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The Structure of Neuroglobin at High Xe and Kr Pressure Reveals
Partial Conservation of Globin Internal Cavities
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ABSTRACT Neuroglobin (Ngb) is a hexacoordinate globin expressed in the brain of vertebrates. Ferrous Ngb binds dioxygen
with high affinity and the O2 adduct is able to scavenge NO. Convincing in vitro and in vivo data indicate that Ngb is involved in
neuroprotection during hypoxia and ischemia. The 3D structure of Ngb reveals the presence of a wide internal cavity connecting
its heme active site with the bulk. To explore the role of this ‘‘tunnel’’ in the control of ligand binding, we determined the structure of
metNgb and NgbCO equilibrated with Xe or Kr. We show four docking sites for Xe (only two for Kr); two of the four Xe sites are
within the large cavity. They are only partially conserved in globins, since the two proximal Xe sites identified in myoglobin (Xe1
and Xe2) are absent in Ngb, as well as in cytoglobin. The Xe docking sites in Ngb map a pathway within the protein matrix,
leading to the heme, which becomes more accessible in the ligand-bound species. This may be of significance in connection
with the redox chemistry that may be the primary function of this hexacoordinate globin.
INTRODUCTION

During the last decade, several new members of the globin

superfamily have been discovered, including neuroglobin

(Ngb), cytoglobin (Cygb), globin E (GbE, eye-specific in

chickens), and globin X (GbX, in fish and amphibians) (1–5).

Since both Cygb and Ngb are intracellular and expressed at

low concentrations, there was considerable interest in under-

standing their physiological role.

In the case of Ngb, which is expressed in the brain, in vivo

studies have shown that it counteracts the damage due to

hypoxic states, such as stroke and ischemia, since 1), its

expression in neurons is upregulated under hypoxia; and

2), its overexpression reduces the extent of tissue damage

after experimental stroke in rats (6–8). The mechanism un-

derlying Ngb-mediated neuroprotection is still under debate,

however, as is its function under normoxic conditions. It

has been proposed that Ngb promotes O2 supply to mito-

chondria (9). Ngb indeed binds O2 reversibly with high

affinity (P1/2 z 2 torr (1,10)), and therefore, in normoxic

cells, Ngb should be present in the oxygen-bound form

(oxyNgb), although its in vivo concentration in the micro-

mole range seems hardly compatible with O2 transport alone.

During hypoxia, the population of deoxy ferrous Ngb, which

was shown in vitro to reduce cytochrome c (Cyt-c) (11),

increases. Since the release of oxidized Cyt-c into the cytosol

is a proapoptotic signal, reduction of Cyt-c may prevent

apoptosis (12). Moreover, hypoxia is associated with an

increase in NO and related radicals; in vitro, oxyNgb and ni-

trosyl-Ngb have been shown to scavenge these radicals,

yielding harmless species and metNgb (13,14).

The transition to the unbound state makes (ferrous and

ferric) Ngb competent for binding the a-subunit of heterotri-
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meric G-proteins (15,16), possibly through the structural

transition observed upon ligation in the CO bound structure

(17,18). In summary, given the scavenging activity and the

reduction of Cyt-c, the primary role of Ngb may be as an

NO/O2 sensor that regulates apoptotic pathways and, by

interacting with G proteins, induces signaling of hypoxia

and activation of defense mechanisms in neurons and retinal

cells (12,19).

Ngb and Cygb share little amino acid sequence similarity

with vertebrate myoglobins and hemoglobins (~25%) (1–3);

nevertheless, they adopt the typical globin fold (20,21).

Three remarkable peculiarities of Ngb can be pointed out:

1), the ferric and ferrous heme iron are both hexacoordinate,

with the distal His(E7) and the proximal His(F8) directly

bound to the metal; 2), a wide, branched cavity (~300 Å3)

connecting the heme pocket with the solvent is present in

the core structure; and 3), binding of CO to ferrous Ngb is

associated with 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 (17). Extensive kinetic data

(22–26) have clarified the relevance of the endogenous hexa-

coordination for Ngb reactions. This feature requires that

binding of external ligands (e.g., O2) to the heme iron can

only occur upon rupture of the bond with His(E7). It implies

equilibrium between hexa- and pentacoordinate states, which

limits the ligand-binding rate. Moreover, bis-histidyl coordi-

nation enhances the rate of electron transfer to or from the

heme iron (27), consistent with a role of Ngb in redox reac-

tions such as in vitro NO scavenging (13) and Cyt-c reduc-

tion (11).

On the other hand, the functional role of the huge internal

cavity has not been investigated in an equally exhaustive

manner. This tunnel extends around the heme with two

branches, connecting the distal and proximal heme pockets

with the bulk. It has been shown that structural rearrangements
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coupled with CO binding affect the topology of this cavity.

The distal branch is enlarged and the proximal branch drasti-

cally reduced, suggesting that the wide cavity may be neces-

sary to accommodate the heme during the ligand-linked

sliding motion (17,18). Molecular dynamics (MD) simula-

tions also highlight some similarities between this large cavity

and the four Xe binding sites of sperm whale myoglobin

(swMb) (28).

Crystallographic studies of photodissociated intermediates

of wild-type (wt) and mutant Mb (29–31) have shown that

these Xe binding cavities play a role as transient docking

sites for heme ligands, providing a structural interpretation

for geminate rebinding kinetics (32). These results convey

the general picture that internal cavities of Mb are involved

in regulating the diffusion dynamics of small gaseous ligands

through the protein matrix (32–34).

Four Xe binding sites also have been recently observed in

Cygb (35), a vertebrate globin that shares with Ngb two

structural peculiarities: endogenous hexacoordination and

a large internal cavity. It seems unlikely that packing defects,

which imply a relevant offset in terms of thermodynamic

stability, would be conserved during evolution without ful-

filling a functional requirement. Therefore, the large cavities

found in Ngb and Cygb could play a similar role with respect

to Mb Xe sites, possibly sharing a common origin.

We have investigated the large branched cavity of Ngb to

better pin down its similarities with, as well as how it differs

from, those characterized in Mb and Cygb. We determined

the structure of metNgb after derivatization with Xe and

Kr to identify internal hydrophobic niches compatible with

the size of gaseous heme ligands (NO, O2, and CO). The

crystal structure of oxidized murine Ngb(FeIII) (metNgb)

and reduced carbonmonoxy Ngb(FeII) (NgbCO) showed

four Xe docking sites that only partially correlate with the

Xe sites of Mb and Cygb (28,35). Comparison of the

sequences and the Xe-bound structures of Ngb, Cygb, and

Mb allowed us to elucidate how far these hydrophobic niches

are conserved in these monomeric globins. We believe that

the tunnel may be a pathway for gaseous ligands to enter

into the protein matrix, providing an alternative to the clas-

sical ‘‘histidine gate’’ (32,36,37) and possibly having signif-

icance with reference to the hexacoordinate configuration of

the heme in Ngb and Cygb.

MATERIALS AND METHODS

Ngb purification, crystallization, and derivatization

Expression, purification, and crystallization of recombinant metNgb were

carried out as described in Arcovito et al. (38). To allow Xe diffusion and

docking within the protein matrix, both metNgb and NgbCO crystals in their

own cryoprotectant solutions were incubated in a pressure chamber (Xcell,

Oxford Cryosystems, Oxford, United Kingdom) at 20 bar Xe for 20 min.

Kr derivatization was carried out in the BESSY-MX sample preparation

lab, where metNgb crystals were exposed to 40 bar Kr for 52 min in a Hampton

Research (Aliso Viejo, CA) xenon chamber. After incubation, all the crystals

were frozen in liquid N2. To prepare the NgbCO derivative, metNgb crystals
were transferred into a glass slide filled with mother liquor, which contained

25% glycerol as cryoprotectant and 4 mM sodium dithionite that had been

previously purged with N2, to achieve reduction of the heme iron. The reduced

crystals were then soaked in the same solution, which contained 1 mM CO to

allow binding. As previously observed (17), CO binding to Ngb determines

deterioration, and eventually loss, of crystal order, which could be due to

the rearrangements observed in the CO structure. Nevertheless, the crystals

were good enough to describe and analyze Xe atom positions. Crystallization

of Ngb in the CO state (which has been unsuccessful) will make it possible to

clarify whether the transition upon ligand binding exceeds that observed to

date; nevertheless, we know, from MD simulations in solution and in crystals,

that the only conformational change involved in crystal disorder may be thus

related to the motion of the CD loop on the surface (18).

However, NgbCO crystals are stable for 4–6 h, thus allowing incubation

in the pressure chamber and freezing with N2(l). This procedure, involving

three soakings in sequence (in dithionite, CO, and Xe), leads to some loss

of crystal order, as inferred from the increased mosaicity and a reduced

diffraction limit, with respect to untreated metNgb crystals (see Table S1

in the Supporting Material). Furthermore, it was impossible to fully occupy

the CO binding site of Ngb after Xe derivatization. The best result we ob-

tained was a CO occupancy of 83% (slightly lower than previously

observed, i.e., 90% (17)). We attribute this result to the fragility of NgbCO

crystals, although we cannot exclude the possibility that exposure to high Xe

pressure may cause CO dissociation and promote iron oxidation.

Data collection and structure determination

X-ray diffraction data sets were all collected at 100 K, at three different

synchrotron sources: metNgb-Xe at the European Synchrotron Radiation

Facility, beamline ID14.2 (Grenoble, France; detector ADSC Quantum 4,

x-ray wavelength 0. 933 Å); NgbCO-Xe at Elettra, beamline XRD1 (Trieste,

Italy; detector MAR165, x-ray wavelength 1.20025 Å); and metNgb-Kr at

the BESSY, BL14.1 (Berlin, Germany; detector MX225, x-ray wavelength

0.86437 Å, corresponding to the Kr k-edge).

All crystals were isomorphous with those previously measured (17,21).

Data for metNgb-Xe and NgbCO-Xe were indexed, integrated, and scaled

using the programs DENZO and SCALEPACK (39) or MOSFLM and

SCALA (40). The CCP4 program suite (41) was used for subsequent data

evaluation and structure refinement (Table S1).

The processing of metNgb-Kr data was carried out using XDS and

XSCALE programs (42). After anomalous scaling, preliminary analysis of

the anomalous difference Fourier map indicates the presence of two Kr

atoms per Ngb molecule. Model refinement was carried out on data without

anomalous contributions, taking into account the presence of two Kr atoms

per molecule.

Initial phases were derived from the deposited structures of Ngb and

NgbCO (17,21). The models were subjected to iterative rounds of refinement

and model building. Refinement was carried out with Refmac5 in CCP4

(43), followed by model adjustment and water addition with COOT (44).

Final cycles of refinement were carried out using TLS refinement as imple-

mented in Refmac5 (45).

Noble gas atoms were added to the models after refinement of the protein

model, in positions corresponding to positive electron density peaks. Kr

atoms were assigned based on the anomalous difference Fourier map. To

assign an electron density peak to a Xe atom, before modeling it, we

inspected the Fo-Fc difference map using a cutoff of 6s. Xe and Kr occupan-

cies were refined, starting from a value of 100% and decreasing the occu-

pancy until there were no residuals in the difference maps and their B-factors

were in the same range as those of the protein atoms. The quality of the final

model was analyzed by using PROCHECK (46).

The final models do not contain amino acids 1, 2, and 151. NgbCO�Xe

structure lacks also residues Asp149 and Gly150; in this model, Arg3 is refined

as Ala, since the corresponding electron density shows no side chain. The N-

and C-terminal regions, as well as the CD and EF corners, are more mobile

than the rest of the structure, showing higher values of B factors, as already

reported (38). Superposition and structure alignment of main chains between
Biophysical Journal 97(6) 1700–1708
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FIGURE 1 Xenon and krypton binding to Ngb. (A)

Stereo view of Ngb, showing the location of the four Xe

atoms and the two Kr atoms represented as spheres.

a-Helices are labeled according to the globin fold nomen-

clature. The shape and position of the main tunnel, con-

nected with the bulk, and its distal branch were calculated

using CAVER (46). (B) The XeIII and XeIV atoms in the

main cavity, limited by the heme and neighboring side

chains, are shown. The electron density for XeIII and

XeIV atoms is depicted (2Fo-Fc map, contoured at 1.8s).
mNgb�Xe, hCygb�Xe, swMb�Xe, and Hb from antarctic fishes were carried

out by means of an incremental combinatorial extension (CE) method (47).

To facilitate comparison with previously published data on swMb and

human Cygb (28,35), we chose the same numbering for sites located in

the same topological positions and labeled with roman numerals the Xe

and Kr atoms bound to Ngb.

The protein cavity represented in Fig. 1 A was created using the program

CAVER (48). All the figures, with the exception of one (see Fig.3 A) were

drawn using PyMol (49).

Coordinates were deposited at the Protein Data Bank (www.rcsb.org)

with accession numbers 3GK9, 3GKT, and 3GLN for metNgb-Xe,

metNgb-Kr, and NgbCO-Xe, respectively.

RESULTS

Xenon and krypton binding to metNgb

We determined the crystal structure of metNgb derivatized

with either Xe or Kr at 1.8 Å and 1.9 Å resolution, respec-

tively (Ngb-Xe and Ngb-Kr; see Table S1). Since binding

of Xe to internal packing defects may be limited by its radius

of 2.16 Å, we decided to use Kr as an additional probe, given

its smaller van der Waals radius of 2.02 Å. Electron density

maps show the presence of four Xe atoms in metNgb, which

we numbered XeI–XeIV (Fig. 1 A). On the other hand, we

detected only two Kr binding sites, called KrII and KrI

(equivalent to XeII and XeIII in Fig. 1 A). Since at low occu-

pancy Kr atoms can hardly be distinguished from H2O, we

used the Kr anomalous signal for its unambiguous identifica-

tion. The data show that Kr derivatization identifies no alter-

native hydrophobic pockets in addition to those mapped with

Xe. However, we cannot exclude that mobility of Kr in cavi-

ties may prevent its detection by x-ray diffraction.

The XeI atom is on the external Ngb surface at the interface

between two symmetry-related molecules; this site hosts two

alternative positions for XeI, each with partial occupancy.

Biophysical Journal 97(6) 1700–1708
XeII and KrII are both placed near the interface with

a symmetry-related molecule in a small breach accessible

to the solvent (Fig. 1 A); the distance between XeII and the

heme iron is 13.3 Å. Moreover, XeII is in contact with the

conserved Cys55 that in human Ngb is involved in a function-

ally relevant disulphide bond (24).

Xe atoms in positions III and IV are hosted in two adjacent

hydrophobic niches located inside the large internal cavity

(Fig. 1, A and B). 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 (21). The distance

between XeIII and the heme vinyl of pyrrole C is 6.38 Å.

This pocket displays the highest occupancy for both Xe

and Kr, hosting KrI with 47% occupancy and two XeIII

atoms in alternative positions (XeIII a/b), which together

account for an occupancy of 80% (Table 1).

XeIV is the closest to the iron and is located in the distal

branch of the large cavity, between XeIII and the heme. After

refinement, the XeIV occupancy was only 38%, possibly due

to proximity to the heme, which is known to occur in two

conformers called A and B (ratio 70:30) (21,50). Indeed,

in the B conformer, the porphyrin vinyl group of pyrrole B

introduces some steric hindrance that may interfere with

Xe docking given their short distance (2.56 Å).

As shown in Fig. 1 A, XeIII and XeIV seem to define a

path inside the Ngb large cavity, which connects the protein

surface to the heme distal site.

There is no evidence for binding of Xe or Kr on the prox-

imal heme side of metNgb, similar to the case of Cygb (35).

Xenon binding in NgbCO

Ligand binding to ferrous Ngb promotes heme sliding in

a preformed pocket, which in metNgb is occupied by F106

http://www.rcsb.org
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TABLE 1 Distances between noble gas atoms and protein atoms

Xe atom

Occupancy

(%) B-factor (Å2) Neighbor amino acid

Distance

(Å)

Ngb�Xe distances

XeI a/b 40/15 20/19 D63-Cb 4.84

K67-C3 3.91

XeII 48 14.8 T25-CO 4.78

F28-Cb 4.26

F32-Cd2 3.69

P52-Cb 4.67

S56-Og 3.33

L56-Cd2 4.37

F61-C32 4.21

XeIII a/b 45/35 16.2/13.2 I72-Cg1 4.40

A75-Cb 4.54

L113-Cd2 4.35

W133-Cz3 4.55

Y137-Cd1 3.97

V140-Cg2 3.88

XeIV 38 18.7 L27-Cd1 4.41

V68-Cg1 4.22

I72-Cd 3.56

V109-Cg1 3.99

L113-Cd2 4.36

Y137-C31 3.81

Ngb�Kr distances

Kr1 47 43.2 L36- Cd 3.95

I72�Cg2 3.87

W133-Cz 4.03

Y137-Cd1 4.21

V140-Cg2 4.08

Kr2 32 41.6 A29-Ca 3.72

F32-Cd2 3.53

L56-Cd2 3.31

F61-C32 4.06

NgbCO�Xe distances

XeI a/b 40/40 61.1 K67-Cg 4.39

L72-Cd2 4.19

V71-Cg2 3.88

Y88-OH 3.56

XeII 40 40.8 F28-Cb 4.27

A29-Cb 3.48

F32-Cd1 3.69

S55-Og 3.30

L56-Cd2 3.12

F61-C32 4.15

XeIIIa/b 53/25 29.4/20.8 I72-Cg2 4.53

A75-Cb 4.71

L113-Cd2 4.25

W133-Cz3 4.60

L136-Cd2 4.37

Y137-Cd1 4.01

V148-Cg2 3.77

XeIV 40 26.8 L27-Cd1 4.36

V68-Cg1 4.16

I72-Cd1 4.36

V109-Cg1 3.72

L113-Cd2 4.65

Y137-C31 4.14

hemeA, vynil pyrrole B 4.06

Distances between noble gas atoms and protein atoms are reported for the

metNgb-Xe model, metNgb-Kr model, and NgbCO-Xe model. We list

only distances <5.0 Å.
and is part of the large tunnel; as a result, the heme sliding

obliterates the tunnel proximal branch and enlarges the distal

branch, inducing a shift in the F helix and a rearrangement in

the CD corner, E helix, and EF loop (17,18).

To investigate whether this transition affects Xe docking,

we exposed NgbCO crystals to Xe. In the dataset of higher

quality, Ngb was not fully saturated with CO (83%), possibly

due to the fact that the procedures to obtain NgbCO�Xe crys-

tals required three soakings in sequence. To date, there is no

other way to produce a CO-bound Ngb crystal, and we had to

compromise. The presence of some ligand-free hexacoordi-

nate Ngb introduces a significant heterogeneity in the struc-

ture, mainly in the position of the heme and nearby residues.

Nevertheless electron density maps clearly show the pres-

ence of four Xe atoms that occupy the same binding pockets

observed for metNgb, with the exception of XeI, which is

still at the interface between two symmetry-related mole-

cules but in a different position. The occupancy of the four

Xe sites is slightly decreased, with the exception of XeIV,

which is marginally increased (from 38% to 40%; Table

1). It is, however, significant that after CO binding, the

distance between the Fe and XeIV decreases from 9.06 Å

(metNgb) to 6.97 Å.

Unlike the metNgb�Xe structure, in NgbCO the XeII atom

displays a B factor higher than that of the other sites (see

Table 1), without significant differences in the orientation

of the side chains forming this niche.

We noticed (Fig. 2) some electron density between CO

and the XeIV atom, which we could not satisfactorily refine

as a water molecule. It may be accounted for by a small frac-

tion of photodissociated CO, which we know to occur due to

FIGURE 2 Xenon binding in the distal heme pocket of CO-Ngb electron

density map in the XeIV niche, for the carbonmonoxy-Ngb�Xe structure

(2Fo-Fc map, contoured at 1.7s). XeIV is depicted as a sphere. The Fo-Fc

map at 3.3s is also displayed in green, showing an unmodeled positive elec-

tron density, which may be due to a small fraction of photodissociated CO

(see Results).
Biophysical Journal 97(6) 1700–1708
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FIGURE 3 Structural superposition of Ngb�Xe with

swMb�Xe and hCygb�Xe. (A) Structure-based sequence

alignments were performed using CE (46). Sequences are

reported with their relative PDB code (1UX9 for Cygb�Xe;

1Q1F for Ngb; and 1MBN for swMb), and the a-helices are

labeled according to the globin fold topology rules. Amino

acids that form a xenon site are color coded green (Xe1),

magenta (Xe2), red (Xe3 and XeIII), and blue (Xe4 and

XeIV). Amino acids that participate at two sites are treated

with the same color code but have an asterisk above them.

The alignments show that some residues belonging to the

NgbXeIII site (red; I72, A75, L113, W133, and V140) or

the NgbXeIV site (blue; L27, V68, V109, and L113) are

conserved or have the same chemical nature with respect

to the amino acids that form the Xe sites of Cygb and/or

Mb. We enclose these residues in yellow boxes, also indi-

cating their position in Ngb. (B) Comparison of the Xe

atom positions in Ngb (blue), Cygb (yellow), and Mb

(red) after superposition of the protein main chain only.

The Xe atoms are represented as spheres. Cygb and the

heme group of Mb are not shown. Distances between Xe

atoms are reported in Table 2. Xe proximal sites are present

only in Mb.
x-ray radiation breakage of the Fe-CO bond, as recently seen

(38) by x-ray absorption near-edge spectroscopy.

In summary, from the experiment on NgbCO, we

conclude that Xe docking is not affected by the structural re-

arrangements coupled to ligand binding. Remarkably, after

heme sliding, the CO bound to the heme is located in front

of XeIV at a distance of 6.97 Å. This location of XeIV

with respect to the bound ligand could be functionally rele-

vant; we speculate that in oxyNgb, a second ligand (e.g.,

NO (13)), either already docked in the XeIV site or incoming

through the distal branch of the tunnel, would be positioned

favorably for reacting with the O2 bound to the iron.

Structural superposition and sequence
alignments with Mb and Cygb

The structure of metMb from sperm whale was shown to

contain four Xe atoms that occupy preexisting cavities

(28). Some of these are closer to the heme pocket: Xe1

and Xe2 on the proximal heme side, and Xe4 on the distal

side. By using the same approach, de Sanctis et al. (35)

recently analyzed the human Cygb structure, identifying

four Xe atoms per molecule. It was surprising to find that

in Cygb there are no proximal Xe binding sites like those

Biophysical Journal 97(6) 1700–1708
found in Mb (Xe1 and Xe2), similar to our observations

for Ngb.

To elucidate similarities and differences among Ngb,

Cygb, and Mb, we used CE (47) for superposition of the

structures in complex with Xe, and for calculation of a struc-

ture-based multiple sequence alignment. Sequence align-

ment (Fig. 3 A) shows that all these pockets are coated by

residues belonging to the same secondary structure elements,

analogous in their polarity and structurally aligned or fully

conserved in some positions (see boxes 72, 113, 133, and

137 in Fig. 3 A). Indeed, we notice a remarkable conserva-

tion for the amino acids coating pockets MbXe4, NgbXeIV

(blue) and CygbXe1 (and, partially, CygbXe4; see boxes 27,

68, 109, and 113 in Fig. 3).

The root mean-squared deviation (RMSD) between Ca

positions was, respectively, 1.7 Å and 2.0 Å for Ngb versus

Cygb and Ngb versus Mb. The number of structurally equiv-

alent residues was 141 for Ngb versus Cygb and 136 for Ngb

versus Mb. The optimized structural superposition of Ngb

and Cygb shows that NgbXeIII is close to CygbXe3 and

CygbXe2 (see Table 2), and their positions appear by and

large equivalent (see Fig. 3 B). The Xe atoms in Cygb

(Xe1, Xe2, and Xe3) and Ngb (XeIII and XeIV) all map in

the large tunnel, but overlap only partially. Moreover, the
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comparison with Mb shows that NgbXeIII and XeIV have

roughly similar but not identical positions compared to

MbXe3 and MbXe4, respectively (see Fig.2 B). The

NgbXeIV site is located between two different Mb sites

(see Fig. 3 B and Table 2), i.e., MbXe2 and MbXe4 (at

distances of 5.01 Å and 5.89 Å, respectively). On the other

hand, it has been reported that the MbXe4 site is coincident

with CygbXe1 (35).

Using CE, we compared the structures of Hb b-chains

from the antarctic fishes T. newnesii and T. bernacchii
(HbTn-b and HbTb-b, respectively (51,52)) with both

Ngb�Xe and Mb�Xe, to clarify whether the peculiar cavity

pattern of Ngb is correlated with hexacoordination. The

RMSD for each alignment was in the same range as for

the structural alignment of Ngb versus Mb, and the resulting

sequence identity was low (RMSDs of 1.8 Å2 for Ngb versus

HbTn-b, 2.1 Å2 for Ngb versus HbTb-b, 1.6 Å2 for HbTn-

b versus Mb, and 1.7 Å2 HbTb-b versus Mb; sequence iden-

tity of 20.1% for Ngb versus HbTn-b, 18.7% for Ngb versus

HbTb-b, 21.1% for Mb versus HbTn-b, and 22.1% for Mb

versus HbTb-b).

In both HbTn-b and HbTb-b, we observed that Xe atoms

docked internally to Ngb (NgbXeIII and XeIV) cannot be

positioned in these fish Hb b-chains without collision with

protein atoms. On the other hand, when we superposed Mb

in complex with xenon onto HbTn-b and HbTb-b, the atoms

MbXe2, MbXe3, and MbXe4 could be accommodated

without hindrance, whereas there was no space for the prox-

imal MbXe1 because of amino acid substitutions that cancel

this pocket in Mb.

In summary, this comparison indicates that 1), in analogy

with Cygb, the large inner cavity in Ngb, coated by hydro-

phobic residues, is able to host noble gases; 2), NgbXeIII

displays a topology fairly similar with respect to the Xe3

sites in Cygb and Mb; 3), the NgbXeIV site shares similar

residues with MbXe4 and CygbXe1, but its topological loca-

TABLE 2 Distances among xenon sites after superposition

Ngb Xe and swMb Xe atoms

Ngb�Xe atom swMb�Xe atom Distance (Å)

XeIII Xe2 5.51

Xe3 4.95

XeIV Xe2 5.01

Xe4 5.89

Ngb Xe and hCygb Xe atoms

Ngb�Xe atom hCygb�Xe atom Distance (Å)

XeIII Xe2 4.03

Xe3 2.03

XeIV Xe1 5.45

Xe2 4.66

Xe3 4.75

Xe4 5.84

Distances of Ngb XeIII and XeIV atoms with respect to Xe positions in Mb

and Cygb. The superposition of protein structures was carried out using

CE (46).
tion is peculiar; 4), the MbXe1 and MbXe2 on the proximal

side of the heme are absent in Ngb, as well as in Cygb (35).

DISCUSSION

Mb and Cygb form a common branch within the tree of

vertebrate globins. Ngb instead belongs to a different lineage

that diverged 700 million years ago, before the split of Pro-

tostomia and Deuterostomia, and includes annelid nerve Mb

and Chordata hemoglobins (Hbs) (5). Nevertheless, despite

low sequence homology (1–3) Mb, Cygb, and Ngb share

the typical globin fold.

Within the framework of the classical globin fold, Ngb

and Cygb share two peculiar structural features, i.e., an

endogenous hexacoordination with the distal His(E7), which

regulates ligand binding (22,23) and promotes electron

transfer rates (27); and a wide, branched cavity (~300 Å),

connecting the heme proximal and distal pockets with the

exterior (20,21).

In Mb, the four Xe binding cavities, with volumes ranging

from 50 to 80 Å3 (28), were reported to regulate the internal

dynamics of small gaseous ligands (i.e., O2, CO, and NO).

These cavities are supposed to facilitate protein motions

and side-chain conformational changes involved in the gated

migration of ligands through the protein matrix (32,33).

Ligand docking within, and hopping between, Mb cavities

is one of the factors controlling the rate of geminate rebind-

ing, which involves rapid intramolecular diffusion to the

heme after photodissociation (34). These findings suggest

that the Mb cavities have been conserved, despite their ther-

modynamic cost, because they fulfill a role in the protein

dynamics and in the control of ligand binding (33).

Why do Ngb and Cygb maintain a large internal cavity

that exceeds the sum of the packing defects in Mb, and

does the cavity have a functional role?

In the case of Ngb, MD simulations and crystallography

(17,18) suggest that the huge cavity provides space for the

rapid (~90-ns) heme sliding motion coupled to CO binding,

thus accounting for the similar thermodynamic stability of

the met and CO-bound states. This transition is associated

with the shift of helix F, which, together with H64 rotation

(18), determines the repositioning of CD and EF loops

upon ligand binding. Since the CD-D region of Ngb, espe-

cially residues Glu51 and Glu60, is responsible for Ngb

binding to the regulatory Ga subunit of heterotrimeric

Gabg proteins, the heme-linked structural rearrangement

may regulate this interaction (15,19). We suggest that the

presence of a wide cavity facilitates the signaling activity

of Ngb by fast ligand-linked conformational changes.

Our results show that the wide Ngb tunnel contains two

hydrophobic pockets that bind noble gases, called XeIII

(KrI) and XeIV. The positions of these pockets suggest

that they may play a role as ligand docking sites, in analogy

with the function of Xe sites in Mb. Based on structure super-

position and sequence alignment, we note the presence of
Biophysical Journal 97(6) 1700–1708
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residue conservation and a similar topology between

MbXe4, CygbXe1, and NgbXeIV. Indeed, they are all on

the distal heme side, a location favorable for ligand docking

on its way onto and off the iron. Therefore, a photodissoci-

ated ligand might temporarily occupy a niche on the distal

side (NgbXeIV, MbXe4, and CygbXe1), and eventually

diffuse either back toward the heme iron or farther away.

The pathway, however, is clearly different for the three

proteins. In Mb the ligand diffuses from the distal primary

docking site into MbXe4, populating the proximal cavities

MbXe2 and MbXe3 and finally ending in the proximal

side MbXe1 (see Fig. 3 B). The description of this complex

route is due mainly to time-resolved crystallography experi-

ments and confirmed by MD simulations (53–56). However,

because the proximal cavities are absent in Ngb and Cygb,

the most likely pathway for ligand diffusion is from the distal

NgbXeIV niche toward the solvent via the NgbXeIII pocket,

which exhibits an affinity for nonionic gases, and through the

tunnel into the solvent.

As a consequence of the heme sliding associated with

binding of CO to ferrous Ngb, the NgbXeIV niche is closer

to the CO-bound iron, and it directly faces the bound Xe

(Fig. 2). We speculate that this configuration may be a

component of the high reactivity of oxyNgb with NO (13),

if the latter was momentarily trapped in the matrix and

possibly docked in the XeIV site.

Finally, Fourier transform infrared spectroscopy, tempera-

ture derivative spectroscopy, and kinetic analyses of photo-

lyzed NgbCO showed the presence of multiple ligand

docking sites in the distal heme pocket and a very fast rate

for geminate rebinding (57). In our opinion, the XeIII and

XeIV pockets, which are located inside the tunnel and are

directly connected to the heme by a wide empty space,

may be compatible with the docking and kinetics shown in

these experiments.

In line with a popular hypothesis, we assume that these

sites are part of a pathway for ligands through the protein

matrix connecting the heme iron to the exterior via the tunnel

gate, which may be either complementary or alternative to

the classical ‘‘histidine gate’’ (32,36,37). A similar view-

point has been proposed for the apolar channels typical of

group I truncated globins, namely M. tuberculosis HbN

(58) and others (59). Moreover, in the mini-Hb from C. lac-
teus, the apolar tunnel is the major pathway for ligand entry

and exit; kinetic, structural, and mutational analysis showed

that this pathway accounts for the ligand association and

dissociation rates, and for geminate kinetics (60).

One might speculate that the cavity found in Ngb could

allow the entry of bulky ligands, in analogy to the behavior

of Vitreoscilla Hb, which displays binding of cyclopropa-

nated phospholipids and hydroperoxide reductase activity

(61). Nevertheless, to our knowledge, no lipid binding by

Ngb has yet been shown.

Concerning the conservation of cavities among globins,

previous crystallographic data suggested that the Ngb tunnel
Biophysical Journal 97(6) 1700–1708
partially overlaps the MbXe sites (21). Moreover, MD simu-

lations exploring fluctuations of the Ngb internal space

pointed out some correspondence between the MbXe sites

and the Ngb packing defects due to the presence of the

wide tunnel (18).

The idea that the Ngb tunnel is evolutionarily related to

a subset of Mb cavities is supported by our comparative anal-

ysis, which shows that some of the Xe docking sites are

common to Mb, Cygb, and Ngb. These are lined by partially

or totally conserved residues belonging to the same sec-

ondary structure elements in all three proteins (see Fig. 3 A)

and are mostly characterized by apolar side chains. On the

other hand, especially for NgbXeIV, they do not coincide

exactly after superposition (distances reported in Table 2);

more significantly, both Ngb and Cygb lack the proximal

docking sites detected in Mb (Xe1 and Xe2; see Fig. 3 B),

as well as HbA (62).

We compared the hexacoordinated b-chains of antarctic

fish Hbs with Ngb-Xe and Mb-Xe and concluded that in

this case, the pattern of internal cavities is very different

with respect to Ngb, despite the common trait of heme iron

hexacoordination. The possible docking sites in b-chains

of antarctic fishes seem more compatible with the sites

described for Mb and HbA b chains (62).

In conclusion, we believe that, starting from a common

ancestral precursor, packing defects evolved into a discrete

cavity network in Mb, or in a unique huge cavity endowed

with distal and proximal branches in Ngb and Cygb. Indeed,

Cygb and Ngb share with Mb the presence of hydrophobic

pockets that are partially similar in topology. At variance

with Mb, however, these pockets are internal to the tunnel,

and none is observed in the proximal heme site.

If the tunnel indeed provides a passageway from the

solvent to the distal heme site, such a different configuration

may be correlated with endogenous hexacoordination with

His(E7), which enhances redox reactivity by reducing the

reorganization energy term at the heme level (27,38), but

also represents a barrier to ligand binding. In the presence

of endogenous hexacoordination, the Ngb and Cygb tunnel

would facilitate ligand access to the sixth coordination posi-

tion and also provide a reaction chamber for catalysis and

radical scavenging, which are suggested to be early functions

of globins with respect to the more recent adaptation for O2

storage and delivery.
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