6.5
), at 20 C in the hanging-drop method, and their size was 38
x 38 x 12 μm. Crystals were transferred into a cryoprotectant
solution containing 25% glycerol, 0.05 M potassium phosphate
buffer, pH 6.5 and 2.5 M ammonium sulfate. After a 30 s soak,
the crystals were flash-cooled in liquid nitrogen (see Fig. 2.3.1
c).

2.3.4 EryK P450

Ferric crystals of EryK P450 grew in a 1:1 mixture of protein (10
mg/ml) and reservoir solution (48% ammonium sulfate, 0.1 M
Bis Tris buffer, pH 6.0 ), at 20 C in the hanging-drop method,
and their size was 38 x 38 x 12 μm. Crystals were transferred
into a cryoprotectant solution containing 25% glycerol, 0.1 M
Bis Tris buffer, pH 6.0 and 48% ammonium sulfate. After a
30 s soak, the crystals were flash-cooled in liquid nitrogen (see
Fig. 2.3.1 d).
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(a) (b)

(c) (d)

Fig. 2.3.1: protein crystals, mounted in a cryo-loop.
(a) Neuroglobin crystal. (b) Horse skeletal muscle Myoglobin crystal. (c)
Sperm whale Myoglobin crystal. (d) EryK P450 crystal.
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2.4 Experimental techniques

2.4.1 UV-Vis absorption microspectrophotom-
etry

The UV-Vis absorption microspectrophotometry can be applied
to metallo-enzymes, photosensitive proteins or whenever co-factors,
substrates or products are coloured. It allows to perform low-
temperature absorption on crystals mounted in cryo-loops.
The technique may be used for simple controls such as checking
the presence, absence or redox state of a substrate/co-factor.
UV-Vis spectroscopy has been also used in designing protocols
for efficient triggering of turnover in the crystal and success-
ful trapping of short-lifetime intermediate states [75, 76]. Al-
though spectroscopic changes do not always accompany struc-
tural changes, it often allows to identify the presence of inter-
mediates, especially when crystallographic data with only low
resolution are available. Finally, microspectrophotometry can
reveal radiation damage.

2.4.1.1 Off-line microspectrophotometer at low tem-
perature

The off-line microspectrophotometer is available at the Cry-
obench of European Synchrotron Radiation Facility (ESRF, Gre-
noble, France). The setup includes a detector that can perform
both absorption and fluorescence measurements and a detailed
description has been published [77].
A schematic view of the spectrometer is shown in Fig. 2.4.1 (a),
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and a picture of the apparatus in Fig. 2.4.1 (b). Samples are
usually mounted in nylon cryo-loops and kept at cryo or room
temperature.
A stiff mechanical support holds (i) a simple one-circle goniome-
ter (Nonius, ref. 1511900) mounted on a horizontal axis, (ii) an
observation stereo-microscope (Olympus, ref. SZ6045 TR) that
allows to observe the sample from above and centre it, and (iii)
a rotating arm that maintains two or optionally three identi-
cal confocal mirror objectives focusing/collecting UV-Vis light
to/from the sample. A numerical camera (Olympus, ref. Ca-
media C3030) is connected to the observation microscope and
allows to observe the sample on a video monitor or to record
high resolution pictures.
The objectives are based on reflecting mirrors (Coherent, ref.
250506) to avoid spherical aberration at the sample position as
well as the necessity of quartz optics to access the UV range.
The focus size was measured to be 48 m with a typical input
fibre of 100 μm diameter.
Three light sources are available for absorption measurements:
a cw 75 W xenon lamp used in the wavelength range 400 - 850
nm (Oriel ref. 6263, power supply ref. 68806), a cw 30 W deu-
terium lamp used in the wavelength range 250 - 450 nm (Oriel
ref. 63163, power supply ref. 68840), and a pulsed 0.325 mJ/1.6
s xenon lamp (repetition rate 100 Hz) used in the wavelength

range 400 - 850 nm (Oriel ref. 6426, power supply ref. 68825).
Light is guided from the light source to the emitting reflect-
ing objective through a narrow optical fibre (Spectraline, ref.
FCUV100-2, typically 100 m core diameter, NA = 0.22) and
from the receiving objective to the spectrometer through a wider
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optical fibre (Spectraline ref. FC-UV600-2, typically 600 m
core diameter, NA = 0.22).
The spectrometer (plug-in PC-2000, Ocean Optics Inc.) con-
sists of a 50 m entrance slit, a 600 lines mm-1 grating and a
one-dimensional 2048 pixels CCD chip. It covers the wavelength
range 200 - 850 nm with 2.3 nm resolution. The signal is dig-
itized over 12 bits and the signal to noise ratio exceeds 500 at
saturation level.
In conjunction with this configuration we used an open-flow He-
lium cryostat, called Helijet device (Oxford diffraction, shown
in Fig. 2.4.3), capable of reaching 15 K, instead of the Nitrogen
cryo-stream that is available and easily attain cooling down to
100 K.
The cold-helium nozzle is only 2 mm in diameter, accurate align-
ment is critical to keep the sample in the center of the cold
stream; hence it is vital that the clamp be both stable and rigid
with precise translational adjustments. The cryostat tempera-
ture controller is only used to monitor the temperature of the
cryogen in the cryostat; the current design does not measure the
real temperature at the sample, that it is likely to be slightly
higher than temperature reported by the controller.
Crystals of Ngb were prepared in different oxidation and liga-
tion states: ferric (Fe3+), ferrous (Fe2+) and ferrous CO-bound,
frozen and mounted in cryo-loops under liquid N2. The crys-
tal orientation was optimized respect to the UV-Vis source, to
maximize the signal from the metal centre with minimal base-
line absorbance.
First we recorded spectra of Ngb in the ferric and ferrous form
at 15 K. Next we mounted NgbCO crystals and we collected
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Fig. 2.4.1: UV-Vis microspectrophotometer off line.
(a) Schematic view of the absorption spectrophotometer. (b) Correspond-
ing picture of the device.

spectra both at 15 K. We observed a spectral evolution under
visible light at 15 K, that we assigned to photolysis induced by
the probe lamp. We cycled the temperature from 15 K to 30
K and vice-versa, in order to confirm the reversibility of the re-
binding process observed.
The temperature was varied manually, rotating the ‘needle valve’
of the Helijet because the computerized controller was not avail-
able during this experiment. This posed a problem, because the
change of temperature is connected with a sudden change of he-
lium flux, enhancing the formation of ice on the crystals. Crystal
icing and mechanical microfluctuation due to gas flux led to a
variation of the focus and optic length, thus affecting the quality
of the spectra.
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2.4.1.2 On-line microspectrophotometer

A compact and portable microspectrophotometer was designed
specifically as a module for the standard ESRF MX diffractome-
ters. Two identical catadioptric objectives were mounted on a
solid bracket that was in turn bolted to a high-precision XYZ
translation stage. The objectives are mounted at 45 with re-
spect to the φ axis to allow access for the cryostream, the X-ray
fluorescence detector and the sample changer. In Fig. 2.4.2 are
visible the Nitrogen cryostrem (Oxford Cryosystems Cryostream)
(1), the on-line microspectrophotometer (2) and the goniometer
with the loop mounted crystal (3).
The on-line microspectrophotometer is equipped with a com-
bine deuterium-halogen lamp (DH-2000, Oceans Optics) and a
HR4000 spectrophotometer (Oceans Optics). It allows record-
ing absorption spectra from 250 to 850 nm. The focus of the
spectrophotometer (nominal spot diameter of 25 μm) is smaller
than that the X-ray beam, ensuring that only X-ray irradiated
material contributes to the recorded spectra.

The microspectrophotometer was mounted at the diffractometer
of beamline ID14-2 at ESRF. UV-Vis absorption spectra of crys-
tals of sperm whale Myoglobin (SWMb), horse skeletal muscle
Myoglobin (HMb), murine Neuroglobin (Ngb) and EryK P450
(EryK) were kept at 100 K in a gaseous nitrogen stream and
were recorded before, during and after X-rays exposure. To ir-
radiate all the crystal we needed to change beam size for each
crystal, depending on its dimension: SWMb was invested with
a flux of 1.52 x 1011 photons/s and the beam size was fixed at
(0.2 x 0.2) mm; HMb has was invested with a flux of 1.51 x
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Figure 2.4.2: UV-Vis microspectrophotometer on-line.
Device in which are visible the nitrogen cryostrem (1), the on-line mi-
crospectrophotometer (2) and the goniometer with loop mounted crystal
(3).

1011photons/s and the beam size was (0.2 x 0.2) mm; Ngb was
invested with a flux of 3.37 x 1010 photons/s and the beam size
was fixed at (0.1 x 0.1) mm; EryK was invested with a flux of
1.15 x 1011 photons/s and the beam size was fixed at (0.2 x 0.2)
mm.
The orientation of the crystal with respect to the UV-Vis source
was optimized to maximize the signal from the iron with min-
imal baseline absorbance. The crystal was kept fixed in this
position with respect to the UV-Vis and X-ray beams during
irradiation. All the crystal were irradiated at 13.3 KeV.
For the acquisition of spectra of Myoglobins and Neuroglobin
we used the halogen lamp of the microspectrophotometer that
gives the possibility to visualize a range of wavelength between
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400 and 850 nm, while for the acquisition of EryK spectra the
halogen lamp plus the deuterium lamp to have a wider range of
wavelength (250 – 850) nm and to analyzed also Soret peak.

2.4.2 Crystal structure determination by X-
Ray Diffraction (XRD)

Here we describe the data collection conditions, and the proce-
dures followed for data reduction and structure determination,
including the program packages utilized.
All the crystals were isomorphous with the Ngb crystals mea-
sured previously [55, 25]. Data were indexed and processed by
using the programs DENZO and SCALEPACK [78], or MOS-
FLM and SCALA [79]. The CCP4 program suite [80] was used
for subsequent structure refinement. Initial phases were derived
from the deposited structures of Ngb and NgbCO [55, 25]. The
models were subjected to iterative rounds of refinement and
model building. Refinement was carried out with Refmac5 in
CCP4 [81, 82], followed by model adjustment and water ad-
dition with COOT [83]. The quality of the final model was
analyzed by using PROCHECK [84].
We performed XRD data collection both at room and low tem-
perature, to investigate the migration of a small ligand in the
Ngb matrix. At low temperature there is the possibility to trap
an intermediate, while measurements at room temperature give
the possibility to study the sample at physiological conditions,
exploring its dynamics, compatibly with crystal packing.
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Fig. 2.4.3: protein crystallography line.
Frozen crystals were mounted in the goniometer with a cryo-loop. To
achieve a low temperature, the Helium-jet device (2) was mounted on the
line.

2.4.2.1 XRD at low temperature

X-ray data collections at low temperature were carried out at
ESRF, ID14-2 beamline, at a wavelength of 0.933 Å and using
a ADSC Q4 CCD detector. The temperature was set in a range
between 15 and 30 K, using the Helijet device connected with
a temperature controller, shown in Fig. 2.4.3, instead of the Ni-
trogen cryostream.
Frozen NgbCO crystals were mounted in a cryo-loop and for
each sample we collected diffraction data sets at 40 K (‘dark’
state) and at 15 K under illumination (‘light’ state). During
the experiment, icing problems hampered diffraction data qual-
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ity and we could not collected highly redundant data sets. To
conduct this experiment we attempted two strategies to achieve
photolysis, by an optical fiber microscope lamp, and by using
a laser focused and centered using the microspectrophotometer
optics. We could not record spectra or utilize the laser to achieve
photolysis, since it was incompatible with Helijet flow stability
and it caused severe icing.

2.4.2.2 XRD at room temperature

X-ray data collections at room temperature (about 300 K) were
carried out at the BM16 beamline (ESRF) at a wavelength of
0.979 Å and using a ADSC Q210r CCD detector. Crystals
were mounted in a quartz capillary fitted to a specially designed
pressurized stainless steel cell, as shown in Fig. 2.4.4 [85, 86].
The device was supplemented (see Fig. 2.4.4 b) by a metering
valve, a bleeder valve, and a ‘quick’ connector, which allowed
one to disconnect (and reconnect) the pressure cell from the
‘gas-line’ without loss of pressure inside the cell. The pressure
cell was connected to the gas tank and a few pressurization-
depressurization cycles (by alternatively opening and closing the
metering valve and the bleeder valve) were made to purge the
residual air out of the system. Data collection were carried out
on ferric Ngb crystals, under constant pressure of gas (CO, Xe,
O2) maintained during all data acquirement. We kept data of
Ngb in the native form (without gas pressure), under Xe (at 17
bar), O2 (at 10 and 20 bar) and CO (at 5, 20, 30 and 40 bar).
We usually waited for a short equilibrium time (∼ 10 min.),
before data recording under gas pressure.
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(a)

(b)

Fig. 2.4.4: XRD at room temperature set-up.
(a) Crystals were mounted in a quartz capillary fitted to a specially de-
signed pressurized cell (1) and were kept under costant gas pressure (2),
maintained during all data collections and controlled by manometer (3).(b)
Schematic view of ‘gas-line’.
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2.4.3 X-ray Absorption Spectroscopy (XAS)

In this section a brief description of the aim of XAS experiments
and of the theory underlying XAS ones. For a more extensive
discussion on the XAS technique, we refer to the literature [87,
88].

2.4.3.1 XAS aims

XAS allows to determine the local structure of metal sites, re-
vealing structural parameters with a very high precision, since
the accuracy of this technique is about 0.02 Å.
As discussed in the next paragraph (2.4.3.2), XAS theory fo-
cuses either on the Extended X-ray Absorption Fine Structure
(EXAFS) [89] or the X-ray Absorption Near Edge Structure
(XANES) [90, 91]. EXAFS analysis is a method to extract struc-
tural data from metal sites from the high energy range of the
spectrum [92], and allows to determine: radial distance, coor-
dination numbers and types of ligand. XANES analysis is able
to assess the metal oxidation state, site symmetry and coordi-
nation state and, by means of appropriate modelling and fitting
[93], can be also used to determine structural parameters.

2.4.3.2 XAS basics

XAS makes use of photons in the X-ray region of the spectrum;
these photons carry an energy of about 104 eV, corresponding to
a wavelength of about 1 Å, and are therefore able to excite the
energetic levels of core electrons, easily leading to photodissoci-
ation of an electron from its core energy level (this is the reason
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for X-rays to be referred to as ‘ionizing’ radiation). Based on
these effects, XAS spectra provide a description of the absorp-
tion coefficient of an element in the gaseous, liquid or solid state,
as a function of the X-ray energy. In general, the useful elements
for XAS studies range from S through the remainder of the pe-
riodic table.
In the biological application of this technique, a sample of a
metal-bound biological macromolecule is probed with X-rays
in order to access information (both electronic and structural)
around the metal site. Probing atomic and molecular structure
is possible since the X-rays are in the Angstrom-scale, the same
range of the interatomic distances. XRD makes use of this prop-
erty of X-rays and can provide detailed atom-by-atom structural
information.
At variance of XRD, XAS provides more limited local structural
information but does not require samples with long-range order
(the crystalline state). In order to collect XAS spectra, it is
necessary to scan the absorption spectra of an element through
a range of wavelengths. Moreover, the energy content of the
radiation has to be very high since the useful signal is about
1:1000 of the total energy provided. Due to these two require-
ments, XAS experiments can be carried out only at synchrotron
radiation sources, which provide wavelength-tunable radiations
displaying high brilliance (energy content) within a large energy
range. During the spectroscopic scan no absorption occurs until
the photon has an energy equal to the ionization energy of core
electrons. At significantly higher X-ray energies, photoioniza-
tion of a 1s electron gives rise to the K X-ray absorption edge.
In fact, the X-ray photon absorbed (hν) results in transitions
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Element Energies (keV) at the K-edge

S 2.5
Mn 6.6
Fe 7.1
Ni 8.3
Cu 9.0
Mb 20.0

Table 2.1: energies at the K-edge of different elements.

within the atomic energy levels of the absorbing atom. The ab-
sorbed photon is also able to eject a core photoelectron from
the absorbing atom, leaving behind a core hole. The atom with
the core hole is now excited. The ejected photoelectron’s energy
will be equal to that of the absorbed photon minus the binding
energy of the initial core state (see Eq. 2.1).
Then the ejected photoelectron will interact with electrons in the
surrounding non-excited atoms, determining the features typical
of both the XANES and the EXAFS spectral region (see below
for the description of EXAFS and XANES regions).
The photon energies required for the edges of some selected el-
ements are summarized in Tab. 2.1.

For a given element, K edge energies depend slightly ( a few
eV) on the chemical environment of the element. For exam-
ple, higher oxidation state metals have higher positive charge,
making it slightly more difficult to photodissociate a 1s elec-
tron, shifting the K edge to higher energy. Shifts of 1 - 2 eV
per oxidation state are typical for first-row transition metals.
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Also, spectroscopic transitions from the 1s orbital to orbitals
such as 3d, 4s, 4p, etc., can provide information about molecu-
lar symmetry. X-ray absorption spectra show a steep rise at the
core-level binding energy of X-ray absorbing atoms and attenu-
ates gradually with the X-ray energy.
The XAS spectra are usually divided in three energy regions
(see Fig. 2.4.5):

1. the edge region

2. the X-ray Absorption Near Edge Structure (XANES)

3. the Extended X-ray Absorption Fine Structure (EXAFS)

and each of these accounts for a different phenomenon contribut-
ing to several features of the spectra.
The absorption peaks at the absorption edges in a range of about
5 eV are due to electronic transitions to first unoccupied molec-
ular levels above the chemical potential.
The energy region extending over the edge for a range of about
100 eV is assigned to multiple scattering resonances, and is
called XANES. The oscillatory structure extending for hundreds
of electron volts past the edges is assigned to the single scatter-
ing of the excited photoelectron by neighbouring atoms, and
corresponds to the EXAFS region.
The absorption peaks of XANES spectra are determined by mul-
tiple scattering resonances of the photoelectron excited at the
atomic absorption site and scattered by neighbour atoms. The
local character of the final states is determined by the short
photoelectron mean free path, that is strongly reduced (down
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Fig. 2.4.5: XAS spectra.
Left panel shows the typical feature of X-Ray absorption spectra as a func-
tion of the X-ray energy. Right panel is an enlargement of the peak/XANES
region (from ’X-ray absorption spectroscopy of metallobiomolecules’, R. A.
Scott, University of Georgia, Athens USA).

to about 0.3 nm at 50 eV) in this energy range because of inelas-
tic scattering of the photoelectron by the surroundings valence
electrons.

The EXAFS spectrum in the high energy range extending from
about 150 eV beyond the ionization potential. The final state of
the excited photoelectron in the high kinetic energy range (150
- 2000 eV) is determined by single backscattering events due
to the low amplitude photoelectron scattering. In fact, if the
ejected photoelectron is taken to have a wave-like nature and
the surrounding atoms are described as point scatterers, it is
possible to imagine the backscattered electron waves interfering
with the forward-propagating waves. The resulting interference
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pattern shows up as a modulation of the measured absorption
coefficient, thereby causing the oscillation in the EXAFS spec-
tra.
A simplified plane-wave single-scattering theory has been used
for interpretation of EXAFS spectra for many years, although
modern methods (like GNXAS [94, 92]) have shown that curved-
wave corrections and multiple-scattering effects can not be ne-
glected. The photoelectron scattering amplitude in the low en-
ergy range (5 - 200 eV) of the photoelectron kinetic energy
become much larger so that multiple scattering events become
dominant in the XANES spectra.
The different energy range between XANES and EXAFS can
be also explained in a very simple manner by the comparison
between the photoelectron wavelength λ and the interatomic
distance of the photoabsorber-backscatterer pair. The photo-
electron kinetic energy is connected with the wavelength λ by
the following relation (2.1):

Ekinetic = hν − Ebinding =
η2k2

2m
=

(2π)2η2

2mλ2
(2.1)

that means that for high energy the wavelength is shorter than
interatomic distances and hence the EXAFS region corresponds
to a single scattering regime; while for lower E, λ is larger than
interatomic distances and the XANES region is associated with
a multiple scattering regime.

66



Chapter 2. Materials and methods

2.4.3.3 XANES measurements on NgbCO in solution

Fe-K-edge XAS spectra of NgbCO were collected in Fluores-
cence mode at the BM30B FAME beamline at ESRF. All spec-
tra were collected at 15 K or at higher temperature as explained
below.
The storage ring was running in the two-third filling mode with
a typical current of 170 mA. The monochromator was equipped
with a Si(111) double crystal, in which the second crystal was
elastically bent to a cylindrical cross section. The energy reso-
lution range at the Fe-K-edge is 0.5 eV. The X-ray photon beam
was vertically focused by Ni-Pt mirror, and dynamically sagi-
tally focused in the horizontal size. An array detector made by
30 Ge elements of very high purity was used. The spectra were
calibrated by assigning the first inflection point of the Fe foil
spectrum to 7111.2 eV. We collected each XANES spectrum in
20 minutes and each EXAFS spectrum in 45 minutes. For the
CO derivative we observed a clear spectral evolution when the
beam spot was kept fixed at 15 K. This process was interpreted
as Fe-CO bond rupture by X-ray at low temperature [87].
Recently, the whole process has been characterized for the sperm
whale MbCO derivative, to demonstrate that the X-ray induced
photoproduct at low temperature is the same that the light in-
duced one and is a common feature of CO bound hemepro-
teins [95]. Moreover even the reversibility has been assessed,
so that by means of this novel experimental setup we were
able to acquire for Neuroglobin, the spectrum of a largely pho-
tolyzed species at low temperature after prolonged X-ray expo-
sure (Ngb*CO). This spectrum was compared with a spectrum
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collected at 100 K, where rebinding process was much faster than
the acquisition time and the species was considered completely
CO-bound (NgbCO). Finally, by fitting using MXAN package
[93] the difference spectrum Ngb*CO - NgbCO, according to the
method previously described [96], we were able to determine the
local structure around the iron metal site for the X-ray induced
photoproduct.

2.4.3.4 Polarized XANES measurements on NgbCO
crystals

XANES fingerprints are usually interpreted to elucidate the ox-
idation state and the overall symmetry of the metal site by di-
rect comparison with model standards [97]. Furthermore, in the
case of hemeproteins, in many cases the XANES dichroism of
the heme can be exploited.
In the general case, assuming that the incident beam is linearly
polarized along a direction denoted by the vector ε, each spec-
trum j (i.e., each crystal orientation) samples a particular direc-
tion εj . The fluorescence intensity emitted as a function of the
energy E from a small crystal is proportional, within the dipole
approximation of the photoelectron absorption cross section, to
the quadratic form σ*j (see Eq. 2.2)

σj (E) = εTj σj (E) εj (2.2)

where σ*(E) denotes the absorption tensor, the superscript T
indicates the transpose, and σ*j (E) denotes the effective scalar
linear absorption coefficient along the direction εj . According to
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the crystal symmetry, the absorption tensor is provided by a cer-
tain number of orientation-dependent spectra, and the ‘solution
equivalent spectrum’, comparable with the solution spectrum,
is obtained by the trace of the tensor, divided by three [98].
When the local structure around a metal center has a C4 sym-
metry (approximately the one of the Fe-heme site), a simplified
approach can be adopted. First, it is advantageous to consider
the XAS components linearly polarized along its symmetry axis
(the heme normal), Inormal, and along a direction in the C4 plane
(the heme plane), Iheme.
Assuming perfect C4 symmetry, for a certain angle θ between
the polarization vector ε and the heme normal, the polarized
spectrum is given, as a function of Iheme and Inormal, simply by
Eq. 2.3

Iϑ = Inormal cos
2 ϑ+ Iheme sin

2 ϑ (2.3)

that means that the X-ray absorption cross section of the heme
is approximately dichroic; in the presence of m symmetry related
hemes in the unit cell of the crystal it is possible to write Eq. 2.4:

Iϑ =
1

m

m∑

1

(
Inormal cos

2 niϑ+ Iheme sin
2 niϑ

)

=
1

m

[
Inormal

m∑

1

(
cos2 niϑ

)
+ Iheme

m∑

1

(
1− cos2 niϑ

)
]

= aϑInormal + bϑIheme (2.4)

where aϑ = (1/m)
∑m

1

(
cos2 niϑ

)
and bϑ = 1 − aϑ; θ is now a

rotational angle of an oriented crystal in the laboratory system,
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Fig. 2.4.6: Sketch of the 18 hemes of murine NgbCO (R32 space
group) in its crystal unit cell.

and niϑ are the angles between each heme normal ni and the
X-ray polarization vector ε, that correspond to θ.
The more the m symmetry-related heme planes are oriented par-
allel (or antiparallel) in the unit cell, the more the XAS dichro-
ism is maintained in the single crystal; in this case the XAS
angular dependence can provide an enhanced resolution of the
heme site with respect to both X-ray crystallography and solu-
tion XAS.
The murine Neuroglobin, that is a monomeric protein arranged
in the orthorhombic R32 space group, has the unit cell that
contains 18 protein monomers, and the corresponding heme
groups are shown in Fig. 2.4.6, in the case of the carbonmonoxy-
derivative (PDB code 1W92). The molecules of the prosthetic
group are still oriented approximately parallel or antiparallel to
each other, and the heme normals are very close to the c-axis:
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aϑ=c = 0.95 along this direction.
By rotating the crystal around the a-axis or the b-axis it corre-
sponds to a variation of aϑ between 0.024 and 0.95, so that the
extraction of the pure Inormal component is favorable in a beam-
line equipped for orienting the crystal along a specific crystal
axis.
Polarized XANES on single crystals have been proved to be a
valuable tool to elucidate at atomic resolution the local struc-
ture of the metal site under investigation [99]. Polarized spectra
can directly provide the axial ligand coordination by suppressing
the Iheme contribution, whose major intensity is predominant in
solution [100, 101].
The polarized XANES spectra (in fluorescence mode) of NgbCO
single crystals, collected at 100 K, were measured at Daresbury,
CCLRC 10.1 beamline. The crystal, in a loop, was mounted
on a goniometric head. The b-axis of the rombohedric cell was
oriented parallel to the axis of the goniometric head and each
angular position around b-axis was reached by a step of motor
having a formal accurancy of 0.01 . However, the real error de-
pends on the accuracy by which the initial direction of the a-axis
was marked, evaluated as ± 2 . The same single crystals were
used when acquiring XANES spectra at different orientations.
We analyzed XAS data by means of the MXAN software package
[93] for the low energy range (XANES regime). We systemati-
cally applied two methods and we compared for the calculation
of the Muffin Tin (MT) potential (namely, ‘SCF-fixed’ and ‘op-
tim.’) showing the effect on the choice of potential parameters
with respect to the final results. In fact, in spite to the oc-
casional differences found in the final values of the structural
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parameters, we did not find relevant differences in the residual
square function of the best fits, justifying a choice between them.
Therefore, we considered these procedures as two independent
methods whose accuracy is affected by its own systematic er-
rors.
We averaged values of distances and angles as last step, and their
respective error was obtained from uncertainty propagation the-
ory. Both the procedure for the MT potential calculation were
described in previous works: ‘SCF-fixed’ procedure in [102, 99]
and the ‘optim’ procedure in [101].
We also calculated the real part of the exchange term using the
Hedin-Lundqvist energy-dependent potential [103], while all of
the inelastic losses were taken into account by convolution with a
phenomenological broadening function Γ = Γc+Γ (E). The con-
stant part Γc includes contributions from the core-hole lifetime,
while the energy-dependent term Γ (E) represents the inelastic
process.
The experimental resolution was taken into account by a Gaus-
sian convolution (0.6 - 0.8 eV) of the theoretical spectrum. The
method introduces two free parameters linked to the potential,
and two parameters linked to Γ (E), that are derive during the fit
[101]. The Fe-porphirine macrocycle, and the ligand molecules,
were included in the atomic cluster used for XANES analysis;
we choose the cluster size and the Imaxvalue (i.e., the maximum
l value of spherical harmonic expansion of the scattering path
operators) on the basis of a convergence criterion.
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Results and discussion

3.1 Heme environment determination
of NgbCO: XANES spectra

According to MD simulation, the heme sliding distributions
along its first essential engivector in the crystal and in solu-
tion [60, 104] are different at room temperature for NgbCO.
In solution, the conformational distribution is peaked around
a position close to the crystallographic structure of deoxy-Ngb
(i.e., with no heme-sliding and a ‘flip-flop’ motion of the CD
corner upon CO binding). In the crystal the MD simulation
at room temperature shows a double-peaked distribution. A
first, higher maximum is around a position close to the crys-
tallographic structure of NgbCO, with sliding of the heme and
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the CD corner almost ‘frozen’ in the position observed in the
crystal. A second, lower one, is located near that of deoxy-Ngb.
However, in the cryo-trapped crystal, only the first conformation
is observed by XRD as significantly populated. Accordingly, in
our XAS experiments in solution, at cryogenic temperature, the
entire conformational ensemble, centered around the deoxy-like
one (with no heme sliding), should be probed. Conversely in
the crystal, only the more populated conformation, visualized
by XRD (with heme sliding) should contribute to the measured
XAS spectra.
The XAS measurements were carried out on NgbCO, both in a
single crystal opportunely oriented and in solution. In Fig. 3.1.1,
the Fe-K-edge XAS analysis of murine NgbCO are displayed.
The crystal of NgbCO with a space-group R32 shows a very
strong XAS angular dichroism, allowing to extract the Iheme and
the Inormal components form the experimental XANES spectra
collected at various angles. The two components are depicted
in panel A and B of Fig. 3.1.1 (panel A is a blow-up of the pre-
edge region). The 2:1 weighted average of the two components
and the solution XANES spectrum are also displayed for visual
comparison. In panel C and D, the Iheme the Inormal XANES
spectra collected onto R32 crystal of NgbCO are reported (open
circles), together with the best fitted spectra (solid line) found
using MXAN package. In panel E we report the Fourier trans-
form of the EXAFS solution spectrum of NgbCO (dots) and the
best fit obtained via the GNXAS package (solid line).
The relevant structural parameters obtained by the combination
of all of these measurements are displayed in Tab. 3.1 and com-
pared with results from 1.7 Å resolution XRD. Only the Fe-Np
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Fig. 3.1.1: NgbCO XAS spectra.
Panels (A) and (B) shows the pre-edge and Fe K-edge XANES spectra of
NgbCO. From top to bottom: Ihemeand Inormal , their weighted average
giving the ‘solution equivalent’ spectrum and the experimental solution
XANES spectrum. Eight labeled features (1A, 1B, 2-7) are discernible in
all spectra. Panel (C) and (D): MXAN best fits (solid lines) of Inormal and
Iheme (open circles). Panel (E): Fourier transform of the EXAFS spectrum
in solution (dots) and best fit obtained by the GNXAS procedure (solid
line).
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distance is obtained from the analysis of Iheme, whereas the axial
parameters are derived from Inormal. As the experimental Iheme

spectrum of NgbCO is available only up to 120 eV beyond the
edge, the MXAN analysis of this spectrum is carried out on a
shorter energy range as compared to all the other experimental
spectra, that are analyzed up to about 200 eV beyond the edge.
As a consequence, a lower accuracy on the Fe-Np distance is ob-
tained: 2.05 (7) Å by using the ‘SCF-fixed’ method, and 1.97 (2)
Å by using the ‘optim’ one. The average of the results from the
two methods (‘SCF-fixed’ and ‘optim’, see Par. 2.4.3.4) gives a
better agreement with the independent determination by XRD
and EXAFS in solution.
The high similarity between the two experimental XANES spec-
tra (crystal and solution) gives the best direct evidence that
the crystal preparation protocol does not induce relevant con-
straints, at least at the level of the Fe-heme structure of NgbCO.
In spite of the large rearrangement of the protein environment
and of the heme location predicted by MD, the local structure
around the Fe ion in NgbCO determined by XAS seems un-
altered between crystal and the solution sample. This result
reinforces the model proposed to explain the functional transi-
tion of the protein when an exogenous ligand replaces the distal
histidine in the sixth position. The residual energy involved in
the protein relaxation responsible of cracking the crystal does
not reside in the heme pocket, but it is rapidly transferred at
peripheral sites of the protein (more likely the CD corner) so
that the final tertiary rearrangement of the protein in solution
can be reached.
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experiment Fe-Np (Å) Fe-His (Å) Fe-CO (Å) tilt (deg) bend (deg) C-O (Å)

XRD 1.7 (Å)b [55] 2.00 (15) 2.11 (18) 1.81 (14) - 22 1.03 (15)
XANES (SCF-fixed) 2.05 (7) 2.07 (3) 1.85 (3) 14 (17) 10 (10) 1.12 (3)
XANES (optim) 1.97 (2) 2.06 (2) 1.86 (3) 10 (3) 19 (5) 1.23 (2)

average 2.01(3) 2.06 (2) 1.85 (2) 12 (9) 15 (6) 1.17 (6)
EXAFS (solution) 1.99 (1) 2.10 (4) 1.81 (2) - 7 (7) 1.08 (2)
XANES (solution) 2.02 (2) 1.96 (7) 1.86 (5) - 8 (8) 1.10

Table 3.1: NgbCO structural determination by XAS.
aNumbers in parentheses represent the statistical error of the last digits.
bEstimated standard uncertainties are calculated by using DPIRfree [105].
Standard uncertainty on the Fe–C–O angle is not quoted as it has been
refined automatically based on the restraint listed in the CCP4 library.

3.2 Redox state determination: UV-
Vis microspectrophotometry (on-
line) on crystal

It has been shown that metalloproteins are partly reduced dur-
ing X-ray irradiation [106, 107, 108] because metal co-factors can
absorb free electrons thereby changing their oxidation states;
this phenomenon can affect their conformation and coordina-
tion, respectively, and thereby the three-dimensional structures
of the ligating proteins. Therefore X-rays serve not only as a
probe but are in fact also a pump. For many metallo- and
particularly hemeproteins determining the redox state of the
metal centres is relatively straightforward because they have
unique UV-Vis absorption spectra [109] that are sensitive to-
wards changes of the heme group and its surroundings. Their
spectra can be monitored in crystals by microspectrophotome-
try as shown in a variety of publications [110, 111, 112, 113].
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The unequivocal characterization of defined redox states is not
a trivial task because electrons liberated in the sample by X-ray
during crystallographic data collection can alter the redox state
of the active site.
From XAS measurements made on Ngb solution at 15 K [87],
there is the evidence that Ngb is subjected to a fast photore-
duction, upon X-ray exposure; initially we thought that this
was a peculiar feature of Ngb, that is an hexacoordinate sys-
tem, connected with its redox function, so we have performed
a comparative study of four different hemeproteins (one is an
hexacoordinated system and the others are pentacoordinated
systems), in order to understand if the are differences in the
rate of photoreduction in these four systems. We analyzed crys-
tal of sperm whale Myoglobin (SWMb), horse skeletal muscle
Myoglobin (HMb), murine Neuroglobin (Ngb) and EryK P450
(EryK).
We followed the Fe3+ Fe2+ reduction of the heme iron in all
samples, induced by X-ray flux and Fig. 3.2.1 represents absorp-
tion spectra of photoreduction of met-SWMb (a), met-HMb (b),
met-Ngb (c) and met-EryK (d) that we acquired with the on-
line UV-Vis microspectrophotometer (see Par. 2.4.1.2).
In Fig. 3.2.1 (a) SWMb photoreduction is shown; the black line
corresponds to SWMb sample before illumination and it has the
typical aspect of Myoglobin at pH = 6.5 [114]. During X-ray
exposure heme photoreduction in the crystal has occurred: two
new double peaks at 530/537 nm and 557/567 nm arise; the
violet line (n17) represents the spectrum of the ferrous form
of sperm whale Myoglobin which has a water molecule at the
sixth ligand position of the heme iron, given the crystal tem-
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Fig. 3.2.1: absorption spectra of four samples analyzed.
They were acquired before, during and after irradiation at 13 keV: SWMb
(a), HMb (b), Ngb (c) and EryK (d).
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perature at 100 K. This is a thermally trapped non-equilibrium
state where a water molecule is still bound to the iron after
the Fe3+ Fe2+ transition. The brown line (n20) represents
the mean of all spectra after X-ray illumination; it has the same
form of the last spectrum (blue line, n19) during X-ray illumina-
tion, so we can observe that there is no change in the spectrum
after turning off X-ray illumination. Fig. 3.2.1 (b) shows HMb
photoreduction; the black line corresponds to HMb sample be-
fore illumination and it has the typical aspect of Myoglobin at
pH = 8.0. The change in the UV-Vis absorption spectrum of
ferric horse Myoglobin upon X-ray irradiation is evident: during
irradiation two new double peaks at 528/537 nm and 557/567
nm arise, according to Schlichting et al. [114, 108]. Fig. 3.2.1
(c) shows absorption spectra of met-Ngb crystals kept at 100 K,
before, during and after X-ray exposure. The black line corre-
sponds to the sample before illumination and it has the typical
aspect of met-Ngb. During irradiation two new peaks at 528 nm
and 558 nm arise, corresponding, as reported in the literature,
to the Fe2+ redox state [37]. EryK photoreduction is shown in
Fig. 3.2.1 (d) and the black line corresponds to met-EryK sam-
ple before illumination [115].
The influence of background on absorbance measurements is
very strong and we therefore proceeded to subtracting the con-
tribution of cryoprotectant solution to the absorption spectra of
protein crystals. Fig. 3.2.1 (a, b, d) represents absorption spec-
tra of SWMb, HMb and EryK, after the subtraction of back-
ground contribution; Ngb absorption spectra have been not cor-
rected because background contribution appears negligible. In
Fig. 3.2.2 we report the time course of photoreduction for each
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Fig. 3.2.2: time course of four hemeproteins.
(a) Time course of the 558 nm peak of sperm whale Myoglobin (blue circle)
and its relative exponential fit (marine line), horse Myoglobin (green circle)
and its relative exponential fit (green dashes), and Neuroglobin (violet cir-
cle) and its relative exponential fit (pink dashes); (b): time course of the
415 nm peak of EryK and its relative exponential fit (red dashes).

sample. Fig. 3.2.2 (a) represents time course of the 558 nm peak
of sperm whale and horse Myoglobin and Neuroglobin; Fig. 3.2.2
(b) represents time course of the 415 nm peak of EryK.
Each spectrum has been fitted with an exponential function, as
described by eq. 3.1:

y = a
(
1− e−kt

)
(3.1)

In Tab. 3.2 we report exponential fit results for different sam-
ples; the parameter k represents the rate constant of photore-
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Sample a (u.a.) k (s-1)

SWMb 0.154 0.009 0.18 0.03
HMb 0.41 0.02 0.018 0.003
Ngb 0.68 0.02 0.022 0.003
EryK -0.57 0.03 0.011 0.002

Table 3.2: parameters that have been obtained by exponential fit
of time course for different samples.

duction process.
From the observation of the rate constant k (Tab. 3.2) we ob-
serve that the photoreduction of Neuroglobin (that is an hex-
acoordinate system) is comparable with horse Myoglobin and
EryK photoreduction (within the error) and only photoreduc-
tion speed of sperm whale Myoglobin seems to be ten time faster
than the other hemeproteins analyzed.
Therefore the conclusion is that the speed of photoreduction
is not connected with the redox function of the protein, but it
is only caused by the radiation produced by third-generation
synchrotron sources that produces high magnitude X-ray inten-
sities that can cause radiation damage of crystalline biological
samples.

3.3 Characterization of Ngb matrix

The role of Mb cavities in ligand dynamics has been extensively
investigated (see Par. 1.3.2); since Ngb has a wide hydropho-
bic cavity and it also presents catalytic activity (Par. 1.2.3),
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our interest has been focused in the investigation of the Ngb
huge cavity, in order to describe the migration of small ligands
(CO, O2 and Xe) in the protein matrix, trying to shed light to
the gaseous ligand scavenging, using different techniques: UV-
Vis microspectrophotometry (off-line) to investigate absorption
spectra of NgbCO crystals; XRD and XANES at low temper-
ature to determine the structure of NgbCO and Ngb*CO, this
last species obtained under illumination and long X-ray expo-
sure respectively. Finally we determined at room temperature
the structure of metNgb, under different gaseous pressures.

3.3.1 Characterization of NgbCO photolytic
intermediates

Nienhaus and co-workers, by using infrared spectroscopy and
nanosecond time-resolved visible spectroscopy, have investigated
ligand-binding reaction over a wide temperature range (3 - 353
K) in NgbCO [34]. They have observed that photolysis at
cryogenic temperature creates a five-coordinate deoxy species
(Ngb*CO) with very low geminate-rebinding barriers; this state
can be trapped only at temperatures lower than 40 K, since at
higher temperatures geminate rebinding does not allow it to be
populated. Therefore, we have characterized NgbCO crystals
with the off-line microspectrophotometer (Par. 2.4.1.1) at low
temperature, then we have determined the structure of NgbCO
at 15 K, under visible illumination; finally, we have characterized
the heme environment of NgbCO with XANES measurements
in solution at T = 15 K, under long X-rays exposure.
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Fig. 3.3.1: absorption spectra of Neuroglobin crystals at 15 K.
The black line corresponds to the ferric form and the purple line to the
ferrous form of Ngb, that was obtained soaking crystals with the reducing
agent Na dithionite.

3.3.1.1 UV-Vis microspectrophotometry on NgbCO
crystal (off-line)

The first samples analyzed were Ngb crystals in the ferric and
ferrous (reduced with Na dithionite) form and their absorption
spectra are reported in Fig. 3.3.1. The absorption spectra of
these two crystal forms have the typical aspect of met-Ngb and
ferrous Ngb, observed in solution, respectively [10].
Fig. 3.3.2 shows absorption spectra of NgbCO crystals at two
different values of temperature, 15 K and 30 K. As far as spec-
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trophotometric measurements are concerned, the Ngb*CO should
correspond to a deoxy pentacoordinated species (black line),
which is very different from the deoxy hexacoordinated species
shown in Fig. 3.3.1. Indeed Fig. 3.3.2 (a) shows a spectrum
(black line) at 15 K that corresponds to a deoxy pentacoor-
dinated state, which so far has never been observed for Ngb,
indicating that even the lamp probe of the microspectropho-
tometer is sufficient to achieve full photolysis and consequently
we were able to trap the Ngb*CO species at 15 K. Consistently,
at temperatures higher than 30 K, geminate rebinding becomes
dominant, leading to a spectrum (purple line) that corresponds
to the NgbCO spectrum as reported in the literature [10]. In
order to confirm that the spectrum reported in Fig. 3.3.2 (a)
corresponds to Ngb*CO, we tested its reversibility, by cycling
the temperature from 15 K to 30 K and vice-versa. The tran-
sition from photolytic intermediate Ngb*CO at 15 K to Ngb
CO-bound at 30 K was clearly followed, with full reversibility,
after several cycles (Fig. 3.3.2 b).
This experimental session has been very successful, since we
have obtained the data we were aiming to: spectra of differ-
ent species of Ngb in crystals (Fig. 3.3.1, 3.3.2) and isolation
and characterization of the temperature stability of the Ngb*CO
photolytic intermediate (Fig. 3.3.2). The optical spectra of Ngb,
always correspond to an hexacoordinated form, since in the ab-
sence of a gaseous ligand such as CO, O2 or NO the proximal
histidine occupies the sixth coordination position. For the first
time a pentacoordinated state of Ngb has been trapped in the
crystal (the Ngb*CO species). This result is interesting per se
and demonstrates the feasibility of the determination of the 3D
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(a) (b)

Fig. 3.3.2: absorption spectra of NgbCO crystals.
(a) At low temperature (15 K) is possible to trap photolytic intermediate
Ngb*CO (black line) under illumination of the probing lamp of the mi-
crospectrophotometer. Increasing the temperature to 30 K is sufficient to
obtain the CO bound species (purple line). (b) NgbCO absorption spectra
collected lowering the temperature from 30 K to 15 K. There is a transition
from Ngb CO-bound species to the photolytic intermediate Ngb*CO. The
process is completely reversible.
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structure of this photolytic intermediate.

3.3.1.2 Structure of photolytic intermediate Ngb*CO
at low temperature

From UV-Vis microspectophotometry on NgbCO crystals (see
Par.
3.3.1.1) we have the proof that, at a temperature about 15 K, it
is possible to trap the photolytic intermediate Ngb*CO, break-
ing the Fe-iron bond by visible illumination, so we carried out
XRD data collection at low temperature, under illumination.
The diffraction and refinement data sets are reported in Tab. 3.3.
The refinements of the electron density maps of one of the data
set collected, are shown in Fig. 3.3.3. In the ‘dark’ structure
(Fig. 3.3.3 a) the occupancy of CO is 90 %, while in the ‘light
on’ structure (Fig. 3.3.3 b) it is 40 %, as estimated by model
refinement. The most interesting feature we have obtained is
the absence of electron density between CO and the heme iron
further refinement confirmed that CO is positioned at distance
longer than bond length distance, indicating that this ligand, at
15 K, had been photodissociated and docked, in the vicinity of
the heme iron, in the heme distal pocket (relevant distances are
reported in Tab. 3.4). In Fig. 3.3.4 the conformer of the heme
in Ngb*CO is shown; the photodissociated CO lies on top of the
heme pyrrol ring C, in the ‘primary docking site’ and the dis-
tance of Fe-*CO is about 2.7 Å, while in the NgbCO form, the
distance between iron-heme and CO is 1.9 Å. This result is in
agreement with Nienhaus and co-workers who have investigated
the Ngb matrix by FTIR spectroscopy in the infrared stretching
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Carbonmonoxy Neuroglobin dark (40 K) light (15 K)

Diffraction data
Wavelength Å 0.93 0.93
Space group R32 R32

a b, Å 88.06 88.04
c, Å 110.16 110.16

Resolution range, Å 44.63-2.0 (2.1-2.0) 44.63-1.9 (2.0-1.9)
I/Sigma 27.2 (7.5) 16.9 (3.0)

Unique reflections 11287 (1614) 12847 (1878)
Completeness, % 99.9 (100.0) 98.5 (99.9)
Redundancy 7.1 (7.2) 3.7 (3.6)

Rmerge 0.053 (0.236) 0.055 (0.373)

Refinement
Resolution range, Å 36.04 -2.0 36.03-1.90

Rcryst 0.17 0.17
Rfree 0.22 0.21

No. of protein atoms 1661 1689
No. of Heme/ligands atom 41/13 41/13
No. of water molecules 117 110

rms deviation from ideality
Bonds, Å 0.14 0.011
Angles, 1.42 1.27

Average B value, Å 24.82 26.84

Table 3.3: crystallographic data collection and refinement statistics
of NgbCO crystal.
The data were acquired without illumination at 40 K (dark) and under
continuous illumination with a optical fiber microscope lamp at 15 K (light).
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(a) (b)

Fig. 3.3.3: electron density map of NgbCO.
(a) Electron density map of NgbCO crystal at 40 K without illumination.
The CO occupancy is 90 % (contour: 1 ). (b) Electron density map of
NgbCO crystal under illumination at 15 K. The CO occupancy is 40 %
(contour: 1 ).

neighbor amino acid CO-distance (Å) C/O *CO-distance (Å) C/O

V68-Cγ2 3.65/3.78 3.34/4.40
H64-Cε1 3.69/3.12 3.91/3.45
F28-Cζ 4.11/3.20 3.34/3.20
F42-Cζ 4.94/4.10 4.79/4.20

Table 3.4: distances between CO atoms and protein atoms.
In the second column we report the distance between CO and its neighbor
protein atoms of the ‘dark’ form, while in the third column the distance
between the photolyzed CO and its neighbor protein atoms. We list only
distances < 5.0 Å.
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Fig. 3.3.4: conformer of the heme in Ngb*CO.
Ngb*CO: the distance of Fe-*CO is about 2.7 Å.

bands of CO and flash photolysis at cryogenic temperature and
have observed ligand migration to the ‘primary docking site’
[70].

3.3.1.3 XANES spectra on NgbCO in solution

XANES spectra on NgbCO in solution under long X-ray expo-
sure were also collected to investigate the photolytic intermedi-
ate with an independent technique in solution.
XANES spectra at the Fe K-edge were measured and a compar-
ison between solution samples of NgbCO and its photoproduct
has been carried out. Fig. 3.3.5 (a) shows the spectral evolu-
tion observed for NgbCO under prolonged X-ray irradiation of
the sample at 15 K. This process is slow enough to be follow in
the time window (minutes to hours) of the XANES experiment.
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(a) (b)

Fig. 3.3.5: XANES of NgbCO in solution.
(a) Evolution with time of the XANES spectrum of NgbCO under pro-
longed X-ray exposure. Examining the spectra in the region peaked around
7145 eV, from top (solid line) to bottom (dashed line), the starting time
acquisition are: 0 min, 45 min, 3h :16 min, 4 h:04 min, 4 h:45 min. (b)
Theoretical XANES fit (solid line) of the experimental difference spectrum
obtained by subtracting the first from the last spectrum (open circles).

The existence of at least three isosbestic points (at 7117, 7128
and 7142 eV) indicates that this process corresponds to a two
state transition. Fig. 3.3.5 (b) shows the difference spectrum
(open circles) obtained by subtracting the first spectrum from
the last one and theoretical XANES fit (solid line) obtained with
MXAN package [93]. The data show that for NgbCO the final
state is a five-coordinate Fe-heme, providing evidence that the
Fe-CO bond was broken. CO rebinding was observed by increas-
ing temperature at T > 70 K, demonstrating that this process
is reversible (as seen in Par. 3.3.1.1).
The structural parameters extracted by the quantitative anal-
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experiment Fe-heme Disp. (Å) Fe-Np (Å) Fe-His (Å) Fe-CO (Å)

XRD 2.0 Åa
NgbCO - 2.04 (15) 1.92 (15) 1.90 (26)

XANES (solution)b,cNgbCO 0.04 (fixed) 2.02 (2) 1.96 (7) 1.86 (5)
XRD 1.9 Åa

Ngb*CO - 2.06 (30) 2.09 (32) 2.75 (26)
XANES (solution)bNgb*CO 0.3 (2) 2.05 (1) 1.97 (1) 3.44 (8)
XRD 1.5 Åa

Mb*CO [116] 0.2 1.97 2.25 3.60
XANES (solution)bMb*CO[96] 0.40 (5) 2.04 (2) 2.07 (3) 3.23 (10)

Table 3.5: Ngb*CO structural determination by XAS.
aEstimated standard uncertainties are calculated by using
DPIRfree.[105]bNumbers in parentheses represent the statistical error
of the last digits. cData discussed in Par. 3.1.

ysis are listed in Tab. 3.5, in which we report the comparison
between data of MbCO and NgbCO and their photoproducts
respectively obtained with two different techniques: XANES
(sample in solution) and XRD (single crystal).
In summary, from XANES analysis, for Ngb*CO we have ob-
tained: (i) a Fe-heme displacement of 0.3 (2) Å, similar to Fe-
heme displacement of Mb*CO; (ii) distance between iron and
Npyrrol of 2.05 (1) Å, in good agreement, within statistical error,
with values of the other species; (iii) distance between iron-heme
and histidine 96 of 1.97 (1) Å that is always underestimated
because of systematic error in the XANES analysis but it re-
mains substantially the same with respect to the value obtained
for NgbCO (1.96 Å); moreover the distance between iron-heme
and photolyzed CO is 3.44 (8) Å, similar to Fe-*CO distance
in Mb*CO (from both XRD and XANES measurements), not
in full agreement with the Fe-*CO distance that we have ob-
served by XRD in Ngb*CO (2.75 Å). The most likely reason of
this disagreement is that by XRD at low temperature we have
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achieved partial photolysis of NgbCO, so due to the complex-
ity of the electron density map obtained, our estimate of the
distance Fe-*CO is less accurate; XANES analysis is made on
difference spectra, so it is possible to isolate the pentacoordi-
nated species to obtain a more accurate determination of the
Fe-*CO distance.
Therefore, by XRD at 15 K, under visible illumination, we have
determined structural parameters relative to the photolytic in-
termediate of Ngb (see Fig. 3.3.3). We have indication, from the
distance between photolyzed CO and heme iron (also in com-
parison with Mb values and XANES values in Ngb) and from
the partial occupancy of CO itself (40%) that the extent of pho-
tolysis is about 50%. This percentage of photolysis indicates
that, if the protocol is improved by accumulating the photo-
product upon illumination prior to data collection we might be
able to collect a complete photolyzed, high quality data set; in
fact we have have planned to repeat this experiment, following
the strategy mentioned above.

3.3.2 Structure of Ngb at room temperature
under different gaseous pressures

The localization of small gaseous ligands such as CO and O2

in the protein matrix in proteins is a non trivial experimental
task and it is often inferred through indirect methods such as
the usage of xenon or halide anions as probes. In this study a
straightforward method based on X-ray crystallography under
high pressure of pure gas was applied, using CO, O2 and Xe.
Our goal was to visualize entrance and exit pathways within
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the protein and the presence of docking sites for small diatomic
ligands, trying to shed light on structural parameters govern-
ing affinity and reactivity in Ngb. We wish to underline that
only data collection at room temperature offers the possibility
to control gas pressure with accuracy and to vary this parame-
ter during the experiment. Moreover we could obtain native and
gas derivatized data from a single crystal, allowing the sample
to equilibrate after increasing the gas pressure. During these
experiments the protein was experiencing its dynamics which is
accessible only above the glass transition temperature, allowing
to observe docking sites in conditions that are more represen-
tative of the physiological environment. The main caveat in
this experimental setup is the enhancement of radiation dam-
age with respect to the current methodology of cryo-cooling at
100 K. We have therefore used the experimental station BM30
at ESRF, because of its attenuated intensity due to the usage
of a bending magnet, and we have carefully checked data qual-
ity using the standard crystallographic evaluation parameters as
shown in Tab. 3.6, 3.8 and 3.9. Indeed high quality data could
be collected, indicating a remarkable resistance of Ngb crystals
to radiation damage; moreover the size of the samples allowed
to collect multiple data set from a single crystal by illuminating
with X-rays different regions.

3.3.2.1 XRD at room temperature: different pressures
of Xe

Xenon is often used as a probe for dioxygen-binding sites [117],
and from a crystallographic study at 100 K, (see Par. 1.3.1), it
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was observed that Ngb is endowed with four Xe binding sites. In
this context we have investigated the Ngb protein matrix under
Xe pressure at room temperature, as a control of this new X-ray
crystallographic approach. The strategies for preparing isomor-
phous noble gas (Xe) derivative differ, depending on whether
X-ray data are collected at room temperature or on flash-frozen
crystals. At room temperature, because the process of xenon
binding is completely reversible, the gas pressure must be main-
tained and can be controlled throughout the data collection. On
the other hand, once pressurized crystals are frozen at cryogenic
temperatures, the gas atoms are trapped within binding sites so
that data collection can proceed in the standard way, without
the need to maintain gas pressure.
We determined the crystal structure of metNgb derivatized with
Xe (17 bar) at 1.8 Å resolution at room temperature, and the
analysis of our data set is shown in Tab. 3.6. Electron density
maps show the presence of four Xe atoms in metNgb. The XeI
atom is on the external Ngb surface at the interface between two
symmetry-related molecules, in a small breach accessible to the
solvent; this site hosts two alternative positions for XeI, each
with partial occupancy.
The distance between XeII and the heme iron is 13.59 Å. Xe
atoms in positions III and IV are hosted in two adjacent hy-
drophobic niches located inside the large internal cavity; the
XeIII docking site is an apolar pocket close to the EF corner,
at the entrance to the tunnel that connects the heme iron with
the bulk. The distance between XeIII and the heme vinyl of
pyrrole C is 6.52 Å. This pocket displays the highest occupancy
for Xe (55 %, see Tab. 3.7). XeIV is the closest to the iron and
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Neuroglobin Xe 17 bar

Diffraction data
Wavelength Å 0.98
Space group R32

a b, Å 89.05
c, Å 114.96

Resolution range, Å 50.00-1.80 (1.86-1.80)
Unique reflections 16496

I/Sigma 44.33 (4.86)
Completeness, % 100.0 (99.8)
Redundancy 7.3 (6.1)

Rmerge 0.034 (0.304)

Refinement
Resolution range, Å 19.75-1.80

Rfact 0.18
Rfree 0.21

No. of protein atoms 1196
No. of Heme/sulfate ion atoms 41/5

No. of Xe atoms 5
No. of water molecules 37

rms deviation from ideality
Bonds, Å 0.02
Angles, 1.44

Average B value, Å 28.30

Table 3.6: crystallographic data collection and refinement statis-
tics.
Ngb under 17 bar of Xe, at room temperature.
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Xe site (17 bar) occupancy (%) neighbor amino acid distance (Å)

XeI a/b 15/15 K67-Cε 3.70/3.78
XeII 40 T25-CO 4.66

F28-Cβ 4.28
F32-Cδ2 3.76
P52-Cβ 4.10
S55-Oγ 3.38
L56-Cδ2 3.49
F61-Cε2 4.34

XeIII 55 I72-Cγ1 4.24
A75-Cβ 4.46
L113-Cδ2 4.40
W133-Cζ3 4.18
Y137-Cδ1 4.11
V140-Cγ21 4.04

XeIV 15 L27-Cδ1 4.20
V68-Cγ1 4.13
I72-Cδ1 3.46
V109-Cγ1 3.71
L113-Cδ2 4.26
Y137-Cε1 3.91

Table 3.7: distances between noble gas atoms and proteins atoms.
We list only distances < 5.0 Å; a/b refers to the presence of double confor-
mations.
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(a) (b)

Fig. 3.3.6: structure of NgbXe.
(a) NgbXe at 300 K, under 17 bar of Xe. (b) NgbXe at 100 K, under 20
bar of Xe [66].

is located in the distal branch of the large cavity, between XeIII
and the heme. After refinement, the XeIV occupancy was only
15%.
In Tab. 3.7 we report distances between Xe atoms and its neigh-
boring protein atoms, shorter than 5 Å.
From analysis of our data set we have observed the same Xe
binding sites at cryogenic temperature, reported by Moschetti et
al. [66] (see Par. 1.3.1), as shown in Fig. 3.3.6, in which we com-
pare our NgbXe structure (Fig. 3.3.6 a) and NgbXe structure at
100 K (Fig. 3.3.6 b). The differences are only in the occupancy
of Xe atoms, moreover we have observed only one conformation
for XeIII, instead of two, as reported by Moschetti et al. [66].
Therefore we have the evidence that XRD at room temperature
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is a reliable technique to investigate the structure of proteins
under gaseous at physiological temperature.

3.3.2.2 XRD at room temperature: different pressures
of O2

We also collected data diffraction of Ngb in the native form and
under 10 and 20 bar of oxygen pressure. The crystallographic
data collection and refinement statistics are shown in Tab. 3.8.

Upon refinement of diffraction data from Ngb crystals at 10 and
20 bar of O2, we observe the appearance of a docked dioxygen
molecule in a hydrophobic niche, at 100 % and 75 % occupancy,
respectively (Fig. 3.3.7). This cavity corresponds to the site
XeIII and, in the absence of pressurized gases, it is empty in
all Ngb structures determined so far. Moreover, a site that nor-
mally hosts a water molecule (Wat9, [25]), positioned distally to
the heme, seems to contains a O2 molecule when Ngb crystals
are exposed to 10 and 20 bar of O2 pressure (respectively 50 %
and 70 % occupancy, Fig. 3.3.8).
In summary, from these measurements we found two sites for
dioxygen, one, that corresponds to XeIII binding site, is unam-
biguous, because it is empty before exposure at different oxygen
pressure; the second one, that corresponds to Wat9 site, needs a
rigorous analysis in the electron peak content, especially at low
oxygen occupancy.
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Neuroglobin Native O2 10 bar O2 20 bar

Diffraction data
Wavelength Å 0.98 0.98 0.98
Space group R32 R32 R32

a b, Å 89.02 89.07 89.06
c, Å 115.37 115.12 115.13

Resolution range, Å 50.00-1.65 (1.71-1.65) 50.00-1.66 (1.72-1.66) 50.00-1.75 (1.81-1.75)
Unique reflections 21385 20972 17952

I/Sigma 35.3 (5.4) 32.7 (3.6) 36.7 (6.5)
Completeness, % 98.3 (93.7) 98.2 (94.1) 98.2 (94.0)
Redundancy 7.4 (7.4) 7.4 (7.0) 7.5 (7.4)

Rmerge 0.050 (0.382) 0.048 (0.432) 0.051 (0.426)

Refinement
Resolution range, Å 36.56-1.65 32.04-1.80 32.04-1.75

Rfact 0.16 0.15 0.15
Rfree 0.20 0.20 0.20

No. of protein atoms 1871 1937 1945
No. of Heme/sulfate ion atoms 84/30 84/8 84/10

No. of O2atoms 0 4 10
No. of water molecules 86 95 104

rms deviation from ideality
Bonds, Å 0.012 0.015 0.014
Angles, 1.49 1.55 1.57

Average B value, Å 23.70 24.40 25.35

Table 3.8: crystallographic data collection and refinement statis-
tics.
Ngb in the native state and under 10 and 20 bar of O2, at room tempera-
ture.
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(a) (b)

(c) (d)

Fig. 3.3.7: electron density maps of Ngb XeIII binding site at room
temperature at different pressure of O2.
(a) XeIII binding site of Ngb under Xe pressure; (b) XeIII binding site of
Ngb under 0 bar of O2; (c) O2at 100 % of occupancy, in the XeIII binding
site of Ngb under 10 bar of O2; (d) O2 at 75 % of occupancy, in the XeIII
binding site of Ngb under 20 bar of O2.
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(a) (b) (c)

Fig. 3.3.8: electron density maps of Ngb Wat9 site at room tem-
perature at different pressure of O2.
(a) Wat9 site in Ngb; (b) Wat9 site of Ngb is occupied to an oxygen at 50
% of occupancy, under 10 bar of O2; (c) Wat9 site of Ngb is occupied to
an oxygen at 70 % of occupancy, under 20 bar of O2.

3.3.2.3 XRD at room temperature: different pressures
of CO

To have a complete picture of Ngb matrix ligand affinity and
pathway, we also collected data diffraction under CO at differ-
ent pressures: 5, 20, 30 and 40 bar. The crystallographic data
collection and refinement statistics are shown in Tab. 3.9.
From refinement of all data sets at different pressures we could
not detect CO molecules in the electron density maps, even at
the highest pressure tested (i.d. 40 bar).
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Neuroglobin CO 5 bar CO 20 bar CO 30 bar CO 40 bar

Diffraction data
Wavelength Å 0.98 0.98 0.98 0.98
Space group R32 R32 R32 R32

a b, Å 89.11 89..13 89.15 89.20
c, Å 114.36 114.28 114.35 114.32

Resolution range, Å 50.00-1.90 (1.97-1.90) 50.00-1.80 (1.86-1.80) 50.00-1.76 (1.82-1.76) 50.00-1.85 (1.92-1.85)
Unique reflections 13999 16432 17582 15180

I/Sigma 26.4 (5.1) 28.2 (4.8) 31.4 (5.3) 29.5 (3.9)
Completeness, % 99.9 (100.0) 99.9 (100.0) 99.9 (100.0) 99.9 (100.0)
Redundancy 7.3 (7.4) 7.4 (7.4) 7.3 (7.0) 7.3 (7.4)

Rmerge 0.056 (0.427) 0.056 (0.461) 0.058 (0.340) 0.052 (0.446)

Refinement
Resolution range, Å 38.132-1.90 38.10-1.80 38.12-1.90 32.01-1.85

Rfact 0.17 0.17 0.17 0.18
Rfree 0.22 0.21 0.21 0.22

No. of protein atoms 1723 1706 1712 1683
No. of Heme 84 84 84 84

No. of CO atoms / / / /
No. of water molecules 72 70 68 63

rms deviation from ideality
Bonds, Å 0.014 0.013 0.009 0.012
Angles, 1.52 1.42 1.18 1.19

Average B value, Å 25.70 26.00 24.70 27.77

Table 3.9: crystallographic data collection and refinement statis-
tics.
Ngb under 5, 20, 30 and 40 bar of CO at room temperature.
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Conclusions and
perspectives

4.1 General aims of the work

Ngb, together with Cygb, is a recently discovered hemeprotein
belonging to the globin family and expressed in vertebrates brain
[6, 22, 21]. Since its discovery in 2000, Ngb has been extensively
studied by different approaches, which range from cellular biol-
ogy to biophysics. In spite of this, its in vivo function remains
elusive.
During the last years, the debate concerning Ngb function led
to different hypotheses grouped into the following categories: (i)
oxygen delivery, (ii) hypoxia signalling and (iii) radical scaveng-
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ing [11].
It was shown that oxy-Ngb efficiently reacts with NO yielding
NO3- and metNgb [43], a reaction that may represent a sys-
tem for sensing the relative concentration of O2 and NO during
hypoxia and, at the same time, for NO scavenging. By study-
ing the reaction of Ngb with nitrite and peroxynitrite [12, 45],
other authors suggested that Ngb may promote cell survival
under hypoxic stress. Therefore it is possible to hypothesize
that the scavenging activity of Ngb, and its interaction with O2,
NO and related species, in conjunction with structural transi-
tion revealed by crystallography, could contribute to a hypoxia-
signalling pathway and/or protect the cell from radical stress
under hypoxic conditions.
The aim of this work was to study the structural properties that
regulate the interaction of Ngb with its ligands, trying to shed
light on ligand pathways and docking sites that might dictate
reactivity, using different biophysical approaches.
We characterized, with high accuracy, the heme structural pa-
rameters of NgbCO in solution by XAS and compared them with
those arising from the NgbCO crystal structure; we carried out
a comparative study of Ngb with three different hemeproteins
(SWMb, HMb and EryK P450), to determine the rate of heme-
iron photoreduction and its correlation with protein function.
Finally we investigated the protein matrix both at cryogenic
and room temperature, in order to describe pathways of ligand
from or toward the heme-iron.
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4.2 X-ray Absorption Spectroscopy
and the Ngb heme environment

The investigation of heme-iron environment by X-ray Absorp-
tion Spectroscopy (XAS) allowed us to demonstrate that the
structure of NgbCO, as far as the close vicinity of the heme is
concerned, is identical in solution and in the crystal form. This
comparison was required since Ngb crystals tend to crack upon
CO binding suggesting the presence of incomplete structural
transition and MD simulations predict in solution a structure of
the active site different from the one found in NgbCO crystals
[60, 104].
The results obtained by XAS during this work, indicate that, as
far as the heme and ligand geometry are concerned, data do not
differ between NgbCO in solution and in the crystal and both
are consistent with XRD parameters.
This finding supports the relevance of the heme sliding mecha-
nism discovered on the NgbCO structure and the use of crystal-
lographic data for rationalizing Ngb functional data.

4.3 Redox state of hemeprotein crys-
tals

Characterization of the reduction kinetics in hexacoordinated
Hbs (hxHbs), including human Ngb [42], showed that in these
proteins electron transfer is much faster than in pentacoordi-
nated hemeproteins. This behaviour has been explained on the
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basis of the more favourable reorganization energy term involved
in the reduction of hexacoordinated hemeproteins, supporting
the hypothesis that hxHbs may be tuned for redox cycling rather
than binding.

Given this consideration and the fact that Ngb undergoes reduc-
tion upon X-ray irradiation [87], we performed a comparative
study between Ngb and other hemeproteins.
From UV-Vis absorption microspectrophotometry we have shown
that, in low temperature crystallographic studies, the heme-iron
photoreduction within the first few seconds upon X-ray expo-
sure is not a peculiarity of Ngb, but it is a phenomenon observed
for all systems analyzed in the present work (Ngb, SWMb, HMb
and EryK). Therefore we may conclude that photoreduction by
X-rays is not correlated with redox properties, but it takes place
regardless of the heme protein function.
We wish to point out this event has to be taken into account
in crystallographic studies carried out at third-generation syn-
chrotron sources and could also constitute an useful tool to feed
electrons within heme redox centres, in order to perform func-
tional studies within crystals [118].

4.4 The Ngb internal ‘tunnel’: partial
conservation and potential role

The structure of Ngb differs from that of Mb for three pecu-
liarities, which are uncommon for a vertebrate globin: (i) the
ferric and ferrous heme-iron are both hexacoordinate, with the
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distal His(E7) and the proximal His(F8) directly bound to the
metal; (ii) a wide branched cavity (∼ 300 Å3), referred to as a
‘tunnel’, connecting the heme pocket with the solvent is present
in the core structure; (iii) ligand binding to ferrous Ngb is as-
sociated to a conformational change involving a sliding motion
of the heme and a moderate shift in the position of helix F and
loops CD and EF [55].
In analogy with the internal packing defects characteristic of
Mb, this ‘tunnel’ implies an offset in terms of thermodynamic
stability. In Mb the presence of cavities plays a functional role
by regulating the dynamics of ligand binding [64, 65], counter-
balancing the destabilization due to imperfect packing.
It has been proposed that the Ngb ‘tunnel’ may represent an
amplification of the set of Mb internal cavities and that it plays
also a functional role. This hypothesis was supported by MD
simulations showing the similarity between the Ngb ‘tunnel’ and
the Mb Xe sites [60], since during simulations they both host lig-
ands and constitute a preferential pathway for migration within
the protein. Our data provide experimental evidence of ligand
docking within the Ngb ‘tunnel’, as shown in Fig. 4.4.1, which
shows the sites in which we observed a gas molecule hosted in
the Ngb matrix. Indeed, in O2 pressurized crystals at room tem-
perature, we observed an oxygen molecule in the XeIII binding
site and in the Wat9 site. Moreover, the experiments carried
out on NgbCO at 15 K, allowed us to identify, both in solution
and in the crystal, the ‘primary docking site’ for photolyzed CO
at about 3 Å from the heme-iron. Therefore we can define a
possible pathway of the ligand into the protein matrix from or

109



Chapter 4. Conclusions and perspectives

Fig. 4.4.1: gaseous ligand sites in Ngb matrix.
Three sites (cyan circles) of the Ngb matrix, in which we found a gas
molecule. An oxygen molecule has occupied the XeIII binding site and the
Wat9 site, while the CO photolyzed has occupied ‘primary docking site’,
at about 2.7 Å distant to the heme-iron.

toward the heme-iron: the most peripheral position is the XeIII
site; the Wat9 site lies buried within the protein and, at only
∼ 3 Å from the heme, we identified a ‘primary docking site’;
Fig. 4.4.1 shows, with cyan circles, these positions with respect
to the Ngb ‘tunnel’.
In conclusion the ligand pathway in Ngb seems confined to the
distal heme site, at variance with the case of Mb where cavi-
ties proximal to the heme play a role in ligand dynamics (see
Par. 1.3.2, 1.3.3).

We attribute this feature to endogenous heme hexacoordina-
tion, which requires a more efficient access to the binding site in
order to compensate for the competition for the heme-iron be-
tween the ligand and the distal histidine. Therefore, although
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the proximal cavity is necessary for allowing heme sliding and
population of the pentacoordinated state competent for binding,
it is not accessed by ligands on the pathway to the binding site.
An intriguing finding is the absence of CO in docking sites such
as XeIII and Wat9, that are populated by oxygen at comparable
gas pressures.
We may speculate that the protein matrix favors O2 binding by
discriminating against CO. This could be an additional feature,
introduced at the level of the protein matrix, to favor the phys-
iological ligand and counterbalance the intrinsic high affinity of
the heme-iron for CO.
We are currently testing this hypothesis by carrying out the
identification of docking sites of CO and O2 in sperm whale Myo-
globin and other hemeproteins, such as EryK P450, Hemoglobin
and Ngb mutants.
Another development of this work has been setting up the beam-
line instrumentation in collaboration with ESRF, that allowed
the determination of Ngb*CO photoproduct structure at 15 K.
This is a unique instrumentation which we are currently utiliz-
ing for cryotrapping of EryK P450 reaction intermediates, as
well as for studies on Ngb mutants.

111



Chapter 4. Conclusions and perspectives

112



Chapter 5

Aknowledgements

The experimental work presented in this thesis was carried on
at the Department of Biochemical Sciences ‘A. Rossi-Fanelli’ of
University of Rome ‘Sapienza’. I am particularly grateful to
Prof. Maurizio Brunori who gave me the possibility to work in
his group and to benefit of his invaluable suggestions.
I am very grateful to Prof. Beatrice Vallone, for helping and
advising me in all my experimental activities, for the daily su-
pervision of my work, for the continuous fundamental support
she gave me every day in many ways.
I wish to express my gratitude and my affection to Dr. Linda
Savino, who introduced me in the fascinating world of X-ray
crystallography, transmitting me her passion about that; I really
thank her for teaching me basics of XRD and for her patience
during map refinements.

113



Chapter 5. Aknowledgements

Many thanks go also to the members of my lab: Tommaso
Moschetti (now working at the Biochemistry Department, Cam-
bridge University) who introduced me in this group and more
in general to structural biology, Giovanna Avella and Linda Ce-
leste Montemiglio who supported me during some experiments
and also shared with me bad and good moments at the syn-
chrotron facilities.
Thanks to the other members of the Protein Crystallography
Group of Rome who helped me during my first crystallographic
experiments and gave me important suggestions and tricks.
XAS experiments were carried out in collaboration with Prof.
Alessandro Arcovito (Institute for Biochemistry and Clinical
Biochemistry, Università Cattolica del Sacro Cuore, Rome) and
Dr. Stefano Della Longa (Department of Experimental Medicine,
University of L’Aquila). I would like to thank them who helped
me and gave me several suggestions during these years.
UV-Vis microspectrophotometry experiments were done at Eu-
ropean Synchrotron Radiation Facility (ESRF), in collaboration
with Dominique Bourgeois and Martin Weik; I will be always
obliged to them for the fulfilling experience they offered to me.
Moreover, I would really like to thank Dr. Peter Van Der Lin-
den for his fundamental technical support.
XRD at room temperature were carried out at ESRF in collab-
oration with Prof. Thierry Prangé (Department of Pharmacy,
Université Paris Descartes-CNRS), Dr. Nathalie Colloc’h and
Dr. Guillaume Marrassio (Centre CYCERON, Université de
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