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A Myoglobin Mutant Designed to Mimic the Oxygen-Avid Ascaris suum
Hemoglobin: Elucidation of the Distal Hydrogen Bonding Network by
Solution NMR
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ABSTRACT The solution 1H NMR structure of the active site and ligand dissociation rate for the cyanomet complex have
been determined for a sperm whale myoglobin triple mutant Leu29(B1 0)->Tyr, His64(E7)--'Gln, Thr67(E1 0)->Arg that mimics
the distal residue configuration of the oxygen-avid hemoglobin from Ascaris suum. A double mutant that retains Leu29(B1 0)
was similarly investigated. Two-dimensional NMR analysis of the iron-induced dipolar shifts, together with the conserved
proximal side structure for the two mutants, allowed the determination of the orientations of the paramagnetic susceptibility
tensor for each complex. The resulting magnetic axes, together with paramagnetic relaxation and steady-state NOEs, led to
a quantitative description of the distal residue orientations. The distal Tyr29(B10) in the triple mutant provides a strong
hydrogen bond to the bound cyanide comparable to that provided by His64(E7) in wild-type myoglobin. The distal Gln64(E7)
in the triple mutant is sufficiently close to the bound cyanide to serve as a hydrogen bond donor, but the angle is not
consistent with a strong hydrogen bond. Dipolar contacts between the Arg67(E1 0) guanidinium group and the Gln64(E7) side
chain in both mutants support a hydrogen-bond to the Gln64(E7) carbonyl group. The much lower oxygen affinity of this triple
mutant relative to that of Ascaris hemoglobin is concluded to arise from side-chain orientations that do not allow hydrogen
bonds between the Gln64(E7) side-chain NHs and both the ligand and Tyr29(B1 0) hydroxyl oxygen. Cyanide dissociation
rates for the reduced cyanide complexes are virtually unaffected by the mutations and are consistent with a model of the
rate-determining step as the intrinsically slow Fe-C bond breaking that is largely independent of any hydrogen bonds to the
cyanide nitrogen.

INTRODUCTION

One of the major protein interactions that stabilize the
Fe-02 bond in myoglobin (Mb) and hemoglobin (Hb) is a
hydrogen bond by a distal residue to the bound 02 molecule
(Philips and Schoenbom, 1981; Shaanan, 1983; Perutz,
1989; Olson et al., 1988). In the more extensively studied
mammalian Mbs, the residue in position E7 (residue 7 on
helix E out of eight helices A-H) is ubiquitous in providing
the hydrogen bond, most frequently by a His, but also by
Gln (Dene et al., 1980; Sharma et al., 1987). The E7 residue
is occupied by a broader range of residues in invertebrate
Hbs and Mbs (Moens et al., 1996), and hydrogen bonding to
the bound ligand in some cases is achieved via residues at
other helical positions. Two striking examples are Aplysia
limacina Mb, which possesses a Val E7, and in which
residue Arg ElO extends into the pocket and provides a
hydrogen bond to the ligand (Bolognesi et al., 1989, 1990;
Cutruzzola et al., 1996), and Ascaris suum Hb, which pos-
sesses the unusual residue Tyr B 10, which provides an extra
hydrogen bond (De Baere et al., 1994; Kloek et al., 1994;
Yang et al., 1995; Huang et al., 1996). The stabilizing
influence of a Tyr B 10 can be viewed with surprise, because
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mutations of E7 His->Tyr in human HbA invariably result
in oxidation of the heme iron and thereby inactivation of the
02 carrier (Antonini and Brunori, 1971; Bunn and Forget,
1986). Ascaris Hb is unique in exhibiting an extraordinarily
high oxygen affinity by virtue primarily of the slowest
known 02 off rate among all Mbs and Hbs (Davenport,
1949; Gibson and Smith, 1965; De Baere et al., 1994). The
crystal structure of the expressed domain of the Ascaris
chimeric Hb reveals a Tyr B10 appropriately oriented to
hydrogen bond to the bound 02, with the distal Gln E7
possibly providing a second hydrogen bond (De Baere et al.,
1994; Kloek et al., 1994; Yang et al., 1995). Moreover, Gln
E7 and Tyr B 10 participate in an interresidue hydrogen
bond that indirectly contributes to the strength of the Tyr
B 10 hydrogen bond to 02 by stabilizing the appropriate
orientation of the latter side chain.
We generated by mutagenesis a new sperm whale Mb

triple mutant, Leu29(B 10) ->Tyr, His64(E7)->Gln,
Thr67(E10)--Arg (identified as L29Y|H64Q|T67R-Mb),
designed to mimic the distal pocket of Ascaris Hb. This
mutant displays an 02 affinity much lower, and an 02 off
rate much faster, than those of Ascaris Hb; nevertheless,
relative to the double mutant, H64Q|T67R-Mb, incorpora-
tion of Tyr29(B 10)resulted in an increased 02 affinity and
decreased 02 off rate (by -100-fold), indicating that Tyr
B 10 can serve as a hydrogen-bond donor to 02 in the triple
mutant Mb, albeit much less efficiently than in Ascaris Hb
(Travaglini Allocatelli et al., 1994). The question that arises
is whether Tyr B 10 and Gln E7 in the triple-mutant Mb are
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FIGURE 1 Schematic representation
of the heme pocket structure of sperm
whale Mb with face-on view from the
proximal side. The hemin substituents
are labeled M (methyl), V (vinyl), and
P (propionate). Proximal and distal res-
idues are represented as circles and
squares, respectively. The double-sided
arrows represent inter-residue and res-
idue-heme dipolar contacts observed in
L29Y|H64Q|T67R-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 F(a, ,B, y),
where [x, y, z] = [x', y', z']F(a, , y).
The tilt of the major magnetic or z axis
from the heme normal is given by 13,
where a is the angle between the pro-
jection of the z axis tilt on the heme
plane and the x' axis.

- - -W x

capable of forming the same hydrogen-bonding pattern as in
Ascaris Hb, even if stabilization of bound 02 iS less pro-
nounced, or whether these interactions are significantly
different in the mutant Mb relative to Ascaris Hb.
To answer these questions, we have selected for NMR

study the paramagnetic cyanomet L29Y|H64Q|T67R-Mb
and H64Q|T67R-Mb derivatives, in part because they are
much more stable than the oxy complexes, but also because
cyanide, like 02, is a hydrogen-bond acceptor and hence can
serve as a model for the hydrogen-bonding pattern in MbO2.
Moreover, the intrinsic paramagnetism of the low-spin fer-
ric complex provides the resolution via hyperfine shifts to
readily locate, assign, and spatially define not only the side
chains for the key distal residues, but also the labile protons
in the putative hydrogen-bonding network. The disposition
of the key residues relative to each other and to the heme,
and their individual protons, can be described by both
conventional nuclear Overhauser effect/nuclear Overhauser
spectroscopy (NOE/NOESY) contacts, as well as paramag-
netic relaxation and dipolar shifts, which provide unique
and independent constraints on the distal residue orienta-
tions (Lecomte and La Mar, 1987; Emerson and La Mar,
1990a,b; Qin and La Mar, 1992; Qin et al., 1992, 1993a,b;
Vyas et al., 1993; Zhao et al., 1995; Zhang et al., 1996).
Target residues in contact with the heme, axial His and
bound ligand, and their general location in the heme cavity,
are depicted schematically in Fig. 1.

MATERIALS AND METHODS

Proteins

Mutagenesis and protein purification were performed as previously de-
scribed (Springer and Sligar, 1987; Travaglini Allocatelli et al., 1994).
Horse heart Mb was purchased from Sigma Chemical Co. (St. Louis, MO)
and further purified by ammonium sulfate precipitation. Cyano-metMb
(cyanide complex of ferric Mb) samples were prepared by adding potas-
sium ferricyanide (protein:K3Fe(CN)6 = 1:1.5) to oxidize oxy-Mb and
KCN to form the cyanide complex in either 2H20 or 90% 'H20: 10% 2H20
solution containing 50 mM NaCl, 10 mM KCN, 50 mM K2HPO4-KH2PO4
at pH 8.0. The final solution was -2 mM in protein.

Cyanide dissociation rate constants from the reduced proteins were
measured at 20°C in 0.2 M phosphate buffer (pH 7.0) by stopped-flow
spectrophotometry with an Applied Photophysics DX.17Mv instrument
(Leatherhead, England) as described elsewhere (Travaglini Allocatelli et
al., 1993). Conditions after mixing were [Mb] = 2 ,uM, [KCN] = 1 mM,
[Na2S204] = 25 mM, and [methyl viologen] = 5 ,uM. Data analysis was
carried out with a nonlinear fitting procedure.

1H NMR measurements

All 'H NMR spectra were collected on a GE Omega 500 MHz spectrom-
eter. The WEFT (Gupta, 1976) pulse sequence was used to suppress the
slowly relaxing diamagnetic envelope when necessary. Nonselective T,
with ± 15% uncertainty for the resolved strongly relaxed protons were
measured via inversion recovery experiment. Steady-state NOEs were
recorded as described in detail previously (Emerson and La Mar, 1990a).
The phase-sensitive 2D total correlation spectroscopy (TOCSY) (Braun-
schweiler and Ernst, 1983; Bax and Davis, 1985), NOESY (Jeener et al.,
1979), and conventional n-type 2D correlation spectroscopy (MCOSY)
(Bax, 1982) employed the method described by States et al. (1982) to
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provide quadrature detection in the t, dimension. The spin-lock in TOCSY
used the MLEV-17 scheme (Bax and Davis, 1985). Solvent suppression,
when required, was achieved by direct saturation in the relaxation delay
period. A total of 512 blocks were collected with two different spectral
widths for all of the 2D experiments, 26.0 kHz to include all proton
resonances, and 8.0 kHz to improve resolution for the unresolved diamag-
netic envelope. A range of 128-256 scans were accumulated with repeti-
tion rate of 0.8 s-' or 1.2 s- for each block, with free induction decays of
2048 complex points. The data were processed as previously described
(Qin and La Mar, 1992); details are given in the figure captions.

Magnetic axes determination

The magnetic axes were determined as described in detail previously
(Emerson and La Mar, 1990b; Rajarathnam et al., 1992, 1993; Qin et al.,
1993a,b). Experimental dipolar shifts for the structurally conserved prox-

imal side of the heme were used as input to search for the Euler rotation
angles, R(a, ,B, y), that transform the molecular pseudosymmetry coordi-
nates (x', y', z', or r, 0', Qf; Fig. 1), readily obtained from crystal
coordinates, into magnetic axes, x, y, z, by minimizing the following global
error function:

Fln = ,| 6dip(obs) -Sdip(calc)F(a, r, -y)l2 (1)

where

8dip(calc) =-3N

(2)

x[aX,(3 cO' -1)r-3 + 2 AX.h sin2 0' cos 2f 1r-

and

6dip(obs) = 6Dss(obs) - 6Dss(dia) (3)

AXax,\AXrh are axial and rhombic anisotropies, and 6Dss(obs) is the ob-
served chemical shift referenced to 2,2'-dimethyl-2-sila-5-pentane sulfonic
acid (DSS). &Dss(dia) is the shift in the isostructural diamagnetic MbCO
complex (Dalvit and Wright, 1987; Chiu, 1992), or is calculated for protons
whose $Dss(dia) are not available by using the equation (Qin et al., 1993b)

6Dss(dia) = ttetr + 8sec + arc (4)

where 6tetr is the shift in an unfolded tetrapeptide; Ssec is the shift of an

amino acid proton typical for a-helices, ,B-strand, coils, etc. (Wishart et al.,
1991); and 8rc is the heme-induced ring current shift of the proton based on

the WT coordinates by using the eight-loop model (Cross and Wright,
1985). The error function F/n in Eq. 1 was minimized over three param-

eters, a, (3, y, by using available AXax and AXrh for WT metMbCN, or

extended to all five parameters to yield both the Euler angles and anisotro-
pies, as described in detail previously (Rajarathnam et al., 1992, 1993).

Structural modeling
The dipolar shifts of the residues expected to be perturbed in the point
mutant relative to WT (i.e., distal side) and, in particular, the substituted
E7, EIO, and B10 residues, were analyzed to assess the nature of the
perturbations. In each case, 6DSS(dia) and Sdlp(calc) were calculated based
on the proposed altered proton coordinates. The position of a perturbed
distal residue was determined by minimizing a local error function for a

selected set of protons (i.e., backbone for a helix or side-chain protons for
a residue), as influenced by controlled local movements. This local error

function, designated as F*/n to distinguish it from that global error function
in Eq. 1, is given by

F*ln = 115diP(obs) - 8dip,(O)I(

where Sdip(4) represents the 6dip(calc) as a function of a series of bond
rotations for the side chain, as described in detail previously (Rajarathnam
et al., 1993; Qin et al., 1993a,b), using the magnetic axes and anisotropies
determined above. When available, the influence of paramagnetic relax-
ation, T, - oc RFe-6, allowed estimates of RFe by using the relation

TIITrj=R_n6 i/R6l/1I Fe iFe-j (6)

where Tli and RFe, for a reference proton with known RFeji, allow an

estimate of RFej with the determination of T1j. The use of the His(F8) N,H
(RFe = 5.0 ) and heme methyl (RFe = 6.1 A) as references provides the
lower and upper bounds for RFe j, respectively, as discussed in detail
previously (Zhang et al., 1996). The steady-state NOE to a strongly relaxed
proton i with Tli is given by

(7)

which yields an estimate for the i-j interproton distances, r,j, via

i= -0.l(h-i)ri 6Tc (8)

where a correlation time, T- 9 ns, is assumed. The molecular modeling
was carried out on a Silicon Graphics INDIGO ZX2 for the MbCO
structure (Kuriyan et al., 1986), using the INSIGHT II program.

RESULTS

Cyanide dissociation rates

To obtain functional information on the cyanide derivative,
we have measured cyanide dissociation rates from ferrous
Mbs at 20°C and pH 7.0 for wild-type horse and sperm
whale Mbs and for sperm whale H64Q-Mb, H64Q|T67R-
Mb, and L29Y|H64Q|T67R-Mb. According to the scheme
proposed by Bellelli et al. (1990), this reaction can be
described as

Mb3+(CN-) -> Mb2+(CN-) - Mb2+ + HCN (9)
where protonation of bound cyanide is a key step in disso-
ciation of the ligand introduced to account for the (small)
pH dependence. If reduction of the iron is sufficiently rapid,
the transient Mb2+(CN-) complex becomes fully populated
and the cyanide dissociation time course can be followed.
With this experimental setup, the single-wavelength time
courses, fitted to single exponentials, correspond to the

TABLE 1 Cyanide, carbon monoxide, and oxygen
dissociation rate constants of wild-type and mutant Mbs and
P. equorum Hb at pH 7.0, 200C

kcN-* kco# ko2
(s 1) (s ') (s ')

Horse Mb (WT) 0.09 0.017 10
Sperm whale
WT 0.07 0.019 14
H64Q-Mb 0.04 0.012 130
H64QIT67R-Mb 0.067 0.014 90,400
L29Y|H64Q|T67R-Mb 0.03 0.014 1

P. equorum Hb 0.01 i§ 0.0l1 0.0049

*Dissociation rate constant of the ferrous-cyanide complex.
#From Travaglini Allocatelli et al. (1994).
§From Antonini et al. (1994).
sFrom Coletta et al. (1986).
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second step in reaction 9. The results are given in Table 1,
where they are also compared with previous data on oxygen

and carbon monoxide dissociation rate constants for the
same proteins. Differences with respect to cyanide dissoci-
ation among the various mutants are very small.

Resonance assignment

The 'H NMR spectra of cyanomet complexes of
H64Q|T67R-Mb and L29Y|H64Q|T67R-Mb in 'H20 are

illustrated in Fig. 2, A and B, respectively (resolved labile
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protons lost in 2H20 are marked by an asterisk). A WEFT
spectrum designed to emphasize strongly relaxed signals for
L29Y|H64Q|T67R-metMbCN is shown in Fig. 2 C. Assign-
ments deduced herein are given by the Fischer heme nota-
tion and the standard amino acid one-letter code. Heme
cavity residues were pursued, to the degree possible, by
backbone connectivities as standard in a diamagnetic pro-
tein (Wuthrich, 1986), with the remainder of the target
residues assigned by detection of NOESY residue-heme and
interresidue cross-peaks predicted by the WT MbCO crystal
structure (Kuriyan et al., 1986), and the observation of
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FIGURE 2 500-MHz 'H NMR spectra in 'H20 at pH 8.0 and 25'C for (A) H64Q|T67R-metMbCN; (B) L29Y|H64Q|T67R-metMbCN; (C) WEFT
spectrum for L29Y|H64Q|T67R-metMbCN; (D) steady-state NOE difference spectra of L29Y|H64Q|T67R-metMbCN upon irradiation of the Tyr29(B10)
OH peak.
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relaxation effects and/or sufficient TOCSY cross-peaks to
uniquely identify the side chain. Representative 1H 2D
NMR data are shown only for L29Y|H64Q|T67R-metM-
bCN. The identification of hyperfine shifted and relaxed
resonances was greatly facilitated by variable temperature
studies to define unique scalar/dipolar connectivities as de-
scribed previously (Qin and La Mar, 1992). The chemical
shifts for all assigned resonances are listed in Table 2 for the
heme, and in Table 3 for the target amino acid residues. T,
values for predominantly paramagnetically influenced pro-
tons are given in parentheses.

Heme assignments

All heme protons were assigned in a standard manner by
identifying the scalar connectivities for two vinyl and two
propionate spin systems with significant hypertine shifts,
and their NOESY cross-peak pattern to strongly shifted but
relatively weakly relaxed methyl peaks that do not them-
selves show a scalar cross-peak (Qin and La Mar, 1992);
three of the heme methyl peaks are resolved. The meso-H
signals were located as strongly relaxed signals with no
scalar connectivity with dipolar contacts to adjacent meth-
yls, vinyls, and/or propionates.

Sequence-specific assignments

Analysis of the low-field portion of the NOESY spectrum
(Fig. 3 B) and the MCOSY spectrum (Fig. 3 A) of
L29Y|H64Q|T67R-metMbCN in 'H20 reveals two short
helical fragments with typical NHi-NHi+,, ai-Ni+,, fi-
Ni+,, ai-f,i+3 connectivities. The scalar connectivities for
some of the short side chains in segment I yield Leui-
Alai+ I-Zi+2-AMXi+3-AMXi+4-Alai+5, which the sequence

TABLE 2 1H NMR chemical shifts of heme resonances in
sperm whale L29YIH64QIT67R- and H64QIT67R-metMbCN*

L29Y|H64Q|T67R- H64Q|T67R-
Heme resonance metMbCN metMbCN

1-CH3 20.71 18.86
3-CH3 5.17 5.58
5-CH3 29.00 26.38
8-CH3 11.84 11.30
2-Ha, 18.99 17.44
2-H13C -1.87 -2.18
2-H,3t -2.67 -2.72
4-Ha 5.64
4-H& -1.81 -2.46
4-HI3t -0.78 -1.56
6-H,as 9.74, 10.36 8.10, 9.54
6-HJ3s 0.26, 2.42 0.47, 2.22
7-Ha,s -0.63, 1.47 -1.02, 1.19
7-H13s 0.40, 1.32 -0.28, 0.93
a-Meso-H 4.01
,B-Meso-H 3.07 1.78
'y-Meso-H 5.47
S-Meso-H 3.34 2.48

uniquely identifies as Leu89(F4)-Ala94(F9). AMXj+4 ex-
hibits significant hyperfine shifts and a unique strong NOE
to a strongly relaxed (TI 30 ms) resolved labile proton

characteristic of the axial His93(F8), with the latter proton
arising from the side chain N,H. All expected interresidue
and residue-heme NOESY cross-peaks based on the WT
NMR analysis were observed in the mutant (Emerson and
La Mar, 1990a). The eight-member helical segment II is
represented as AMPTXi-Zi ±,-Vali+2-AA'TT'MPXi+3-
Vali+4-Zi+5-Zi+6-Alai+7 (Z long chain), which the se-

quence identifies as Gln64(E7)-Ala7l(E14), where signifi-
cant hyperfine shifts for Gln64(E7), Arg67(E10),
Val68(E1 1), and Ala71(E14)) greatly facilitated the identi-
fication of the complete spin systems. The conserved resi-
dues Val68(E1 1), Ala7l(E14) exhibit the same heme con-
tacts previously reported for WT. The NOESY contact for
Val68(E1 1) C,H to 8-CH3 is slightly stronger relative to
that to the 1-CH3 than in WT, but the Ala71(E14) CPH3
contacts to both 1-CH3 and 8-CH3 are conserved.
A low-field, strongly relaxed (T, 20 ms; RFe = 4.4

0.2 A) labile proton exhibits NOEs (Fig. 4 B) to Gln64(E7)
C.,H, C.,H', and to an upfield, moderately relaxed (T1

ms, RFe 5.3 ± 0.3 A) labile proton (not shown), which

identifies the Gln64(E7) N.H2. Four labile protons paired by
2D correlation spectroscopy (COSY), with one member of
each pair exhibiting NOEs to C,8Hs, CpHs of Arg67(E10),
identify the guanidyl NH2s for Arg67(E1O). One pair of
Arg67(E10) NHs exhibits NOESY cross-peaks to CaH,
C,Hs of Gln64(E7). Hence the Arg67(E1O) residue is ori-
ented so as to provide contact between the guanidyl group
and the distal Gln E7. All interresidue and residue-heme
contacts are shown schematically in Fig. 1.

Assignments by heme contacts

A complete Ile spin system in the upfield window exhibits
all expected NOESY cross-peaks to the heme 3-CH3, 4-vi-
nyl, and 5-CH3 characteristic for Ile99(FG5). A strongly
relaxed (TI 10 ms) low-field hyperfine shifted peak with

an NOE to His93(F8) C,H identifies the His97(FG3) C,,H,
and an NOE to 6-H,s locates the C H as in WT (Emerson
and La Mar, 1990a; Rajarathnam et al., 1993). Two other
proximal heme contacts, Phel38(H15) and LeulO4(G5),
exhibit characteristic TOCSY peaks and the expected
NOESY cross-peak to I-CH3, 2-H, and 3-CH3, respec-

tively, with the latter also with the expected NOESY cross-

peak to Ile99(FG5).
Distal side contacts (Fig. 1) include the aromatic ring of

Phe43(CD1) with NOEs to 5-CH3 and strongly relaxed
(T1 20 ms, RFe 4.4 ± 0.2 A) H, (and Phe33(B 14) with

NOESY cross-peak to Phe43(CD1)). A resolved and hyper-
fine shifted two-proton peak exhibits strong TOCSY/
NOESY cross-peaks to another weakly low-field hyperfine
shifted peak. The NOESY contacts for these two resonances
to Phe43(CD1) C Hs, CCH, Gln64(E7) C.Hs, Val68(E1 1)
C,H, and Gly65(E8) NH uniquely identify the aromatic side
chain of Tyr29(B 10). A strongly relaxed (TI Ims,

*Shifts in ppm referenced to DSS, in 'H20, pH 8.0, at 25°C.
#Likely under the solvent signal.
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TABLE 3 1H NMR chemical shifts of heme cavity residues in
sperm whale L29Y|H64Q|T67R-metMbCN and H64QIT67R-
metMbCN in 1H20, pH 8.6, at 250C*

Residue Peak

Tyr29(B10) C,Hs
C,Hs
OH

Phe43(CD1) C8Hs
C,Hs

C;H
Gln64(E7) NpH

CaH

C,H
C3H'
C)H
CyH'
NeH

N_H'
Arg67(E1O) NpH

C0H

C,Hs
C.Hs
C6Hs
N ,Hs
N ,Hs

Val68(E11) NpH
C0H

CPH
C7H3
C;H3

Ala7l(E14) NPH
CPH

Leu89(F4) NpH
CaH

Ala9O(F5) NpH
CaH

Gln9l(F6) NPH
CaH

Ser92(F7) NpH
C0H

His93(F8) NpH
CaH

C3H

N8H
Ala94(F9) NpH

C.H
CPH3

His97(FG3) C5H
C6H

Ile99(FG5) CaH

COH
CyH
CyH'
C7H3
CaH3

*Chemical shifts from DSS.

L29Y|H64Q|T67R-
metMbCN#

8.49
1 1.43(80)1
29.31(11)
8.95
12.95(36)
16.44(20)
8.38
4.05
3.62
3.08
6.56
5.47
10.64(20)
-0.48(50)
7.26
2.81
0.41, -0.23
0.28, -0.12
1.56, 1.78
9.85, 6.84
9.67, 6.91
6.86
-1.80
1.71
-1.12
-2.53
6.28
3.58
0.03
8.01
8.34
10.58
6.39
2.60
9.58
4.91
10.83
5.39
13.52
7.09
11.65
6.34
19.61(26)
10.14
3.88
1.35
9.82
6.71
2.40
-0.04
-9.40(43)
-1.86
-3.30
-3.68

H64Q|T67R-
metMbCN§

q

8.62
12.47
15.82
**

**

**

**

9.93
8.00
16.12
**

**

2.70
0.62, -0.86
0.68, 0.10
1.42, 1.85
9.99, 6.85
9.65, 6.91
**

-1.69
2.45
q

6.08
3.47
-0.28
7.84
7.97
10.55
6.63
2.70
9.62
4.96
10.77
5.41
13.85
7.69
12.72
7.97
20.14
10.48
4.18
1.51
10.22
6.56
2.60
1.03
-7.68
-0.90
-2.72
-3.65

#Other assigned residues are the rings of Phe33(B 14), 7.77, 8.10, 7.93 ppm;
Phe46(CD4), 7.92, 7.79 ppm; and Phel38(H15), 6.99, 7.11, 7.39 ppm.

§0ther assigned residues are the rings of Phe33(B 14), 7.74, 8.01, 8.30 ppm;
Phe46(CD4) 8.49, 7.92, 8.43 ppm; and Phel38(H15), 7.00, 7.08,7.36 ppm.
SNot assigned.
IT,, for resolved resonances (given in parenthesis), in ms; uncertainty ± 15%.

**Leu29(B10) in H64Q|T67R-metMbCN, not assigned.

RFe = 4.1 + 0.2 A) labile proton exhibits NOEs (Fig. 2 D)
to the C,Hs of Tyr29(B10), CEHs of Phe43(CD1), CAH,
C.^H3s of Val68(E1 1), C,H, and low-field side chain N>H of
Gln64(E7) (not shown). The latter - - 0.5% NOE, together
with its 20-ms TI, indicate a -2.7 ± 0.2 A distance (via
Eqs. 7 and 8) between these two labile protons. The ob-
served interresidue and heme-residue contacts are shown
schematically in Fig. 1.

Determination of magnetic axes

The use of the observed dipolar shifts for a variety of
conserved proximal residue protons as input to the three-
parameter least-square searches (Eqs. 1 and 2) yielded a =
00, ,B = 16.70, y = 400, K = 400 for L29Y|H64Q|T67R-
metMbCN, and a =-10°, ,3 = 12.90, 'y = 40°, K = 300,
for H64Q|T67R-metMbCN, using the WT anisotropies
AXax = 2.02 X 10-9 m3/mol, AXrh = -0.54 X 10 9

m3/mol (Rajarathnam et al., 1993). The high quality of the
fit for a representative input set for the triple mutant is
shown in Fig. 5. Variation in the input data resulted in -10°
ranges in both a and K, and only a 1' range for P3. Extending
the search to five parameters led to inconsequential changes
in the angles and AXax, AXrh, as was shown to be the case for
numerous other distal point mutants of sperm whale Mb
(Rajarathnam et al., 1993, 1994; Qin et al., 1993a,b).

Distal pocket structure of YQR-metMbCN

The Arg E10 side chain clearly exhibits small dipolar shifts,
as reflected in the temperature dependence of its chemical
shifts, but a search for the orientation that yields the opti-
mum fit of Sdip(obs) versus 5dip(calc) proved futile in view
of the relative insensitivity of the $dip(calc) for C3H on XI,
and C7H on X2 angles. However, an orientation as found for
Lys E10 in Chironomus Hb (Steigemann and Weber, 1979)
or Ascaris Hb (Yang et al., 1995) yielded 6dip(calc) consis-
tent with 6dip(obs), as shown in Fig. 7. Moreover, the
orientation of the nonlabile protons allows the Arg ElO
guanidyl group to place the N.,1H2 sufficiently close (within
3 A) to the Gln E7 CaH, CPH2 to rationalize the observed
NOEs.

Insertion of the Tyr B10 side chain with the orientation
exhibited by the Phe29(B10) residue in the L29F|H64Q-
MbCO crystal structure (Quillin et al., 1993) resulted in
6dip(calc), in excellent agreement with 5dip(obs) for the ring.
The large 8dip(obs) and strong relaxation (TI 11 ms,
RFe = 4.2 ± 0.2 A) for the Tyr29(B10) OH allow a
simultaneous fit to both dipolar shift and relaxation, which
defines the dihedral angle with the ring plane as -115°.
However, inspection of the resulting heme cavity structure
reveals a strong steric interaction between the Tyr B10
oxygen and the ligated cyanide. Relieving this interaction
by moving the B helix away from the iron by -0.5 A led to
a similarly well-defined orientation for the Tyr29(B10) side
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FIGURE 3 Fingerprint regions of
the (A) MCOSY and (B) NOESY
spectra (110 ms mixing time) for
L29Y|H64Q|T67R-metMbCN in
'H20 at 25°C and pH 8.0. Two helical
NiH-Ni+,H NOE sequences (I resi-
dues 89-94, II 64-71) are shown; the
assigned NiH-CGH COSY peaks from
the two helical segments are labeled
by the one-letter code for the residue.

Chemical Shift (ppm)

chain orientation, which is compatible with the placement
of the remainder of the distal residues.
The orientation of Gln64(E7) was determined by con-

straining the terminal N>Hs to RFe = 4.4 ± 0.2 A for the
low-field, and RFe = 5.3 + 0.3 A for the upfield NEH and
simultaneously optimizing the residue error function (Eq. 6)
as a function of side-chain torsion angles. Because of the
availability of strong structural constraints from both relax-
ation and 6dip(obs), the spatial positions for the -1.8-A-
separated N6Hs were determined first. On the one hand,
because of the fact that the Gln64(E7) NEHs must span the
node in the dipolar field, 6dip(obs) serves as a strong con-

straint on the location of the NEH2 group. However, the
small net chemical shift for the low-field N H reflects a

near-cancellation of a significant low-field 6dip(calc) and
upfield heme ring current shifts (Eq. 4), which results in
larger uncertainty in 8dip(obs) for the low-field NEH than for
the upfield NEH. The N>Hs could satisfy both 8dip(obs), T1
constraints and the -2.8-A interproton distance between the

low-field Gln64(E7) NEH and Tyr29(B10) OH obtained
from the steady-state NOE (and T1 for the former reso-

nance) upon saturation of the latter resonance (Fig. 2 D).
The optimized side-chain torsional angles that yielded a

reasonable fit between Sdip(obs) and 8dip(calc) for all
Gln64(E7) protons are shown in Fig. 6. The orientation of
the three mutated residues in the L29Y|H64Q|T67R-metM-
bCN solution structure are depicted in Fig. 7 A and can be
compared to the orientation of the same residues in the
crystal structure of Ascaris HbO2 (Fig. 7 B).

Direct evidence for one strong hydrogen bond to the
bound cyanide in L29Y|H64Q|T67R-metMbCN is obtained
from the effect of bulk solvent isotope composition on the
heme hyperfine shifts, as has previously been reported for
WT metMbCN (Lecomte and La Mar, 1987). Two heme
5-CH3 peaks are resolved in 1H20:2H20 solvent mixtures,
with the relative intensity of the two 5-CH3 signals directly
proportional to the solvent 1H:2H composition, as illustrated
in Fig. 8. This influence on the heme contact shift can be
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FIGURE 4 Resolved low-field
portion of the 500-MHz 'H NMR
spectra for L29Y|H64Q|T67R-metM-
bCN in 'H20, pH 8.0, at 25°C (A)
MCOSY, and (B) NOESY map (40
ms mixing time) illustrating key di-
polar contacts among distal pocket
residues. NOEs observed at low con-

tour levels are shown by boxes.

Chemical Shif t (ppm)

experienced only if there is a direct link between the heme
iron and the labile proton. The splitting of the heme 5-CH3
signals is 25 Hz, which is comparable to the 32 Hz observed
due to the distal hydrogen bond by His64(E7) to the cyanide
in WT metMbCN (Lecomte and La Mar, 1987).

Distal pocket structure of H64QIT67R-metMbCN
The chemical shift for all hyperfine shifted residues for
H64Q|T67R-metMbCN, and the resulting magnetic axes

(a = 10°, = 12.90, K a + = 300), are very similar

to those reported previously for H64Q-metMbCN (Zhao et
al., 1995). Moreover, modeling the Gln64(E7) orientation
on the basis of the H64Q-MbCO crystal structure provided
a good fit between 6dip(obs) and 6dip(calc) for Gln64(E7)
(not shown). The observation of NOESY cross-peaks be-
tween the Gln64(E7) CAH C,Hs with labile protons in the
same manner as observed for L29Y1H64Q|T67R-metMbCN
indicates that the Arg67(E10) is oriented as deduced above
for the triple mutant.

DISCUSSION

Heme cavity structure

The combination of dipolar shift and paramagnetic relax-
ation constraints provides a well-defined structure for the

distal heme pocket of both H64Q|T67R- and
L29Y|H64Q|T67R-metMbCN. The proximal side structure
typical of WT Mb is strongly conserved in all distal side
mutants, as shown previously by both x-ray crystallography
(Quillin et al., 1993; Zhao et al., 1995) and NMR (Rajarath-
nam et al., 1993, 1994; Qin et al., 1993a,b; Zhao et al.,
1995). Hence the orientation of the magnetic axes and the
magnitudes of the anisotropies determined herein are con-

sidered robust. The modeling of Tyr29(B 10) presents some-

thing of a problem, because no direct NMR evidence is
available to specify the position of the B helix. The move-

ment of the B helix 0.5 A away from the iron compared to
WT is reasonable, but is only a qualitative indication of the
likely response of helix B to steric interaction of its side-
chain terminus with the bound ligand. A similar movement
was observed in the L29F|H64Q-MbCO crystal structure,
where the bulkier Phe29(B 10) induces a small movement of
the B-helix away from the iron (Zhao et al., 1995).

Hydrogen bonding in the distal pocket

The labile protons that participate in the distal hydrogen
bonding network are observed directly by 'H NMR in the
cyanomet globins, and the combination of relaxation and
dipolar shift constraints locates these putative hydrogen
bond donors more accurately than can be inferred from the
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FIGURE 5 Plots of the 6d,p(calc) via Eq. 2, versus 6dip(obs) via Eqs. 3
and 4 for the determined magnetic axes of L29Y|H64Q|T67R-metMbCN.
The 14-input dipolar shifts for the determination of magnetic axis orien-
tation and anisotropies are given by closed circles; the remainder of the
resonances are shown by open circles. The solid line with unit slope
represents the ideal fit.

location of the related heteroatoms in a crystal structure.
The structures in Fig. 7 outline the orientations of the distal
residues in contact with the bound cyanide in
L29Y|H64Q|T67R-metMbCN and with dioxygen in Ascaris
HbIO2 (Fig. 7, A and B). The hydrogen bonding pattern
observed in L29Y|H64Q|T67R-metMbCN is similar, but
not identical to that reported for Ascaris HbO2 (Yang et al.,
1995).

In L29Y|H64Q|T67R-metMbCN, the positions of the
Tyr29(B 10) OH and the low field Gln64(E7) NEH, dictated
by the RFe from relaxation and 5dip(calc), place both labile
protons in van der Waals contact with the bound cyanide
nitrogen, and hence identify them as possible hydrogen
bond donors to the bound ligand. The orientation of the
Tyr29(B 10) OH is favorable for hydrogen bonding, because
it is directed to the cyanide nitrogen lone pair; on the other
hand, Gln64(E7) N,H is directed perpendicular to the lone
pair, and it is probably not very effective in stabilizing the
bound ligand. The low-field Gln64(E7) N,H is 3.7 A from
the Tyr29(B 10) hydroxyl oxygen in L29YIH64Q|T67R-
metMbCN, and therefore a hydrogen bond between them is
unlikely, which is at variance with what occurs for Ascaris
HbIO2 (Fig. 8 B); moreover, the relative orientation of these
side chains is also unfavorable. On the other hand, the
orientation of Arg67(E10) in L29YIH64Q|T67R-metM-
bCN, consistent with the small 6dip(obs) and the NOESY
cross-peak between its guanidyl N;H2 and the Gln64(E7)
CaH, C,Hs, places its guanidinium group at hydrogen
bonding distance from the Gln64(E7) side-chain carbonyl
group. Direct evidence for one hydrogen bond to the bound
CN- in L29Y|H64Q|T67R-metMbCN, comparable to that

-Y 101/ /
I00

U0~~~~~~~
0-

-10
-10 0 10 20 30

6 dip (obs), ppm

FIGURE 6 Plot of the 6dip(calc) via Eq. 1 and Sdip(obs) via Eqs. 3 and 4
for the determined magnetic axes for residues Tyr29(B 10) (0), Gln64(E7)
(@), and Arg67(EIO) (A) for L29Y1H64Q1T67R-metMbCN, with the ori-
entations determined by paramagnetic relaxation, dipolar shifts, and dipo-
lar contacts.

exercised by the His64(E7) N5,H in WT metMbCN
(Lecomte and La Mar, 1987), is obtained from solvent
isotope effects on the heme (Fig. 8). In WT metMbCN, a

comparable resolution of separate heme methyl signals was
observed and the averaging of the environments at alkaline
pH was traced directly to the lability of the distal His64(E7)
N,H (Lecomte and La Mar, 1987). In L29Y1H64Q1T67R-
metMbCN, the "splitting" of the 5-CH3 peaks in 1:1 'H20:
2H20 is maintained to pH 10, which is consistent with the
slower exchange of the Tyr29(B I10)OH, as also manifested
in the absence of saturation transfer from bulk solvent at
alkaline pH. A strong H bond between the distal Tyr(BI10)
in Ascaris HbO2 has been directly established by resonance
Raman spectroscopy (Huang et al., 1996).

Cyanide dissociation

The kinetics of cyanide dissociation from the ferrous form
of Mb (Table 1) indicates that WT sperm whale Mb and the
three mutants have essentially the same rate constant (with-
in a factor of -2). The same was observed for the carbon
monoxide dissociation rate constant, whereas the oxygen
dissociation rate constant varies considerably (>100 fold)
when Gln64(E7) and Tyr29(B 10) alone, or in combination,
are present (Travaglini Allocatelli et al., 1994, and Table 1).
These results show that the stabilizing contribution of
Tyr29(B 10) in L29Y1H64Q1T67R-Mb is only effective with
oxygen. We wish to comment on this observation.
The rate-limiting step in the intrinsically slow dissocia-

tion of CN- and CO from iron(II) is to be assigned to the
thermal rate of breaking of the Fe-C bond. The increase in
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FIGURE 7 Stereo view of the distal hydrogen-bond network involving the ligand, Tyr(B10), Gln(E7), and Lys/Arg(ElO) for (A) L29Y|H64Q|T67R-
metMbCN and (B) Ascaris HbIO2.

hydrogen bonding capability in L29Y|H64Q|T67R-Mb with
respect to wild-type Mb has no effect on the CO dissocia-
tion rate, consistent with what is observed for other sperm
whale mutants in which the distal HisE7 has been removed
(Springer et al., 1994). However, cyanide dissociation from
the ferrous heme is peculiar in so far as a key step in
dissociation involves protonation of CN-, either from a
distal residue (His E7) or from the bulk solvent (Bellelli et
al., 1990); its rate is also unaffected in these mutants,
because the total number of proton donors in the pocket is
unchanged (all mutants lack HisE7) and none of the mutants
have severely altered solvent accessibility. We conclude
that, like CO, cyanide dissociation is rate limited by the
Fe2 -C bond breaking, and any contribution of distal H-
bond(s) to the rate of dissociation has a marginal effect.

Relevance to 02 dissociation

As far as oxygen is concerned, the dissociation rate constant
reflects both the Fe-02 bond breaking and ligand escape
from the protein matrix. Because the intrinsic rate for the
iron-02 bond dissociation is very fast (k > 103 s-1) in the
absence of H-bond donors (Springer et al., 1994), hydrogen
bond(s) on the distal site will help to hold the dissociated
ligand in the pocket and will have a substantial effect on the

overall rate of dissociation, making 02 unique; in fact, a role
for the distal Gln(E7) and Tyr(B 10) can be seen only for 02
(Table 1). Why, then, is the rate constant for 02 dissociation
in L29Y|H64Q|T67R-Mb (although slower than WT) still
200 times faster than Ascaris Hb? The presence of a hydro-
gen bond between the Tyr B10 hydroxyl and the bound
cyanide (as seen above by NMR) indicates that this is the
stabilizing contribution responsible for slowing down 02
dissociation in L29Y|H64Q|T67R-Mb; however, the mar-
ginal or absent interaction between Gln(E7) and bound
CN-, the absence of the interresidue Gln(E7)-Tyr(B10)
hydrogen bond that stabilizes Tyr(B10) in a favorable ori-
entation, and the need to postulate a -0.5-A displacement
of the B helix away from the iron likely all contribute to a
less stable H-bonding network, and hence a much faster 02
off rate in L29Y|H64Q|T67R-Mb relative to Ascaris Hb. In
this scenario, the hydrogen bond between the guanidinium
group of Arg(E1O) and the side-chain carbonyl of Gln(E7)
may stabilize the latter in an orientation that compromises
its ability to hydrogen bond to both the ligand and Tyr(B 10).

CONCLUSIONS
The results presented above provide structural support for
the successful introduction of an alternative hydrogen bond
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FIGURE 8 Expanded portion of the 500 MHz 'H NMR spectrum of
L29Y|H64Q|T67R-metMbCN in 'H20, pH 8.0, at 25°C, showing the split
heme 5-CH3 signal in (A) 90% 'H20:10% 2H20; and (B) 50% 'H20:50%
2H20. Note that two separate 5-CH3 peaks are resolved, the relative
intensities of which parallel the solvent 'H:2H isotope composition, thereby
establishing the presence of one relatively strong hydrogen bond between
a distal residue and bound cyanide (Lecomte and La Mar, 1987).

to the iron ligand in engineered sperm whale Mb. This novel
interaction exerts different effects on the stabilization of the
three different ligands 02, CO, and CN-. The hypothesis
outlined above suggests that shifting one hydrogen bond
from Arg(E10)-Gln(E7) to Gln(E7)-Tyr(B10) by mutagen-
esis of Arg(E1O) could result in further stabilization of the
bound oxygen.
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