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Summary
Neuroglobin, mainly expressed in vertebrate brain and
retina, is a recently identified member of the globin
superfamily. Augmenting O2 supply, neuroglobin promotes survival of neurons upon hypoxic injury, potentially limiting brain damage. In the absence of exogenous ligands, neuroglobin displays a hexacoordinated
heme. O2 and CO bind to the heme iron, displacing the
endogenous HisE7 heme distal ligand. Hexacoordinated human neuroglobin displays a classical globin
fold adapted to host the reversible bis-histidyl heme
complex and an elongated protein matrix cavity, held
to facilitate O2 diffusion to the heme. The neuroglobin
structure suggests that the classical globin fold is endowed with striking adaptability, indicating that hemoglobin and myoglobin are just two examples within
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a wide and functionally diversified protein homology
superfamily.

Introduction
Globins are small respiratory proteins that reversibly
bind O2 by means of an iron-containing porphyrin ring.
Globin-like proteins have been identified in bacteria,
plants, fungi, and animals (Hardison, 1996, 1998). Most
globins are held to sustain O2 supply to the aerobic
metabolism of the respiratory chain (Wittenberg, 1992;
Brunori, 1999; Weber and Vinogradov, 2001; Merx et al.,
2002), although they have also been ascribed enzymatic
functions (Minning et al., 1999; Brunori, 2001; Flögel et
al., 2001). In man and other vertebrates, red blood cell
hemoglobin (Hb) transports O2 in the circulatory system.
Myoglobin (Mb), typically found in the cardiac and striated muscles, facilitates O2 diffusion and NO detoxification (Wittenberg, 1970; Perutz, 1979, 1990; Wittenberg
and Wittenberg, 1989; Hardison, 1996, 1998; Brunori,
1999; 2001; Flögel et al., 2001). Neuroglobin (Ngb) has
recently been identified in the vertebrate nervous system (Burmester et al., 2000; Trent et al., 2001). Furthermore, cytoglobin (Cygb) has been discovered through
genomic searches as a fourth globin type expressed
almost ubiquitously in human tissues (Burmester et al.,
2002; Trent and Hargrove, 2002).
Initially identified in mouse and man (Burmester et al.,
2000), Ngb has subsequently been recognized also in
rat, pufferfish, and zebrafish (Awenius et al., 2001; Zhang
et al., 2002), suggesting a widespread distribution
among the vertebrate species. Phylogenetic analyses
indicate a common ancient evolutionary origin of vertebrate Ngbs and invertebrate nerve globins (Burmester
et al., 2000; Pesce et al., 2002a). Comparison of human
neuroglobin (NGB) with vertebrate Mb or Hb shows less
than 25% amino acid sequence identity (Figure 1), the
sequence conservation among Ngbs from different species being much higher than between orthologous Hbs
and Mbs (Burmester et al., 2000). The NGB amino acid
sequence (Figure 1) fits well into a globin alignment
based on the conserved ␣ helices and the structural
motifs of the classical globin fold (Holm and Sander,
1993; Bolognesi et al., 1997; Burmester et al., 2000;
Awenius et al., 2001; Pesce et al., 2002a).
Ngb is expressed at the micromolar level in the vertebrate central and peripheral nervous systems, as well
as in some endocrine tissues (Burmester et al., 2000;
Reuss et al., 2002). Particularly high Ngb concentration
has been reported in the mammalian retina, one of the
highest-oxygen-consuming tissues of the body (Schmidt
et al., 2003). The degree of NGB expression appears to
vary in different areas of the human brain, where it is
thought to act as hypoxia-inducible neuroprotective factor in hypoxic ischemic injury, such as stroke (Burmester
et al., 2000; Moens and Dewilde, 2000). In fact, Ngb has
been shown to promote the cell survival of a neuronal
cell line kept under hypoxic conditions (Sun et al., 2001,
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Figure 1. Structure-Based Sequence Alignment of NGB, MB, HB (␣ and ␤ Chains), CYGB, Rice Nonsymbiotic Hb, and C. lacteus Nerve Hb
The top line depicts the span of ␣ helices in MB (blue), with the topological position assignments, as defined within the vertebrate globin fold.
Sequence numbering (bottom line) refers to NGB. The heme Fe-coordinating residues HisE7 and HisF8 are marked in yellow, while apolar
residues lining the protein matrix cavity in NGB and in CerHb are marked in blue. Residues making contacts with the heme are highlighted
by green asterisks.

2003). Although these observations support an important role of Ngb in the supply of O2 in nervous tissues,
other functions, for example, as an O2-consuming enzyme or an O2 sensor, are debated (Pesce et al., 2002a).
Spectroscopic studies show that both ferrous deoxygenated and ferric Ngb forms display a hexacoordinated
heme, where residues HisF8 and HisE7 are the fifth
(proximal) and the sixth (distal) Fe ligands, respectively.
O2 reversibly displaces the endogenous HisE7 heme
ligand, leading to oxygenation of Ngb. The O2 affinity
for the pentacoordinated Ngb species is very high. However, because of HisE7/O2 competition for coordination
to the heme Fe atom, the actual O2 affinity for Ngb is
medium (i.e., P50 ca. 1 torr), closely similar to that of Mb
(Burmester et al., 2000; Dewilde et al., 2001; Pesce et
al., 2002a).
To understand the structural bases of NGB function,
we present here the three-dimensional structure of NGB
in its hexacoordinated ferric form, at 1.95 Å resolution,
as the first instance of a hexacoordinated heme protein
observed in vertebrates. Our results reveal that a substantially conserved globin fold can support reversible
heme hexacoordination through structural flexibility in
the NGB region comprised between C and E helices.
Additionally, a wide protein core cavity, enclosing part
of the heme distal site, may provide a ligand store/
diffusion path whose functional role has no counterpart
in vertebrate Hbs or Mbs.

Results and Discussion
The Overall Structure of NGB*
The three-dimensional structure of NGB (bearing the
Cys46 → Gly, Cys55 → Ser, and Cys120 → Ser mutations
for crystallization purposes, NGB*) was solved by MAD
methods based on the anomalous signal of the heme
iron atom. Diffraction data were collected at three wavelengths at the ID29 ESRF beamline (Grenoble, France;
Table 1), with one crystal of the monoclinic form previously described, which displays four NGB* chains per
asymmetric unit (Pesce et al., 2002b). Refinement of the
crystal structure converged at a general R factor value
of 17.8% (Rfree of 23.3%), for data in the 40.0–1.95 Å
resolution range, with ideal stereochemical parameters
(Engh and Huber, 1991; Laskowski et al., 1993). The final
model contains 4753 protein atoms, 160 ordered solvent
atoms, and 7 sulfate anions (Table 1).
The protein fold in each NGB* chain (Figure 2A) conforms to the classical three over three ␣-helical sandwich of mammalian Mb and Hb (Holm and Sander, 1993;
Bolognesi et al., 1997), where the seven/eight ␣ helices
building up the globin fold are conventionally labeled, A,
B, …, H, according to their sequential order (topological
sites are numbered sequentially within each ␣ helix;
Perutz, 1979). For a comparison, rmsd values of
1.18–1.43 Å are calculated (over 108 C␣ atom pairs) for
the four independent NGB* chains, in structural overlays
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Table 1. Data Collection and Refinement Statistics for NGB*
MAD Data Collection Statistics

Wavelength (Å)
Resolution (Å)
Mosaicity (⬚)
Completeness (%)
Rmerge (%)
Total reflections
Unique reflections
Redundancy
Average I/(I)

Absorption Peak

Inflection Point

Remote

1.738
30–2.5
1.2
98.6 (93.8)a
6.1 (14.5)
65,453
17,339
3.8 (3.1)
9 (5)

1.740
30–2.5
1.2
98.8 (93.5)
8.5 (18.4)
65,352
17,369
3.8 (3.1)
6 (4)

0.980
30–2.2
1.2
99.2 (96.4)
8.9 (15.6)
196,480
25,803
7.6 (6.2)
5 (4)

A

B

C

D

27
32
31

24
29

25
28

24
29

High-Resolution Data Collection Statistics
Wavelength (Å)
Resolution limit (Å)
Mosaicity (⬚)
Completeness (%)
Rmerge (%)
Total reflections
Unique reflections
Redundancy
Average I/(I)

0.933
40–1.95
0.76
98.5 (97.9)b
5.5 (22.0)
92,865
35,871
2.6 (2.5)
17 (5)

Refinement Statistics and Model Quality
Resolution range (Å)
Protein nonhydrogen atoms
Water molecules
Sulphate ions
R factor/Rfreec (%)
Space group
Unit cell (Å)
Rmsd from ideal geometry
Bond lengths (Å)
Bond angles (⬚)
Ramachandran plotd
Most-favored region
Additional allowed region
Averaged B factors (Å2)
NGB*
Main chain
Side chain
All water molecules

40–1.95
4,753
160
7
0.178/0.233
P21
a ⫽ 39.60, b ⫽ 94.93, c ⫽ 67.56
␤ ⫽ 94.4⬚
0.012
0.86
94.2 %
5.8 %

a

Outer shell statistics are shown in parentheses. The outer shells are 2.6–2.5 Å for the absorption peak and inflection point and 2.25–2.20 Å
for the remote point.
b
Outer shell statistics (1.98–1.95 Å) are shown in parentheses.
c
Calculated with 10% of the reflections.
d
Data produced with the program PROCHECK (Laskowski et al., 1993).

on MB (Figure 2A). For all the chains, the largest structural deviations are observed in their CD-D regions and
in the N-terminal half of the heme distal E helices. In
particular, the 44–54 CD segments always protrude from
the protein core, with deviations ⬎2.0 Å relative to the
structurally equivalent region in MB.
The four NGB* molecules present in the crystallographic asymmetric unit display C␣ backbone rmsd values in the 0.2–0.7 Å range and are assembled into two
separated loose dimers (A/B and C/D, respectively). Two
of the four independent NGB* molecules (A and D ) display a partly disordered CD-D region (residues 44–48 in
molecule A and residues 44–54 in molecule D, respectively), showing the highest B factors in the whole structure. Since the CD-D region hosts two out of the three
Cys residues that have been mutated for crystallization

purposes (Cys46 → Gly and Cys55 → Ser), it cannot be
excluded that the mutations enhance the conformational disorder of the CD-D tract and its structural deviation from the corresponding region of MB.
In the B and C NGB* chains, the CD-D region is stabilized by intramolecular contacts to residues Phe(32)B14
and Leu(39)C5 and is fully structured. The mutated residues Gly46 and Ser55 are completely solvent accessible
and buried, respectively, in both B and C NGB* chains
(accessible surface areas of about 80 Å2 and 2 Å2, respectively). The dihedral angles (φ, ) for Gly46 are (74⬚,
18⬚) for chain B and (80⬚, 23⬚) for chain C; for Ser55, they
are (⫺53⬚, ⫺26⬚) for chain B and (⫺69⬚, ⫺28⬚) for chain
C. Within each of the proposed dimers, the association
interface (about 700 Å2) hosts mostly polar residue to
residue interactions (five main chain to side chain or
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Figure 2. Detailed
Structure

Views

of

the

NGB*

(A) Stereo view of a C␣ trace structural overlay of NGB* (blue, NGB* subunit C ) on MB
(orange). A black sphere is drawn every tenth
NGB* C␣ atom, together with sequence numbering. In this orientation, the heme is seen
edge on, nestled between E and F helices
(labeled), with the distal ligand binding site
on the right. Notice the conformational differences affecting the CD-D region (labeled), in
the top right of the figure.
(B) Stereo view of the heme NGB* distal site
region (heme and ribbon, blue; residues,
gray), showing the Fe-coordinated HisE7 residue, the PheB10, PheCD1, TyrCD3, LysE10,
and ValE11 residues, and the E helix, superimposed on the corresponding residues of
MB (orange ribbon and thin bonds). The NGB*
coordination bonds between HisE7 and the
heme Fe atom are highlighted by a dotted
blue line. The two electrostatic/hydrogen
bonds stabilizing the heme A propionate are
highlighted by dotted red lines.
(C) Stereo view of heme hexacoordination in
NGB*. The distal residue HisE7 and the proximal residues LeuF4, HisF8, ValFG2, ValFG4,
and PheG5 are shown. Note the close to orthogonal azimuthal orientations of HisE7 and
HisF8 imidazole rings. These figures were
drawn with MOLSCRIPT (Kraulis, 1991) and
Raster3D (Merritt and Bacon, 1997).

side chain to side chain hydrogen bonds and 20 van
der Waals contacts), often mediated by a solvent layer
built by about 20 water molecules. The association interface, hosting also a sulfate anion, is built by the heme
propionates and by residues belonging to helices E and
F and to the EF loop of each protomer. In this respect,
however, it must be considered that ligand binding studies do not indicate the presence of cooperativity in O2
binding and that size exclusion chromatography does
not provide evidence for the presence of a dimeric species in solution.
Hexacoordination of the Heme Group in NGB*
The NGB* distal site is characterized by a coordination
bond connecting the heme Fe atom to the distal
His(64)E7 NE2 atom (average value of 2.16 Å for A and
B chains; average value of 2.07 Å for C and D subunits;

see Figures 2B and 2C and Table 2). The HisE7 imidazole
ring is almost perfectly staggered relative to the heme
pyrrole N atoms, being oriented toward the methinic
bridge CHA and CHC atoms of the porphyrin ring. As a
result of protein coordination on the heme distal site,
the E helix is pulled toward the heme by about 3 Å,
relative to MB. The distal site is therefore crowded by
the apolar residues Phe(28)B10, Phe(42)CD1, and
Val(68)E11 [all falling ⬍4.0 Å from His(64)E7], whereas
Lys(67)E10 falls outside the heme crevice, being stabilized by electrostatic interaction with the heme propionates (Figure 2B). No polar or low-polarity residues or
ordered water molecules are present inside the heme
distal pocket. However, the presence of residual electron density for the heme vinyl and methyl substituents
indicates the occurrence of substantial heme isomerism
in all the four NGB* chains.
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Table 2. Heme Coordination Geometry of the Four NGB* Chains
Present in the Asymmetric Unit

Average Fe-N(pyrrole) (Å)
HisE7 NE2-Fe (Å)
HisF8 NE2-Fe (Å)
Fe-heme plane deviation (Å)

A

B

C

D

2.04
2.15
2.09
⫺0.046

2.03
2.17
2.02
0.047

2.03
2.06
2.10
0.012

2.03
2.08
2.02
0.034

86
⫺115

87
⫺121

83
⫺112

86
⫺113

82
⫺129

82
⫺121

88
⫺121

86
⫺121

Proximal His(98)F8
Tilt angle (⬚)a
Dihedral NA-Fe-NE2-CE1 (⬚)
Distal His(64)E7
Tilt angle (⬚)
Dihedral NA-Fe-NE2-CE1 (⬚)
a

The tilt angle lies between the line Fe---HisF8 NE2 (or Fe---HisE7
NE2) atom and the normal to the mean heme plane.

The proximal His(96)F8 residue provides a coordination bond of 2.09 Å for the A and C subunits and of
2.02 Å for the B and D subunits to the heme Fe atom,
being staggered relative to the heme pyrrole N atoms
(see Figure 2C and Table 2). Such a staggered orientation allows the Fe atom to achieve a relaxed position
essentially contained in the heme plane, that is, in keeping with a low barrier to ligand binding on the distal site,
after HisE7 coordination is removed. Notably, since the
His(96)F8 imidazole ring is oriented as a line connecting
the heme methinic bridge CHB and CHD atoms, the
distal and proximal His imidazoles display approximately orthogonal azimuthal orientations. The His(96)F8
imidazole ring is stabilized by a hydrogen bond between
the histidyl ND1 atom and Leu(92)F4 O atom (values
ranging between 2.70 Å and 2.76 Å for the four NGB*
chains).
Of the known Hb and Mb crystal structures, ferric
hemoglobin from the sea cucumber Caudina arenicola
(Mitchell et al., 1995) shows a hexacoordinated heme
in the ligand-free form. Contrary to NGB*, the protein
displays a short structured D helix, which disappears
when the cyanide ligand is bound. The tetrameric Hb
structure from the antarctic fish Trematomus newnesi
(Riccio et al., 2002) displays two ␣ subunits with a heme
Fe-coordinated CO ligand and two ␤ subunits in hexacoordinated form (where HisE7 is the sixth heme Fe
ligand). Both CD regions in the ␤ subunits are completely
disordered. Remarkably, bis-histidyl heme coordination
has also been reported for nonsymbiotic plant Hbs. In
particular, the rice nonsymbiotic Hb (165 residues) (Hargrove et al., 2000) displays a hexacoordinated heme in
both the ferrous and ferric derivatives, being able to
bind O2 rapidly and with high affinity. A comparison of
NGB* and nonsymbiotic rice Hb shows that, in the context of a generally good structural match (rmsd of 1.38 Å,
calculated over 104 C␣ pairs), both proteins display altered conformation of the CD-D region relative to MB.
Unfortunately, however, such a comparison cannot be
extended to further details, since the CD-D region conformation in nonsymbiotic rice Hb could only be assigned through molecular modeling (Hargrove et al.,
2000).
In a very recent communication, the NMR structure

of hexacoordinated ferric Synechocystis sp. PC6803
truncated Hb was reported. Although truncated Hbs essentially lack a sizeable CD-D region (Wittenberg et al.,
2002), it can be noticed that, even for this Hb case,
substantial conformational transitions have been proposed to follow dissociation of the endogenous HisE10
ligand from the heme (Falzone et al., 2002).
The structural properties of NGB* and rice nonsymbiotic Hb and the parallel observations in C. arenicola and
T. newensi Hbs suggest that conformational flexibility
of the CD-D regions in globins capable of heme endogenous hexacoordination may have functional roles in relation to the need for displacing the HisE7 ligand upon O2
binding. The removal of the His(64)E7 imidazole ring
from the heme Fe coordination sphere in NGB and the
swinging of the histidyl residue out of the distal pocket
must overcome conformational barriers related to the
close location of the His(64)E7 residue to the porphyrin
ring and to cleavage of the Lys(67)E10-heme propionate
ion pair. It may then be expected that, in deoxygenated
pentacoordinated NGB, the distal E helix shifts away
from the heme, leaving room for O2 diffusion to the heme
distal site and stabilization of the heme Fe-bound ligand
through a hydrogen bond, as observed in many oxygenated Mbs or Hbs (Bolognesi et al., 1997; Couture et al.,
2001; Dewilde et al., 2001). Such a mechanism would
imply that structural transition(s) required for removal
of the endogenous His(64)E7 ligand reshape the distal
site surroundings, promoting O2 diffusion to the heme,
in keeping with the known high affinity of O2 for the
NGB pentacoordinated species. It would also imply that
dissociation of the heme Fe-bound O2 may be slowed
down by specific stabilization of the diatomic ligand
(likely through hydrogen bonding to HisE7 and aromaticelectrostatic interactions with PheB10 and PheCD1)
(Couture et al., 2001; Dewilde et al., 2001). Thus, the
observed flexibility at the CD-D globin region may be a
structural fingerprint of Hbs exploiting hexacoordination
as a mechanism for the control of O2 diffusion to/from
the heme. It may also be one of the structural factors
contributing to the pronounced NGB distal pocket conformational heterogeneity, revealed by infrared and
nanosecond time-resolved visible spectroscopy (Kriegl
et al., 2002).

A Protein Matrix O2 Diffusion Pathway for NGB*
A large protein matrix cavity (about 120 Å3) is present
in the protein region between the heme distal site and
the EF interhelical hinge (Figure 3A). The cavity is lined
with hydrophobic residues provided by the B, E, G, and
H helices (Figure 1). No crystallographic water molecules
are defined by electron density within the cavity. In the
static crystal structure, the cavity is closed to external
solvent by the protein structure comprised between
Val(71)E14 and Ala(74)E17, between Leu85 and Tyr88,
and by the side chains of Leu(136)H11 and Tyr(137)H12.
However, inspection of the intramolecular contacts indicates that, in a dynamic context, it may gain solvent
access through side chain fluctuations in the residues
listed above. Remarkably, the cavity is easily mapped
in all four NGB* chains, if a probe of 1.2 Å radius is used.
When a probe of 1.4 Å is adopted, two of the four NGB*
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Figure 3. Outline of the Protein Matrix Cavities in NGB* and CerHb
(A) NGB* schematic fold displaying the protein matrix cavity (magenta mesh), which
stretches from the heme distal site toward
the protein surface.
(B) For comparison, the CerHb three-dimensional structure has been also shown, together with its matrix cavity (blue mesh). The
cavity surfaces displayed have been defined
by a 1.4 Å radius probe (calculated with the
program SURFNET; Laskowski, 1995). This
figure was drawn with BOBSCRIPT (Esnousf,
1997).

chains (A and D ) display a narrower cavity (80 Å3), with an
inner neck around residues Ile(72)E15 and Tyr(137)H12,
likely a sign of the dynamic spread of the four independent NGB* chain structures observed in the crystal
asymmetric unit. Notably, B and C chains, whose CD-D
regions are fully structured, display the wider matrix
cavities.
The NGB* protein matrix cavity (Figure 3) is comparable in shape, size, topological location, and the conserved nature of the participating residues (Figure 1) to
a protein matrix cavity discovered in the pentacoordinated nerve tissue mini-Hb (the smallest known globin,
109 residues) isolated from the nemertean worm Cerebratulus lacteus (CerHb) (Pesce et al., 2002c), held to
sustain neural activity during burrowing anoxia conditions. Analysis of the structural database shows that a
similarly structured cavity is a unique feature of NGB*
and CerHb not shared by Mb, Hb, or hexacoordinate
Hbs of known three-dimensional structure. In particular,
the NGB* matrix cavity is not comparable to the four
smaller cavities found in sperm whale Mb (mapped by
Xe binding) (Tilton et al., 1984; Brunori and Gibson, 2001)
or to the protein matrix tunnel observed in prokaryotic
truncated Hbs (Milani et al., 2001; Wittenberg et al.,
2002). Notably, the nonsymbiotic hexacoordinated rice

Hb has the corresponding protein matrix region filled
by residues Phe(39)B10, Val(77)E11, and Thr(81)E15. The
hexacoordinated Caudina arenicola Hb has the same
core region filled by Met(81)E15 and Phe(117)G8 side
chains.
The free energy cost of maintaining a 120 Å3 cavity
within the protein matrix relative to protein stability can
be estimated to be in the order of 2–4 kcal/mol (Eriksson
et al., 1992). Conservation of a ⬎100 Å3 cavity in NGB*
and in the distantly related and much smaller CerHb
may therefore indicate its involvement in key functional
roles, such as providing a facilitated O2 diffusion pathway to/from the heme, as an alternative to the distal site
gating mechanism based on the HisE7 residue of Hbs
and Mbs (Perutz, 1989). Such a ligand diffusion scheme
would not contradict the picture proposed above,
whereby His(64)E7 coordination to the heme Fe atom
is a specific mechanism devised to control the NGB
oxygenation process. Alternatively, the NGB* protein
matrix cavity may act as a docking/storage station for
the ligand during the protein functional cycle, when the
heme is in the hexacoordinated state. Both hypotheses
would be in keeping with the observation of multiple CO
docking sites, among which the ligand can migrate along
its pathway to the heme (Kriegl et al., 2002).
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Biological Implications
Cytosolic hexacoordinated Hbs are a recent discovery
within the Hb protein superfamily. Nevertheless, they
have been identified in bacteria, unicellular eukaryotes,
plants, some invertebrates, and some vertebrates. This
suggests that, rather than being a sporadic evolutionary
test, hexacoordinated Hbs may be required to cover
essential functions within the cellular metabolism. The
structural data presented for NGB* and the ligand binding properties previously reported suggest that heme
reversible hexacoordination, via the endogenous HisE7
ligand, may be a simple and effective mechanism for
fine-tuning O2 affinity. A mechanism likely underestimated
in the past, since most vertebrate Hb hemichromes
(mostly associated with pathological Hb variants) are
irreversible (Rifkind et al., 1994), thus not allowing exchange of heme distal ligands. To support reversible
hexacoordination structural flexibility of the globin CD-D
region, allowing shifting of the E helix to/from the heme
distal face, appears to be required.
The new light shed by NGB (and likely by the hexacoordinated Cygb) on structural and functional variation
within the Hb homology superfamily adds evidence to
the hypothesis that the deeply characterized Hb and
Mb are indeed two specialized heme proteins, within a
broad evolutionary family, that evolved in (in)vertebrates
in response to the demands of circulatory systems and
muscles, respectively, thus enabling the onset of larger
and more efficient organisms. In this context, other
heme proteins (such as Ngb or Cygb) acquired diverse
functions, which nevertheless reflect the basic chemical
properties of a heme group nestled within a generally
well-conserved three over three ␣-helical sandwich fold.
NGB may play a key role in limiting stroke-dependent
damage in the brain and protect the retina (a site of
intense O2 consumption) from O2 deprivation. Insight
into NGB structural and functional properties may offer
hints for the development of new therapeutics, either
enhancing its activity or regulating its cytosolic expression.

data were processed with DENZO, SCALEPACK, and programs from
the CCP4 suite (CCP4, 1994; Otwinoski and Minor, 1997). The crystals belong to the monoclinic space group P21, with cell constants
of a ⫽ 39.6 Å, b ⫽ 94.9 Å, c ⫽ 67.6 Å, and ␤ ⫽ 94.4⬚, and accommodate four NGB* molecules per asymmetric unit, with an estimated
solvent content of 36% (Table 1).

Structure Solution and Refinement
MAD phases, based on the heme Fe atom anomalous signal, were
determined at 2.50 Å resolution with SOLVE (Terwilliger and Berendzen, 1999), with a figure of merit of 0.35. The electron density map
was substantially improved by solvent flattening with RESOLVE (Terwillinger, 2000), yielding a figure of merit of 0.58 at 2.50 Å resolution.
The resulting electron density map allowed us to almost completely
manually trace three out of four NGB* molecules in the asymmetric
unit. The molecular model was subsequently improved with the
high-resolution data set (1.95 Å resolution) by refinement (REFMAC
program; Murshudov et al., 1997) and manual model building (O
program; Jones et al., 1991). No use of noncrystallographic symmetry averaging was made throughout the analysis.
The final model contains 580 residues, 160 water molecules, and
7 sulfate anions (R factor ⫽ 17.8% and Rfree ⫽ 23.3%, respectively),
with ideal stereochemical parameters (Engh and Huber, 1991) (Table
1). No electron density has been observed for amino acids 1, 2,
44–48, 150–151 for chain A, amino acids 1–3 for chain C, 44–54 and
151 for chain D. Weak electron density was observed for part of 10
side chains in chain A, 10 side chains in chain B, 21 side chains in
chain C, and 14 side chains in chain D, respectively.
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