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Introduction

Neuroglobin (Ngb) and cytoglobin (Cygb) are two

proteins that have joined Mb and Hb in the vertebrate

globin family [1,2]. Ngb is predominantly expressed in

neuronal cells of the brain and retina [1], whereas

Cygb appears to be ubiquitously expressed in human

tissues [2]. Although Ngb shares little amino acid

sequence similarity with vertebrate Hb (< 25%) and

Mb (< 21%) [1], it displays the structural determi-

nants of the globin fold, such as the classic three-over-

three a-helical fold and all key amino acids required

for ligand binding [3–5] (Fig. 1). It is of note that

Ngb is characterized by the presence of an intra-

molecular disulfide bond, Cys46–Cys55 [6], which is

unprecedented among vertebrate globins. A disulfide
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Neuroglobin (Ngb) is a recently discovered globin that is predominantly

expressed in the brain, retina and other nerve tissues of human and other

vertebrates. Ngb has been shown to act as a neuroprotective factor, pro-

moting neuronal survival in conditions of hypoxic–ischemic insult, such as

those occurring during stroke. In this work, the conformational and func-

tional stability of Ngb at acidic pH was analyzed, and the results were

compared to those obtained with Mb. It was shown by spectroscopic and

biochemical (limited proteolysis) techniques that, at pH 2.0, apoNgb is a

folded and rigid protein, retaining most of the structural features that the

protein displays at neutral pH. Conversely, apoMb, under the same experi-

mental conditions of acidic pH, is essentially a random coil polypeptide.

Urea-mediated denaturation studies revealed that the stability displayed by

apoNgb at pH 2.0 is very similar to that of Mb at pH 7.0. Ngb also shows

enhanced functional stability as compared with Mb, being capable of heme

binding over a more acidic pH range than Mb. Furthermore, Ngb revers-

ibly binds oxygen at acidic pH, with an affinity that increases as the pH is

decreased. It is proposed that the acid-stable fold of Ngb depends on the

particular amino acid composition of the protein polypeptide chain. The

functional stability at low pH displayed by Ngb was instead shown to be

related to hexacoordination of the heme group. The biological implications

of the unusual acid resistance of the folding and function of Ngb are

discussed.

Abbreviations

[urea]1 ⁄ 2, urea concentration at half-transition; Cygb, cytoglobin; E ⁄ S, enzyme ⁄ substrate ratio; Ngb, neuroglobin; pH1 ⁄ 2, pH at half-transition;

kmax, maximum absorption ⁄ emission wavelength.
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reduction–oxidation mechanism has been proposed

as a means of controlling the binding and release of

oxygen [6].

Spectroscopic and kinetic experiments, confirmed by

crystallographic analyses, have shown that the main

novel structural feature of Ngb lies in the hexacoordi-

nation of heme [3,7]. Hb and Mb in the ferrous form

are normally pentacoordinated, leaving the sixth posi-

tion empty and available for the binding of exogenous

ligands, whereas in the ferric state they are hexacoordi-

nated, displaying a water molecule coordinated to the

heme iron [8]. By contrast, in the absence of exogenous

ligands, both the ferrous and ferric forms of Ngb are

hexacoordinated, with the proximal His64 being the

endogenous ligand. Therefore, Ngb ligand binding

requires the displacement of the intramolecular ligand

His64 bound to the heme iron. Hexacoordination,

which occurs in Cygb and also in bacterial and non-

symbiotic plant Hbs [9], was proposed as a novel

mechanism for regulating ligand binding to the heme

group in the globin family [3,9].

The physiological role and mechanism of action of

Ngb and other hexacoordinated globins are under

active investigation in several laboratories [10–12].

Besides the classic role of oxygen storage and supply,

Ngb acts as a neuroprotective factor, conferring neuro-

nal resistance and improving neurological outcomes in

hypoxic–ischemic conditions. Similarly, the inhibition

of Ngb expression increases neuronal injury upon

induction of hypoxia, both in vitro and in vivo [13–16].

Interestingly, it was shown that Ngb is expressed in

astrocytes [17] and that its expression in regions

involved in neurodegenerative disorders declines with

advancing age [18]. Clearly, an understanding of the

molecular features of Ngb in dictating its biological

function is of great interest, especially considering the

possible implications of this protein in the pathophysi-

ology of conditions involving cerebrovascular insults

and oxidative stress, such as stroke [14,19].

For several decades, Mb, a very close relative of

Ngb, has been the subject of intensive structural and

functional studies with a plethora of biochemical and

biophysical approaches and under a variety of physio-

logical and denaturing conditions, becoming a para-

digm of structure–function relationships of globular

proteins [20,21]. In particular, apoMb (the heme-free

protein) was shown to adopt partly folded states in

mildly acidic solvents, and the molecular features of

these states have been described in great detail, mostly

by NMR measurements [22–27]. A folding intermedi-

ate occurs at pH 4.0, whereas at pH 2.0, apoMb is lar-

gely unfolded [22,26]. Clearly, it is of interest to take

advantage of the wealth of structural information

available for Mb and apoMb for the comparative

study of the molecular features of the homologous

Ngb protein. Here, we report the results of a compara-

tive analysis of the structural and functional properties

of Mb and Ngb (and the corresponding apo forms).

The analysis was also extended to an Ngb mutant

(H64Q) in which hexacoordination was disrupted by

replacement of His64, and to an Ngb species lacking

the Cys46–Cys55 disulfide bond. The results of this

comparative analysis of Ngb and Mb may be used

to better define the relationships between these two

globins and to obtain a better understanding of the

molecular features and biological function of Ngb.

Results

CD measurements

CD spectra in the far-UV region are used to analyze

the secondary structure content of a protein, whereas

those in the near-UV region provide information
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Fig. 1. Three-dimensional structure (top) and amino acid sequence

(bottom) of human Ngb. The helical segments are colored in the

3D model, and are indicated by boxes in the amino acid sequence

of human Ngb. The model was constructed from the X-ray struc-

ture of the Ngb mutant C46G ⁄ C55S ⁄ C120S (Protein Data Bank file

1OJ6: chain B) taken from the Brookhaven Protein Data Bank, utiliz-

ing the program WEBLAB. The location of the two Cys residues

involved in the formation of the disulfide bond (Cys46–Cys55) in

the wild-type protein is also indicated.
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regarding the tertiary structure of a polypeptide chain

[35,36]. In this study, we conducted far-UV and near-

UV CD measurements of apoNgb and apoMb dis-

solved in 10 mm HCl (pH 2.0), and compared them

with those obtained under native conditions at pH 7.0

(Fig. 2). The far-UV CD spectrum of apoNgb at pH

2.0 displays two prominent minima at 208 and

222 nm, which are characteristic of helical polypeptides

[35,36] (Fig. 2B). In contrast, at pH 2.0, apoMb dis-

plays a CD spectrum that is typical of largely unfolded

polypeptides [35,36]. It is of interest that the CD spec-

trum of apoNgb at pH 2.0 is very similar in terms of

shape and intensity to that obtained for apoNgb at pH

7.0 (Fig. 2A). Analysis of far-UV CD spectra allowed

us to estimate the percentage helical content of Mb

and Ngb under different conditions [29] (Table 1). At

neutral pH, the a-helix content calculated for holoMb

and apoMb agrees with previously reported data

[37–39], whereas the content estimated for holoNgb is

consistent with that (75%) deduced from the crystallo-

graphic 3D structure of the protein (Protein Data

Bank file: 1OJ6) [3]. CD data indicate that, at neutral

pH, the removal of the heme group induces in Mb and

Ngb the same decrease in helical content (23–25%).

Clearly, the CD spectra shown in Fig. 2 indicate that

apoNgb does not undergo conformational changes

upon a change in pH from 7.0 to 2.0, whereas apoMb

almost completely unfolds at low pH.

Far-UV CD measurements at low pH were also con-

ducted on a sample of Ngb in which the Cys46–Cys55

disulfide bond was reduced, as well as on the H64Q

mutant of Ngb. In both cases, the estimated a-helical
content at pH 2.0 (Table 1) was not significantly

different from that of the disulfide-bonded wild-type

protein. Therefore, CD data provide clear-cut evidence

that disruption of the disulfide bond or replacement of

the His does not alter the ability of the protein to

retain a highly ordered, helical conformation at pH

2.0.

The near-UV CD spectra of apoMb and apoNgb at

pH 7.0 and pH 2.0 are shown in Fig. 2C,D. The aro-

matic chromophores responsible for dichroic signals in

the near-UV region are not conserved in the amino

acid sequences of Mb and Ngb and the comparison of

A B

C D

Fig. 2. CD characterization of Ngb and Mb at neutral and acidic pH.

(A) Far-UV CD spectra of human holoNgb and apoNgb dissolved in

20 mM Tris ⁄ HCl and 0.15 M NaCl (pH 7.0). (B) Far-UV CD spectra

of human apoNgb and horse apoMb dissolved in 0.01 M HCl (pH

2.0). (C) Near-UV CD spectra of human apoNgb and horse apoMb

in 20 mM Tris ⁄ HCl and 0.15 M NaCl (pH 7.0). (D) Near-UV CD spec-

tra of the two apoproteins dissolved in 0.01 M HCl (pH 2.0). All

spectra were recorded at 25 �C.

Table 1. Spectroscopically derived structural parameters for Ngb

and Mb. The figure for pH1 ⁄ 2 indicates the transition midpoint of

the pH-dependent heme release. The percentage of a-helical con-

tent was calculated from far-UV CD spectra and the exposure of

Tyr residues from second-derivative spectra.

Protein pH1 ⁄ 2

Conformational

state

%

a-Helix

Exposure of Tyr

residuesa

% Exposure

Exposed

residues

Ngb 3.2b Holo, pH 7.0 72c 75d 3

Apo, pH 7.0 47c 50d 2

Apo, pH 2.0 44c 50a 2

Mb 4.6b Holo, pH 7.0 75d 0.1d 0

Apo, pH 7.0 52d 26d 0.5

Apo, pH 2.0 6c 100a 2

Reduced

Ngb

– Apo, pH 2.0 43d

H64Q

Ngb

4.5d Apo, pH 2.0 42d

a Calculated from second-derivative spectra (Fig. 4). b Calculated

from acid denaturation curves (Fig. 6). c Calculated from far-UV CD

spectra (Fig. 2). d Spectrum or curve not shown.
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the near-UV CD spectra of the two proteins is there-

fore not very informative. Nevertheless, the changes in

the CD signals observed upon acidification are related

to the conformational transitions experienced by the

two proteins upon going from neutral to acid pH. At

acidic pH (Fig. 2D), the near-UV CD spectrum of

apoNgb essentially retains the features observed at

neutral pH (Fig. 2C), with a broad negative band

in the 265–285 nm region, assigned to the contribu-

tions of Phe and Tyr residues, together with a positive

signal at 292 nm, characteristic of Trp residue(s)

embedded in a rigid environment [35,36]. Conversely,

apoMb undergoes a significant loss of tertiary struc-

ture upon lowering of the solution pH, and displays,

at pH 2.0, only very weak dichroic signals in the 250–

300 nm region (Fig. 2D), indicating a highly flexible

polypeptide chain devoid of tertiary structure.

Fluorescence emission spectroscopy

The average polarity of the environment in which the

Trp residues are embedded in apoNgb and apoMb at

pH 2.0 was investigated by steady-state fluorescence

emission (Fig. 3A). After excitation at 280 nm, the

wavelength of maximum fluorescence intensity (kmax)

of apoNgb occurs at 341 nm, which is similar to the

kmax value observed for holoNgb at pH 7.0 (not

shown). Conversely, the emission of Mb is shifted

from 333 nm for the holo form at pH 7.0 (not shown)

to 353 nm for the apo form at pH 2.0, which is typical

of a largely unfolded polypeptide chain [40,41]. Fur-

thermore, at variance from what observed with apo-

Ngb, the fluorescence emission spectrum of apoMb

displays the contribution of Tyr at � 305 nm

(Fig. 3A), thus indicating poor Tyr-to-Trp energy

transfer, as expected for an unfolded polypeptide chain

[41]. Taken together, these data indicate that the chem-

ical environments of the three Trp residues and four

Tyr residues of apoNgb at neutral pH are not appre-

ciably altered at low pH.

Second-derivative spectroscopy

The average exposure (a) to water of Tyr residues in

proteins can be estimated by second-derivative UV

spectroscopy [31]. This method takes advantage of the

fact that the peak-to-trough distances in the 280–

295 nm region of the spectrum of proteins containing

both Tyr and Trp residues are related to the polarity

of the medium in which Tyr residues are embedded

and, in particular, to the formation of a hydrogen

bond by the hydroxyl group of Tyr [31]. The second-

derivative spectra of the two apoproteins at pH 2.0 are

shown in Fig. 3B. The value of a was calculated for

Ngb and Mb in both the holo and apo forms under

neutral and acid solvent conditions (Table 1). The

a-value of Tyr residues in holoNgb was calculated as

0.75, suggesting that three of the four Tyr residues of

the protein are hydrogen-bonded to water or to a

polar group within the protein matrix. This experimen-

tal figure for a is in agreement with the crystallo-

graphic structure of Ngb (Protein Data Bank 1OJ6:

chains B and C) [3]. In fact, only Tyr137 is located in

a buried and hydrophobic site; Tyr88 and Tyr115 are

highly exposed on the protein surface, and Tyr44,

although poorly accessible to solvent, is hydrogen-

bonded to the carboxyl group of a heme propionate

that provides a strongly polar environment [3]. The

value of a in apoNgb is reduced to 0.50 at neutral pH,

consistent with the possibility that removal of heme

induces a less polar environment around Tyr44. Nota-

bly, Tyr exposure in apoNgb is essentially unchanged
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Fig. 3. Fluorescence emission and second-derivative UV absorption

spectra of apoNgb and apoMb at pH 2.0. (A) Fluorescence mea-

surements were conducted at 25 �C with the protein dissolved in

0.01 M HCl (pH 2.0). The excitation wavelength was 280 nm. (B)

Second-derivative UV absorption spectra were recorded at 25 �C in

10 mM HCl (pH 2.0), for determination of the degree of exposure a

of Tyr residues (see Experimental procedures). The peak-to-trough

distances between the maximum at 287 nm and the minimum at

283 nm and that between the maximum at 287 nm and the mini-

mum at 295 nm were used to calculate the Tyr exposure.
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on a change in pH from 7.0 to 2.0 (Table 1), in keep-

ing with the acid resistance of the Ngb fold deduced

from CD and fluorescence measurements (see above).

In contrast, apoMb displays quite a different behavior

from that displayed by apoNgb, reflecting a different

topology of the aromatic amino acids (Fig. 3B and

Table 1). In particular, with a change from neutral to

acidic pH, the two Tyr residues of apoMb become

completely solvent exposed (74% increase in exposure),

in agreement with the largely unfolded state of apoMb

at low pH [22,27].

Limited proteolysis

Proteolytic enzymes can be used for probing of protein

structure and dynamics [42–45]. The rationale of this

approach resides in the fact that the key parameter

dictating proteolysis events is the mobility of the poly-

peptide chain substrate at the site of proteolysis. Con-

sequently, partly or fully unfolded proteins are easily

digested, whereas folded and native proteins are rather

resistant to proteolysis [42]. In this study, proteolysis

of apoNgb and apoMb was conducted with pepsin

[enzyme ⁄ substrate ratio (E ⁄S) of 1 : 100, by weight] at

pH 2.0 (Fig. 4). ApoMb was shown to be cleaved very

rapidly (within 75 s) at several peptide bonds along

the 153 residue polypeptide chain (Fig. 4, right).

Conversely, proteolysis of apoNgb, despite the broad

substrate specificity of pepsin [46], is very slow and

selective (Fig. 4, left). In fact, after 2 min of reaction,

the large C-terminal 32–151 fragment is formed, and

essentially coelutes with the intact protein from the

RP-HPLC column. Whereas the initially formed N-ter-

minal 1–31 fragment is further hydrolyzed by pepsin,

the 32–151 fragment instead is resistant for hours to

further proteolytic digestion, implying a folded and

rigid structure of this fragment under the acidic solvent

conditions of the peptic hydrolysis. Far-UV CD mea-

surements conducted on the isolated 32–151 fragment

indicated that it is still folded and highly helical even

at pH 2.0 (not shown). Therefore, the proteolytic

probe indicates that, at low pH, apoNgb retains a

compact and rigid fold of chain region 32–151,

whereas the N-teminal 1–31 portion appears to be suf-

ficiently flexible to bind and adapt to the protease

active site so that proteolysis can occur [42,43]. Con-

versely, the broader and much faster proteolytic cleav-

age of the whole polypeptide chain of apoMb (Fig. 4,

right) indicates that this protein in acid solution is

largely unfolded, in agreement with the results of

previous spectroscopic measurements [22].

Urea-mediated denaturation

An estimate of the stability of the Ngb fold at acidic

pH was obtained by measuring the urea-mediated

Fig. 4. Proteolysis of apoNgb and apoMb with pepsin. Proteolysis of the proteins by pepsin (E ⁄ S of 1 : 100, by weight) was conducted at

25 �C in 0.01 M HCl (pH 2.0). Left: RP-HPLC analysis of the proteolysis mixture of apoNgb with pepsin after incubation for 2 min and 1 h.

Right: RP-HPLC analysis of the proteolysis mixture of apoMb with pepsin after incubation for 75 s and 1 h. The identities of the protein frag-

ments were established by MS, and are indicated by the numbers near the chromatographic peaks.
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denaturation profile of apoNgb at pH 2.0. The unfold-

ing of the protein was monitored by recording the

mean residue ellipticity value at 222 nm, [h]222, as a

function of urea concentration at pH 2.0 (Fig. 5). For

comparison, the urea-induced denaturation profile of

holoMb at neutral pH was measured, and for this pro-

tein a urea concentration at half-transition ([urea]1 ⁄ 2)

of 5.5 m was observed, in agreement with previous

results [47,48]. Strikingly, apoNgb at pH 2.0 showed a

[urea]1 ⁄ 2 value of about 5 m, which was very similar to

that shown by holoMb at neutral pH. In contrast, at

pH 2.0 apoMb was almost fully unfolded, even in the

absence of denaturant (Fig. 2B). It is of note that

holoNgb is far more stable than holoMb, as even in

8 m urea, > 85% of the helical secondary structure of

the native protein was retained (Fig. 5).

pH-dependent heme release

The release of the heme group from Mb and Ngb was

monitored by recording, under equilibrium conditions,

the decrease in the intensity of the Soret band as a

function of pH (Fig. 6). The intensity of this band is

related to the molar fraction of globin-bound heme

[48]. The resulting sigmoidal curve of holoNgb was

characterized by a pH at half-transition (pH1 ⁄ 2) of 3.2,

which was about 1.4 units lower than that exhibited by

Mb (pH1 ⁄ 2 4.6), indicating that the release of heme in

Ngb occurs at a more acidic pH range than that

observed for Mb (Table 1). In order to ascertain

whether the ability of Ngb to retain heme at acidic pH

was related to the hexacoordination of the heme iron,

the pH dependence of heme release was also deter-

mined for the H64Q mutant of Ngb and for Cygb.

The H64Q mutant, which has a pentacoordinated

heme iron atom, displayed a pH1 ⁄ 2 value of 4.5, which

was very close to that of Mb, whereas the pH1 ⁄ 2 calcu-

lated for Cygb, a hexacoordinated globin (pH1 ⁄ 2 3.3),

was identical, within the limits of the experimental

technique, to that of wild-type Ngb (not shown). Col-

lectively, these data provide evidence that hexacoordi-

nation of the metal ion is a key feature in keeping the

heme moiety bound to the globin structure at low pH.

Oxygen binding

Oxygen equilibrium curves for Ngb and Mb were mea-

sured at various pH values in phosphate buffer. As

shown in Fig. 7, the oxygen affinity depends on the pH

for Ngb but not for Mb, in agreement with previous

observations [10]. A unitary slope of the Hill plot indi-

cates absence of cooperativity, which is consistent with

the monomeric structure of both proteins. It is of note

that even at pH 4.7, Ngb retains the ability to bind
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Fig. 6. Acid-induced release of heme by

Ngb (filled circles) and Mb (open circles). (A)

The acid-mediated denaturation was moni-

tored by the decrease in the Soret band as

a function of pH. Measurements were per-

formed in 5 mM citrate ⁄ borate ⁄ phosphate

buffer and 0.1 M NaCl, under equilibrium

conditions. (B) Absorbance spectra in the

Soret region of Mb at pH 8.0 and pH 2.0.
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Fig. 5. Urea-mediated denaturation of Ngb and Mb. The denatur-

ation of the proteins was monitored by recording the decrease in

the ellipticity at 222 nm in the far-UV CD spectra of the protein in

the presence of increasing concentrations of urea. The urea dena-

turation of the holo forms of Ngb (open circles) and Mb (open trian-

gles) was performed in 20 mM Tris ⁄ HCl and 0.15 M NaCl (pH 7.0),

and that of apoNgb (filled circles) was performed in 0.01 M HCl (pH

2.0). Data are expressed in terms of [h] ⁄ [h]0, where [h] is the mean

residue ellipticity at a given denaturant concentration, and [h]0 is

the mean residue ellipticity in the absence of denaturant.
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oxygen reversibly and, more importantly, it shows an

increase in oxygen affinity upon lowering of the pH

(oxygen tension at half-saturation at pH 4.7, 0.1 Torr).

Such pH-dependent changes in affinity are not

observed for Mb, which, at pH values lower than

� 5.0, starts to be denaturated and loses its oxygen-

binding ability [48]. In contrast, Ngb appears to be

better suited to maintain its functional features upon

acidification, being still capable of reversible oxygen

binding in a more acidic pH range than Mb. In previ-

ous studies, conducted on wild-type human Ngb and

some mutants, it has been shown that protonation of

the distal His64 in Ngb is responsible for the pH-depen-

dent changes in the oxygen affinity of this protein [10].

Discussion

Conformational stability of Ngb

In this study, the conformational properties of human

Ngb were analyzed under neutral and acidic pH condi-

tions by a variety of spectroscopic (i.e. CD, fluores-

cence and second-derivative UV absorption) and

biochemical (i.e. limited proteolysis and ligand bind-

ing) techniques, and compared with those of a classic

prototype for protein-folding studies, horse Mb. Spec-

troscopic measurements at pH 2.0 were performed on

the purified apo forms of Ngb and Mb, as the heme

group, under these conditions, would be released in

solution from the holoproteins and aggregate, reducing

the quality of spectroscopic measurements. Here, we

show that Ngb displays unusual acid stability as com-

pared with that of apoMb at low pH. The acid-

unfolded state adopted by apoMb at pH � 2.0 was

shown to be mostly unfolded, displaying a minimal

content (at most 5%) of helical secondary structure

[22,49–51]. NMR studies provided evidence that

apoMb at pH 2.0 has a highly dynamic conformation,

retaining local hydrophobic clusters and transient ele-

ments of secondary structure, in rapid equilibrium with

fully unfolded states [22,26,27]. This view of apoMb in

acid solution fits well with our spectroscopic and pro-

teolysis data, which indicate that apoMb at pH 2.0 is

mostly in a random coil conformation, lacks specific

tertiary interactions, and displays an extended confor-

mation with complete exposure of aromatic residues,

and therefore can be rapidly digested by a protease.

Conversely, at pH 2.0, apoNgb retains a helical sec-

ondary structure similar to that displayed at neutral

pH, as well as a compact and rigid conformation that

makes the protein markedly resistant to proteolytic

digestion.

A systematic analysis of the effect of acid on the

denaturation of 20 small monomeric proteins revealed

that the exposure of a protein to an acid solution can

induce a wide range of conformational changes, rang-

ing from complete unfolding to the maintenance of an

essentially native-like conformation [49–51]. Therefore,

apoMb and apoNgb are at the opposite extremes of

this range of acid-induced conformational change, with

apoMb being completely unfolded at pH 2.0, and apo-

Ngb showing essentially the same content of secondary

structure at both pH 7.0 and pH 2.0, as well as a

folded protein core with tertiary interactions. The con-

formational state adopted by Ngb at pH 2.0 shows

even greater resistance to urea-mediated unfolding

([urea]1 ⁄ 2 of 4.9 m) with respect to other acid-resistant

proteins ([urea]1 ⁄ 2 values ranging from 2 to 4 m) [51].

The acid resistance displayed by the Ngb fold, even

though it is observed with other proteins such as T4

and chicken lysozyme, ubiquitin, and b-lactoglobulin
[51], is particularly unusual among the globin family.

Indeed, a variety of globins from different species (i.e.

sperm whale, horse, tuna and human Mb, as well as

the b-subunit of human hemoglobin) were shown to be

largely unfolded at pH 2.0. Here, we have shown that

the acid stability of the Ngb fold must be ascribed to

the intrinsic stability of the apoprotein polypeptide

chain and is not dictated by the presence of the intra-

molecular Cys46–Cys55 disulfide bond. Indeed, Ngb

with reduced Cys residues was shown to maintain the

helical fold at pH 2.0 (Table 1).
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Numerous studies have indicated that globular pro-

teins can be denatured in acid by nonspecific electro-

static repulsions between residues that become

positively charged at low pH [49,51]. In addition, at

low pH, some specific interactions within the protein

fold, such as salt bridges, ion pairing, and hydrogen

bonds, can be influenced and ⁄or eliminated by proton-

ation of amino acid side chains. The amino acid

sequence of human Ngb, with respect to the acid-labile

horse and human Mbs, displays a high degree of sub-

stitution of charged amino acids by polar but

uncharged amino acids (in particular, Ser and Thr).

This feature is conserved in Ngbs from other species

(Fig. 8). These substitutions would reduce the number

of pH-sensitive ionizable groups in the polypeptide

chain of Ngb, while maintaining the overall polarity of

the protein. Therefore, we propose that the decrease in

the number of charged amino acids is a key determi-

nant of the acid resistance of the Ngb fold. An analo-

gous observation was earlier reported for the

acidophilic maltose–maltodextrin-binding protein from

the thermoacidophilic bacterium Alicyclobacillus acido-

caldarius, when compared with the corresponding

mesophilic protein [52].

It is of interest that, besides the unusual acid stability

demonstrated here, in a recent study Ngb was shown to

also possess high thermal stability, with a melting tem-

perature (Tm) of about 100 �C [53]. The unusual stab-

lity of Ngb to heat and protein denaturants parallels

that recently observed with thermoglobin, an oxygen-

binding hemoglobin isolated from the thermophilic

Aquifex aeolicus [54].

Functional stability of Ngb

The conformational stability of the apoNgb structure

in acid is in agreement with the enhanced functional

acid stability of the holoprotein. In fact, Ngb retains

the ability to bind both heme and oxygen in a more

acidic pH range than Mb. Furthermore, the oxygen

affinity of Ngb increases as the pH is decreased

(Fig. 7), because, at pH 4.7, the affinity is about

10-fold higher than that of Ngb and Mb at neutral pH

and more than 200 times higher than that of Hb at

neutral pH [55].

The heme retention capability in acid of most glo-

bins so far investigated appears to be lower than that

displayed by Ngb. The acid titration curves obtained

by following the decrease of the Soret band of penta-

coordinated globins, such as sperm whale and horse

Mb [47], porpoise Mb [56], seal Mb, and the b-sub-
unit of human Hb [57], show pH1 ⁄ 2 values ranging

from 4.2 to 4.5, whereas the pH1 ⁄ 2 displayed by Ngb

is 3.3 (Fig. 5A). It was recently shown that, at

slightly acidic pH values, substitution of the distal

His residue in Ngb shifts the heme ligation mech-

anism of Ngb towards that of typical pentacoordi-

nated globins [58,59]. In fact, absorption and Raman

spectra of ferric H64Q Ngb below pH 6.0 revealed

loss of the typical hexacoordinated His–Fe–His heme

environment and indicated the presence of an iron-

coordinated water molecule (His–Fe–H2O). On this

basis, we used the H64Q mutant of Ngb to test

whether the heme retention capability of Ngb in acid

was related to hexacoordination. The two hexacoordi-

nated globins, Ngb and Cygb, show identical heme

retention capabilities in acid (pH1 ⁄ 2 3.3), whereas the

H64Q mutant shows a pH1 ⁄ 2 close to that of Mb.

These data collectively suggest that the heme reten-

tion ability of Ngb in acid is dependent on hexacoor-

dination. This is in agreement with the fact that

hexacoordinated bis-histidyl ferric complexes are

much more stable than the pentacoordinated species

[60]. Furthermore, in deoxy-Ngb, protonation of

His64 implies rupture of the strongly stabilizing

His64–Fe bond, which is absent in deoxy-Mb and

which presumably lowers the pKa of His64 in Ngb

with respect to that of the corresponding residue in

Mb. Previous studies [10] have shown that the pH

dependence of oxygen affinity displayed by Ngb is

lost after substitution of His64, thus implying that

this residue is related to hexacoordination.
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Biological implications

Ngb shows enhanced acid resistance, in terms of both

protein fold and heme retention capability, to that of

other globins. The stability of Ngb is even higher

than that of sperm whale Mb, which has been shown

to be the most stable protein among mammalian Mbs

[47]. The stability of sperm whale Mb was proposed

to be the result of the need for globins from deep-

diving animals to be resistant to unfolding and heme

loss during sustained anaerobic ⁄acidosis conditions

resulting from prolonged dives. Similarly, it can be

proposed that the acid stability of Ngb is possibly

related to its neuroprotective role under conditions of

reduced oxygen availability, such as stroke [19]. Brain

intracellular and extracellular acidosis is an important

feature of cerebral ischemic–hypoxic conditions. The

neuronal pH decrease upon hypoxia is associated

with the switch to anaerobic glycolysis, which leads

to lactic acid accumulation and increased proton lib-

eration [61,62]. Although the degree of acidification is

heterogeneous among different brain areas, it has

been shown, that upon global and focal ischemia, the

intraneuronal pH may fall to 6.4–6.1, and, under

hyperglycemic conditions, it may reach 5.9 in neurons

and 5.3 in astrocytes [61,63]. It is of note that lactate

accumulation and cerebral acidosis also rapidly

appear and accompany the development of common

brain pathological conditions, such as Alzheimer’s

disease [64], traumatic brain injury and edema [65],

cerebral hemorrhage [66], and pneumococcal meningi-

tis [67], as well as solid tumor growth [68] and tissue

inflammation [69]. Taken together, these observations

seem to indicate that enhanced acid stability may be

required by Ngb in order for it to exert its brain pro-

tective role under a variety of conditions resulting in

neuronal cytosol acidification. However, the oxygen

affinity of Ngb below pH 7.0 is higher than that

observed with other globins, thus probably hampering

the release of oxygen by Ngb under conditions of

neuronal acidosis. Therefore, this observation is diffi-

cult to reconcile with the role of Ngb as an oxygen

supplier to the neuron under hypoxic conditions, and

prompts consideration of other mechanisms for the

neuroprotective action of Ngb [10,11,70,71]. It is

noteworthy that Ngb was shown to be involved in

the cellular detoxification of free radicals and reactive

oxygen ⁄nitrogen species that are produced under the

disease conditions listed above. Alternatively, Ngb

might be a redox thiol sensor involved in a cellular

signal transduction cascade, as well as a globin with

enzymatic activities [11,72,73]. At present, the role of

Ngb remains a matter of debate, and further studies

are required to elucidate its detailed mechanism of

action.

Experimental procedures

Materials

The expression and purification of human Ngb (UniProtKB

accession number: Q9NPG2) and its mutants C120S and

H64Q were performed as described previously [28]. Horse

Mb (UniProtKB accession number: P68082) and porcine

pepsin were obtained from Sigma, and the pepsin inhibitor

pepstatin was purchased from Fluka. ApoNgb and apoMb

were obtained from the corresponding holoproteins by

removal of heme by RP-HPLC. Briefly, the holoprotein was

loaded onto a C18 Vydac column (4.6 · 250 mm) eluted with

a linear gradient of water ⁄ acetonitrile, both containing

0.05% (v ⁄ v) trifluoroacetic acid, from 5 to 40% in 5 min and

from 40 to 60% in 25 min, at a flow rate of 0.8 mLÆmin)1.

The effluent was monitored by absorption measurements at

226 nm, and the fractions containing the protein were pooled

and then concentrated in a SpeedVac system (Savant). The

possible contamination of the apoprotein preparations by

holoproteins was assessed spectrophotometrically, and no

significant absorption was observed in the Soret region. In

experiments conducted with the holo form of Ngb, the wild-

type protein was used, whereas in those involving apoNgb,

the C120S mutant of Ngb was used. The Cys120 to Ser

replacement was made in order to avoid protein aggregation

processes of the apoprotein due to oxidation of the free –SH

group to an intermolecular disulfide bridge. A sample of

reduced apoNgb, with a disrupted Cys46–Cys55 bond, was

obtained by incubating the protein at 37 �C for 1 h in 50 mm

Tris ⁄HCl (pH 9.0), containing 6 m guanidinium hydrochlo-

ride and a 10-fold excess of tris(2-carboxyethyl)phosphine

per mole of Cys residue of apoNgb. Purification of the

reduced protein was achieved by RP-HPLC. The effective

tris(2-carboxyethyl)phosphine-mediated reduction of the

disulfide bond in apoNgb was confirmed by MS.

Spectroscopic measurements

CD spectra were recorded at 25 �Cwith a Jasco J-710 spectro-

polarimeter (Tokyo, Japan) equipped with a thermostatically

controlled cell holder. CD measurements in the far-UV and

near-UV regions were performed at protein concentrations of

0.1 mgÆmL)1 and 0.5 mgÆmL)1, respectively. A 1 mmor 5 mm

path-length quartz cell was used for far-UV and near-UV CD

measurements, respectively. The results were expressed as

mean residue ellipticity [h] (degÆcm2Ædmol)1). The percentage

content of a-helical structure in proteins was estimated from

far-UVCD spectra according to Scholtz et al. [29].

Fluorescence emission spectra were recorded at 25 �C
using a Perkin-Elmer model LS-50 spectrofluorimeter,
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utilizing a cuvette with a 1 cm path-length. Emission spec-

tra were recorded in the wavelength range from 285 to

500 nm, and excitation was performed at 280 nm.

The concentration of proteins was determined from their

UV absorbance at 280 nm [30], using a Perkin-Elmer

Lambda-20 spectrophotometer. All spectroscopic measure-

ments performed on Ngb and Mb (or the corresponding

apo forms) were conducted in 10 mm HCl (pH 2.0) or in

20 mm Tris ⁄HCl and 0.15 m NaCl (pH 7.0). Second-deriva-

tive UV absorption spectra were recorded at 25 �C at pH

2.0 or pH 7.0. The average exposure of Tyr residues to sol-

vent (a) was calculated according to Ragone et al. [31]. This

technique takes advantage of the fact that the a ⁄ b ratio r

depends on the polarity of the environment in which Tyr

residues are embedded. In detail, a is the difference in

d2A ⁄ dk2 between 287 nm and 283 nm, and b is the differ-

ence in d2A ⁄ dk2 between 295 nm and 290.5 nm. The value

of a was calculated with the equation a = (rn ) ra) ⁄
(ru ) ra), where rn and ru are the r-values determined for

the protein under nondenaturing (i.e. 20 mm Tris ⁄HCl, pH

7.0, 0.15 m NaCl or 10 mm HCl, pH 2.0) and denaturing

(i.e. pH 7.0 or pH 2.0, containing 6 m guanidinium hydro-

chloride) conditions, respectively; ra is the a ⁄ b value of a

mixture containing the same molar ratio of Trp and Tyr as

that found in the Ngb or Mb sequence, dissolved in ethyl-

ene glycol, a solvent that is thought to realistically mimic

the interior of the protein matrix.

Urea-mediated denaturation

The urea-mediated denaturation of Ngb and Mb was fol-

lowed by monitoring the ellipticity at 222 nm in the far-UV

CD spectra of the protein (0.01 mgÆmL)1), in the presence

of increasing concentrations of urea. A 1 cm path-length

cuvette (2 mL) was used for CD measurements. The protein

samples were incubated at the desired denaturant concen-

tration for 5 h at 25 �C in order to attain equilibrium.

Denaturation of holoNgb or holoMb was performed in

20 mm Tris ⁄HCl and 0.15 m NaCl (pH 7.0), and that of

apoNgb was performed in 10 mm HCl (pH 2.0).

Proteolysis experiments

Limited proteolysis of apoNgb or apoMb with pepsin

was performed at 25 �C with the proteins dissolved

(0.5 mgÆmL)1) in 10 mm HCl (pH 2.0), using an E ⁄ S of

1 : 100 (by weight). At time intervals, aliquots were taken

from the reaction mixture, and the proteolysis was stopped

by adding to the mixture the inhibitor pepstatin

(enzyme ⁄ inhibitor molar ratio of 1 : 5). The proteolysis

mixtures were then separated by RP-HPLC, using the

experimental conditions described above. The identity of

protein fragments was established by analyzing their exact

masses by ESI-MS, using a Micro Q-TOF mass spectro-

meter (Micromass, Manchester, UK), and comparing these

data with the masses calulated from the known amino acid

sequence of the protein.

Heme release

The acid denaturation of Mb, Ngb and H64Q mutant of

Ngb was followed by measuring the decrease in intensity

of the Soret band (Ngb, kmax of 412 nm; H64Q, kmax of

406 nm; Mb, kmax of 409 nm) in the absorption spectra of

the proteins, as a function of pH. Aliquots (2–25 lL) of

1 m HCl were added to a solution (3 mL) of the protein

(� 0.1 mgÆmL)1) in 5 mm citrate ⁄ borate ⁄phosphate buffer

(pH 8.0), containing 0.1 m NaCl. After 10 min of equilibra-

tion at 25 �C, spectra were recorded in the wavelength

range 300–600 nm.

Oxygen-binding experiments

Oxygen equilibrium curves for Ngb and Mb were obtained

at 25 �C in 4 lL (0.1 mm) protein samples in 0.1 m phos-

phate buffer, using a thin-layer equilibration chamber fed

by cascaded Wösthoff gas-mixing pumps, generating precise

mixtures of oxygen or air and ultrapure (> 99.998%) nitro-

gen, as described previously [32,33]. At each equilibration

step corresponding to a given oxygen tension, the absor-

bance was measured with a UV–visible Cary 50 Probe spec-

trophotometer equipped with optic fibers [10]. Protein

samples were allowed to equilibrate in phosphate buffer

overnight on ice before measurements of oxygen-binding

equilibria. For Ngb, an enzymatic reducing system [34] was

added immediately before each experiment, in order to keep

the iron atom in the ferrous oxidation state. Absorbance

spectra (380–680 nm) were recorded immediately after each

oxygen-binding step, to verify the absence of ferric heme.

Oxygen affinity and cooperativity were obtained from the

zero intercept and the slope, respectively, of Hill plots, given

by log partial oxygen pressure versus log[Y ⁄ (1 – Y)], where

Y indicates the fractional oxygen saturation.
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