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py has been carried out to investigate the molecular and electronic structures of the
active site inH64Q/V68Fdoublemutantmouseneuroglobin in the cyanomet form. Twohemeorientations resulting
from a 180° rotation about the α–γ-meso axis were observed with a population ratio about 1:1, and the clearly
distinguished B isomerwas used to perform the study. Based on the analysis of the dipolar shifts and paramagnetic
relaxation constants, the distal Gln64(E7) side chain is obtained to adopt an orientation thatmay produce hydrogen
bond between the NεH1 and the Fe-bound cyanide. The side chain of Phe68(E11) is oriented out of the heme pocket
just like that in triplemutant of cyanide complex of spermwhalemyoglobin. A 15° rotation of the imidazole ring in
axial His96 is observed, which is close to the ϕ angle determined from the crystal structure of NgbCO. The
quantitativedeterminationsof theorientationandanisotropies of theparamagnetic susceptibility tensor reveal that
cyanide is tiltedby8° fromthehemenormalwhichallows for contact to theGln64(E7)NεH1. TheE7andE11 residues
appear to control the direction and the extent of tilt of the bound ligand. Furthermore, the tilt of the ligand has no
obvious influence on thehemeheterogeneityof cyanide ligation for isomerA/B of thewild type andmutantprotein,
indicating that factors other than steric effects, such as polarity of heme pocket, impacts on ligand binding affinity.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Neuroglobin (Ngb) [1,2] is a newly discovered hemoprotein, found in
the brain of fishes, amphibians and birds, and is likely present in the
nervous system of all vertebrates [3]. From amino acid sequence, Ngb is
distantly related to hemoglobin (Hb) and myoglobin (Mb), with only
about 25% sequence identity including some key amino acid residues,
such as the histidines at position E7 and F8 which are highly conserved
within the vertebrate globins [4]. Interestingly, based on sequence
analysis, Ngb is more ancient than Mb. Although the physiological roles
of Ngb are poorly understood, its low expression level in vivo, and its
hexacoordination are indicative of functions other than temporary
oxygen storage and/or a scavenger of bioactive compounds in hypoxic
cells (i.e., NO, peroxynitrite, and hydrogen peroxide) [5–7].

From the crystal structure, unligated Ngb consists of eight α-
helices and exhibits the typical globin “three-over-three α-helical
ide ligated ferric neuroglobin,
moglobin, WT, wild type, dm-
bin in ferric form, Cytoglobin,
FT, water-eliminated Fourier
er spectroscopy, TOCSY, two-
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sandwich” fold. As in the case of Mb and Hb, the proximal F8, histidyl
imidazole (His96 in Ngb) coordinates to the heme iron as a fifth axial
ligand. In the absence of an exogenous ligand, the distal histidine E7 of
Ngb binds to the heme iron both in the ferric and ferrous states [8–12];
this feature was previously reported only for invertebrate [13,14] and
plant globins [15]. Though another hexacoordinated vertebrate
hemoprotein, Cytoglobin(Cgb), was reported recently [16,17], the
two hexacoordinated globins still have huge difference in their
structural heterogeneity, ligand binding affinity, heme cavity proper-
ties and physiological functions [17–19].

Ngb exhibits rapid recombination rate (kon(O2)=300×106 M−1 s−1)
and slow dissociation rate (koff(O2)=0.4 s−1) for both O2 and CO [5–7].
The in vivo binding of exogenous ligands to ferrous Ngb show to break
the distal bond with His64(E7). The observed slow koff rates for O2 and
CO are due to the strong stabilization of the ligand by His64(E7). In
contrast, globins that lack the His64(E7) residue, e.g., Aplysia Mb, are
found to have kon rates which are similar to those of mammalian Mbs,
while the observed koff rates are much faster [20]. Thus, it has been
suggested that His64(E7) plays a key role in the stabilization of
exogenous ligand binding, and also induces ligand rebinding [21].

Beyond the atypical kinetic features, it has been demonstrated from
NMR studies by La Mar et al. that in solution the wild type cyanide
complex of neuroglobin (WT-NgbCN) exhibits an unusual structural
heterogeneity (Fig.1) [22]. Furthermore, fromrecent crystal structuresof
Ngb and NgbCO [23–25] the presence of a large internal cavity has been
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Fig.1. Schematic representation of the heme pocket structure of dm-cyanometNgbwith face-on view from the proximal side. The hemin substituents are labeledM(methyl), V(vinyl),
and P(propionate). (A) isomer A, the same heme orientation as in SWMb. (B) isomer B, the heme orientation 180° rotated with respect to the α–γ-meso axis.
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identified. By comparing the ligated and non-ligated crystal structures,
CO binding induces a large sliding of the heme toward the interior of the
protein and an extensive reorganization of the internal cavity. The
external wall of the cavity is restricted by the EF loop, which was found
to have unusual mobility like the CD loop [24]. Another quite peculiar
characteristic of the Ngb heme pocket is the crowd of apolar residues
(Val68(E11), Phe42(CD1) and Phe28(B10)), particularly on heme distal
side. This highly hydrophobic distal side is connected with two small
cavities, one of which topologically corresponds to the so-called Xe4
cavity in sperm whale myoglobin(SWMb) [26]. The specific distal
structure has prompted investigations of heme distal mutation and
protein–protein interactions [27–31]. Based on important experimental
evidence for vertebrate proteins [27,28,32–35], such as Hb, Mb and Cgb,
proposed to be the closest cousins to the Ngb family, and as a paradigm
for investigating the interaction of proteins and small molecule ligand,
two residues, E7 and E11, located on the E-helix in the distal region of
Fig. 2. 600 MHz 1H NMR spectra of dm-cyanometNgbCN at 300 K, pH 7.5, 100 mM phosphate
trace in 2H2O; (C) WEFT spectrum(relaxation delay 30 ms, repetition rate 10 s−1) in 1H2O w
resonances are labeled as shown in Fig. 1, and residues are labeled by position numbers an
heme pocket, have been genetically engineered into various mutants,
such as His64Gln, Val68Ala etc. Thesemutants are associated and retain
the structural significance of the globin family.

For the E7 location, the proton donation capabilities of the Gln
mutant are similar to that of theWTHis residue. However, the flexibility
and two proton donation capabilities of the Gln side chain canprobe the
conformation of the ligand. In contrast, theWTHis has limitedflexibility
and only one protondonor site. On thedistal side of heme for a varietyof
Mb system, the terminal hydrogen atoms of the E7 side chain are very
likely to form hydrogen bond with the sixth ligand, and hence
substantially stabilize the presence of the ligand [32]. In contrast, the
substitution of Val for His has been reported to cause a significant
decrease of the binding constant as the Val lacks the hydrogen bonding
capacity [33]. Paralleling the manipulation above, the Val residue at the
11th site in the E-helix has been replaced by a Phe, in an attempt to
modulate the strength and spatial orientation of the coordination bond
buffer. (A) Relaxed (repetition rate 1 s−1) reference trace in 1H2O; (B) relaxed, reference
hich allows detection of strongly relaxed, broad signs at 11.77 and −7.12 ppm. Heme

d protons.



Fig. 3. Heme pocket structure in isomer B. Proximal and distal residues are represented as square and circles respectively. The double-sided arrows represent inter-residue and
residue-heme dipolar contacts observed in dm-metMbCN. Also shown is the definition of the magnetic axes x, y, z relative to the iron-centered crystal coordinates x′, y′, z′. The two
coordinate systems are related by the standard Euler rotation Γ (α, β, γ), where [x, y, z]=[x′, y′, z′] Γ (α, β, γ). The tilt of the major magnetic or z axis from the heme normal is given by
β, where α is the angle between the projection of the z axis tilt on the heme plane and the x′ axis. In this case, α~0°.

Table 1
1H NMR spectral parameters for heme and His96(F8) signals in mouse dm-metNgbCN

Residues Proton A B

Heme 1-CH3 21.05(115) 7.41
3-CH3 16.99 (150)
5-CH3 19.01 (112) 9.64
8-CH3 18.73 (126)
2-Hα 16.81
2-Hβc −1.49 (199)
2-Hβt −2.24 (195)
4-Hα 7.54 16.36 (148)
4-Hβc −4.58 (217)
4-Hβt −3.67 (196)
6-Hα 12.36 6.35
6-Hα′ 9.78 2.12
6-Hβ −1.37
6-Hβ′ 0.30 −0.71
7-Hα 12.45 (130)
7-Hα′ 11.3
7-Hβ 0.06
7-Hβ′ 0.27

His96(F8) NH 11.05 11.22
CαH 8.08 8.48
CβH 9.01
Cβ′H 10.63
NδH 15.88 (34) 15.84 (34)

Chemical shifts in ppm are referenced to DSS in 1H2O 100mM phosphate, pH 7.5, 300 K.
Non-selective T1, in ms, in parentheses for resolved resonances.
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in the active cavity via the restricted side chain motion at E11 [28]. A
compelling illustration for this is the aquomet LucinaHbΙ, with Gln at E7
position and Phe at E11 [34].

As mentioned above, the residues from E-helix play important roles
on ligand binding, heme cavity property and distal hydrogen bond
network to affect the structure and function of neuroglobin [21–23].
Among them, the distal residue E7 (at the sixth ligand location) and E11
(at hydrophobic region) are quite specific. In order to understand the
action of distal residues of E-helixon active sites of neuroglobin,wehave
adopted the strategy of site-directed mutagenesis at E7 and E11 sites to
construct H64Q-V68F double mutant of mouse Ngb and to investigate
the solution structure of cyanide complex of this mutant. Cyanide binds
to the ferric state, and the resulting complex is a low-spin species readily
studied by nuclear magnetic resonance spectroscopy at atomic and
electronic level. The 1H NMR spectra of mouse dm-Ngb cyanomet
complex showed that two heme orientations resulting from a 180°
rotation about theα–γ-meso axiswere observedwith a population ratio
about 1:1(Fig. 2), and the clearly distinguished B isomer was used to
perform the study. It will probe the “uncommon” inner cavity around
the heme distal side of Ngb due to double mutations, and consequently
lead to a detailed understanding of ligand binding and potential
physiological mechanism.

2. Materials and methods

2.1. Protein sample

The double mutant H64Q/V68F neuroglobin (dm-Ngb) from
mouse was expressed and purified as described previously [36].
Hemin was titrated into a solution of dm-Ngb apoprotein to a 1:1
stoichiometry in the presence of a 10 fold molar excess of KCN in a 90/
10 1H2O/2H2O solution buffered at pH 7.5 with 100 mM phosphate.
The final concentration of mouse cyanomet-dmNgb complex (dm-
metNgbCN) was about 2 mM. Deuterium exchange was subsequently
performed using an Amicon ultrafiltration cell. Solution pH (not
compensated for 2H activity) was adjusted with NaO1H (NaO2H) or
1HCl (2HCl) solution. The sample was stored at 4°. Based on the
reproducibility of 2D 1H NMR spectra, the sample remained stable for
longer than one year.



Table 2
1H NMR spectral parameters for strongly dipolar shifted active site residues in mouse dm-metNgbCN isomer B

Residue Proton δDDS (obs) δDDS (dia) Residue Proton δDDS (obs) δDDS (dia)

Phe28(B10) CδH 8.21 6.37 CαH 4.61 3.22
CεH 9.85 5.81 Gly93(F5) NH 10.2 7.48
CζH 14.73 (49) 4.43 CαH 6.32 3.50

Phe32(B14) CδH 6.96 7.21 Cα′H 5.77 2.73
CεH 7.08 7.17 Arg94(F6) NH 9.25 7.85
CζH 7.63 6.83 CαH 4.61 4.01

Phe42(CD1) CδH 6.50 7.55 Lys95(F7) NH 8.96 7.14
CεH 7.37 6.85 CαH 4.96 3.36

Gln64(E7) CβH 6.78 2.37 CβH 3.04 1.42
CγH 7.67 1.94 Cβ′H 2.91 0.90
Cγ′H 11.05 0.74 Arg97(F9) NH 9.84 6.21
NεH 11.77 (22) 7.03 CαH 4.63 2.96

Ile65(E8) CαH 5.94 2.64 Ala98(FG2) NH 8.72 7.27
CβH 3.61 1.36 Val101(FG5) CβH 1.21 2.73

Lys67(E10) CγH 0.27 1.58 CγH3 −0.48 1.26
CδH 0.01 0.22 Cγ′H3 0.15 0.66
CεH 1.49 3.32 Phe106(G5) CεH 7.12 6.87

Phe68(E11) NH 9.17 8.61 CζH 7.92 7.05
CαH 1.81 5.22 Val109(G8) CαH 2.13 3.45
CβH 5.56 3.23 CβH 0.11 2.83
Cβ′H 2.64 2.92 CγH3 −0.06 1.16
CδH 6.39 5.77 Cγ′H3 −1.14 0.94
CεH 6.78 5.75 Val140(H15) CαH 1.9 3.57

Val71(E14) CαH 2.71 3.94 CβH 1.44 2.06
CβH 1.02 3.02 CγH3 0.51 1.16
CγH3 0.2 2.20 Trp148(H23) Cε3H 8.08 6.38
Cγ′H3 −1.27 2.08 Ch2H 8.49 6.78

Leu92(F4) NH 8.76 7.40

Observed chemical shifts δDSS(obs) in ppm are referenced to DSS in 1H2O 100 mM phosphate, pH 7.5 at 300 K. Diamagnetic chemical shifts, δDSS(dia), calculated via Eq. (4) using the
NgbCO crystal coordinates.
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2.2. NMR spectroscopy

1HNMR datawere collected on a Brucker AVANCE 600 spectrometer
operating at 600 MHz for protein samples in both 1H2O and 2H2O over
the temperature range 5–30 °C. Unless otherwise stated, all spectrawere
recorded with a repetition rate of 1 s−1 and chemical shifts were
indirectly referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)
Fig. 4. Portions of the NOESY spectrum of dm-metNgbCN in 1H2O at 300 K that illustrates t
represent proximal dipolar contacts and the dashed lines represent distal dipolar contacts.
through the water resonance calibrated at each temperature. 1D
reference spectra were recorded with the standard 90° pulse sequence
with presaturation of the water solvent signal, and WEFT [37] spectra
were recorded to detect broad, fast relaxed proton signals (Fig. 2).

Non-selective T1s were determined to ±15% uncertainty at 30 °C
for resolved and fast relaxed protons from the initial magnetization
recovery of a standard inversion- recovery pulse sequence. The distance
he dipolar contacts between heme and active site residues for isomer B. The solid lines



Fig. 5. Portions of theNOESY spectrumofdm-metNgbCN in 2H2O at 303K that illustrates thedipolar contacts betweenCεHs of Phe28(B10) andCβHofGln64(E7), CαHof Ile65(E8), CβHof Phe68

(E11), CεHsof Phe42(CD1); between CεHs of Phe42(CD1) andCβHofGln64(E7), between CαHof Ile65(E8) andCγHofGln64(E7), whichuniquely characterize the orientationof theE7 side chain.
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RFe–Hi of proton Hi with T1i from the iron centre was estimated using Eq.
(1), which is defined as,

RFe−Hi ¼ R⁎
Fe−H

T1i
T4
1

 !1
6

ð1Þ

where R⁎Fe–H and T1⁎ are the reference distance and its associated T1
value. RFe–Hi distances were estimated by using two set of reference
values [27], the heme 8-CH3 for which R⁎Fe–H=6.10 Å and T1⁎=126 ms,
and F8 NδH for which R⁎Fe–H=5.07 Å and T1⁎=34 ms as the upper and
lower limits for a proton of interest.

NOESY [38] and TOCSY [39] data were collected (512t1×2048t2) in
order to identify dipolar and scalar connectivities. Spectral widths of
13 kHz andmixing time of 75ms for NOESYand 40ms for TOCSYwere
used. The 90° pulse width was about 9 μs (about 20 μs for TOCSY spin
lock). 192 scans were collected for each block. Two dimensional data
sets were processed by Bruker Xwinnmr or Topspin software. Both
NOESY and TOCSY spectra were processed by a 30°-shifted-sine-
squared-bell apodization and zero-filled to 2048×2048 complex
points prior to Fourier transformation.

2.3. Magnetic axes determination

With chemical shift temperature gradients [40], the experimental
dipolar shifts of backbone protons and the protons of the structurally
conserved residueswere used in a non-linear least squares regression fit
of Eq. (2) to determine the Euler rotation angles α, β, γ of the magnetic
tensor. The Euler angles, transform the molecular pseudosymmetry
coordinate axes x′, y′ and z′ (Fig. 3) identified from crystal coordinates
(PDB code 1W92) [25] into the magnetic axes x, y, and z, by minimizing
the error function F according to the following equation [41]:

F=n ¼ ∑ jδdip obsð Þ−δdip calcð ÞГ α;β;γð Þj� �2 ð2Þ

where

δdip calcð Þ ¼ 12πμN0ð Þ−1 2Δχax 3cos2θ V−1
� �

R−3 þ 3 Δχrhsin
2θ Vcos2X V

� �
R−3

h i
ð3Þ

δdip obsð Þ ¼ δDSS obsð Þ−δDSS diað Þ ð4Þ
n is the number of δdip(obs), δDSS(obs) and δDSS(dia) are the chemical
shifts, in ppm, referenced to DSS, for the paramagnetic mouse dm-
metNgbCN complex and an isostructural diamagnetic complex
respectively. Despite the absence of experimentally determined δDSS
(dia), they can be reasonably estimated from the available crystal
structure using

δDSS diað Þ ¼ δtetr þ δsec þ δrc ð5Þ

where δtetr, and δsec are the chemical shifts from an unfolded
tetrapeptide [42] and the effect of secondary structure [43]. And δrc is
the chemical shift of the ring current [44] from the heme and the ring
protons of aromatic residues as described in detail previously [45].

2.4. Structural modeling

Protons were added to the crystal coordinates of NgbCO using
Sybyl software (Tripos) [46] on a Linux platform. The coordinates of
mutant Gln64 and Phe68 were introduced into the PDB file using the
Biopolymer program in Tripos software package. The CN− positionwas
determined from magnetic axes parameter and added into the
coordinates file. The buildup model was carried out an energy
minimization protocol. A total 3000 cycles under Amber ff94 force
field was used for the whole system to remove the unfavorable steric
contacts. The obtained simulation structure was further utilized to
locate the solution structure of side chains for residue Gln64(E7), Phe68

(E11) and Phe28(B10) predominantly, associated with the observed
dipolar shifts and the magnetic axes parameters [47].

3. Results

The 1H NMR spectra of mouse dm-Ngb cyanomet complex is
illustrated in Fig. 2A. Based on NMR signal intensities, it is interesting
to observe two isomers (labeled A and B) that equilibrates to about 1:1
upon ligation of cyanide. Isomer A has the same heme orientation as
that found in SWMb which is characterized by the NOE dipolar
contacts of the heme 5-CH3 to the side chain of CD1 [48,49]. On the
other hand, for isomer B the heme orientation is rotated by 180° with



Fig. 6. Correlation between observed and calculated dipolar shifts for mouse dm-metNgbCN
for the optimized magnetic axes α=0°, β=8°, κ=α+γ=15° with the Δχax=1.8×10−8 m3/mol,
Δχrh=−0.20×10−8 m3/mol obtained from isomer B of dm-metNgbCN.

Fig. 7. Comparison of the distal pocket structure of dm-metNgbCN and NgbCO. The NεH1

atom of Gln64(E7) is in a position that may form hydrogen bond with the ligated cyanide
and occupies a position similar to that of a corresponding atom in His64which is found in
almost all mammalianmyoglobins. Green representsmouse NgbCO and yellow represents
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themodifieddistal structure of dm-NgbCN in solution.
respect to the α–γ meso axis, and it is characterized by the NOE
dipolar contacts of the heme 8-CH3 to the side chain of CD1 (Fig. 3).
The protons of the heme and His96(F8) residues of isomers A and B
could be readily assigned, while most other residues far away from
iron center could not be easily distinguished due to spectral overlap.
Herein we report and characterize the atypical B isomer of the mouse
dm-metNgbCN complex.

3.1. Resonance assignments

Representative 1D 1H NMR spectra of mouse dm-metNgbCN in
1H2O and 2H2O are illustrated in Fig. 2A and B. A WEFT spectrum
designed to emphasize fast relaxed proton signals (e.g. CζH of Phe28) is
shown in Fig. 2C. Assignments deduced herein are given by the Fischer
heme notation and the standard amino acid one-letter code. Due to
(sometimes severe) signal overlap, of the two isomers, assignment of
heme pocket residues were pursued to the fullest extent possible
using backbone connectivities as a standard method for diamagnetic
proteins [50]. Target residues which could not be identified by these
standard methods were assigned from residue-heme and inter-
residue NOESY cross-peaks, relaxation parameters and/or partial
TOCSY cross-peaks. The identification of hyperfine shifted and relaxed
resonances were greatly facilitated by variable temperature studies
which help to identify scalar/dipolar connectivities [51]. The chemical
shifts for heme and His96(F8) are listed in Table 1, and those for key
residues are listed in Table 2. Non-selective T1 values for predomi-
nantly paramagnetically influenced protons are given in parentheses.

3.2. Heme assignments

The heme substituents were unambiguously assigned using
methods described in detail elsewhere [52]. Briefly, two TOCSY-
detected vinyl and propionate groups exhibit significant hyperfine
shifts and NOESY cross-peaks to low field resolved methyls that
uniquely assign the 3-CH3 and 4-vinyl, and 8-CH3 and 7-propionate.
Strong hyperfine shifts and NOESY cross-peaks between 6-propionate,
4-β and the heme methyl assign the 5-CH3. NOESY cross-peaks
between 8-CH3 and an unidentified, 3-proton integrated peak assign
the unidentified peak as the 1-CH3. Some of heme assignments for
isomer A were identified and listed in Table 1 as well.

3.3. Assignments of key resolved resonances

The resonance at 15.84 ppm (T1≈34 ms) from a D2O exchangeable
(i.e. labile) proton can be assigned as NδH of His96(F8) as it exhibits
NOE cross-peaks to a resonance from a labile proton at 11.22 ppm,
which is TOCSY/NOESY connected to a spin system diagnostic of the
axial His96(F8) CβH2-CαH-NH fragment. TOCSY-detected CαH-NH
backbone and CβHs of residues of the F-helix, i.e. Lys92(F4) through
Thr98(FG2), could be identified through the typical Ni–Ni +1, αi–Ni+1,
βi–Ni+1 contacts observed for helices. In addition, the expected cross
peak between the Gly93(F5) CαH proton and His96(F8) NH identifies
the F-helix assignments (see supporting information for sequential
connectivities).

TOCSY connections, involving a set of upfield hyperfine shifted
resonances, are attributed to an AM(X3)(Y3) spin system. The dipolar
contacts to 8-CH3 and 1-CH3 uniquely identify this residue as Val101

(FG5). Aromatic ring protonswith NOESY cross-peaks to 3-CH3 and the
Val101(FG5) side chain, are identified as the CδHs of Phe106(G5).
Additional keyassignments, includingNOESY cross-peaks between the
CαHs of Gly93(F5) and CζHs of Trp148(H23); CγHs of Val140(H15) and
CβHs of 4-vinyl and 3-CH3; CγHs of Val109(G8) and 3-CH3 were used to
assist with the determination of the heme ring orientation. Fig. 4 gives
the key dipolar contacts between heme and active site residues.

A set of TOCSY-connected protons in the downfield region dictates
its arise from the distal residue Phe28(B10) (see supporting materials),
the resolved (14.73 ppm), fast relaxed (T1=49 ms), non-labile single
proton peak is fromCζH of Phe28(B10), which is similar to that found in
WT-metNgbCN [22]. TOCSY-connected protons which exhibit NOESY
cross-peaks with 4-vinyl and 5-CH3 are assigned to Val71(E14). The
Phe42(CD1) ring exhibits NOESY cross-peaks to CεHs of Phe28(B10) and
8-CH3 of the heme, but not to 5-CH3 in isomer B, which clearly confirm
that the heme is rotated by 180° about the α, γ-meso axis as observed
in the crystal structure [23]. The rotation of the heme ring is further
confirmed by the characteristic dipolar contacts between Val101(FG5)
and 8-CH3, and Val71(E14) and 5-CH3. Observed NOESY cross-peaks
between a set of aromatic ring protons and the CδHs from Phe42(CD1)
and Phe28(B10) identify the ring is from Phe32(B14). NOESY cross-
peaks observed between 5-CH3, CβHs of 6-propionate and two up-
field protons, which belong to a long side chain spin system, identify
the distal residue Lys67(E10). Other key NOESY connections include
cross-peaks between CεHs of Phe28(B10) and CβHs of Gln64(E7), CαH of
Ile65(E8), CβHs of Phe68(E11) (Fig. 5). The E-helix was identified by
observed NOESY contacts between CαH of Ile65(E8) and CβH of Phe68

(E11), CδHs of Lys67(E10) and NH of Phe68(E11), and CβH of Gln64(E7)
and 7-propionate.

A non-labile, very broad and strongly relaxed resonance with
linewidth ≈500 Hz (T1≈5 ms) and integrated intensity corresponding
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to a single proton is observed at −7.12 ppm. Such broad signal possibly
arises from the non-labile ring CεH proton of His96(F8), according to
deduction of chemical shift occurred especially in this upfield region,
as in some cases of Mb. However, the resonance remains unassigned.

3.4. Magnetic axes

Using the available set of NgbCO crystal coordinates(PDB code:
1W92), and the δdip(obs) values calculated from Eq. (4) for all assigned
residues (except B10, E7 and E11) with significant temperature
dependence of their chemical shifts, the five parameters Δχax, Δχrh, α,
β and κ (where κ=α+γ) were determined from a non-linear least squares
regression search of Eq. (2). To confirm proton assignments and the
distance from the iron centre, multiple least squares regression searches
were performed by varying the number of input δdip(obs) values, in order
to obtain undoubted magnetic parameters. Based on the search with all
30 δdip(obs) values, themagnetic axis parameterswere determined to be:
α=0±10°, β=8.0±5.0° and κ=α+γ=15±5° and yielded Δχax=1.8±
0.3×10−8 m3/mol and Δχrh=−0.2±0.3×10−8 m3/mol, which are within
the uncertainties of the inputted data sets. The residual error function F/
n=0.10 ppm2 represents a good correlation between observed and
calculated dipolar shifts (Fig. 6). There are no obvious outliers in Fig. 6 and
the good linearity reflects the justification for using crystal structure to
calculate the diamagnetic shifts and the similarity between the WT and
double mutant. Therefore, based on the calculated dipolar shift, the
relaxationproperty (T1=22ms), and a distance from the iron center (4.6±
0.2 ), a downfield hyperfine shifted resonances at 11.77 ppm, is uniquely
assigned to the NεH1 of Gln64(E7) since it is the only labile proton close to
the iron atom at such a distance in heme pocket. Considering the
uncertainty of the distance restraints and taking protons of F8 NδH and
heme 8-methyl as references, the T1 based distance restraints RFe–Hi,
calculated by Eq. (1), have been listed in Table 1S with corresponding T1
values (see supporting materials), and all of these data can match the
experimental data and be used for conformational analysis.

The tilt of the major magnetic axes is correlated with Fe–CN tilt
which is observed in WT-metMbCN complexes [35,45,53]. The
rhombic axis defined by κ=15°, has a slight difference from the ϕ
angle identified from the crystal structure of NgbCO (Fig. 3). A Curie
plot of observed shift versus inverse of absolute temperature for most
peaks including Phe28(B10) side chain ring protons (see supporting
materials for representative peaks) exhibits good linear correlation. It
Fig. 8. Comparison of the 1H NMR spectra of the mouse NgbCN complexes in 1H2O a
represents reasonable assignments for the peaks which are consistent
with the sign of dipolar shifts.

3.5. Structural simulation

The simulated structure shows aRMSDof 2.8Å for all backbone atoms
compared with crystal structure of NgbCO. Then using methods
described in detail by Qin et al. [47], the orientation of Gln64(E7) in dm-
metNgbCN was refined after simulation by searching for the side chain
rotation angles, χ1, χ2 and χ3 which represent the best static fit and
reproduce the magnetic axes and the δdip(obs) shifts well. The magnetic
axes and δdip(obs) shifts could be better described by an orientation of
Gln64(E7) corresponding toχ1=61°,χ2=135°,χ3=140°. And the distance
between iron atom and NεH1 of E7 is 4.6±0.2 Å, a distance which is
consistent with that obtained independently by relaxation data.

The backbone protons of E11 are confirmed by the dipolar contacts
of Phe68(E11) CβHs to CεHs of Phe28(B10). The side chain of Phe68(E11)
is solidly assigned with observable dipolar contacts of the CδHs, CεHs
and CβH of Phe68(E11) to the 4-vinyl. From these dipolar contacts, the
orientation of Phe68(E11) places the side chain rotation angles at
χ1=59° and χ2=120°, which lead to good correlations between
observed and calculated dipolar shifts for E11 protons.

Observeddipolar shifts for the Phe28(B10)CζHandCεHs, basedon the
modified dm-metNgbCN coordinates, are not included inmagnetic axes
determination. Interestingly, the observed dipolar shifts of Phe28(B10) is
very close to the calculated dipolar shifts. Further, the calculated and
observed dipolar shifts for the CδHs and CεHs of another aromatic
residueon the distal side, Phe42(CD1), arewell predicted. In addition, the
dipolar shift of Phe28(B10) CζH indicates a reasonable distance of Phe28

(B10) CζH to heme iron atomwith RFe(CζH)=5.3±0.1 Å. The orientation
of Phe28(B10) (Fig. 7) in dm-metNgbCN is thus, identified to be very
similar to that found in the NgbCO crystal structure.

4. Discussion

4.1. Structural heterogeneity of dm-metNgbCN

Two sets of NMR resonances for hemeprotons and protonswithin the
active site are indicative and typical of two different heme orientation
isomers A and B (Fig. 2). From the integrated intensity, the population
ratio is about 1:1 for isomer A:B, which is consistent with observations
t 298 K. (A) WT-NgbCN (B) single mutant H64Q-metNgbCN (C) dm-metNgbCN.
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reported by La Mar et al. for WT-metNgbCN [22]. They determined that
the heme orientational disorder changes from about 1:2 (for A:B) in
mouse WT-metNgb to about 1:1 upon binding of cyanide. Since for the
H64Q/V68F doublemutant Ngb, His64 was replaced by Gln64, the rupture
of the E7 bond to the iron was not observed, and the ligand bound
complex formed rapidly after addition of CN−. By comparing 1D 1H NMR
spectra between WT-metNgbCN (Fig. 8A), single mutant H64Q-
metNgbCN (Fig. 8B, Du and La Mar et al., unpublished) and dm-
metNgbCN (Fig. 8C), the heme methyl protons (3-CH3 and 8-CH3 for
isomer B, and 1-CH3 and 5-CH3 for isomer A) are all located in downfield
regions and have a set of similar relaxation rates. All of the three cyanide
complexes displaya similar population ratio of 1:1 for isomerA toB. From
the X-ray structure of mouse metNgb, two heme conformations with a
population ratio of 30:70 (for A:B, and A is the same as in SWMb) [23] are
observed. Therefore, it is possible that external ligand binding induces a
meanheme re-equilibration to 1:1. The population of twoNgbCN isomers
in solution seems not to be affected by the mutation of single or double
mutants at E7 and E11 position.

4.2. Magnetic properties

The mouse double mutant H64Q/V68F NgbCN is the first example
to obtain unique magnetic axes parameters for neuroglobin family.
The determination of the magnetic axes based on crystal coordinates
of NgbCO yields five parameters. These parameters reflect variable
heme orientation that impacts proton dipolar shifts. The axial
anisotropy Δχax≈1.8×10−8 m3/mol and the rhombic anisotropy
Δχrh≈−0.2×10−8 m3/mol are both significantly smaller than those
found in metMbCN and metHbCN complexes [54,55]. The tilt β≈8°
and the direction of the tilt α≈0° of the major magnetic axis possibly
lead to the nitrogen atom of cyanide acting as a H-bond acceptor to E7
NεH1. The value of k≈15° is consistent with an effective rhombic
perturbation and provides additional confirmation of the comparable
orientation of His96(F8) imidazole plane with ϕ≈22° by the analysis of
Walker [56] and in the crystal structure of NgbCO, as illustrated in
Fig. 3. For the dm-metNgbmutant, the heme orientation of isomer B is,
in fact, rotated 180° along with the α–γ-meso axis, different from that
in mammalian globins (CD1 near the 5- CH3 of heme)(Figs. 3 and 5),
but is consistent with the unique isomer of NgbCO crystal structure.
Moreover, both the good correlation of observed and calculated
dipolar shifts (Fig. 6), and the similarity of the ligated spectra of the
WT and double mutant(Fig. 8) reflect the justification for using crystal
coordinates to obtain the reliable magnetic axes.

4.3. Active site structure

The 1HNMRdata for the proximal side of the hemegroup in cyanide
complex of mouse dm-Ngb indicate a highly conserved molecular
structure as found in mouse WT-Ngb. Local structural changes are
observed in the vicinity of the distal mutation. However, the
introduction of point mutation in the distal pocket yields a compara-
tively unperturbed proximal side. The dipolar contacts between
residues and heme, or between distal residues in dm-metNgbCN are
essentially the same as those observed for mouse WT-metNgbCN
(Fig. 3). Slight differences in dipolar shifts are observed, for instance the
Val101(FG5), and are possibly due to the difference in magnetic axes.

In the solution NMR study onmurine Ngb [22], the binding process
of CN− with WT-Ngb experienced nearly hours to complete the
binding to heme iron. At present work, after double mutations of this
protein, the total CN− binding process spent only several minutes
within NMR acquisition time limit. Such a variation of dynamic feature
in binding rates suggests the two mutated sites having a notable
influence on modulation of ligand affinities. And the distal side
structure has been rearranged due to mutations (Fig. 7).

Gln64(E7) in dm-metNgbCN occupies a position different from
that of His64(E7) in WT-NgbCO crystal structure. The orientation of
the side chain is in a position to possibly form a hydrogen bond with
the cyanide ligand and the distance of E7 NεH1 to the heme iron is
about 4.6 Å, therefore NεH1 acts as a H-bond donor in this case (Fig. 7),
just like its role in triple mutants of SWMbCN. Based on the analysis of
the assigned resonances and observed dipolar shifts for Phe68(E11),
the position and orientation of this residue are similar to that
observed in triple mutants of SWMbCN [27]. This is not surprising as
the point mutation at E11 plays an important role on properties of
heme cavity which is crowded by neighboring aromatic residues (CD1
and B10) on the distal side. The position of the B10 aromatic ring of the
dm-Ngb appears to be similar to that of NgbCO, which is in van der
Waals contact with the bound ligand. The Phe28(B10) side chain is
closer to the heme iron with the distance of CζH to iron being 5.30 Ǻ.

As a result, Gln64 may participate to form hydrogen bond that
stabilizes the ligand [27,28,32,33]. Although to some extent heme
methyls display different contact shifts (see Fig. 8), it is possible that
the substitution of Gln side chain for the bulky imidazole side chain of
E7 in the H64Q/V68Fmutant contributes to the difference in ligand tilt
from that in WT. Similar to the example in Mb [28], E11 has van der
Waals steric contact with the ligand. The presence of aromatic ring in
E11, could stabilize the conformation via a π–π stacking interaction
with B10, CD1 and the heme. Hence, the E7 and E11 residues appear to
control the direction and the extent of tilt of the bound ligand,
respectively. The tilt of ligand has no obvious influence on the heme
heterogeneity of cyanide complex of the WT and mutant protein,
implicating that the factors other than steric effects, such as polarity of
heme pocket, play an important role in modulating ligand binding.

4.4. Comparison of neuroglobin with cytoglobin in solution structure

The mouse WT-metNgb yields a 2:1 ratio of isomer B to A in
solution [22], moreover, both the WT-Ngb and the double mutant
H64Q/V68F-Ngb show structural heterogeneities with population
ratio of about 1:1 when cyanide is ligated (Fig. 2). Whereas the
structural heterogeneities of another bis-histidyl coordinated verte-
brate globin, Cgb are not so prevalent in its ferric form in solution [57].
The heme orientation of Cgb adopts a major A conformation similar to
that in SWMb and the population ratio of A to B is about 90:10. It is
indicative of Ngb having a larger heme pocket than Cgb. Although no
external CN− ligated Cgb structure is reported at present, the structural
difference seems to correlate with the ligand binding affinity and
heme cavity properties [58,59]. These two newmembers of the globin
family, Ngb and Cgb, will be examined in greater detail as we are
interested in the physiological function of them, such as O2 sensing,
enzymatic activity and/or signal transduction.
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