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Abstract: Solution 1H NMR spectroscopy has been used to determine the relative strengths (covalency)
of the two axial His-Fe bonds in paramagnetic, S ) 1/2, human met-cytoglobin. The sequence specific
assignments of crucial portions of the proximal and distal helices, together with the magnitude of hyperfine
shifts and paramagnetic relaxation, establish that His81 and His113, at the canonical positions E7 and F8
in the myoglobin fold, respectively, are ligated to the iron. The characterized complex (∼90%) in solution
has protohemin oriented as in crystals, with the remaining ∼10% exhibiting the hemin orientation rotated
180° about the R-, γ-meso axis. No evidence could be obtained for any five-coordinate complex (<1%) in
equilibrium with the six-coordinate complexes. Extensive sequence-specific assignments on other dipolar
shifted helical fragments and loops, together with available alternate crystal coordinates for the complex,
allowed the robust determination of the orientation and anisotropies of the paramagnetic susceptibility tensor.
The tilt of the major axis is controlled by the His-Fe-His vector, and the rhombic axes are controlled by
the mean of the imidazole orientations for the two His. The anisotropy of the paramagnetic susceptibility
tensor allowed the quantitative factoring of the hyperfine shifts for the two axial His to reveal an
indistinguishable pattern and magnitudes of the contact shifts or π spin densities, and hence, indistinguish-
able Fe-imidazole covalency for both Fe-His bonds.

Introduction

Vertebrate globins, in particular hemoglobin, Hb,1 and
myoglobin, Mb, are O2 carriers and O2 storage proteins found
in diverse species.2-4 They represent one of the most extensively
studied class of folded proteins. In the more common form,
globins appear as∼150 residue proteins consisting of 8 helices
(A-H) in a characteristic fold where the heme binds to the
protein through a single protein ligand, the proximal His(F8)
(eighth position on helix F), with the distal side available for
exogenous ligation by small molecules. This conserved fold is
found in both monomeric and oligomeric globins. Shorter
(truncated) globins of∼108 residues also have been character-
ized which retain less than the eight helices and exhibit a specific
portion of the “Mb fold”.5-9 More recently, a new class of

globins has been identified consisting of both normal length10-14

and truncated Hb’s15-17 for which the protein provides two His
ligands to the heme to render a coordinately saturated chro-
mophore in the absence of exogenous ligand for both the
reduced and oxidized forms. These six-coordinate globins are
found in nonsymbiotic plants,10 cyanobacteria,16-18 insects,13

and, most surprisingly, in mammals,11-15,19 and a combination
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of mutagenesis and structural characterization has shown that
the sixth endogenous ligand is His(E7). The existence of a six-
coordinate “deoxy” globin introduces yet another mechanism
of control of function in that the ligation on-rate must be
preceded by the rupture of the His(E7)-iron bond.10,20,21

Neuroglobin,22 Ngb, and cytoglobin,23-25 Cygb, are two new
members of the vertebrate globin family which exhibit only
limited sequence homology to Mb or Hb and for which a distal
His is capable of forming a sixth bond to the heme iron in both
the functional reduced or oxidized oxidation states.26,27 Ngb is
an ∼150 residue protein expressed primarily in the brain and
retina of the eye.26 Cygb expressed in diverse tissues with
unknown function23,24,26,27is an∼190 residue globin for which
the central∼150 residues exhibit sequence homology to Mb
and Hb. Both exhibit O2 affinity that is similar to that of Mb.
The factors that control the distal His E7 bond scission are
incompletely understood and constitute an active area of globin
research.20-22,28One obvious possibility is that the distal His-
Fe bond is intrinsically strained in the deoxy state. Both Ngb
and Cygb have been shown29 to form disulfide bonds between
two Cys, and in the case of Ngb, the O2 affinity, and hence the
His-Fe bond scission rate, changes27,29by a factor of 10 (only
a factor of∼2 in Cygb). Two crystal structures of metCygb
have been reported, one for the human double-mutant C38S/
C83S-metCygb that abolishes the potential disulfide link11,29and
another of human wild-type metCygb.12 The dominant six-
coordinate form in the former11 and the sole six-coordinate form
in the latter12 have the distal Fe-His(E7) bond slightly longer
(but within experimental uncertainty) than the Fe-His(F8) bond.
Some evidence for an intrinsically weak Fe-His(E7) bond could
be inferred from the observation that, for one of the two
inequivalent molecules in the unit cell, the populations of six-
coordinate and five-coordinate, with the Fe-His(E7) bond
ruptured,11 are 55% and 45%, respectively.

Spectroscopy can aid in the detailed characterization of axial
ligand bonds in hemoproteins, by either detection of the strength
of the bond as revealed in the characteristic Fe-His bond
vibration in resonance Raman spectra30-32 or the Fe-His

covalency as observed in a paramagnetic derivative via1H NMR
spectroscopy.33,34The latter technique is particularly well-suited
to such a study, since the contact shift,δcon, that results forπ
spin transfer from the His imidazole ring to the iron directly
monitors the bond covalency.34,35 Analyses of the contact
contributions to the hyperfine shifts of ligated His in both
cyanomet globins34 and ferricytochrome36 have revealed that
the unpairedπ spin resides in the highest filledπ MO of the
imidazole ring, which results in the largest detectableπ spin
density at Cε (resulting in an upfield CεH contact shift),
somewhat lessπ spin density in Cγ (resulting in upfield CâH
contact shift). The low-spin, ferric or metCygb complex is well-
suited for such an NMR study, since the paramagnetism results
in significant chemical shift dispersion in the active site due to
hyperfine shifts, δhf, that will resolve the two axial His
resonance.34 At the same time, this oxidation/spin state intro-
duces only weak-to-moderate paramagnetic relaxation that does
not seriously interfere with the definitive characterization of
solution molecular and electronic studies by appropriately
tailored 1D/2D NMR.34,37,38The large anisotropy of low-spin
iron(III) heme also results in substantial dipolar shifts,δdip, for
both the ligated and nonligated active site residues. Thusδdip

is the only source ofδhf for nonligated residues, but for the
heme and axial ligand,δdip contributes significantly toδhf

according to

In order to determineδcon for the two His, which is directly
proportional to Fe-His covalency, it is first necessary to
quantitatively determineδdip, which is given by34,39,40

whereR, θ′, Ω′ (x′, y′, z′) are the coordinates of a given proton
in an iron-centered, reference coordinate system (as provided
by crystallography);∆øax and∆ørh are the axial and rhombic
anisotropies of the paramagnetic susceptibility tensor,ø, in the
magnetic coordinate system,x, y, z, whereø is diagonal; and
Γ(R, â, γ) is the Euler rotation that converts the reference
coordinate system,x′, y′, z′, into the magnetic axes,x, y, z. The
three Euler anglesR, â andκ ≈ R + γ represent the direction
of the tilt of the major magnetic axis from the heme normal,
the magnitude of this tilt, and the location of the rhombic axes,
as shown in Figure 1.

Our interests in this report are to characterize in detail by1H
NMR the active site molecular and electronic structure of
metCygb in solution, explore the utility of hyperfine shifts for
the axial His to quantitatively compare the Fe-His bonds for
the proximal and distal His, and assess the presence in solution
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of equilibrium, five-coordinate derivatives with the Fe-His-
(E7) bond ruptured, such as observed for a minor population
of molecules in the C385/C835-met-Cygb crystal structure,11

and as expected as an intermediate in the process of exogenous
ligand binding.

Experimental Methods

Sample Preparation. The metCygb sample was prepared as
described in detail previously.29 Two WT human metCygb samples
(the first one in 90%1H2O and 10%2H2O and the second one in 90%
2H2O and 10%1H2O), pH 7.5 in 50 mM phosphate buffer were prepared
for the 1H NMR study. The concentration of the sample in1H2O was
∼2.5 mM, and that of the one in2H2O, ∼0.2 mM.

NMR Spectroscopy.1H NMR spectra were collected in1H2O and
2H2O on either a Bruker Avance 500 or 600 spectrometer operating at
500 or 600 MHz, respectively. Reference spectra were collected over

the temperature range 5-35 °C at repetition rates of 1-5 s-1 over 10-
100 kHz spectral windows using a standard one-pulse sequence with
saturation of the water solvent signal. The chemical shifts were
referenced to 2,2′-dimethyl-2-silapentane-5-sulfonate (DSS) through the
water peak calibrated at each temperature. The spectra were exponen-
tially apodized with 5 Hz line broadening. NonselectiveT1 values for
the resolved peaks were determined from the null in the standard
inversion-recovery experiment (T1 ≈ τnull/ln 2) at a repetition rate of
1 s-1. The rapidly relaxing signals were selectively enhanced in WEFT
spectra41 at a repetition rate of 10 or 5 s-1 with a relaxation delay of
1-100 ms, where the slowly relaxing diamagnetic envelope was
suppressed. Steady-state NOE spectra upon saturating the heme methyl
peaks were collected in1H2O at 600 MHz with a repetition rate of 1.5
s-1 and a 300 ms irradiation time. The spectra were exponentially
apodized with 10 Hz line broadening. WEFT-NOE spectra37 upon
saturating the rapidly relaxing signal His81(E7) NεH were collected at
500 MHz in 1H2O with a repetition rate of 10 s-1, a 45 ms relaxation
delay, and a 50 ms irradiation time. The spectra were exponentially
apodized with 20 Hz line broadening.

NOESY spectra42 were collected in1H2O at 600 MHz at 18, 25, 30,
and 35°C with a repetition rate of 1 s-1 and a 60 ms mixing time,
using 512 t1 blocks and 2048 t2 points. Spectral windows were 19 kHz
at 25 and 35°C and 11 kHz at 18 and 30°C. CLEAN-TOCSY spectra43

were recorded in1H2O on the 500 MHz spectrometer at 25°C with a
6 kHz bandwidth, a 40 ms mixing time, and a repetition rate of∼1.2
s-1, at 30 °C with a 8 kHz bandwidth, a 22 ms mixing time, and a
repetition rate of 0.8 s-1, and at 35°C with a 6 kHz bandwidth, a 40
ms mixing time, with a repetition rate of 0.8 s-1, as well as with a 10
kHz bandwidth, a 25 ms mixing time, and a repetition rate of 1 s-1, all
using 512 t1 blocks and 2048 t2 points. The 2D data set were processed
using Bruker XWIN software on a Silicon Graphics Indigo work station
and consisted of 30°-shifted-sine-squared-bell apodization in both
dimensions and zero-filling to 2048× 2048 data points prior to Fourier
transformation.

Magnetic Axes Determination.The location of the magnetic axes
was determined by finding the Euler rotation angles,Γ(R,â,γ), that
convert the crystal-structure-based, iron-centered reference coordinate
system,x′, y′, z′, into the magnetic coordinate system,x, y, z, where
the paramagnetic susceptibility tensor,ø, is diagonal andR, â, γ are
the three Euler angles.34,39,44The angleâ dictates the tilt of the major
axis, z, from the heme normalz′; R reflects the direction of this tilt
and is defined as the angle between the projection of thez-axis on the
hemex′, y′ plane and thex′ axis (Figure 1A); andκ ≈ R + γ is the
angle between the projection of thex-axis onto the hemex′, y′ plane
and thex′ axis and locates the rhombic axes (Figure 1A). Magnetic
axes were determined by a least-square search for the minimum in the
error function, F/n:

where the calculated dipolar shift,δdip(calcd), in the reference coordinate
system,x′, y′, z′, (or R, θ′, Ω′) is given by eq 2. The observed dipolar
shift, δdip(obsd), is given by

where δDSS(obsd) andδDSS(dia) are the chemical shifts, in ppm,
referenced to DSS, for the paramagnetic metCygb complex, and an
isostructural diamagnetic complex, respectively. Since the experimental
data on the latter one are not available, reasonable chemical shift can

(41) Gupta, R. K.J. Magn. Reson.1976, 24, 461-465.
(42) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R.J. Chem. Phys.1979,

71, 4546-4553.
(43) Griesinger, C.; Otting, G.; Wu¨thrich, K.; Ernst, R. R.J. Am. Chem. Soc.

1988, 110, 7870-7872.
(44) Emerson, S. D.; La Mar, G. N.Biochemistry1990, 29, 1545-1555.

Figure 1. (A) Reference coordinate system,x′, y′, z′, with x′, y′ in the
heme plane andz′ normal to the heme. The magnetic coordinate system,x,
y, z, with â, the tilt of the major magnetic axis,z, from the heme normal,
z′; R indicates the direction of the tilt given by the projection ofz onto the
x′, y′ plane and thex′ axis, andκ ≈ R+ γ locates the rhombic axes. The
two anglesæF8 and æE7 represent the orientation of the His113(F8) and
His81(E7) imidazole planes, respectively, relative to thex′ axis. (B)
Schematic representation of the heme pocket of metCygb (squares are
proximal residues and circles are distal). The observed (and expected)
NOESY connections between the heme substituents and heme pocket
residues and between heme pocket residues of different helixes (or loops)
are shown by dashed lines. Residues are labeled by residue type, residue
number, and helical (or loop) positions in the standard Mb fold. F/n ) Σ[(δdip(obsd)- δdip(calcd))]2 (3)

δdip(obsd)) δDSS(obsd)- δDSS(dia) (4)
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be determined with values using the ShiftX program45 and adding the
ring current chemical shift induced by the heme46 using the alternate
crystal structure.11,12 For the ring protons of aromatic residues not
covered in the Shift X program,45 the δDSS(dia) was calculated as
described in detail previously.40 The contact shift for the heme and the
axial histidine protons can be obtained by

Results

The resolved portions of the 600 MHz1H NMR spectrum of
metCygb in 1H2O are shown in Figure 2A. The spectrum
consists of six (three upfield, three low-field) resolved methyl
peaks and numerous resolved, single-proton peaks that argue
for a single, dominant (>90%) molecular species. There are
several other weak peaks detected from a clearly minor
component, whose intensities represent the likely methyls for a
j10% minor component. Several of the resolved, low-field,
single proton peaks are strongly relaxed, as is obvious in the
WEFT trace in Figure 2B. Three very broad and strongly relaxed
linewidths∼500 Hz (T1 ≈ 3 ms) are observed, of which the
two upfield peaks at-5 ppm (marked Y in Figure 2B) and at
-9.5 ppm (labeled H81ε) exhibit intensities consistent with
arising from one proton each, while the partially resolved low-
field peak at∼15 ppm (marked X in Figure 2B) has an intensity
indicative of more than one proton. Such broad and strongly

relaxed protons must arise from the four nonlabile ring protons
of the two ligated His.44 Several low-field resonances exhibit
T1 e 50 ms, of which that at 18.1 ppm (T1 ∼20 ms), among
others in the window 9-20 ppm, is lost in the spectrum in2H2O
(Figure 2C). TheT1 values for resolved signals are listed in
Tables 1 and 2.

Assignment of the Heme.TOCSY spectra (not shown; see
Supporting Information) locate one CH-CH2, one CH2-CH2,
and one vinyl group with significant temperature dependence
to the shifts to indicate origins as heme substituents. The fourth
proton to the CH-CH2 fragment (as well as the protons of the
other vinyl group) is outside the spin-lock field of the TOCSY
spectrum, but an intense NOESY crosspeak indicative of
geminal protons (Figure 3D) and characteristic low-field
resolved CRH to an upfield resolved CâH2 of a vinyl (Figure
3A) identify the four non-methyl heme substituents. Two of
the three low-field resolved methyls exhibit the weak inter-
methyl NOESY crosspeak of 1-CH3 and 8-CH3 (Figure 3E),
and NOESY contact of the former with a vinyl (Figure 3A)
and the latter with a CH2-CH2 (Figure 3C) fragment identify
the 2-vinyl (and hence 4-vinyl) and 7-propionate (and hence
6-propionate) heme signals. NOESY cross peaks of a CH2-
CH2 fragment to the remaining resolved methyl peaks at∼36
ppm (not shown) identify 5-CH3. The remaining TOCSY-
detected 4-vinyl group exhibits NOESY cross peaks to a
nonresolved methyl group with no scalar connectivity (not
shown) and with characteristic anti-Curie behavior (see Sup-
porting Information) to provide the remaining 3-CH3 resonance

(45) Neal, S.; Nip, A. M.; Zhang, H.; Wishart, D. S.J. Biomol. NMR2003, 26,
215-240.

(46) Cross, K. J.; Wright, P. E.J. Magn. Reson.1985, 64, 220-231.

Figure 2. Resolved portions of the1H NMR spectra of human metCygb, 50 mM in phosphate, pH 7.5 at 25°C. Heme signals are identified by the Fischer
notation (Figure 1), and residue peaks are labeled by residue type, residue number, and proton position. (A) The 600 MHz slow repetition rate (1 s-1)
reference spectrum in1H2O; (B) the 500 MHz WEFT spectrum (repetition rate 5 s-1, relaxation delay 40 ms), which emphasizes the moderately to strongly
relaxed protons; (C) the 500 MHz slow-repetition rate (1 s-1) reference spectrum in2H2O.

δcon ) δDSS(obsd)- δDSS(dia) - δdip(calcd) (5)
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position. NOESY cross peaks from the substituents adjacent to
a meso position to relaxed peaks, with characteristic strongly
low-field intercepts (∼15-20 ppm) in a Curie plot, locate the
four meso-H’s. The chemical shifts for the heme resonances
are listed in Table 1.

Sequence-Specific Assignment of the Proximal and Distal
Helices. We use the helical/loop position of residues in the
standard Mb fold as described by sperm whale Mb2,3 since this
provides direct comparison of the pattern of dipolar shifts for
the similarly placed residue relative to the heme.

At least the peptide NH and one CâH of a ligated His can be
expected to yield resonances resolved to the low-field of 10
ppm.34 Two such CâH protons are resolved in the low-field trace,
and theirT1 ≈ 50 ms dictates that they are significantly closer
to the iron than a heme methyl (T1 ∼100 ms) and, hence,
originate from coordinated His. TOCSY spectra reveal protons
of two such low-field NHCRH-CâH fragments, as illustrated
in Figure 4 (the CRH and CâH of one His are essentially
degenerate). The second CâH is not detected in TOCSY spectra
because of insufficient power in the spin lock field but is very
readily detected in the NOESY spectrum by the intense cross
peak indicative of geminal protons (Figure 3D). The TOCSY/
NOESY connectivities and chemical shifts are very similar to
those observed for the two His in metNgb.48

Six helical fragments are detected by their characteristic49

Ni-Ni+1, Ri-Ni+1, âi-Ni+1, Ri-Ni+3, and/orRi-âi+3 NOESY
cross peaks among TOCSY detected spin systems. The Ni-
Ni+1 andRi-Ni+1 connections for the fragments of the proximal
and distal helices are illustrated in Figure 5. One fragment is
represented by Vali-Glyi+1-Zi+2-Alai+3-AMX i+4-Alai+5-Leui+6

(z is >4 spins) (connections are summarized in Figure 6), with
one of the His backbones presented above as AMXi+4. The
sequence identifies this uniquely as Val109-Leu115 and residues
F4-F10 of the proximal or F helix. Hence the hyperfine shifted
backbone of His113(F8) is assigned. The side chains exhibit
all expected NOESY cross peaks to the heme, as shown
schematically in Figure 1B. In addition to His113(F8), signifi-
cant hyperfine shifts are observed for Val109(F4), Gly110(F5),
Ala112(F7), and Ala114(F9) (see Table 2). The NOESY
spectrum exhibits a cross peak of the His113(F8) CâH’s and
NH to a moderately relaxed (T1 ∼20 ms), labile proton at 18.4
ppm (Figure 3F) which identifies the His ring NδH. Chemical
shifts for the axial His are listed in Table 1, and those for the

(47) Thériault, Y.; Pochapsky, T. C.; Dalvit, C.; Chiu, M. L.; Sligar, S. G.;
Wright, P. E.J. Biomol. NMR.1994, 4, 491-504.

(48) Du, W.; Syvitski, R. T.; Dewilde, S.; Moens, L.; La Mar, G. N.J. Am.
Chem. Soc.2003, 125, 8080-8081.

(49) Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley & Sons: New
York, 1986.

Table 1. Observed Chemical Shifts, Dipolar Shifts, and Contact Shifts for the Heme and Two Axial His Ligands in Human Metcytoglobin

δDSS(obsd)a(T1)b δDSS(dia)c δhf
d δdip(calcd)e δcon

f δdip(calcd)g δcon
f

heme
1-CH3 18.81(105) 3.6( 0.2 15.2( 0.2 -2.5( 0.2 17.7( 0.4 -2.9( 0.3 18.1( 0.5
3-CH3 6.59 3.8( 0.2 2.8( 0.2 -4.7( 0.4 7.5( 0.6 -5.0( 0.5 7.8( 0.7
5-CH3 36.43 (95) 2.5( 0.3 33.9( 0.3 -2.5( 0.2 36.4( 0.5 -2.9( 0.3 36.8( 0.6
8-CH3 13.29 (105) 3.6( 0.2 9.7( 0.2 -4.3( 0.4 14.0( 0.6 -5.2( 0.5 14.9( 0.7
6-CRH’s 17.61(90), 9.68
6-CâH’s 3.41, 1.92
7-CRH’s 2.05, 2.05
7-CâH’s -0.92,-0.07
2HR 16.23 (85)
2Hâ’s -4.76,-5.67(150)
4HR 5.22
4Hâ’s -0.23,-0.71
R-meso-Hh 2.86 9.9(0.5 -7.0( 0.5 -9.8(0.8 2.8( 1.3 -9.9( 0.8 2.9( 1.3
â-meso-Hh 1.50 9.3( 0.5 -7.8( 0.5 -9.6( 0.8 1.8( 1.3 -10.9( 0.9 3.1( 1.4
γ-meso-Hh 5.37 10.2( 0.4 -4.8( 0.4 -9.8( 0.8 5.0( 1.2 -9.9( 0.8 5.1( 1.2
δ-meso-Hh 3.98 9.9( 0.4 -5.9( 0.4 -9.6( 0.8 3.7( 1.2 -10.9( 0.9 5.0( 1.3

His81(E7)i[E6]k

NH 10.06 7.8( 0.4 2.8( 0.4 2.4( 0.2 0.4( 0.6 2.4( 0.2 0.4( 0.6
CRH 7.88 2.7( 0.2 5.2( 0.2 4.6( 0.4 0.6( 0.6 4.2( 0.4 1.0( 0.6
Câ1H 8.65 1.9( 0.3 6.8( 0.3 6.7( 0.6 0.1( 0.9 6.2( 0.5 0.6( 0.8
Câ2H 14.24(49) 1.8( 0.3 12.4( 0.3 6.1( 0.5 6.3( 0.8 6.3( 0.5 6.0( 0.8
CεH -8.7 (∼3) 2.3( 1.0 -11 ( 1.0 19.6( 1.6 -30.7( 2.6 15.2( 1.3 -26 ( 2.3
CδH 15(2(∼3) 0.0( 0.7 15( 2.7 14.3( 1.2 -0.7( 3.9 19.9( 1.6 -4.9( 4.3

His113(F8)i[F15]j

NH 12.31 7.1( 0.4 5.9( 0.4 5.2( 0.4 0.7( 0.8 6.3( 0.5 -0.4( 0.9
CRH 8.10 2.2( 0.2 5.7( 0.2 6.2( 0.5 -0.5( 0.7 6.8( 0.6 -1.1( 0.8
Câ1H 8.10 1.5( 0.3 7.2( 0.3 6.2( (0.5 1.0( 0.8 6.5( 0.6 0.7( 0.9
Câ2H 15.2(47) 1.7( 0.3 14.4( 0.3 6.9( 0.6 7.5( 0.9 7.5( 0.6 6.9( 0.9
CεH -4.95(∼3) 0.8( 0.8 -5.8( 0.8 17.6( 1.4 -23.4( 2.2 22.2( 1.8 -28.0( 2.6
CδH 15(2(∼3) -0.8( 0.7 15.8( 2.7 15.7( 1.3 0.1( 4.0 11.5( 1.0 4.3( 3.7
NδH 18.4(20) 7.4( 0.4 11.0( 0.4 12.2( 1.0 1.2( 1.4 14.2( 1.2 -3.2( 1.6

a Observed chemical shift, in ppm, from DSS, in1H2O, 50 mM in phosphate, pH 7.5 at 30°C. b T1, in ms, for resolved resonances.c Chemical shift for
an isostructural diamagnetic complex, as provided by the shift X45 and the porphyrin ring current46 program. For the heme methyls and meso-protons of the
cytoglobin the chemical shifts for MbCO47 were used.d Experimental hyperfine shift (eq 1), as obtained fromδDSS(obsd)- δDSS(dia). e Dipolar shift, as
calculated by the optimized magnetic axes described in Table 3 and Figure 7. Magnetic axes were obtained using WT metCygb crystal coordinates.12

f Contact shift, as obtained from eqs 1 and 2.g Dipolar shift, as calculated by the optimized magnetic axes described in Table 3 and Figure 7. Magnetic axes
were obtained using C38S/C83S metCygb crystal coordinates for chain B.11 h All the meso protons were artificially placed with the same distance from the
Fe ion when their dipolar shift was calculated.i Helical/loop position in mammalian (i.e., axial His is F8, distal is E7, etc.) Mb fold is given in parentheses.
j Actual helical/loop positions in Cygb are given in square brackets.
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strongly dipolar shifted residues are listed in Table 2, with the
remaining data provided in the Supporting Information (Table
S1).

The helical fragment which contains the other axial His AMX
spin system (as residuej + 3) exhibits the sequential NOESY
cross peaks (Figure 5) represented by (Leu)j-(NR)j+1-(NR)j+2-
(AMX) j+3-Alaj+4-(NR)j+5-Zj+6-(Val/Thr)j+7, which the sequence
identifies as the distal helical fragment Leu78-Val85 as residues
E4-E11 on the distal or E helix. An additional fragment
represented by Alak-Leuk+1(NR)k+2 must arise from the nearby
distal helix fragment Ala88(E14)-Asn90(E16). The residues
exhibit the expected11,12 NOESY contacts to the heme as
depicted in Figure 1B. It was not possible to locate any other
resolved and relaxed protons with NOESY connections to the
His81(E7) backbone as would be expected for its ring NδH,
and as is observed for His113(F8) in Figure 3F, or for the same
distal His in metNgb.48 Distal helix residues, in addition to
His81(E7), which exhibit significant dipolar shifts are Leu78-
(E4), Ala82(E8), Arg84(E10), and Val85(E11), whose shifts are
listed in Table 2. The chemical shifts for His81(E7) are given
in Table 1, and data for the remaining assigned residues are
provided in the Supporting Information.

The two upfield hyperfine-shifted broad and strongly relaxed
(T1 ≈ 3 ms) nonlabile proton signals (Figure 2A, 2B) can only
arise from the ligated His four ring nonlabile protons.34,35,44The
closest protons to the CHs of each of the two His are the His
CâH’s (to the ring CδH) and the ring NδH’s (to the ring CεH).
Saturation of the only clearly resolved peak at-9.5 ppm fails
to exhibit (not shown) the sizable NOEs expected to His CâH’s
if the peak arose from a CδH and, hence, identifies it as an
axial His CεH of one of the two His. The absence of a detectable
NOE upon saturating this resolved His CεH to the assigned
His113(F8) NδH peak at 18.4 ppm argues for its origin as the
His81(E7) CεH. In view of the very similar hyperfine shift
pattern of the two axial His backbones, it is most likely that
the other upfield broad and strongly relaxed resonances under
the 2-vinyl Hâ’s arise from the CεH’s of His113(F8) (see below).
The signals for the CδH’s of both axial His likely resonate in
the broad composite peak (marked X) at∼15 ppm in Figure
2B.

Other Sequence-Specific Assignments.Backbone connec-
tions (Figure 5) to the assigned Ala114(F9) trace over the FG
loop and identify Leu115(FG1), His117(FG3) in contact with
pyrrole C (Figure 1B), Val119(FG5) in contact with the junction

Table 2. Chemical Shifts for Strongly Dipolar Shifted Residues in metCygba

residue proton δDSS(obsd) residue proton δDSS(obsd)

Leu46(B10)e [B6]f NH 8.44 Ala88(E14)e [E13]f NH 6.88
CRH 4.12 CRH 3.79
CâH’sb 2.45, 2.85 CâH3 0.52
CγH 3.22 Val109(F4)e [F11]f NH 8.24
CδH3’sb 2.98, 1.75 CRH 6.13

Phe49(B13)e [B9]f NH 8.14 CâH 3.47
CRH 4.30 CγH3

b 4.02, 1.14
CâH’s 3.18, 2.70 Gly110(F5)e [F12]f NH 10.58
CδH’s 5.98 CRH’sb 5.00, 5.95
CεH’s 5.74 Ala112 (F7)e [F14]f NH 9.34
CúH 5.57 CRH 5.16

Ala56(C4)e [C3]f NH 7.99 CâH3 2.95
CRH 2.87 Ala114(F9)e [F16]f NH 9.99
CâH3 0.38 CRH 4.60

Tyr59(C7)e [CD2]f NH 5.56 CâH3 1.11
CRH 3.70 His117(FG3)e [FG2]f NH 7.30
CâH’sb 0.72, 1.77 CRH 4.57
CδH’s 6.27 CâH’sb 2.08, 3.49
CεH’s 6.11 CδH 9.60 (20)c

Phe60(CD1)e [CD3]f NH 7.46 CεH 6.57
CRH 4.37 Val119(FG5)e [FG4]f NH 8.08
CδH’s 7.39 CRH 2.60
CεH’s 8.83 CâH 1.48

Leu78(E4)e [E3]f NH 8.17 CγH3’sb -1.39(100),c -2.30(55)c

CRH 5.31 Tyr123(G4)e [G2]f NH 7.24
CâH’sb 1.45, 2.37 CRH 3.43
CγH 2.40 CâH’sb 1.55, 1.35
CδH3’sb 1.55, 0.82 CγH’s 6.56

Ala82(E8)e [E7]f NH 11.07 CúH’s 6.50
CRH 5.48 Phe124(G5)e [G3]f NH 7.92
CâH3 2.44 CRH 2.94

Arg84(E10)e [E9]f NH 8.42 CâH’sb 3.27, 2.53
CRH 3.08 CδH’s 6.99
CâH’sb -2.12(55),c 0.61 CεH’s 8.31
CγH’s 0.91, 1.30(?)d CúH 12.20 (20)c

Val85(E11)e [E10]f NH 8.93 Leu127(G8)e [G6]f NH 7.65
CRH 1.62 CRH 2.92
CâH 2.79 CâH’sb 0.27,-0.72
CγH3’sb 0.38, 2.08(?)d CγH 0.38

CδH3’s -0.55, 1.30(110)c

a Chemical shifts, in ppm, referenced to DSS, in1H2O, 50 mM in phosphate, pH 7.5 at 30°C. b Diasterotropic protons (methyls) assigned stereospecifically
on the basis of selective NOESY cross peaks, differentiated relaxation or differentiated dipolar shifts, and are listed in order (i.e., Câ1H, Câ2H, Cγ1H3, Cγ2H3,
etc.). c T1 values, in ms, for resolved residue protons are given in parentheses.d (?) indicates tentative assignment.e Helical/loop positions in mammalian
(i.e., axial His is F8, distal is E7, etc.) Mb fold is given in parentheses.f Actual helical/loop positions in Cygb are given in square brackets.
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of pyrrole B and C (Figure 1B) and the backbone in Lys116-
(FG2) and Lys118(FG4). A helical section represented by Valm-
AMX m+1-AMX m+2-(NR)m+3-Ilem+4-Leum+5, with aromatic rings
in contact with AMXm+1 and AMXm+2, uniquely identifies
Val122-Leu127, residues G3-G8 on the G helix. The expected
NOESY cross peaks to pyrroles A and B are observed for
Tyr123(G4), Phe124(G5), and Leu127(G8) (Figure 1B), and the
CúH of Phe124(G5) exhibits the strong relaxation (T1 ∼20 ms)
predicted by the crystal structure (RFe ∼4.4 Å). Each of the
residues exhibits significant dipolar shifts.

A short helical sequence Alan-(NR)n+1-(NR)n+2-AMX n+3, the
latter with contact to an aromatic ring, and with the Ala and
the aromatic ring in contact with the junction of pyrroles B and
C (Figure 1B), can only arise from Ala56(C4)-Tyr59(C7), with
significant dipolar shifts exhibited by Ala56 and Tyr59.
Backbone connections to Tyr59(C7) and a dipolar shifted,
TOCSY-detected two-spin aromatic ring in contact with the
pyrrole B/C junction (Figure 1B) identifies Phe60(CD1). The
failure to detect either TOCSY or NOESY connections between

the CεH signal and CúH of the ring argues for a CúH shift that
is essentially degenerate with that of CεH’s.

Two short helical fragments, neither with side chains exhibit-
ing NOESY cross peaks to the heme, which are represented by
Valp-(NR)p+1-Alap+2-(NR)p+3-AMX p+4-Alap+5 (with a four-spin
aromatic ring in contact with AMXp+4) and Alaq-Zq+1-(NR)q+2-
Valq+3-(NR)q+4-AMX q+5-AMX q+6, must arise from Val27-
Ala32 and Ala44-Phe50 on helices A (A10-A15) and B (B8-
B14). Aromatic rings in contact with the backbone of residueq
+ 5 andq + 6 confirm Phe’s at positions B13 and B14. The
residues exhibit the expected NOESY cross peaks to other
residues, as shown in Figure 1B. Only Leu46(B10) and Phe49-
(B13) exhibit significant dipolar shifts. Contacts to Trp131(A12)
and Phe49(B13) identify two additional G-helices residues
Val130(G11) and Val135(G16). Resolution problems precluded
unique identification of the H-helix, but expected (and observed)
key contacts to the F and G helices (Figure 1B), together with
unique TOCSY signals, identify Phe143(GH5), Trp151(H8),
Val162(H19), Ala165(H22), Tyr166(H23), and Trp171(H28).

Figure 3. Portions of the 600 MHz1H NMR NOESY spectrum of metCygb in1H2O, 50 mM in phosphate, pH 7.5 at 25°C (repetition rate 1 s-1, mixing
time 60 ms), illustrating intra-heme key contacts: 1-CH3 to (E) 8-CH3, (A) 2-Hâs, (B) theδ-meso; 8-CH3 to (C) 7-propinate and theδ-meso; (A) intra-2-
vinyl and (B) 2-HR to the R-meso; (B, D) intra-6-propinate as well as (D) intra-His81(E7) and (D, E) intra-His113(F8) connections; His113(F8) to (D)
Ala114(F9) and to (B) Val119(FG5) contacts. Also shown are contacts that establish heme orientation: (B) 1-CH3 to Val85(E11), Ala88(E14), and Val109-
(F4), 2-HR to Val85(E11); (C) 8-CH3 to Arg84(E10), Ala88(E14), and Val109(F4). The cross peak between His113(F8) NH and NδH in section F is shown
with lower levels (by a factor of 1.5) of 60° shifted-sine-squared-bell apodization of the NOESY spectrum.
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Their position on the H-helix is confirmed byRi-Ni+3/Ri-âi+3

contact involving Val162(H19), Tyr159(H16), and Ala165(H22).
The chemical shifts for residues with significant dipolar shifts
(g1 ppm for at least one proton) are listed in Table 2, and the
remainder of the data are provided in the Supporting Informa-
tion.

Orientation and Anisotropy of ø. The values ofδdip(obsd)
obtained via eq 4 for all assigned residues with significant
temperature dependence to their chemical shifts were used as
input in the five parameter searches for∆øax, ∆ørh, R, â, andκ

) R + γ, using the two available sets of crystal coordinates for
metCygb.11,12 In each case, very clear minima were observed

Figure 4. Portion of the 500 MHz1H NMR clean-TOCSY spectrum of metCygb in1H2O, 50 mM in phosphate, pH 7.5 at 30°C (repetition rate 1 s-1,
mixing time 25 ms) illustrating scalar connections for the moderately relaxed CâH-CRH-NH of His81(E7), CRH-NH of His113(F8), Val109(F4), and the
rings of Phe60(CD1) and Phe124(G5).

Figure 5. Fingerprint region of the 600 MHz1H NMR NOESY spectrum of metCygb in1H2O, 50 mM in phosphate at 25°C (repetition rate 1 s-1, mixing
time 60 ms), illustrating the characteristic helical Ni-Ni+1 connection for the (A, B) proximal helix (i ) F4-FG1 (Val109-Leu115); upper left of diagonal
in (B), solid), and (B) the distal helix (i ) E4-E9 (Leu78-Cys83); lower right of diagonal, dash) and signatureRi-Ni+1 connection for (A, B) the proximal
(solid) and distal (dash) residues.
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with excellent correlation betweenδdip(obsd) andδdip(calcd) for
the predicted five parameters, as illustrated in Figure 7A and
7B. The values for the optimized parameters are compared in
Table 3. The alternate crystal coordinates yield values for the
five parameters for the alternate crystal coordinates that are well
within their uncertainties. The plot ofδdip(obsd) andδdip(calcd)
with sequence number, shown in Figure 8A and 8B, respec-
tively, attest to the excellent definition of the nodal pattern
through the structure. Figure 8C plots the temperature gradient
of the chemical shift, d[δDSS(obsd)]/d(T-1) versus sequence
number. For the very few cases (marked by asterisk) where there
appears to be a discrepancy between the signs ofδdip(obsd) and
δdip(calcd), the temperature gradient is found to be consistent
with the sign ofδdip(calcd), indicating that the minor discrep-
ancies betweenδdip(calcd) andδdip(obsd) in Figure 8A and 8B
arise from the uncertainty in the calculated values ofδDSS(dia).

Factoring the Dipolar and Contact Shifts. Theδdip(calcd)
for the heme and two axial His obtained by the alternate
magnetic axes/anisotropies in Table 3 are listed in Table 1,
where the experimentalδhf can be factored via eq 6 to yield
δcon for the heme methyl, meso-H’s, and the two axial His. It
is noted that theδcon for the axial CâH’s and CεH, which are
dominated by theπ-spin transfer into the highest bonding orbital

of the imidazole ring, are indistinguishable for His81(E7) and
His113(F8).

Discussion

Active Site Solution Molecular Structure. The 1H NMR
data reveal the presence of predominantly a single (J90%)
molecular species. The fact that both Val119(FG5) and Phe60-
(CD1) make contact with pyrrole C (5-CH3) and that both
Val85(E11) and Ala88(E14) make contact with the heme at the
junction of pyrroles A and D dictates that the major isomer in
solution has the heme orientation identified in the crystal
structure, as depicted in Figure 1B, which is the same orientation
as that in mammalian globins, but corresponds to the minor
isomer orientation of metNgb.48 The two apparent heme methyl
signals at 39.8 and 22.4 ppm in Figure 2A for a minor isomer
(∼10%) were too weak to detect the NOESY contacts required
for detailed structural characterization. However, the pattern of
the methyl shifts is that expected (and for metNgb observed48)
for the isoelectronic, six-coordinate complex with the hemin
rotated by 180° about theR-,γ-meso axis relative to that of the
major isomer. The sequence-specific assignment of both the
His81(E7) and His113(F8) backbone in the major isomer,
together with the expected and demonstrated moderate relaxation
of the resolved Câ2H signal for each ligand (as well asδcon; see

Figure 6. Schematic depiction of the observed characteristic backbone NOESY connection that provided the assignment of seven helices and two interhelical
loops. Helices and loops (the first and second lines) refer to those in vertebrate globins.
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below), directly confirms that the distal His81(E7) is ligated to
the iron in solution. Both the patterns of heme-residue and inter-
residue NOESY cross peaks (summarized in Figure 1B) and
the paramagnetically induced relaxation are consistent with the
essentially indistinguishable active site molecular structure of
the six-coordinated metCygb in the alternate crystal struc-
tures.11,12

The ability to detect a significant population of an equilibrium,
five-coordinate isomer with a ruptured Fe-His(E7) bond, which
would be high-spin and exhibit characteristic methyl signals in
the extreme low-field (∼70-90 ppm) spectral window, depends
on both the degree of population and the rate of the Fe-His-
(E7) bond scisson relative to the1H NMR methyl chemical shift
difference.50 We failed to detect by1H NMR in solution any
hyperfine shifted resonances characteristic of a five-coordinate,
high-spin metCygb complex34 (if in slow exchange,50 <1%
population) and do not detect magnetization transfer to an
additional minor compound upon saturation of any of a number
of resolved resonances for the major component in solution (if
intermediate exchange34,50,51). Last, the temperature dependence
in the heme methyl shifts for the dominant, low-spin isomer
exhibits a behavior characteristic34,52 (see below) of a strongly
dominant low-spin derivative, excluding the presence (<1%)
of detectable five-coordinate, high-spin derivatives in the case
of fast exchange.34,50 Hence we conclude that any equilibrium
five-coordinate metCygb with the Fe-His(E7) bond ruptured
must constitute<1% of the complex in solution.

Heme Electronic Structure.The heme methyl contact shift
pattern, with largeδcon for 1-CH3 and 5-CH3 and smallδcon for
3-CH3 and 8-CH3, is similar to that reported33,34for mammalian
metMbCN (although metCygb has a larger spread), with an
orbital ground state where the lone unpaired spin is in the 3eπ-
(xz) molecular orbital.53 Consistent with this ground state, and
a nearby excited 3eπ(yz) state, the 5-CH3 and 1-CH3 δcon exhibit
strong Curie behavior (slope∼T-1) in a plot of δDSS(obsd) vs
T-1, while 3-CH3 and 8-CH3 exhibit anti-Curie (negative slope)
behavior (not shown; see Supporting Information Figure 4S).54,55

It is noted that the pattern and spread of the heme methyl
resonances in metCygb are very similar to those for the minor
isomer of metNgb.48 This pattern of methyl contact shifts and
characteristic temperature dependence reflect34,52,53a molecular
structure where the rhombic asymmetry is centered along the
x′ axis in Figure 1A. Since the axial His (or Met) ligand is the
primary source of the rhombic perturbation, the heme methyl
contact shift pattern is consistent with a mean His imidazole
plane orientation of the two His. The spread (but not the pattern)
of the heme methyl shifts (∼30 ppm) for metCygb is similar to
that reported56,57 for the ferricytochrome b5 with similar bis-
His ligation and several ferricytochromes c. Comparison with
the only other NMR characterized bis-His metglobins, those
for the cyanobacteriaSynechoccus16,58 and Synechosistis,18,59

reveal a much smaller methyl shift spread (but the same pattern)
for those globins than for either metCygb or metNgb48 and could
be correlated with the mean of the two His imidazole planes17

that deviate significantly from thex′ axis in Figure 1A.
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Figure 7. Plot ofδdip(obsd) versusδdip(calcd) for the optimized anisotropies
and orientation of the paramagnetic susceptibility tensorø when using the
crystal coordinates of (A) C38S/C83S-metCygb:∆øax ) 2.18× 10-8 m3/
mol; ∆ørh ) -0.52 × 10-8 m3/mol; R ) 80°; â ) 6°; κ ) -4°, F/n )
0.1011 and (B) WT metCygb:∆øax ) 2.08× 10-8 m3/mol; ∆ørh ) -0.49
× 10-8 m3/mol, R ) 120°, â ) 5°, κ ) 0°, F/n ) 0.1112 to evaluate the
geometric factors in eq 2. Protons whoseδdip(obsd) were used for the
calculations are labeled in Table 1S (Supporting Information).

Table 3. Anisotropies and Orientation of the Paramagnetic
Susceptibility Tensor of metCygb

C83S/C38S-metCygba WT metCygbb

∆ø
ax 2.18( 0.08c 2.08( 0.08c

∆ø
rh -0.52( 0.11c -0.49( 0.11c

R 80 ( 8° 120( 8°
â 6 ( 1° 5 ( 1°
κ -4 ( 10° 0 ( 10°

a Coordinates for chain B in ref 11.b Coordinates for metCygb in ref
12. c In units × 10-8 m3/mol.
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Magnetic Properties.The determination of the magnetic axes
based on either set of crystal coordinates11,12 yields essentially
the same values for the five parameters (Table 3) within the
uncertainties. The axial anisotropy, 2.08× 10-8 m3/mol, and
the rhombic anisotropy,-0.49× 10-8 m3/mol, are both∼20%
smaller than those found in metMbCN complexes34,35 but are
consistent with the anisotropies in bis-His ligated ferricyto-
chromes b5.60,61 The tilt of the major magnetic axis from the
mean Fe-N4 plane in metCygb is small (∼5°). However, in
each of the crystal structures,11,12 both Fe-Nε(His) bonds are
tilted from the mean N4 plane by∼5°. For the WT metCygb
crystal structure,12 the 5° tilt is in a direction∼120° with respect
to x′ and corresponds remarkably to the (His(F8))Nε-Fe-Nε-
(His81(E7) vector, while, in the C38S/C83S-metCygb struc-
ture,11 the tilt and direction of tilt ofzcorresponds approximately
to the Fe-Nε (His113(F8)) vector. Thus the major magnetic
axis is determined by the axial ligand bonds. The value ofκ

near zero for both magnetic axes determinations provides
additional confirmation52 of the comparable strength of the two
His-Fe bonds, sinceκ ≈ 0 is consistent with an effective
rhombic perturbation that is precisely along the NB-Fe-NC

vector, which, in turn, is themeanof the crystallographic His81-
(E7) (φE7 ) 25°) and His113(F8) (φF8 ) 22°) imidazole plane
orientations, as depicted in Figure 1. If the His113(F8) bond
was indeed much stronger than the His81(E7)-Fe bond, the
ΦF8 ∼20° would have led to an expectedκ ∼20°.

It has been shown in a variety of metMbCN complexes34,62-64

that the pattern of meso-H hyperfine shifts is dominated by the
rhombic anisotropy and, hence, byκ. A value ofκ ∼0 is directly
supported by the meso-H shifts, as follows, where the parameter,
∆δmeso, is given by

which is consistent with the predicted value,∆δmeso(obsd):

for the magnetic axes deterined on the basis of the WT metCygb
and C38S/C83S-metCygb crystal structures, respectively.

The Nature of the Axial His-Fe Interaction. Factoringδhf

into δcon andδdip for the two magnetic axes determinations lead
to indistinguishable imidazole CεH contact shifts of 27( 4 ppm
and Câ2H contact shifts of 6.8( 1.3 ppm. The Hisδcon pattern
for both His are very similar to those obtained for either
cyanomet myoglobins35 or ferricytochromes36 and reflect imi-
dazole to ironπ-spin transfer that leads to large upfieldδcon

for CεH and significant low-fieldδcon for the CâH. δcon(CεH) is
directly proportional toπ-spin density, while the relation

(60) Banci, L.; Pierattelli, R.; Turner, D. L.Eur. J. Biochem.1995, 232, 522-
527.

(61) Arnesano, F.; Banci, L.; Bertini, I.; Felli, I. C.Biochemistry1998, 37, 173-
184.

(62) Wu, Y.; Chien, E. Y. T.; Sligar, S. G.; La Mar, G. N.Biochemistry1998,
37, 6979-6990.

(63) Xia, Z.; Zhang, W.; Nguyen, B. D.; Kloek, A. P.; Goldberg, D. E.; La
Mar, G. N.J. Biol. Chem.1999, 274, 31819-31826.

(64) Du, W.; Xia, Z.; Dewilde, S.; Moens, L.; La Mar, G. N.Eur. J. Biochem.
2003, 270, 2707-2720.

Figure 8. Plot of the backbone metCygb CRH (A) δdip(calcd), (B)δdip(obsd) for optimized magnetic axes depicted in Figure 7B and Table 3, and (C) the
observed Curie slope, d[δDSS(obsd)]/d[1/T], each versus residue numbers for the residues detected in the crystal structure. The positions of helices are shown
at the bottom for Mb (thin lines) and Cygb (thick lines).

∆δmeso(calcd)) 1/2[δDSS(R-meso-H)- δDSS(â-meso-H)+
δDSS(γ-meso-H)- (δDSS(δ-meso-H)]) 1.37 ppm (6)

∆δmeso(obsd)) 1/2[δdip(R-meso-H)- δdip(â-meso-H)+
δdip(γ-meso-H)- δdip(δ-meso-H)]) 0.2( 3.2 and 1.0(

3.4 ppm (7)
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between the His CâH contact shift and the Cγ π-spin density
depends on the Cγ-Câ-H dihedral angle,Ψ,34,65 with the
imidazole plane. The crystal structures reveal the sameΨ ∼56
( 2° for the two His Câ2H’s, such that theπ-spin densities for
Cγ of the two axial His are also indistinguishable. TheΨ ≈ 16
( 10 for Câ1H of the two axial His predicts a much smaller
δcon for Câ1H than for Câ2H, as observed in Table 1. The
indistinguishableπ-spin densities on the two His rings dictate
very similar Fe-His covalency and, hence, similar bond
strengths.

Conclusions

Two important conclusions follow from the present work:
(1) solution 1H NMR of the paramagnetic six-coordinate
metglobins can be effectively utilized to determine the relative
covalencies of the two axial His-Fe bonds, and (2) human
metcytoglobin, in solution, detectably populates only six-
coordinate metCygb for which the bond strength of Fe-
imidazole for the proximal and distal His is essentially
indistinguishable. Thus the1H NMR results argue against
significant strain in the Fe-His(E7) relative to the Fe-His-

(F8) bond as the basis for the greater lability of the distal His-
(E7) required for exogenous ligand binding. The possibility that
there is strain, or reduced dynamic stability, of the distal helix
in metCygb relative to conventional five-coordinate metMb, as
reflected in the rate of backbone NH exchange,66 is under study.
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