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Abstract: Solution1H NMR has been used to investigate the axial bonding of the proximal His and the hydrogen-
bonding of the distal His to the bound ligand in the isolated chains as well as the subunits of intact, tetrameric,
cyanomet human hemoglobin A. The complete proximal His, including all ring protons necessary to monitor
bonding in each subunit, could be definitively assigned by 1D/2D methods despite the large size (∼65 kDa)
and severe relaxation (toT1 ≈ 3 ms, line width≈ 1.5 kHz) of two of the protons. The complete distal His E7
ring was assigned in theR-chain andR-subunit of HbA, and the dipolar shifts and relaxation were analyzed
to reveal a disposition intermediate between the positions adopted in HbCO and HbO2 that is optimal for
forming a hydrogen bond with bound cyanide. The lability of theR-subunit His E7 NεH is found to be similar
to that in sperm whale cyanomet myoglobin. The orientation of the distal His E7 in theâ-subunit is found to
be consistent with that seen in either HbCO or HbO2. While the His E7 labile NεH proton signal could not be
detected in either theâ-chain or subunit, it is concluded that this more likely reflects increased lability over
that of theR-subunit, and not the absence of a hydrogen bond to the bound ligand. Analysis of the heme mean
methyl hyperfine shift, which has been shown to be very sensitive to the presence of distal hydrogen bonds
to bound cyanide (Nguyen, B. D.; Xia, Z.; Cutruzzola´, F.; Travaglini Allocatelli, C.; Brancaccio, A.; Brunori,
M.; La Mar, G. N. J. Biol. Chem.2000, 275, 742-751), directly supports the presence of a distal His E7
hydrogen bond to cyanide in theâ-chain andâ-subunit which is weaker than the same hydrogen bond in the
R-subunit. The potential for the proximal His hyperfine shifts in serving as indicators of axial strain in the
allosteric transition of HbA is discussed.

Introduction

Mammalian hemoglobin, Hb,1 is composed of tetramers of
two nonequivalent∼150 residue chains,R2â2, with each chain
exhibiting the highly conserved fold of 7-8 helices (A-H) with
the heme wedged between helices E and F, as found in the
monomeric myoglobins.2,3 The role of Hb is to efficiently bind
O2 in the lungs and deposit it in the muscle where it is utilized
or stored by Mb. The efficiency of the process is due to the
allosteric nature of Hb, where the tetramer can exist in two
quaternary or “affinity” states, the T (tense) low-affinity, and
R (relaxed) high-affinity states,4-6 the latter of which has an
affinity resembling monomeric Mb. The relative stabilities of
the T- and R-states are modulated by protons (Bohr effect),

partial ligation (cooperativity), and binding of organophosphate,
CO2, or chloride ion binding at sites remote from the heme.2-5

The properties of the T-state, which differs from the R-state by
a 15° rotation of oneRâ dimer relative to the other, is to reduce
the affinity by∼103 compared to the R-state, Hb, the separated
chains, or Mbs.

Two His, the completely conserved axial His F8, and the
highly conserved2,3,7 (except in opossum Hb)8 distal His E7 in
mammalian Hbs, play focal roles in providing the exquisite
control of O2 binding. On one hand, the strong preference for
O2 over CO in globins in general, when compared to that in
heme outside the protein, is exerted by the distal His E7 by
providing a strongly stabilizing hydrogen bond3-6,9,10to bound
O2. Otherwise, the naturally higher affinity for CO would lead
to inhibition of function by CO produced by heme catabo-
lism.11,12The crystal structure of HbO2, however, finds that only
in theR-subunit is HisE7 ideally oriented to hydrogen bond to
the ligand.9 A weaker or completely absent hydrogen bond to
bound O2 in theâ-subunit has been inferred from the less than

* Address correspondence to: Dr. Gerd N. La Mar, Department of
Chemistry, University of California, Davis, CA 95616. Telephone: (530)
752-0958. Fax: (530) 752-8995. E-mail: lamar@indigo.ucdavis.edu.

(1) Abbreviations used, metHbCN, cyanomet HbA.; met-R-CN, cyanomet
R-chain of HbA; met-â-CN, cyanometâ-chain of HbA; metMbCN,
cyanomet myoglobin; NOE, nuclear Overhauser effect; NOESY, two-
dimensional nuclear Overhauser spectroscopy; TOCSY, two-dimensional
total correlation spectroscopy; WEFT, water-eliminated Fourier transform;
WT, wild type.

(2) Antonini, E.; Brunori, M. Hemoglobin and Myoglobin in their
Reactions with Ligands; Elsevier: Amsterdam, 1971.

(3) Dickerson, R. E.; Geis, I.Hemoglobin: Structure, Function, EVolution
and Pathology; Benjamin-Cummings: Menlo Park, CA, 1983.

(4) Perutz, M. F.; Fermi, G.; Luisi, B.; Shaanan, B.; Liddington, R. C.
Acc. Chem. Res.1987, 20, 309-321.

(5) Perutz, M.Mechanisms of CooperatiVity and Allosteric Regulation
in Proteins; Cambridge University Press: Cambridge, England, 1990.

(6) Perutz, M. F.; Wilkinson, A. J.; Paoli, M.; Dodson, G. G.Annu. ReV.
Biophys.1998, 27, 1-34.

(7) Bashford, D.; Chothia, C.; Lesk, A. M.J. Mol. Biol.1987, 196, 199-
216.

(8) Sharma, V. S.; John, M. E.; Waterman, M. R.J. Biol. Chem.1982,
257, 11887-11892.

(9) Shaanan, R.J. Mol. Biol. 1983, 171, 31-59.
(10) Springer, B. A.; Sligar, S. G.; Olson, J. S.; Phillips, G. N., Jr.Chem.

ReV. 1994, 94, 699-714.
(11) Collman, J. P.; Brauman, J. I.; Halbert, T. R.; Suslick, K. S.Proc.

Natl. Acad. Sci., U.S.A.1976, 73, 3333-3337.
(12) Marks, G. S.; Brien, J. F.; Nakatsu, K.; McLaughlin, B. E.Trends

Pharmacol. Sci.1991, 12, 185-188.

4266 J. Am. Chem. Soc.2001,123,4266-4274

10.1021/ja004168w CCC: $20.00 © 2001 American Chemical Society
Published on Web 04/17/2001



ideal disposition of His E7 relative to that in the ligand, and
the fact that mutation of His E7 influences the O2 affinity much
less in theâ- than in theR-subunit.13 Another role attributed to
the distal His involves steric destabilization of Fe-CO bonding
by distorting the ligand from the preferred heme normal,11,14

although mutagenesis studies suggest that this effect is much
less important than the hydrogen bonding role.10,13On the other
hand, the reduced affinity of T-state Hb has been proposed to
result from tension in the axial iron-His F8 bond that impedes
the movement of the iron into the heme plane that is necessary
for effective O2 binding.5,6 While the T-quaternary structure is
referred to as tense, this axial tension really does not significantly
manifest itself in the deoxy Hb form because the iron is expected
to be well out of the heme plane, as found in models. It is
primarily upon ligation that the tension is developed, and this
has been convincingly demonstrated recently for Hb with the
link between the F helix and imidazole severed by mutagen-
esis,15 and in the cyanide-ligated metHb located in a T-
quaternary state in a single crystal, where in fact, the iron-
HisF8 bond is ruptured in theR-subunit.16

The detection of “tension”, without rupture, in an axial bond
crystallographically is problematical since the bond length
changes can be much less than the available resolution. In
principle, solution spectroscopy offers an alternate route to
monitoring bond strain in the proximal His. Two such spec-
troscopies are resonance Raman (RR),17 which detects the Fe-
His bond through its stretching frequency, and1H NMR of
paramagnetic Hb,18-21 which detects the Fe-His bond via spin
density delocalized from the iron to the imidazole ring. In
practice, these methods depend on the detection and firm
assignment of the spectra, which has largely limited both studies
to the high-spin ferrous or deoxy Mb, Hb, for which both detect,
albeit small, Fe-His bond weakening on the Rf T conver-
sion.17,18The cyanomet derivatives of Mb and Hb can serve as
a model for both CO and O2 binding, since, like O2, it is a
(weaker) hydrogen bond acceptor22 and, like CO, would
experience steric tilting by interaction with distal residues.23-25

Moreover, oxidation/ligation state valency hybrids with cya-
nometR- or â-subunits,26,27 as well as certain mutant Hbs,28

can be induced to undergo the Rf T quaternary transition upon
binding organic phosphate, protons or ligation on the ferrous
â- or R-subunit, respectively. The key proximal and distal His

signals in monomeric metMbCN have been assigned29-31 and
shown to be sensitive to the detailed molecular structure of the
distal cavity.20,21,32Similar assignments of tetrameric metHbCN
have not been reported because of the severe broadening and
increased spectral congestion due to the subunit heterogeneity
and large size (∼65 kDa) of HbA. The paramagnetic cyanomet
form, in addition to strongly facilitating the detection and
assignment of the distal His labile protons,25,29provides a unique
spectroscopic signature for the heme that reflects the presence
or absence of a distal hydrogen bond to the cyanide. Thus,
elimination of the hydrogen bond to the ligated CN- in models33

and metMbCN complexes34 or resting state, cyanide-ligated
heme peroxidase35 leads to a∼1 ppm decrease in the mean
methyl shift for the heme.

1D/2D NMR appropriately tailored36,37to the paramagnetism
and size, together with judicious use of the temperature
dependence of hyperfine shifts,38 has allowed the complete
assignment of the heme and a large portion of the active-site
protons >6 Å from the iron for metHbCN.25 The spectral
congestion, however, left the key axial His F8 ring protons
undetected and the key distal His ring protons, in particular the
labile proton involved in the hydrogen bond to the ligand,
unassigned.25 We present herein the results of a detailed1H
NMR study of the proximal and distal His in metHbCN to
unambiguously assign both residues in each of the two subunits,
assess the nature of the Fe-His covalency by determination of
the His F8 ring shifts for comparison with similar data on
“relaxed” metMbCN,23,31 gauge whether the orientation of the
R-subunit distal His is closer to that found in the HbCO or HbO2

crystal structure,9,39 and determine the nature of any hydrogen
bond between the distal His ring and the bound CN- in each
subunit. To facilitate the assignment process in the tetramer, as
well as to gain some insight into the effect of tetramer assembly
on the roles of the two His, we initiate the assignments on the
cyanomet forms of the isolated chains of HbA.40

Experimental Section

Proteins.HbA was isolated and purified, and the cyanomet complex
of HbA and methbCN and the cyanomet complexes of the isolatedR-
and â-chains, met-R-CN and met-â-CN, were prepared by standard
procedures2,41 as described in detail previously.42 Prior to NMR
measurements, the cyanomet globin complexes were buffer-exchanged
and concentrated in an Amicon ultrafiltration cell to a final concentration
∼2 mM in 50 mM phosphate buffer, 20 mM NaCl, 40 mM KCN, pH
5.4 or 8.4; 10%2H2O was added to the1H2O solutions for the
spectrometer lock. The purity of each sample was established on the
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basis of comparison of the1H NMR spectra with those reported
previously for the cyanomet complexes of the tetramer25 and isolated
chains.43

NMR Spectra. All 1H NMR data were collected on a GEΩ500
spectrometer operating at 500 MHz. Normal reference spectra were
collected over 20 kHz bandwidth with 4096 points at a repetition rate
of 1 s-1. WEFT spectra were recorded44 to enhance detectability and
characterization of strongly relaxed protons by suppressing weakly
relaxed protons using a relaxation delay of 10-65 ms and repetition
rates of 5-10 s-1. NonselectiveT1’s were estimated ((15%) from the
initial recovery of the magnetization in a standard inversion-recovery
pulse sequence. When necessary, the solvent signal was saturated during
the relaxation data. The distance to the iron for a protoni, Ri, was
estimated from the relation20,21,36,37

where r is a reference proton (His F8 NδH R ) 5.0 Å).
Steady-state NOEs were carried out as described in detail previ-

ously,30,45with the decoupler frequency in the reference spectrum placed
symmetric to the peak of interest. When this was not possible, the
validity of an NOE was established by observing NOEs that are
proportional to degree of saturation as a function of decoupled power.46

NOESY47 (mixing time 35-45 ms) and clean-TOCSY48 (mixing times
20-30 ms) spectra were recorded over a 20 kHz bandwidth using
2048 t2 points and 512 t1 blocks of 160 scans at recycle time of 2 to
3 s-1. 1D spectra were apodized by 10 Hz linebroadening. 2D data
sets were apodized by 30°-shifted sine-bell-squared in both dimensions,
and zero-filled to 2048× 2048 points prior to Fourier transforma-
tion.

Magnetic Axes.The orientation of the magnetic axes, (R, κ ≈ R +
γ defined in Figure 1;â tilt of z from z′), was determined for each
subunit by minimizing the global error function,F/n23,49

where the observed dipolar shift for nonligated residue protons,

δdip(obs) is given by:

where δDSS(obs) andδDSS(HbCO) are the observed chemical shifts
relative to 2,2-dimethyl-2-silapentane-5-sulfonate, DSS, in the para-
magnetic metHbCN and diamagnetic HbCO complex,50-52 respectively,
as described in detail previously.25 The calculated dipolar shift is given
by:

whereR, θ′, Ω′ are the reference coordinates in an X-ray based, iron-
centered coordinate system,x′, y′, z′, with z′ normal to the heme, as
shown in Figure 1.Γ(R, â, γ) is the Euler rotation that rotates the
reference coordinates into the magnetic coordinate,x, y, z, when the
paramagnetic susceptibility tensor,ø, is diagonal.21,23,49∆øax ) 2.48×
10-8 m3/mol and ∆ørh ) -0.58 × 10-8 m3/mol are the axial and
rhombic anisotropies that have been accurately determined for isoelec-
tric metMbCN31 and found to be invariant over a wide range of
cyanomet Mb and Hb complexes.24,34,53,54 The orientation of the
magnetic axes are described by tiltâ of the major axis from the heme
normal, in a direction defined byR, the angle between thez axis
projection on the heme plane and thex′ axis, with the rhombic axes
defined byκ ≈ R + γ, as shown in Figure 1. The necessary geometric
factors in eq 4 were determined from the presumed isostructural HbCO39

or HbO2
9 crystal coordinates.25 Input δdip(obs) andδdip(calc) were

restricted to the proximal or F-helix25,55 whose structure is essentially
the same in the HbCO and HbO2 crystals and is assumed conserved in
metHbCN. The diamagnetic chemical shifts,δDSS(dia), for the His E7
side chain with perturbed orientation were calculated using standard
source of the peptide shifts56 and effect of ring current27,57and secondary
structure,58 as described in detail elsewhere.24,34,53,54,59

Results

Heme Assignments in Isolated Chains.The 500 MHz1H
NMR spectra of met-R-CN in 1H2O at acidic and alkaline pH
are illustrated in Figures 2A and 3A, respectively, and those
for met-â-CN are illustrated in Figure 4A,D, respectively and,
except for the improved sensitivity and resolution, closely
resemble those reported earlier.40,43 The two low-field methyl
peaks in each case had been assigned to 5-CH3 and 1-CH3 by
isotope labeling.43 TOCSY locates two three-spin (vinyls) and
two four-spin (propionate) systems with significant hyperfine
shifts which exhibit NOESY cross-peaks to two resolved methyl
peaks and two partially resolved methyl peaks in the aromatic
window that lead to the complete assignment of the pyrrole
substituents in each of the isolated subunits in a manner as
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Figure 1. Dispositions of His F8 and Phe CD1, Val FG5, and His E7
relative to the heme in HbA. Also shown are the reference coordinate
system,x′, y′, z′, with z′ normal to the heme plane, and the magnetic
coordinate system,x, y, z, whereâ (not shown) is the tilt of thez-axis
from the heme normal,R defines the projection of thez-axis tilt on the
heme plane and thex′-axis, andκ ≈ R + γ, locates the rhombic
magnetic axes.

δdip(obs)) δDSS(obs)- δDSS(HbCO) (3)

δdip(calc)) (12πNA)-1[∆øax(3 cos2 θ′ - 1)R-3 +

2
3
∆øax(sin2 θ′ cos 2Ω′)R-3]Γ(R,â,γ) (4)

Ri ) Rr(T1i/T1r)
1/6 (1)

F/n ) ∑
n

|δdip(obs)- δdip(calc)|2 (2)
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described in detail previously for both metMbCN30,38 and the
tetramer metHbCN (not shown).25 The chemical shifts for the
four methyl groups in the isolated chains, are listed in Table 1,
where they are compared to the previously reported data on the
tetramer.25

Heme Pocket Assignment in ther-Chain. Signals for amino
acid residues in the dimericR-chain are labeled by lower-case
letter, with italic letters indicating labile protons. Two resolved
labile protons (labeleda andc) are observed in Figure 2A at
pH 5.4, one of which exhibits strong relaxation (T1(a) ≈ 35
ms) and the other is part of a TOCSY detected, hyperfine-shifted
NHCRHCâH2 fragment (not shown). Peaksa and c exhibit a
NOESY cross-peak between them and to the CâHs peaks (d, e)
that are diagnostic of the proximal His F8 ring NδH (peaka)
and the residue backbone NH (peakc) (data not shown), as
found in intact metHbCN.25 A WEFT-spectrum44 designed to
enhance broad, strongly relaxed resonances at the expense of
narrow, weakly relaxed protons, reveals the presence of two
very broad (∼500 Hz) and strongly relaxed (T1 ≈ 3 ms) peaks
labeled b and f, as shown in Figure 2B; their retention in2H2O,
together with the characteristic relaxation and line width, identify
them as the two His F8 ring nonlabile protons.30 Saturation of
the low-field broad peak b in Figure 2C results in a significant
NOE to the assigned His F8 NδH peak a, unambiguously
assigning b to the His F8 CεH, and indirectly, the upfield broad
peak f to the CδH. This assigns the complete His F8. NOESY
cross-peaks between the heme 5-CH3 and a TOCSY-detected,
hyperfine-shifted three-spin system with Curie intercepts in the
aromatic spectral window30,60 and a resolved, strongly relaxed
single proton peak g (T1 ≈ 20 ms), identifies the completely
conserved distal Phe CD1 with g as the CúH and h as the CεHs
signals (data not shown). The upfield methyl composite (MFG5s)
is part of a TOCSY-detected, relaxed Val with contact to 5-CH3,
as expected for Val FG5 and observed in the intact tetramer.25

When the 1H NMR spectrum is recorded at pH 8.4, an
additional, strongly relaxed proton peak labeledi is detected
on the low-field side of the 1-CH3 signal, as shown in Figure

3A, which is absent at low pH. The strong relaxation (T1 ≈
10-15 ms) of peaki is more evident in the WEFT-spectrum at
pH 8.4, as shown in Figure 3B. The strong relaxation and large
low-field shift is diagnostic of the NεH of the distal His ring in
cyanide-ligated ferric globins21,22and peroxidases.45 Saturation
of this relaxed peaki in Figure 3C leads to comparable intensity
NOEs to resolved and moderately relaxed (T1 ≈ 45 ms),
nonlabile protons labeled j, and to an unresolved proton at 1.8
ppm labeled k. These shifts are both strongly temperature-
dependent and must arise from the His E7 ring CδH and CεH,
respectively.31,45The His E7 NεH peaki also yields the expected
weaker NOEs to peak h, the CεHs of Phe CD1, and to the 6Hâs,
as shown in Figure 3C. A NOESY slice through the resolved
peak j displays the expected NOEs for His E7 CδH to Phe CD1
CεHs (h) and the 6Hâs (Figure 3D). Last, the NOESY slice
through the resolved 6Hâ exhibits, in addition to the expected
NOEs to the other 6Hâ, 6HRs, and 5-CH3, a strong NOE to peak
k, the His E7 CεH, as well as to the CεH (peak h) of Phe CD1
(Figure 3E). Both the hyperfine shift pattern and relaxation
properties, as well as the NOESY contacts, are diagnostic for
the distal His E7 side chain, withi, j, and k peaks assigned to
the NεH, CδH, and CεH, respectively, of the ring in a fashion
that is essentially identical to that observed in metMbCN.30,31

The ring labile proton is clearly on the His E7 Nε position in
this subunit, as confirmed by its shortT1 ≈ 10-15 ms. Lowering

(60) Emerson, S. D.; Lecomte, J. T. J.; La Mar, G. N.J. Am. Chem.
Soc.1988, 110, 4176-4182.

Table 1. Chemical Shifts for the Heme Methyls, Proximal His F8,
and Distal His E7 and Phe CD1 in the Cyanomet Derivatives of the
Isolated Chains and the Intact Tetramer of Human HbA at pH 8.4
and 30° Ca

intact tetramer

residue proton symbolb
isolated
R-chain R-subunit â-subunit

isolated
â-chain

Heme 1-CH3 M1 16.15 16.38c 14.98 15.30
3-CH3 8.17 8.04c 8.04 8.83
5-CH3 M5 21.83 21.15c 21.23 20.64
8-CH3 8.75 8.37c 8.67 8.93
CH3

c 13.73 13.49 13.23 13.43
His F8 NH c 13.18 13.48c 13.16 13.24

CRH 7.87 7.89c 7.48 7.64
CâH d 9.90 10.23c 10.16 9.59
CâH′ e 6.66 6.82c 7.18 6.50
CδH f -3.0 -2.0 -2.0 -5.3
CεH b 18.0 17.4 17.4 20.4
NδH a 21.29 21.33c 21.53 21.79

His E7 NεH i 16.29 16.41 d d
CδH j 12.79 13.12c 15.45 14.71
CεH k 0.19 0.52 2.11 0.41

Phe CD1 CúH g 14.02 14.67c 13.65 14.37
CεHs h 8.83 8.97c 8.83 9.36
CδHs 6.68 6.64c 6.93 7.03

a Chemical shift, in ppm from DSS, in1H2O solution.b Symbols used
in Figures 2-7. c The mean of the four heme methylδDSS(obs).d Not
detected.

Figure 2. Resolved portions of the 500 MHz1H NMR spectra of the
cyanomet form of theR-chain, met-R-CN, in 1H2O, 50 mM phosphate,
100 mM NaCl, 40 mM KCN at 30°C and pH 5.4: (A) reference
spectrum collected under nonsaturating conditions; (B) WEFT spectrum
(recycle time 200 ms, relaxation delay 60 ms) which emphasizes two
broad and relaxed (T1 ≈ 3 ms) resonances in the low-field and upfield
portions; (C) steady-state NOE difference spectrum upon partially
saturating the broad, low-field peak b (marked by vertical arrow), with
the decoupler of the reference trace placed symmetric to resonancea
at 21.0 ppm.
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the pH of the sample leads to loss of intensity of the assigned
His E7 NεH peak (not shown), with half intensity retained at
pH 6.9, indicating saturation-transfer61 from the solvent due to
chemical exchange at acidic pH.

Heme Pocket Assignments in the Isolatedâ-Chain. Heme
pocket residue signals for the tetramericâ-chain 1H NMR
spectrum in Figure 4 are labeled by lower-case letters with an
asterisk, with italics indicating labile protons. Two labile proton
peaks, labeleda* and c*, are resolved with the former strongly
relaxed (T1 ≈ 35 ms) and with TOCSY and NOESY connec-
tivities identical to those of the NδH and NpHCRHCâH2 of His
F8 as reported previously for metMbCN30 and metHbCN,25 and
as found for met-R-CN above. WEFT-spectra in1H2O at both
low (Figure 4B) and high pH (Figure 4E) reveal the two broad
(∼1 kHz), strongly relaxed (T1 ≈ 3ms), nonlabile

proton signals, b* and f*, that must originate from the His F8
ring. The low-field peak b* in this chain partially overlaps peak
a*, the assigned NδH of His F8. However, saturating the upfield
broad peak f* at high pH results in NOEs to the assigned His
F8 CâHs (d* and e*) (Figure 4F), confirming the peak f*
assignment as the His F8 ring CδH, and therefore, the low-
field peak b* to the CεH.

An NOE from the 5-CH3 to two of the protons of a TOCSY-
detected ring, together with the characteristic relaxation (T1 ≈
20 ms), identify peak g* and h* as the CúH and CεHs of Phe
CD1 (not shown). A resolved, moderately relaxed (T1 ≈ 50 ms)
single proton peak j* is observed in the low-field spectrum at
pH 8.4 (Figure 4D) where the His E7 CδH has been shown to(61) Lecomte, J.; La Mar, G. N.Biochemistry1985, 24, 7388-7395.

Figure 3. Resolved portions of the 500 MHz1H NMR spectra of
cyanomet form of theR-chain of HbA, met-R-CN, in 1H2O, 50 mM
phosphate, 100 mM NaCl, 40 mM KCN at 30°C and pH 8.4: (A)
reference spectrum recorded under nonsaturating conditions; (B) WEFT-
spectrum (repetition time 200 ms; relaxation delay 60 ms) which
emphasizes, in addition to the broad peaks detected in Figure 2B, a
strongly relaxed, labile proton peak at 16 ppm labeledi (not observed
in 2H2O; not shown). (C) Steady-state NOE-difference spectrum upon
saturating the labile proton peaki; (D) NOESY (35 ms mixing time;
repetition time 333 ms) slice through the His E7 CδH and 6HR

composite peak showing NOEs to 6HR, 6Hâs and Phe CD1 CεH (k),
and CδH (j) peaks; (D′) shows weak NOE His E7 to NεH (peaki) upon
saturating His E7 CδH; (E) NOESY slice (35 ms mixing time; repetition
time 333 ms) through 6Hâ (shown by vertical arrow), showing, (in
addition to cross-peaks to 5-CH3 and the whole 6-propionate), the
expected cross-peaks to the His E7 CεH peak k.

Figure 4. Resolved portions of the 500 MHz1H NMR spectrum for
the cyanomet derivative of the isolatedâ-chain of HbA, met-â-CN, in
1H2O, 50 mM phosphate, 100 mM NaCl, 40 mM KCN at 30°C and
pH 5.4: (A) reference spectrum collected under nonsaturating condi-
tions; and (B) WEFT-spectrum (repetition time 200 ms; relaxation delay
60 ms) that emphasizes the very broad and strongly relaxed (T1 ≈ 3
ms) protons in the low-field (b*) and high-field (f*) windows. (C)
NOESY (40 ms mixing time; repetition time 333 ms) slice through
6Hâ (shown by vertical arrow), with cross-peaks to 5-CH3 and the
complete 6-propionate, as well as to His E7 CεH peak k*. Resolved
portions of the 500 MHz1H NMR spectrum of the cyanomet complex
of the isolatedâ-chain of HbA, met-â-CN, in 1H2O, 50 mM phosphate,
100 mM NaCl, 40 mM KCN, at 30°C and pH 8.4; (D) reference
spectrum collected under nonsaturating conditions; (E) WEFT spectrum
(repetition time 200 ms, relaxation delay 60 ms) that emphasizes
strongly relaxed resonances b* and f*; (F) steady-state NOE-difference
spectrum upon partially saturating the broad, upfield peak f* (shown
by vertical arrow); note NOEs to the His F8 CâH, Câ′H that uniquely
identify peaksc*, d*, and f* to the His F8 CδH signal.
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resonate in metMbCN,30 metHbCN,25 and in met-R-CN above.
However, comparison of the spectra at low (Figure 4A,B) and
high pH (Figures 4D, 4E) shows that there is no additional
relaxed, low-field labile proton peak analogous to peaki
observed at alkaline pH, as observed for met-R-CN above. In
fact, no evidence for an additional low-field, relaxed labile
proton peak could be obtained in the pH range 5.4-9.5 and
temperature down to 5°C. Peak j* is assigned to the His E7
CδH on the basis of its expected weak NOE to Phe CD1 (peak
h*) at high pH (not shown). The other His E7 ring proton, peak
k*, the CεH, is assigned on the basis of its expected NOE from
the 6-propionate Hâs, as shown in the NOESY slice in Figure
4C. Thus, it was not possible to obtain any direct evidence for
a labile proton at position Nε on the distal His. Theâ-chain
assignments are summarized and compared to those of the
â-subunit of the intact tetramer in Table 1.

His F8 and His E7 Ring Assignments in HbA.All weakly
to moderately relaxed resolved resonances in metHbCN have
been assigned to residues and individual subunit25 by 2D NMR.
Peaks for metHbCN in Figures 5-7 are initially labeled by
lower-case letter (italics for labile protons) for the two subunits,
with an asterisk identifying theâ subunit. The backbone NHCR-
HCâH2 fragments and ring NδH (peaksa, a*) of His F8, the
CδHs (j, j*) of His E7, as well as the complete Phe CD1 (g, g*
for CúH, h, h* for CεHs) ring for each of the subunits in
metHbCN have been assigned previously,25 and the relevant
data are compared to the data on the isolated chains in Table 1.
Not located previously are the His F8 nonlabile ring protons or
other protons on the His E7 ring. The normal1H NMR spectrum
of metHbA-CN at low pH is shown in Figure 5A. The WEFT
spectrum in Figure 5B reveal two strongly relaxed (T1 ≈ 3 ms),
comparably broad (∼1.5 kHz) and comparably intense peaks
centered at 17 (b, b*) and-2 ppm (f, f*) that must originate
from the His F8 ring protons30 from either theR or â, or both
subunits. Irradiation of the center of the low-field broad peak
(labeled b, b*) leads to NOEs ofcomparable intensitiesfor two
peaksa anda*, as shown in Figure 5C. Alignment of the two

detected NOEs from saturating the peak at 17 ppm with the
NOESY map that locates the previously reported25 5-CH3 to
6HR and His F8 NPH (peaka, a*) to His F8 NδH (peaksc, c*)
cross-peak in the subunit, as shown in Figure 6B,C, reveals that
the identical magnitude NOEs from the 17 ppm peak arises from
the His F8 NδHs of thetwo subunits. Hence the peak b, b* at
∼17 must be a superposition of the CεHs of the axial Hisof
bothR(b) andâ(b*) subunits. Having established that the peak
at 17 ppm arises from the degenerate His F8 CεHs of the two
subunits, the comparable intensity and line width of the upfield
broad peak labeled f, f* in Figure 5B dictate that it arises from
the essentially degenerate His F8 CδH peaks of the two subunits.

The conventional1H NMR spectrum of metHbCN at alkaline
pH suggests the presence of an additional relaxed, labile proton
peaki under theR-subunit 1-CH3 peak, M1, in Figure 7A. The
WEFT-spectrum in Figure 7B confirms the presence of such a
peak at 16.3 ppm with an estimatedT1(i) ≈ 10-15 ms; this
peak is absent in2H2O solution (not shown). Saturation of this
labile proton peaki leads to comparably strong resolved NOEs
to peak j and peak k at∼0.5 ppm (see Figure 7C), of which
peak j had been previously assigned His E7 CδH from the
R-subunit25 (as well as to the Phe CD1 CεH peak h). This assigns
the labile proton peaki to the NεH, and the 0.5 ppm peak k to
the CεH of the R-subunit His E7. A NOESY slice through the
resolvedR-subunit 6Hâ leads to the expected NOEs to the His
E7 CδH (peak j) and CεH (k), as well as to the other 6Hâ, the
6HRs and 5-CH3 (M5), as shown in Figure 7D. The intensity of
the labile proton peak at 17 ppm is diminished at pH 7 and
disappears below pH 6.5, indicating saturation-transfer from bulk
water.61

The complete absence of NOEs to theâ-subunit His E7 CδH
upon saturating the labile proton peaki (Figure 7C) excludes
the possibility that the distal His E7 labile proton peak for the
â-subunit could be under that for theR-subunit. No evidence
for an additional relaxed, low-field labile could be detected in
the pH range 5.5-9.5 and down to 5°C. The NOESY slice
through the resolvedâ-subunit 6Hâ*, however, reveals the

Figure 5. Resolved portions of the 500 MHz1H NMR spectrum of
metHbCN at 30°C, 50 mM phosphate, 100 mM NaCl, 40 mM KCN,
in 1H2O at pH 5.4: (A) reference spectrum collected under nonsaturating
conditions; (B) WEFT spectrum (repetition time 200 ms, relaxation
delay 60 ms) that emphasizes two very broad and strongly relaxed
resonances labeled b, b* and f, f*. (C) steady-state NOE-difference
trace upon partially saturating the broad low-field peak labeled b, b*
(shown by vertical arrow); the assignment of the two detected NOEs
to the His F8 NδH peaksa anda* is shown in Figure 6.

Figure 6. (A) Expanded portion of the low-field 500 MHz1H NMR
spectrum of metHbCN in1H2O, 50 mM phosphate, 100 mM NaCl, 40
mM KCN at 30 °C, pH 5.4 where the overlapping 5-CH3 (M5) and
axial HisF8 NδH signals (a, a*) for each of the two subunits resonate.
Portions of the 45 ms mixing time NOESY spectrum that resolve the
position of M5, M5*, a anda* by the (B) M5, M5* to H6R, H*6R cross-
peaks, and the (C) His F8 NδH (a) to NPH (c) and NδH (a*) to NPH
(c*) cross-peak. (D) Steady-state NOE difference spectrum upon
saturating the broad low-field peak b, b* (shown in Figure 5C). The
two comparable intensity NOEs toa and a* must arise from the
simultaneous saturation of the degenerate HisF8 CεH peaks b and b*
for the R andâ subunits.
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expected NOEs to His E7 CδH (j*) and CεH (k*), as well as
the other 6Hâ*, 6HR*’s and 5-CH3 (M5*) (Figure 7E). The1H
NMR spectral properties of the His F8, His E7, and Phe CD1
protons in the isolated chains and the subunits for the intact
tetramer are compared in Table 1.

Magnetic Axes Determination and Modeling the His E7
Orientation. The orientation of the magnetic axes for each
subunit of metHbCN in alkaline pH have been reported25 using
the reportedδdip(obs) for the structurally conserved proximal
helix,55 ∆øax ) 2.48 × 10-8 m3/mol, ∆ørh ) -0.58 × 10-8

m3/mol determined accurately from isoelectronic metMbCN,31

and the crystal coordinates for either HbCO39 or HbO2.9 The
R, â, κ values are 201°, 11°, 41° and 221°, 13°, 36° for the
R-subunit using the HbCO39 and HbO2 coordinates,9 respec-
tively, and 170°, 10°, 32° and 171°, 10°, 48° for theâ subunit

using the HbCO39 and HbO2 coordinates,9 respectively. The high
quality of the fits is emphasized in the plot ofδdip(obs) versus
δdip(calc) for the input data (closed circles) shown in Figure 8
for theâ-, and in Figure 9 for theR-subunit of metHbCN. The
magnetic axes for each subunit are within the uncertainties31

for the determined values ofâ ((1°), R ((10), andκ ((10)
for the HbCO and HbO2 crystal coordinates, although they differ
somewhat between the two subunits, as reported previously.25

It is noted that, whenδdip(obs) andδdip(calc) for the distal His
E7 ring (open circles in Figures 8, 9) in their crystallographic
orientation are compared, there is a large difference between
the values obtained for His E7 orientation in theR-subunit
(Figure 9), while the values are relatively well predicted for
theâ-subunit (Figure 8) for both HbCO and HbO2. The position
of the distal His E7 side chain relative to that of the heme in
theâ-subunit is very similar9,39 in HbO2 and HbCO, while that
in the R-subunit intrudes much further into the pocket in the
HbO2 than HbCO form, as shown in Figure 10, which represents
largely a change by∼20-25° change inø1 for His E7.

Figure 7. Resolved portions of the1H NMR spectrum of metHbA-
CN in 1H2O, 50 mM phosphate, 100 mM in NaCl, 40 mM KCN, at 30
°C and pH 8.4; (A) reference spectrum collected under nonsaturating
conditions; (B) WEFT-spectrum (repetition time 200 ms; relaxation
delay 60 ms) that emphasizes broad peaks; note the appearance of a
broad peaki at 16.2 ppm that is not present at low pH, (C) Steady-
state NOE-difference spectrum upon saturating the strongly relaxed,
low-field labile proton peaki; note NOEs to His E7 CδH peak j and
Phe CD1 peak h of theR-subunit, as well as to His E7 CεH peak k;
(D) NOESY slice (35 ms mixing time) through 6Hâ (shown by vertical
arrow) of R-subunit, with cross-peaks, in addition to 5-CH3 and
complete 6-propionate, toR-subunit His E7 CδH peak k and CεH; (E)
NOESY slice (35 ms mixing time) through 6Hâ* (shown by vertical
arrow) ofâ-subunit, with cross-peaks, in addition to 5-CH3 (M* 5) and
complete 6-propionate, to His E7 CεH peak k* of â-subunit.

Figure 8. Plot of δdip(obs) vsδdip(calc) for the optimized magnetic
axes for theâ-subunit of metHbCN using the (A) HbO2 crystal
coordinates, and (B) the HbCO crystal coordinates. The points for the
input data for the proximal helix are shown in closed circles. The values
for the His E7 ring protons are shown as open circles for the orientations
in the respective crystal structures. Note excellent correlation for the
input data points and the generally good correlation for the HisE7 ring,
indicating the residue has the same orientation as found in both HbCO
and HbO2.
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The large discrepancies betweenδdip(obs) andδdip(calc)
values for theR-subunit His E7 ring protons is concluded to
arise from an orientation relative to the heme in metHbCN that
is different from that found in either crystal structure, and is
removed by either rotating the ring∼10° further into the pocket
than in HbCO,39 or rotating by∼12° further out of the pocket
than in HbO2,9 as shown by the open triangles in Figure 9A,B,
respectively. The ultimateR-subunit HisE7 orientation deduced
for metHbCN starting with the alternate crystal structure is
essentially the same and intermediate between the two as shown
in Figure 10. It is noted that the fit starting with HbCO (Figure
9B) is better than that starting with HbO2 (Figure 9A). Using
the Phe CD1 CúH (T1 ≈ 20 ms,RFe≈ 4.4( 0.2 Å) as reference
in eq 1, theR-subunit His E7 relaxation times for CδH (T1 ≈
45 ms) and NεH (T1 ≈ 10 ms) lead toRFe estimates of 5.2(
0.3 and 3.9( 0.2 Å, respectively. These are in reasonable

agreement with the values for the same parameters in the
optimized HisE7 orientation (5.5 and 3.6( 0.2 Å, respectively).
The reportedT1 (HisE7 CδH) ≈ 45 ms in theâ-subunit of
metHbCN is also consistent with theRFe ) 5.4 ( 0.2 Å found
in the two crystal structures.

Discussion

Orientation of His E7 in metHbCN. The â-subunit HisE7
ring exhibits δdip(obs) that are reasonably well predicted by
either the HbCO or HbO2 coordinates (Figure 8), which exhibit
essentially the same His E7 side chain orientation.9,39The failure
to detect the relaxed His E7 NεH signal precludes confirmation
of the residue orientation using relaxation data. Hence we
conclude that theâ-chain His E7 has esssentially the same
orientation for metHbCN in solution as in HbCO or HbO2

crystals.9,39 The R-subunit His E7 orientation differs signifi-
cantly9,39 in HbCO and HbO2 as shown in Figure 10, and each
predicts systematic deviations ofδdip (calc) fromδdip(obs), but
in opposite directions, as shown in Figure 9. Indeed, the
optimized His E7 orientation is found intermediate between that
in HbO2 and HbCO, as illustrated in Figure 10. We conclude
that the combination of the dipolar shift and relaxation
constraints allows a reasonably robust determination of the distal
His E7 orientation in metHbCN. It is furthermore anticipated
that changes in the His E7 orientation due to point mutation
should be similarly readily described by the dipolar shifts.

Effect of Tetrameric Assembly.The chemical shifts of both
the heme methyls and the three strongly paramagnetically
influenced residues, His F8, His E7, and Phe CD1 for a given
globin chain are essentially the same in the isolated chain and
subunit in the intact tetramer, as shown by the data in Table 1.
Hence, we conclude that assembly of the R-state tetramer from
the “relaxed”, isolated subunits has only very minor influences
on either the magnetic axes, as reflected inδdip(obs) for
noncoordinated residues such as Phe CD1 and His E7, or on
the Fe-heme and Fe-His F8 bonding, as reflected in their
conserved dominant contact shift values. Moreover, the His E7

Figure 9. Plot of δdip(obs) vsδdip(calc) for the optimized magnetic
axes for theR-subunit of metHbCN using the (A and A′) HbO2 crystal
coordinates; and (B) HbCO crystal coordinates. The points for the input
data for the proximal helix are shown as closed circles.55 The values
for the His E7 ring protons are shown as open circles for the X-ray
orientations of the residue. Note the excellent correlation for the input
data points, but the large deviations, in opposite directions, for the His
E7 side chain when using the HbCO or HbO2 coordinates. The effect
of changing by∼12° in HbO2, and by∼10° in the opposite direction
in HbCO results in very satisfactory correlation between the His E7
ring protonδdip(obs) andδdip(calc), as shown by open triangles.

Figure 10. Superpositions of the heme and His F8 in theR-subunits
of HbCO39 and HbO2,9 showing the orientations of the His E7 within
the heme pocket which differ largely inø1 by ∼20-25°. The
intermediate orientation of the His E7 ring is found in theR-subunit of
metHbCN in solution.
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NεH lability in theR-chain, as reflected in the loss of its intensity
at acidic pH due to saturation transfer from bulk solvent,61,62 is
also inconsequentially altered upon assembly of the tetramer.

Comparison between Cyanomet HbA and Mb.The axial
His F8 hyperfine shifts for each of the subunits of metHbCN
(Table 1) are very similar to those reported for sperm whale
metMbCN (with CεH, CδH shifts of -4.6 and 18.3 ppm,
respectively)30 as is the orientation of the magnetic axes, which
have been reported31 with R, â, κ values 190°, 15°, 38°,
respectively. These comparisons support a “relaxed” or un-
strained Fe-His F8 bond for both subunits of R-state metHbCN,
as expected.2-5,18,19It is anticipated that the introduction of axial
tension in theR-subunit by converting the R-state valency
hybrid, (met-RCN)2(deoxy-â)2 to the T-state by binding inositol
hexaphosphate,26,27should readily show up a characteristic effect
on the axial His F8 ring hyperfine shifts and/or in changes in
the orientation of the magnetic axes.

Distal Hydrogen Bonding in the â-Subunit/Chain. The
distal His E7 in theR-subunit of metHbCN exhibits an NεH
that is poised to provide a hydrogen bond to the bound cyanide,
as in the crystal9 of HbO2. The His does not rotate into the
heme pocket (when compared to HbCO) as far as in HbO2 (see
Figure 10), but this is likely due to the fact that Fe-O-O is
highly bent, while the Fe-CN prefers to be linear, and is bent
or tilted (as reflected inâ in the magnetic axes), and hence the
His need not move as far as in HbO2 to provide a hydrogen
bond to the ligand.

The proton involved in this putativeR-chain andR-subunit
hydrogen bond is labile and exhibits an acid-catalyzed exchange
rate that is very similar to that in sperm whale metMbCN,61

where the proton was readily detected in alkaline pH but also
exhibited progressive saturation-transfer from the solvent signal
with decrease in pH until the peak was no longer detectable
below pH 6. This behavior is very similar to the present
observation on theR-subunit (orR-chain) His E7 NεH where
the signal is similarly lost at pH 6. Thus, the strength of the
hydrogen bonds between His E7 NεH and the bound cyanide
are very similar in the Hb isolatedR-chain, intactR-subunit,
and sperm whale Mb. It is important to note that the absence
of the His E7 NεH peak at lower pH in theR-chain/subunit
does notindicate that the hydrogen bond is broken. Rather it

indicates that the proton experiences limited protection from
solvent by acid-catalyzed exchange, and this protection is a
measure of the hydrogen bond strength.61,62For the same reason,
the failure to detect the His E7 NεH labile proton in theâ-subunit
or â-chain even to pH 8.4does notmean that the labile proton
is not on Nε or is not participating in a hydrogen bond with the
cyanide. The evidence is equally consistent with the presence
of such a hydrogen bond, but that it is somewhat weaker than
in the R-subunit such that the lability is enhanced by a factor
g102 (and hence the dynamic stability decreased byg2.3 kcal/
mol62) when compared to that in theR-subunit.

Indirect evidence for the presence of a hydrogen bond
between theâ-subunit/chain His E7 NεH and the ligated cyanide
can be drawn from the heme methyl contact shifts. It has been
demonstrated in both model compounds33 and cyanide-ligated
ferric hemoproteins,34,35,59,63that abolishing the distal hydrogen
bond to cyanide leads to a systematic∼1 ppmdecreasein the
mean methyl hyperfine shift of the heme. This change in methyl
shifts has been effected either by mutating the distal residue
into a non-hydrogen bonding side chain,59 or mutating residues
that interfere with the ability of the distal His to orient itself
into a position appropriate to forming a hydrogen bond to the
bound cyanide.34 Comparison of the heme mean methyl shift,
δDSS(CH3), for the two subunits in HbA, shown in Table 1,
reveals that it is only marginally smaller (0.1 ppm) in theâ-
thanR-subunit (chain). These results support the presence of a
hydrogen bond between His E7 NεH and cyanide in theâ- as
well asR-subunit and chain, but with the hydrogen bond weaker
in the former subunit or chain. It is of considerable interest and
significance that recent1H NMR data on isotope-labeled HbO2

have, in fact, provided strong support64 that, contrary to
conclusions based on the HbO2 crystal structure, theâ-subunit
HisE7 does indeed form a hydrogen bond to the bound O2.
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