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ABSTRACT Sequence-specific 2D methodology has been used to assign the 1H NMR signals for all active site residues in
the paramagnetic cyano-met complexes of sperm whale synthetic double mutant His64[E7]-*Val/Thr67[E10]-Arg (VR-met-
MbCN) and triple mutant His64[E7]-->VaVrhr67[E10]--Arg/Arg45[CD3]--*Asn (VRN-metMbCN). The resulting dipolar shifts for
noncoordinated proximal side residues were used to quantitatively determine the orientation of the paramagnetic susceptibility
tensor in the molecular framework for the two mutants, which were found indistinguishable but distinct from those of both wild-type
and the His64[E7]->Val single point mutant (V-metMbCN). The observed dipolar shifts for the E helix backbone protons and
Phe43[CD1], together with steady-state nuclear Overhauser effect between the E helix and the heme, were analyzed to show
that both the E helix and Phe43[CD1 ] move slightly closer to the iron to minimize the vacancy resulting from the His64[E7]-_Val
substitution, as found in V-metMbCN (Rajarathnam, K., J. Qin, G. N. La Mar, M. L. Chiu, and S. G. Sligar. 1993. Biochemistry.
32:5670-5680). The dipolar shifts of the mutated Val64[E7] and Arg67[E1 0] allow the determination of their orientations relative
to the heme, and the latter residue is shown to insert into the pocket and provide a hydrogen bond to the coordinated ligand,
as found in the naturally occurring VaIE7/ArgElO genetic variant, Aplysia limacina Mb. The oxy-complex of both A. limacina Mb
and VR-Mb, VRN-Mb have been proposed to be stabilized by this hydrogen bonding interaction (Travaglini Allocatelli, C. et al.
1993. Biochemistry. 32:6041-6049). The magnitude of the tilt of the major magnetic axes from the heme normal in VR-metMbCN
and VRN-metMbCN, which is related to the tilt of the ligand, is the same as in wild-type or V-metMbCN, but the direction of tilt
is altered from that in V-metMbCN. It is concluded that the change in the direction of the ligand tilt in both the double and triple
mutants, as compared to WT metMbCN and V-metMbCN single mutant, is due to the attractive hydrogen-bonding between
ArgEl0 and the bound cyanide.

INTRODUCTION

The differential ligation properties in natural genetic variants
of myoglobin (Mb)1 and hemoglobin (Hb) have been pro-
posed to be controlled largely by the variable nature of two
distal residues at the helical positions E7 and Eli, both of
which make contact with the bound ligand. The ubiquitous
His (E7) of mammalian Mb provides a hydrogen bond to
stabilize the coordinated oxygen molecule (Phillips et al.,
1981), while His (E7) and/or Val (Ell) provide steric in-
terference to binding carbon monoxide (Phillips, 1980;
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Collman et al., 1976). The hydrogen bonding property mani-
fests itself via a large 02 binding constant that results from
slow dissociation, while steric destabilization results in a
strong tilt of the CO axis relative to the heme normal. The
buccal muscle of the sea hare Aplysia limacina yields a Mb
with Val instead of His at position E7, but with 02 binding
properties (Wittenberg et al., 1965), particularly a relatively
slow 02 off-rate, more closely resembling WT His (E7) con-
taining sperm whale Mb than the His (E7) -* Val point mu-
tant (Springer et al., 1989). This has led to the proposal of
an alternate mechanism of hydrogen bond stabilization of
bound ligands in this invertebrate Mb, involving an Arg resi-
due at helical position E10 (Bolognesi et al., 1989). X-ray
crystallography ofA. limacina metMbF, metMbN3, and met-
MbCN has shown that Arg66(E10) can readily insert into the
pocket to hydrogen bond to the bound ligand (Bolognesi
et al., 1990; Mattevi et al., 1991; Conti et al., 1993). In order
to establish whether this alternate stabilization mechanism
reflects solely on the nature of the side chains at position E7
and E10, the sperm whale double mutant His64(E7) -* Val,
Thr67(E10) -> Arg has been prepared and, its oxygen binding
properties have been determined (Cutruzzola et al., 1991).
While the single point mutant HisM(E7) ->Val Mb leads to
the expected strong decrease in 02 binding constant via a
significant increase in the 02 off-rate (Springer et al., 1989),
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Influence of Hydrogen Bonding on Ligand Tilt in metMbCN

the additional Thr67(ElO)->Arg substitution leads to a
substantial recovery of the 02 binding affinity through a re-
duction of the 02 off-rate to a value intermediates between
that of WT and of His64(E7)--Val Mb.
The cyanide ligand bound to the ferric form of metMb can

serve as both a structural and functional model for several
aspects of the control of ligand binding. The Fe+3-CN unit
is polar, and in sperm whale metMbCN serves as a hydrogen
bond acceptor to HisE7, as does the Fe+2-02 unit in MbO2
(Lecomte and La Mar, 1987; Qin et al., 1992). Moreover, the
Fe+3-CN unit prefers to be linear and bound normal to the
heme like the Fe+2-CO unit, and hence the nature of the
Fe+3-CN tilt provides information on steric interactions in
the distal pocket (Emerson and La Mar, 1990b; Rajarathnam
et al., 1992; Qin et al., 1993). The kinetics of the cyanide
off-rate upon rapid reduction of metMbCN also have been
shown to be modulated by distal hydrogen bonding, and the
retarded off-rate in reduced A. limacina metMbCN similarly
has been interpreted in terms of distal hydrogen bonding by
ArgElO (Bellelli et al., 1990). The advantage of using the CN-
ligand as a probe in metMb, aside from obviating problems
from autoxidation, is that it serves as a probe for both hy-
drogen bonding and steric interactions, and these interactions
can be characterized in remarkable detail by solution 1H
NMR spectroscopy.
The hyperfine field due to the paramagnetic iron(III) leads

to significant chemical shift dispersion for which the
temperature-sensitive hyperfine shifts readily identify active
site residues even in the presence of a large number of signals
from proton distant from the active site (Emerson and La
Mar, 1990a; Yu et al., 1990; Qin and La Mar, 1992). Most
importantly, the paramagnetism imparts large shifts and
strong relaxation to the labile protons of a distal residue that
can be demonstrated to result from hydrogen bonding with
bound ligand via the detection of an isotope effect on the
heme contact shifts (Lecomte and La Mar, 1987; Qin et al.,
1992). The hyperfine or dipolar shifts for the noncoordinated
residues, together with crystal coordinates, yield the orien-
tation of the magnetic susceptibility tensor whose major axis
is determined by the Fe-CN tilt (Emerson and La Mar, 1990b;
Rajarathnam et al., 1992, 1993). While the paramagnetism
leads to some line broadening as well as hyperfine shifts,
detailed studies of WT sperm whale metMbCN and three
point mutants (Emerson and La Mar, 1990a; Yu et al., 1990;
Rajarathnam et al., 1992, 1993) have shown that the line
broadening does not interfere with the efficacy of two-
dimensional (2D) NMR methods for defining solution struc-
ture. Hence, heme pocket residues were uniquely identified
by their spin connectivity patterns and geometrically placed
in the heme cavity via the detailed dipolar connectivities with
the heme and with each other. Such assignments in A.
limacina metMbCN, moreover, were shown to be attainable
by standard sequence-specific methods by tracing the back-
bone of heme pocket residues (Qin and La Mar, 1992). Both
the orientation of the magnetic susceptibility tensor and its
anisotropy could be accurately determined for sperm whale

metMbCN by fitting the observed dipolar shifts from non-
coordinated residues using the WT MbCO crystal coordi-
nates (Emerson and La Mar, 1990b). The major magnetic
axis was found essentially colinear with the Fe-C bond inSW
MbCO (Cheng and Schoenborn, 1991). Moreover, it was
shown that the dipolar shifts and crystal coordinates of solely
proximal side residues quantitatively described the tensor
orientation in metMbCN (Rajarathnam et al., 1992). Sub-
sequently, the dipolar shifts and crystal coordinates of the
conserved proximal residues have been shown to accurately
provide the orientation of the tensor in several distal point
mutants. The changes in tensor orientation in these mutants
could be related to changes in orientation of the Fe-CN unit
that are consistent with expectation based on the crystal
structure (Rajarathnam et al., 1992, 1993).
We report herein on the 1H NMR spectrum of sperm

whale double mutant His6'(E7)--Val, ThrE7(E10)->Arg,
metMbCN (VR-metMbCN), and the triple mutant
His64(E7)->Val, Thr67(E1O)-*Arg, Arg45(CD3)--Asn met-
MbCN (VRN-metMbCN). In the latter protein, Arg45 on the
CD loop (CD3), which makes a salt bridge to the
6-propionate in WT MbCO, has been replaced to minimize
potential coulombic repulsion with Arg67(E10) (Travaglini
Allocatelli et al., 1993). Preliminary 1H NMR data on both
mutants have identified a strongly relaxed labile proton in the
distal cavity that hydrogen bonds to the bound ligand and
induces an isotope effect on heme hyperfine shifts. Limited
2D studies identified the side chain as Arg67(E10) and lo-
cated the resonances for the distal pocket residue E5-E14.
We extend here our sequence-specific assigments to all resi-
dues in the active site that exhibit hyperfine shifts, determine
the orientation of the magnetic susceptibility tensor using the
proximal side residues, and use this susceptibility tensor to
both determine the orientation of the substituted Arg67(E10)
residue as well as assess other structural consequences of the
substitutions on the distal pocket. The incremental influences
of the Arg67(E10) and Arg45(CD3) substitutions are evalu-
ated by detailed comparison with the 1H NMR data recently
reported for the single point mutant His64(E7)->Val
metMbCN (V-metMbCN) (Rajarathnam et al., 1993).

MATERIALS AND METHODS
Preparation of mutants

Mutagenesis was performed as already described in detail in Travaglini
Allocatelli et al. (1993).

'H NMR measurements

Cyano-met myoglobin complexes of mutants, metMbCN, were prepared by
exchanging the oxidized protein on an Amicon ultrafiltration device with a
solution of 2H20 or 10% 2H20/90% 'H20 containing 0.1 M phosphate
buffer, 0.02 M KCN, pH 7.0. The final concentrations for the sample are
-2 mM in 2H20 and -4 mM in 10% 2H20/90% 1H20.

All 1H NMR spectra of cyanide derivatives of mutants were collected on
a GE fl 500 MHz spectrometer. The steady-state nuclear Overhauser effect,
NOE, spectra, SUPERWEFT spectra, and the nonselective spin-lattice
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FIGURE 1 Orientation of the coordinate system,
x, y, z, for the magnetic susceptibility tensor X, rela-
tive to the symmetry (x-ray crystallographic) coor-
dinate system x', y', z': (A) Tilt of the major mag-
netic axes, z, from the heme normal, z', given by the
angle 3; note that since the z axis is positive on the
proximal side, the Fe-CN tilt is defined by the -z
axis. (B) Projection of the tilt of the z axis on the
heme plane, defined by the angle a from the sym-
metry coordinate system x' axis, and location of the
rhombic magnetic axes, x, y, whose projection on the
heme plane is related to the symmetry axes, x', y',
by the angle K a + y, where a, (, and y are the
Euler angles that transform the symmetry coordi-
nates into the magnetic coordinates. The angle i/,
and modulus r define lateral movement of the E
helix and Phe CD1. The arrows labeled a, b, and c
correspond to the Fe-CN orientation in WT,
V-metMbCN, and VR-metMbCN, respectively.

paramagnetic relaxation times for the resolved peaks were obtained as pre-

viously described (Emerson and La Mar, 1990a). The phase-sensitive HO-
HAHA or TOCSY (Braunschweiler and Ernst, 1983; Davis and Bax, 1985),
NOESY (Jeener et al., 1976), and conventional n-type COSY (MCOSY)
(Bax et al., 1984) employed the method described by States et al. (1982) to
provide quadrature detection in the tl dimension. The MLEV-17 mixing
scheme (Bax and Davis, 1985) is used in the TOCSY experiments, and the
MLEV-17 pulse is written in such a way so that the magnetization is aligned
along the effective axis of rotation of 1800 composite pulse to obtain optimal
sensitivity (Rance, 1987). Solvent suppression, when required, was achieved
by direct saturation in the relaxation delay period. 512 blocks were collected
with two different spectral widths for all the 2D experiments, 23,255 Hz to
include all proton resonances, and 15,000 Hz to improve resolution for the
unresolved amino acid resonances for better resolution. 96-512 scans were

accumulated for each block with free induction decays of 2048 complex
points. The two repetition rates were used for all 2D experiments: 3 s-1 to
emphasize the broad cross peaks (512 scans per block) and 0.7 s-1 to em-
phasize the weakly relaxed cross peaks (96 scans per block). 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 (Emer-
son and La Mar, 1990b; Rajarathnam et al., 1992, 1993). Experimental
dipolar shifts for the structurally conserved proximal side of the heme were

used as input to search for the Euler rotation angles, R(a, A,,y), that transform
the molecular pseudo-symmetry coordinates, x', y', z', or r, 0', fQ', (see Fig.
2) (readily obtained from crystal coordinates) into magnetic axes, x, y, z, by
minimizing the following error function:

AXa. and AXrh are axial and rhombic anisotropies, and Sob. is the observed
chemical shift referenced to DSS. idia is the shift in the isostructural dia-
magnetic MbCO complex (Dalvit and Wright, 1987; Chiu, 1992), or cal-
culated for protons whose Sdia are not available by using the equation (Qin
et al., 1993):

5dia eS + arc (4)
where 8b, is the shift of an amino acid proton typical for a-helices, (3-strand,
coils, etc. (Wishart et al., 1991), and 8irc 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). Minimizing the error function F/n in Eq.
1 was performed over three parameters, a, 3, y, using available AX.x and
AXrh, or extended to all five parameters to yield both the Euler angles and
anisotropies, as described in detail previously (Emerson and La Mar, 1990b;
Rajarathnam et al., 1992).

Dipolar shift simulations
The position of a perturbed distal structural element was determined by
minimizing a local error function for a selected set of protons (i.e., back-
bone for a helix or side chain protons for a residue) as influenced by con-

trolled local movements. This local error function, designated F*/n to dis-
tinguish it from that global error function in Eq. 1, is given by
Rajarathnam et al. (1993):

n

F *ln(i ) = I Sdip (obs) - 8dip (calc) I12. (5)

Both 8dia (Eq. 4) and 8dip(calc) (Eqs. 1 and 2) are evaluated using the
perturbed coordinates and the magnetic axes obtained from the conserved
proximal side protons, as described above.

n

F/n = E Sdip(obs) - Sdip(calc)F(a, (3, y) 12,

where

Sndip(calc) = - 31Ax3 cos2O' - 1)r-3 + 3/2AX,h sin 0' cos 2fQ'r-3],

and

adip (obs) =
obs - 5dia -

(1) RESULTS
Assignments
The 500-MHz 1H NMR spectra of VR-metMbCN in 2H20
and 1H20 at 25°C, pH 7.0, are illustrated in Fig. 2,A and B,

(2) respectively. The spectrum in 2H20 collected under rapid
pulsing conditions to emphasize broad, rapidly relaxed pro-

tons is shown in Fig. 2 C. The target residues whose as-

(3) signment are necessary to determine the magnetic axes are

A B
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FIGURE 2 Hyperfine-shifted portions of the 500
ence spectra of VR-metMbCN at 25°C at pH 7.0 (A)
three resolved labile proton signals are labeled XI, A
repetition rate inversion-recovery spectrum in 2H2(
which emphasize broad, efficiently relaxed proton sig
NOE difference spectrum upon irradiatingl-CH3 in 2

NOE difference spectrum upon irradiating 8-CH3
smaller NOE to Val Ell CaH in E than F in the
reference spectrum of VRN-metMbCN in 2H20 at

the proximal residues on the F helix, the F
on the H helix2 (Rajarathnam et al., 199
spectra of VR-metMbCN (Fig. 1 A) and
(Fig. 1 F) are very similar, and previous lii
of E helix residues have shown that the tv
essentially the same hyperfine shifts. Be
similar hyperfine shifts and essentially
data, detailed 2DNMR data relevant to assi
ture are presented only for VR-metMbCN
larity of the molecular structure of the t'
flected in the very similar shifts listed in
The heme resonances are assigned in

sessing the structural perturbations due to t
E helix side chains in the distal pocket h-
previously (Travaglini Allocatelli et al., 1
Phe43(CD1) in the distal pocket of VR-mel
be assigned.3 Two three-spin and two fou

2 The nine-proton input set I (references to set E in Ra
includes; Ca:H of Leu89(F4); C;H, CEH of His97(FC
C72H, C.^H3, C0H3 of Ile99(FG5). The 14-proton input
to as set D' in Rajarathnam et al., 1992) has, in addit
identified above, C H, CpH3 of AlaFS and CCH, CEHs
(referred to set D' in Rajarathnam et al., 1992).
3 The assignment for other distal residue not used i]
magnetic axes are for: Phe33(B14), C&H 7.24, CEHs
(CD1), C13H 3.65, C13H' 2.85, CaH 4.67; Phe46(CD4)
CrH 7.43 ppm.

C9I

38 C"H

I'
I A

TABLE 1 1H NMR chemical shifts for heme resonances of
sperm whale VR-metMbCN and VRN-metMbCN

8obs 5obs

Peak VR VRN Peak VR VRN

1-CH3 17.78 16.66 6-Ha 6.37 9.55
3-CH3 5.85 5.90 6-H13 2.70 2.04
5-CH3 26.01 25.24 6-H 1.02 0.84
8-CH3 12.63 12.81 7-Ha 2.67 3.40
2-Ha 17.15 17.12 7-H' -0.65 -0.15
2-H,3c -3.06 -3.10 7-Hp -1.05 -1.06
2-H13t -3.14 -3.20 7-HA 0.48 0.29
4-Ha! 5.14 5.12 a-meso-H 4.78 4.75
4-Hc -2.78 -2.67 1-meso-H 1.87 1.82
4-H13t -1.93 -1.89 y-meso-H 4.77 4.73
6-Ha. 13.45 9.61 8-meso-H 0.75 0.94
* Shifts in ppm referenced to DSS, in 1H20, 0.2 M in NaCl, pH 7.0,
and 25°C.

,,,,IU,, volving only nonexchangeable strongly hyperfine shifted
5 0 -S resonances exhibit COSY patterns characteristic of heme vi-

nyl and propionate groups, respectively (not shown). The
-MHz 1H NMR refer- NOESY cross peaks to the heme methyls and meso-H sig-
in 2H20; (B) in 1H20; nals, shown in Fig. 3, locate all heme resonances in a well
(2, and X3. (C) Rapid- documented manner (Emerson and La Mar, 1990a;

gnals.(D)Steady-state Rajarathnam et al., 1992). The fingerprint region of the
2H20.(E) Steady-state NOESY map locates a series of six sequential NHi-NHi+l
in 2H20; note much connectivities, for which some NHs exhibit significant di-
insets. (F) 500-MHz polar shift (Fig. 4 B). The COSY map in Fig. 4A locates the
250C and pH 7.0. C,,aHs for each residue, and tracing the remainder of the spin
G corner, and one system (Fig. 5, A and B) over a range of temperature yields
G2). The 1H NMR the fragment; Leui-Alai+l-Zi+2-AMXi+3-AMXi+4-Alai+5.[VRN-mhet' MbC The sequence uniquely identifies the residues 89-94 corre-VRN-metMbCN Tesqec nqeyietfe h eius8-4cre
mited assignments sponding to helical positions F4-F9. The relevant NOESY
vo mutants exhibit cross peaks are shown in Fig. 3 and reveal intra-residue and
cause of the very residue-heme dipolar connectivities as observed in WT
identical NOESY (Emerson and La Mar, 1990a). The single labile proton peak
ignment and struc- at 17 ppm yields an NOE to the NpepHi+3 (His93(F8)), iden-
1. The strong simi- tifying it as the HisF8 ring N1H. Steady-state NOEs from the
wo mutants is re- broad peak at 15 ppm to the His93(F8) CpHs, and from the
Tables 1 and 2. broad peak at -2.5 ppm to the His93(F8) N1H (not shown),
)rder to aid in as- identify the His93(F8) ring C4H and C2H signals, respec-
the mutations. The tively, as reported for a variety of metMbCN complexes
ave been assigned (Emerson and La Mar, 1990a; Rajarathnam et al., 1992; Qin
.993); hence, only and La Mar, 1992). Ile99(FG5) gives rise to the furthest up-
tMbCN remains to field and characteristically relaxed (T1 -70 ms) single pro-
r-spin systems in- ton peak that arises from CyH. The COSY (Fig. 5 B) and

NOESY (Fig. 3) cross peaks within the residue, and the
NOESY cross peak to the heme and to His93(F8) are essen-

jarathnam et al., 1992), tially the same as observed in WT. A rapidly relaxed (T1 -20
33); Ca,H, C13H, Cy,H, ms) single proton peak at 8.50 ppm exhibits a NOE to HisF8
tdata set H (referenced CaH which identifies it as His97(FG3) C4H; the NOESY
tion to the nine protons cross peak from the 6-Ha to the aromatic region locates the
s CQHs of Phe13(H15) HiSFG3 C2H (Fig. 3). TOCSY cross peaks among three reso-

nances in the aromatic region (not shown), together with the

7.12,Ct H8.20dPhea43 NOESY cross peak to the heme 1-CH3 and 2-Ha, (Fig. 3)
C;Hs 7.39, CEHs 7.30, locate the ring protons of Phe138(H15). This completes as-

signment of the target proximal residues.
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FIGURE 3 Resolved (A) lowfield and (B)
upfield portions of the NOESY spectrum
(mixing time 50 ms) of VR-metMbCN in
2H20, pH 7.0, at 25°C illustrating the im-
portant cross peaks for the heme and
hyperfine-shifted residue protons, as well as
between protons of different residues and to
the heme. The data were processed by ap-
plying a 30°-shifted sine-bell-squared win-
dow over 512 tl X 512 t2 points prior to
zero-filling to 2048 X 2048 data points and
Fourier transformation.

(ppm)

The side chain for the E helix residues have been previ-
ously assigned sequence specifically, and the shifts for sig-
nals exhibiting dipolar shifts >1 ppm are listed in Table 2.
The strongly relaxed (T1 -20 ms) low field single proton
peak which COSY identifies as part of an AM2X2 spin
system (Fig. 5 A) arises from a rapidly rotating phenyl
ring; the characteristic NOESY cross peak to the 5-CH3
(Fig. 3 A) identifies it as Phe43(CD1). NOESY peaks from
the Phe43(CD1) C^Hs peak lead to the CaHCsH2 spin sys-
tem.3 The Phe43(CD1) CEHs also exhibit NOESY cross
peaks to the previously assigned Cy1H3 of ValM(E7) (Fig.
3). Two aromatic side chains located in the COSY spec-
trum with NOESY cross peaks to Phe43(CD1) (Fig. 3)
identify the pair3 Phe33(B14), Phe46(CD4). They are
readily differentiated by the expected NOESY cross peak
from Phe46(CD4) to Val64(E7) CpH. This completes the
assignment of the distal residues.

Magnetic axes determination

The location of the magnetic axes makes the explicit as-
sumption that the protein coordinates from the conserved
proximal side of the heme are the same as in WT, and that
the solution coordinates are the same as those in the single
crystal (Rajarathnam et al., 1992, 1993). The conserved
proximal structure, moreover, demands conserved WT 6dia*
Comparison of x-ray crystal structures among different li-
gation variants of the same Mb (Bolognesi et al., 1989, 1990;
Mattevi et al., 1991), distal point mutants (Carver et al., 1992;

Oldfield et al., 1992), as well as a preliminary structure of
the analyzed VR-metMb (Rizzi et al., 1993) strongly support
this assumption. The orientation of the susceptibility tensor
based on three parameter searches fits to Eq. 1 to obtain the
Euler angles a, j, y, relied on the experimentally determined
anisotropies of WT metMbCN, AXa = 1.12 X 10-33 m-33
and AXrh = 0.376 X 10-33 m-3, which have been shown to
be valid for several point mutants and genetic variants
(Rajarathnam et al., 1992, 1993; Qin et al., 1993). Three
different sets of input data were used for VR-metMbCN and
VRN-metMbCN.2 Sets I (nine input data) and H (14 input
data) are based on the proximal side chains shown to accu-
rately reproduce the orientation of the axes for WT met-
MbCN obtained from much more extensive data sets (Ra-
jarathnam et al., 1992). A larger proximal input data set (18
input shifts; designated here as set III) is made possible here
because of the additional assignment of the CaHs of Gln91-
(F6), Ser92(F7), Ala94(F9), and CpH3 of Ala94(F9). The three
different input sets I-Ill yield excellent fits to Eq. 1 with low
error functions, F/n (Eq. 1), for the three-parameter searches,
as shown in Table 3; the previously reported Euler angles and
F/n for the same input data sets forWT and V-metMbCN are
included for comparison. As was found previously, the re-
sulting Euler angles are remarkably insensitive to the input
data sets for both the double and triple mutants, with P3 in-
variant, and a and K ranging over only 20 and 40, respec-
tively. Moreover, extension of the least square search to five-
parameter based on input data set III to simultaneously
determine a, 13, y and the two anisotropies (data set labeled
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A

B

13.0 12.0 11.0 10.0 9.0
(ppm)

FIGURE 4 A part of the fingerprint region of VR-r
nitude COSY in 'H20 at 25°C; the identified CaH
residues 89-94 (F4-F9 helical segment) are labeled. A
for residue 89-94 (F4-F9 segment) are connected (by
the NOESY spectrum (mixing time 100 ms) for which
nectivities from residues 89-94 (F4-F9) are marked b)
were processed by applying a 30°-shifted sine-bell-sc

ClC1 I--11 1%n-N_:z-___ s __11:_-

,w ,.1 which is -1 in WT, is increased to 3.5 for VR-metMbCN.
4;^'po This indicates that the E helix has moved laterally over the

heme in the direction of the iron.5 A similar discrepancy
0 0. between 6dip(obs) and 6dip(calc) for the E helix backbone, as

*,0.,> O well as increase in Q(E11 CaH), were observed for the single
point mutant V-metMbCN. A detailed analysis of the influ-
ence of a movement of the E helix on both the dipolar shift

- and Q(E11 Ca,H) in the single mutant showed that the E helix

o a moved laterally over the heme by -0.8 A in a direction
., -80° in Fig. 1 B (Rajarathnam et al., 1993). Moving the
E helix 0.8 A in a direction -80° for VR-metMbCN leads

/offl_ to a significant decrease in the E helix error function, F*/n(E
co Q. helix C Hs) to 0.37; the individual points are shown by the

; ,J.2. iY' closed circles in Fig. 6.

The highly conserved Phe43(CD1) ring protons are also
poorly predicted in VR-metMbCN by WT coordinates (open

; . squares in Fig. 6), as was the case in V-metMbCN, with the
local error function for the residue (Eq. 5), F*(Phe43(CD1))/n

3.34. A similar discrepancy was observed in V-metMbCN

.,.''. and was removed by moving the Phe43(CD1) ring 0.5 A
laterally toward the iron in a direction --90° defined in

S. 0 7. 0 Fig. 1 B (Rajarathnam et al., 1993). The same movement of
the Phe43(CD1) ring in the present double mutant leads to a

much better correlation in Fig. 6 (closed squares) and to a
metMbCN. (A) Mag- vastly superior error function, F*(Phe43(CD1))/n = 0.54, for
-NH cross peaks for the residue (Eq. 5). Hence, we conclude that the E helix and
dashed CD corner have readjusted to the double His64(E7) -* Val,

the NiH-Ni+,H con- Thr67(E10) -> Arg mutation in essentially the same manner

y solid lines. The data as previously described for the single His64(E7) Val mu-

quared window func- tation (Rajarathnam et al., 1993).
- I%f%A O .-I AAO l_Ation over 512 tl and 512 tZ points prior to zero-filling to 2U48 X 2U48 data

points and Fourier transformation.

III' in Table 3) for the double mutant resulted in negligible
changes in the angles and only very small changes in an-

isotropies (Table 3).

Position of the E helix

The magnetic axes obtained from the 14- or 9-point proximal
input data (sets I and II) for WT metMbCN predicted the
distal E helix backbone shifts very well (Rajarathnam et al.,
1991). However, as observed in the plot of 6dip(calc) versus

6dip(obs) for VR-metMbCN in Fig. 6, the E helix backbone
protons with significant (.1.5 ppm) 8dip(obs) are poorly pre-

dicted (open circles in Fig. 6) for the WT coordinates with
the error function over the E helix C,Hs (i.e., Eq. 5), F*/n
(E helix CaHs) = 1.12. Moreover, the ratio of steady-state
NOEs4 from the heme 1-CH3 and 8-CH3 to the Ca,H of
Val 8(E1 1),

Q(CaH) = iq(8-CH3-E11 CaH) (6)

Distal side chain orientation

The side chain protons for the substituted residues Val64(E7)
and Arg67(E10) in VR-metMbCN exhibit slopes in the plot
of chemical shifts versus reciprocal temperature that corre-

late well with the 6dip(obs) (as shown in Table 2). This in-
dicates that both residues possess well defined orientations
in the distal pocket (Emerson and La Mar, 1990b). The con-

served Val68(E11), on the other hand, display slopes that are

not proportional to 8dip(obs), suggesting an equilibrium
among different orientations. The orientation of the substi-
tuted ValM(E7) was determined by minimizing the error

function (Eq. 5) for the residue, F*(Val64(E7))/n, over the
a-4 rotational angle. A unique minimum is observed for a

HCa-CH angle of 1800 (not shown) with a good fit, (as
shown in Fig. 6 by closed diamonds), and a low error

function F*(Val64(E7))/n = 0.26 for the residue. The ori-
entation of Val64(E7) in VR-metMbCN is the same as that
deduced previously for V-metMbCN (Rajarathnam et al.,
1993).
The determination of the orientation of Arg67(E10) in

VR-metMbCN was pursued along two lines. On the one

4 Since steady state NOE, 71(i j) = uijTj, comparison of two NOEs to
the same proton j eliminates the dependence of T1j, i.e., h(i_j)/7T(k-j) =

- r6/r6.

I The ratio of NOEs from the heme methyls to Ala7t(E14) CpH3 is more
difficult to quantitate because of the apparent overlap of the Ala7l(E14)
C13H3 with another signal that gives an NOE for 1-CH3.
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FIGURE 5 Portions of the (A) lowfield and
(B) upfield 500-MHz 1H NMR MCOSY
spectrum of VR-metMbCN in 2H20, 0.2 M in
NaCl at 25°C, and pH 7.0, illustrating the spin
systems for Phe43(CD1), Leu89(F4), Ala9-
(F5), and His93(F8) in the lowfield, and Ile9-
(FG3) in the highfield window. The data are
processed by applying an unshifted sine-bell-
squared window over 512 tl X 512 t2 points
prior to zero-filling to 2048 X 2048 data
points and Fourier transformation. The boxes
indicate cross peaks involving broad signals
which are observed by restricting the same
window function to only the first 256 tl X 256
t2 points before zero-filling to 2048 X 2048
and Fourier transformation.

hand, the local error function, F*(ArgEl0-CHs)/n in Eq. 5,
was minimized for the individual CjHs (j = 3, y, 8)
uniquely influenced by rotation about the Ci-Cj bond, start-
ing with the a-,3 bond. The sequential search for the next
bond j-k was carried out starting with the optimized i-j
bond angle. The pattern of the F*(ArgElO CjHs)/n as a

function of .ij, is shown in Fig. 7. The last degree of free-
dom, namely the rotation of the guanidinium group about
the C8-NE, bond was limited solely by the requirement that
NEH be 4.2 ± 0.2 A from the iron, as determined from its
T1 value (Travaglini Allocatelli et al., 1993). The resulting
plot of 6dip(obs) versus 8dip(calc), shown by open triangles
in Fig. 6, leads to a very reasonable correlation for all
but NEH, and a reasonable residual F*(Arg67(E10))/n =

0.33 (Eq. 5) for nonlabile protons, and a larger residual
F*(Arg67(E10))/n = 2.85 including NEH. The much larger
F*/n for the residue when including N,H is due to the fact
that the distance to the iron rather than its dipolar shift was
used as a constraint (see Discussion). An alternate assess-

ment of the orientation was made by recognizing that the
Arg66(E10) of A. limacina Mb is inserted into the heme
pocket. Moreover, overlays of the distal pocket coordinates
of A. limacina and sperm whale Mb indicate good super-

position for the heme and E helix backbone (Bolognesi
et al., 1990). Hence, the orientation of ArgElO from the
A. limacina metMbCN complex (Qin et al., 1993) was

transferred to VR-metMbCN. The correlation between 6dip-

(obs) and 8dip(calc) for this orientation of Arg67(E10) in
VR-metMbCN, shown by closed triangles in Fig. 6, is also
very reasonable. The residual F*(Arg67(E1O))/n = 0.58

(Eq. 5) for the residue excluding N,H, and 2.62 including
N.H. Further limited searches failed to significantly im-
prove F*/n for Arg67(E10) (see Discussion). Both of the
orientations of Arg67(E10) determined above have the NEH
4.2 ± 0.2 A from the iron and in van der Waals contact
with the coordinated cyanide ligand, as shown in Fig. 8.

DISCUSSION

Proximal side and heme structure

The assignments for VR-metMbCN presented here are based
on standard sequence specific 2D NMR methodology ap-

plied routinely in diamagnetic systems (Wuthrich, 1986).
The complete spin system for each amino acid in the heme
pocket could be traced by bond correlation in spite of lin-
ewidth to 80 Hz and T1 values to 20 ms, and connected to
the backbone. The standard NiH-Ni+1H, CpiH-Ni+1H,
CaiH-Cji+3H, and CaH-Ni+3H dipolar connectivities place
the residue in the sequence (Wuthrich, 1986). While several
of the spin systems failed to exhibit remote cross peaks at
longer mixing times in TOCSY spectra, the strong tempera-
ture dependence of the positions of cross peaks allowed un-

ambiguous tracing of the complete spin systems (Qin and La
Mar, 1992). The intra-residue and residue to heme dipolar
contacts observed in both VR-metMbCN (Figs. 4 and 5) and
VRN-metMbCN (not shown) are essentially the same as ob-
served in WT metMbCN. Moreover, the strongly relaxed
protons (i.e., Ile99(FG5) CyH, His97(FG3) C4H) exhibit un-

changed T1 values dictating that their position relative to the

199 C'H 199 C6H 199 CTH

-I

E
Q0
Q=

(ppm)
-3. 0

(ppm)
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TABLE 2 2H NMR spectral parameters for amino acid residues in sperm whale VR-metMbCN and VRN-metMbCN

Sdip(calc)lI
0.79
4.78
6.12
0.81
0.56
1.49**
2.91
3.84
9.36
2.90
2.02
2.44
1.50
0.86
0.24
0.59

-0.42
-1.26**
0.28*t
3.41tt
0.40*t
0.38#*
2.41*t

14.10tt
1.50

-3.70
3.11

-0.11
5.79

-1.78
-1.37
-3.10
-1.62
-0.92
1.01
2.69

VRN-metMbCN,
bobs*

8.00
9.78
9.09
8.52
5.01
9.32
6.92
4.76
8.13
4.03
9.74
4.84
4.62
8.77
3.80
9.09
3.91
0.86
2.26
4.25
0.93
2.10
3.91

12.51
9.86
0.85
3.58
0.00
2.80
6.67
3.46

-0.32
7.58
3.31
7.14
6.09

* Chemical shifts, in ppm from DSS, in 2H20 0.2 M in NaCl at pH 7.0 and 25°C; Tls, in ms (uncertainty
are given in parentheses.
t Slope of the chemical shifts in a plot of shifts versus reciprocal absolute temperature, in ppm K X 104.
§ Chemical shifts in WT MbCO (Dalvit and Wright, 1987; Chiu, 1992) or as calculated by Eq. 4.
Observed dipolar shift obtained vis Eq. 3.

± 10%) for strongly relaxed resolved signals

iron are also strongly conserved. These data, together with
the excellent fits of 8dip(obs) and 8dip(calc) for the proximal
resonance input data (Table 2), confirm a highly conserved
molecular structure of the proximal side of the heme for both
the double and triple mutant. The proximal side structure
conservation has been confirmed by x-ray crystallography in
several Mb point mutants (Carver et al., 1992; Oldfield et al.,
1992; Rizzi et al., 1993).
The heme resonance positions in VR-metMbCN and

VRN-metMbCN are essentially the same as those of WT
and V-metMbCN, indicating a minimally perturbed heme
electronic structure. The orbital ground state, and hence
rhombic magnetic axes, are not strongly perturbed, as has
been found for a variety of other point mutants (Ra-
jarathnam et al., 1992, 1993). The rhombic magnetic axes,

defined by K, range from 250 to 450 among WT and the
single, double, and triple point mutants. However, since K

is only weakly reflected in the residual F/n (± 100 changes
increase F/n only by a factor of 2, while such an increase

is produced by only 1° change in ,B), the variation in K

among the mutants is likely not significant. The VR- and
VRN-metMbCN shifts are remarkably similar except for
the 6-propionate Ha,Ha' shifts. For VR-metMbCN, as for
WT and other mutants, the two 6-propionate Ha peaks ex-

hibit significantly different shifts which reflect the orienta-
tion of the side chain necessary to form the salt bridge to
Arg45(CD3) (Kuriyan et al., 1986). The change in shift
pattern to very similar 6-propionate Ha,H'a shifts in the
triple mutant must reflect the abolition of this salt bridge
upon replacing Arg45(CD3) by Asn.
The orientations of the magnetic axes in VR-metMbCN

and VRN-metMbCN are as well determined (small total
F/n (Eq. 1); highly clustered angles with different input
data) as previously reported for WT and several single E7
point mutants (Rajarathnam et al., 1992, 1993). Moreover,
extension of the least squares search to include all five pa-

rameters did not change the magnetic axes and yielded
magnetic anisotropies that are inconsequentially perturbed

VR-metMbCN

Position

43(CD1)

63(E6)

64(E7)

65(E8)

66(E9)

67(E1O)

68(Ell)

71(E14)

72(E15)

89(F4)

Residue

Phe

Lys**

Val**

Gly**

Val**

Arg**

Val**

Ala**

Leu**

Leu

Peak

C5Hs

CEH
NpH
CaH
NpH
CaH
Cy,H
C.y2H3
NpH
C,aH
CaH'
NpH
CaH
NpH
CaH
C,3H
C3H'
C7H
CyH'
C8H

N6H
NpH
CaH
C13H
Cy,H3
C.,2H3
NpH
CQH
C13H3
NpH
CaH
NpH
CaH

&obs

7.70
9.37

10.82 (20)
8.58
4.95
9.40
6.78
4.81
8.25 ('100)
3.91
9.74
4.90
4.23
8.87
3.81
9.08
3.88
0.89
2.02
3.93
0.79
1.71
3.57
11.25
9.82
0.99
3.90
0.29
3.39
6.73
3.47

-0.37
7.58
3.36
7.16
6.30

Slope*

0.60
1.21
3.62
0.78
0.95
1.12
2.16
1.72
4.22
1.55
1.29
1.42

0.78
0.26
1.03
0.17

-0.80
0.09
1.12
0.48

-0.65
0.50
3.71
1.29

-1.38
1.00
0.95
2.76

-0.67
-0.78
-0.86
-0.39
-0.52
0.78
1.64

8dia5

7.09
5.77
4.40
8.10
3.85
7.75
3.18
1.17

-0.56
0.51
8.06
2.61
3.25
7.32
3.39
7.86
4.09
1.98
1.52
0.50
0.50
2.40
2.30
1.95
7.81
3.49
0.58
0.02

-3.05
7.79
4.70
2.42
8.68
9.13
6.35
3.77

Bdip(obs)
0.61
3.60
6.42
0.48
1.10
1.65
3.60
3.64
8.81
3.40
1.68
2.29
0.98
1.55
0.42
1.22

-0.21
-1.09
0.50
3.43
0.29

-0.69
1.27
9.30
2.01

-2.50
3.32
0.27
6.44

-1.06
-1.23
-2.79
-1.10
-0.77
0.81
2.53
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TABLE 2 Continued

VR-metMbCN
VRN-metMbCN,

Position Residue Peak Sobs* Slopet 8dia§ Sdip(obs) Sdip(calc)I1 Sobs* H

90(F5) Ala NpH 10.08 1.47 8.34 1.74 1.94 10.02
C,a,H 6.43 1.29 3.44 2.99 3.41 6.40
Cp3H3 2.53 0.95 1.17 1.36 1.64 2.54

91(F6) Gln NpH 9.19 0.78 7.87 1.32 1.69 9.08
C0H 4.56 0.69 3.56 1.00 1.20 4.62
C13H 2.74 0.95 1.90 0.84 0.83 2.70
C,3H' 2.83 0.60 2.00 0.83 0.76 2.78

92(F7) Ser NpH 10.02 1.55 7.96 2.06 2.17 9.83
C0H 4.96 0.80 3.55 1.33 1.22 4.66
C,3H 3.77 0.34 3.11 0.66 0.89 4.01
C3H' 4.54 0.41 3.35 1.19 1.13 4.08

93(F8) His NpH 12.91 3.19 -§§ 5.11 12.41
CaH 8.13 2.59 - 5.56 7.70
C,3H 13.66 (72) 5.52 §§ 8.50 13.12
C,3H' 9.66 (125) 2.59 -§§ 7.81 9.60
C4H 15.41 (-3) 10.8 -§ 19.5 14.41
C2H -2.43 (-3) -1.47 -§ 12.7 -2.19
NjH 16.96 (28) 3.02 -M 12.5 16.63

94(F9) Ala NpH 10.29 1.72 7.79 2.50 2.73 10.02
C,H 4.51 0.43 3.11 1.40 1.28 4.50
C13H3 1.43 1.03 0.31 1.12 1.17 1.43

97(FG3) His C4H 8.58 (-20) 3.62 2.34 6.24 6.31 7.66
C2H 6.66 -0.78 7.91 -1.25 -1.67 6.55

99(FG5) Ile Np 8.96 0.26 7.92 1.04 0.63 8.88
C0H 3.36 -0.52 4.29 -0.93 -1.18 3.42
C,3H 2.86 1.21 1.37 1.49 1.25 2.98
C.H -3.64 (70) -2.86 -0.28 -3.36 -3.75 -3.57
CYH' 0.78 0.33 0.35 0.43 0.22 0.60
C^H3 -0.98 -1.34 1.36 -2.34 -2.17 -0.76
C5H3 -2.69 -2.84 1.47 -4.16 -4.11 -2.62

138(H15) Phe C5Hs 7.12 7.08 0.04 0.05 7.19
CEHs 7.42 7.15 0.27 0.30 7.52
CcHs 7.52 7.00 0.52 0.47 7.55

Calculated chemical shifts using Eqs. 1 and 2, R(-56°, 13.5°, 830) obtained from data set III, and the WT anisotropies, Xa, = 1.12 X 10-33 mr3,
AXrh = 0.376 x 10-33 m3.
** Assignments for the E helix residue signal and taken from Qin et al., 1993. The Sdip(calc) and 5dia were obtained for the movement of the E helix and
optimal orientation of the side chain for Val64(E7), Arg67(E10) and Val68(Ell), as described in the text.
** The Sdip(calc), 8dia for Arg67(E10) is determined by sequential minimizing F*/n.
§§ The His93(F8) shift contains a large contact contribution, negating the use of Eq. 3. The changes in Sobs from that in WT metMbCN, however, are correctly
predicted by the change in Sdip(calc) for the altered magnetic axes.

from those of WT. These results further confirm that the
strongly perturbed hyperfine shift patterns in a variety of
sperm whale metMbCN mutants can be interpreted by
variable orientation of a conserved magnetic susceptibility
tensor. This conserved magnetic susceptibility tensor,
moreover, is directly supported by the observation of very
similar g values in the low temperature EPR spectra of a
variety of metMbCN point mutants (Chiu, 1992).

Distal pocket structure

Both the simulation of the dipolar shifts and the large in-
crease in the NOE from the conserved Val68(E11) CaH to
1-CH3 relative to that to 8-CH3 (Eq. 6 for VR-metMbCN),
dictate a lateral movement of the E helix in VR-metMbCN
toward the iron, in a direction (t -800) and with a magnitude
(-0.8 A) as previously described for the single V-metMbCN
mutant. Moreover, the Phe43(CD1) moves -0.5 A also to-
ward the iron, as found in V-metMbCN (Rajarathnam et al.,
1993). The rationale for these movements are likely the same

as those proposed for V-metMbCN, namely that the E helix
and Phe43(CD1) corner move to fill the void in the pocket that
results from the significant reduction of the bulk of the E7
side chain. The fact that the magnitude and direction of the
two movements are so similar in the two proteins suggests
that the introduction of the Arg67(E10) guanidinium group
into the distal pocket occurs without significantly influencing
the positions of the conserved residues. Even the substituted
ValM(E7) side chain is found here with the same orientation
in VR-metMbCN as previously reported for V-metMbCN
(Rajarathnam et al., 1993). A similar situation has been dis-
cussed forA. limacina Mb, where essentially the same heme
pocket structure is observed in a crystal whether ArgElO is
oriented into the pocket or out to the protein surface
(Bolognesi et al., 1989, 1990; Mattevi et al., 1991; Conti
et al., 1993). The very similar 6obs for VR-metMbCN and
VRN-metMbCN (Table 2), in particular for the Val64(E7),
Arg67(E10), and Phe43(CD1) residues, and the essen-
tially indistinguishable magnetic axes (Table 3), indicate
that VRN-metMbCN exhibits the same structural accom-
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TABLE 3 Orientation of magnetic axes and error functions for sperm whale mutant and WT metMbCN

Input data sets* Euler angle Error function'

Code* ni 6dii a ( K(= a + y) Fln (Eq. 1)

Wild typell
I 14 3.23 9 16.0 39 0.055
II 9 4.49 10 16.0 36 0.057

V-metMbCN**
I 14 2.39 -27 14.5 45 0.054
II 9 3.08 -28 14.5 45 0.054

VR-metMbCN
I 14 2.03 -56 13.5 25 0.054
II 9 2.60 -56 13.5 29 0.043
III 18 2.04 -56 13.5 27 0.052
III' 18 2.04 -56 13.5 29 0.036

VRN-metMbCN
I 14 2.00 -60 15.0 25 0.063
II 9 2.56 -58 15.0 29 0.046
III 18 1.95 -59 15.0 25 0.058

* All data are for three-parameter least-squares fits to obtain an a, ,B, y, using the WT metMbCN anisotropies, AXa,, = 1.12 x 10-33 m-3 and AXrh = 0.376
X 10-33 m-3, except for that labeled III', which consists of a five-parameter search to obtain both Euler angles and magnetic anisotropies; the optimum
anisotropies, for 111', AXa,, = 1.08 x 10-33 m-3, AXrh = 0.396 x 10-33 m-3, are very close to those of WT.
* Input data sets defined in footnote 3.
§ The mean observed dipolar shift gdip = (1/n) , Sdip(obs) .

'Residual error function, in ppm2, as given by Eq. 1.
1Taken from Rajarathnam et al. (1992).
** Taken from Rajarathnam et al. (1993).

modation in the distal pocket relative to WT as does
VR-metMbCN. The additional substitution of Arg45(CD3)
-*Asn, which must abolish the 6-propionate-Arg CD3 link,
does not appear to affect the distal pocket structure. This may
not be surprising, since the crystal structure of WT MbCO
finds partial occupation of a form with the Arg45(CD3)-6-
propionate salt bridge broken (Kuriyan et al., 1986).
The two approaches used to estimate the orientation of

Arg67(E10) in VR-metMbCN yield 6dip(calc) which result in
similar residual error functions (Eq. 5) for the residue, F*/n
(0.37, 0.55 for nonlabile protons, and 2.89, 2.62 including
NEH), with both exhibiting significant deviation only for the
resolved labile NKH proton. What is remarkable about the
orientations deduced by the two alternate approaches, se-

quential optimization of each bond angle, and transfer of the
ArgE10 side chain from A. limacina Mb (Qin et al., 1993), is
the similarity of the results. The mean difference in position,
in angstroms, for the side chain carbons (excluding the gua-

nidinium group) in the two orientations is only 0.30A (range,
0.21-0.40 A and 0.26 A for Cs), and for the nonlabile side
chain protons is only 0.32 (range, 0.16-0.47 and -0.3 A for
CBHs). Hence the two alternate approaches yield essentially
the same orientation for the CaH-CpH2-C8H2-C8H2 portion
of Arg67(E1O). With only such small differences in the ori-
entation between the two approaches, it was not deemed
worthwhile to further optimize the orientation.

For the guanidinium group, NE and He differ in position
for the two orientations by 0.24 and 0.15 A, respectively, and
hence the position of this proton (HE), which also forms a

hydrogen bond to the bound ligand, is as well-defined as

the remainder of the carbon chain. The distance between
Arg67(E10) N,H and Val64(E7) CyH3, r -3.2 A, obtained for

this orientation deduced from the dipolar shift, is consistent6
with the --6% NOE previously reported for Val64(E7)
Cy,H3 upon saturation Arg67(E10) N>H (Travaglini
Allocatelli et al., 1993). The difference in position between
the two Arg67(E10) orientations are larger for the N^H2 group

oriented toward the iron-bound ligand (0.61 A for Ne1 and
0.52, 0.85 A for Hs) than for the group oriented away from
the iron (0.85 A forNV and 1.1, 0.9A for Hs). The difference
between the Arg67(E10) orientations deduced by the two ap-

proaches are somewhat larger for the guanidinium group,

which is not surprising, since NMR constraints are available
only for the N.H (8dip(obs), RFe from T,) which is close to
the well-defined C6 position.
The alternate orientations for Arg67(E10) predict large di-

polar shifts for one NjgH (to appear in the 15-25-ppm win-
dow), the one that likely also hydrogen bonds to the ligand.
No such additional hyperfine shifted and relaxed proton sig-
nals could be found in the 'H NMR spectrum. This discrep-
ancy can have two likely origins. On the one hand, the N4H2
group may be reorientating so as to yield either undetectable
exchange-broadened lines or an averaged signal that is not
resolved from the intense diamagnetic envelope. Broadened
NgHs signals due to reorientation of the NH2 group of a

hyperfine-shifted Arg guanidinium group have been ob-
served in Chironomus monomeric metHbCN (Peyton et al.,
1991). On the other hand, the predicted chemical shifts for
the labile protons near the iron have much larger uncertain-
ties than for more remote nonlabile protons. This is due to

6 Steady state NOE, i-j = (ijTlj, where oij = -0.1y2h4rij-6Tr and T, for a
17-kDa protein is estimated as 9 ns.

2187Qin et al.



Volume 65 November 1993

-4

-2

02

-2

'0

4

6

12 "

14 _

14 12 1 6 4 2 0 -2 -4

6dlp(calc) , PPM

FIGURE 6 Plot of Sdip(obs) (obtained via Eq. 3) versus Sdip(calc) (ob-
tained via Eq. 2) for dipolar-shifted distal residue signals. The E helix back-
bone protons with significant (>1 ppm) dipolar shift for C,Hs of ValM(E7),
Gly65(E8), Val68(Ell), Ala7l(E14), and CBH3 of Ala7l(E14) for the WT
coordinates of the E helix (open circles) are labeled by position, and upon
moving the E helix laterally 0.8 A in the direction given by 4' .80° in Fig.
1 (closed circles). The Phe43(CD1) ring proton for theWT coordinates (open
squares) labeled by positions, and upon moving the ring 0.5 A in the di-
rection 4' = -90° shown in Fig. 1 B (closed squares). The data points for
Val&I(E7) upon minimizing the error function F*(Val64(E7))/n over a-3
bond rotation, are shown in closed diamonds and labeled by position. The
open triangles and closed triangles (labeled by position) represent the data
for the orientation of Arg66(E10) obtained by sequentially minimizing
F*(CjHs))/n over i-j bond rotation, and that taken from the orientation of
Arg66(E10) in the A. limacina metMbCN structure (Qin et al., 1993),
respectively.

the fact that both the diamagnetic ring current effects (Eq. 4)
and dipolar shifts (Eq. 2) are each extraordinarily sensitive
to small displacements close to the iron, and these two con-
tributions to the observed shift are in opposite directions.
Hence moderate uncertainties in 8dip(calc) and Sdia can lead
to very poorly predicted observed shifts for labile protons.
Nevertheless, the two orientations agree remarkably well in
placing two protons in hydrogen bonding distance of the
bound cyanide, with the N,H producing a resolved signal.

Orientation of the major magnetic axisAligand tilt

Detailed analysis of variable input sets and the sensitivity of
the residual error function on the various angles has shown
that the described procedures yield the orientation of the
magnetic axes with 13 (tilt magnitude) reliable to ± 10, a (the
tilt direction) reliable to ± 100, and K (= a + y) (the rhombic
axes) reliable to ± 100 (Rajarathnam et al., 1993, 1993; Qin
et al., 1993). Hence, 13 does not differ significantly between
V-metMbCN (Rajarathnam et al., 1993) and the present mu-
tants of interest, VR-metMbCN, VRN-metMbCN. However,
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FIGURE 7 Plot of F*(CjHs))In (j = (, y, 8) as a function of i-j bond
rotation for Arg67(E10) in the magnetic coordinate system R(-56°, 13.50,
83°), with AX,,. = 1.12 X 10-33 m-3, AXrh = 0.376 X 10-33 m-3. The a-3
bond is rotated first to optimize CpHs, and the Cp-Cy rotation is carried out
at the optimized a-,3 bond, etc. The symbols +, A, and C1 represent the
sequential rotations about the a-f3, f3-y, and y-8 bonds, respectively.

a is more negative by -25° in the latter two proteins, and
this change is outside the uncertainty range. The magnitude
and the direction of the z-axis tilt (-z-axis; see Fig. 1), inWT
metMbCN agrees well with the Fe-C tilt in MbCO crystals
(Cheng and Schoenborn, 1991), and hence the tilt of the
major magnetic axis is directly correlated with, and attrib-
utable to, the tilt of the Fe-CN unit from the heme normal.
More accurately, the magnetic z axis would measure the Fe-C
tilt (Rajarathnam et al., 1993; Qin et al., 1993). In two cases,
spectroscopic studies of Fe-CN in metMbCN and metHbCN
have suggested that the Fe-CN unit, unlike the Fe-CO unit,
is essentially linear (Bianconi et al., 1985; Yu et al., 1984).

Previous detailed 'H NMR studies of the V-metMbCN
single mutant showed that, while the tilt magnitude (14.50)
is insignificantly altered from that in WT metMbCN (160),
the direction of Fe-CN tilt is strongly rotated by .40° from
a direction toward ,B-meso-H in WT, to one toward pyrrole
III in V-metMbCN (Fig. 1 B) (Rajarathnam et al., 1993).
Moreover, the conserved tilt magnitude but changed tilt di-
rection, could be rationalized on the basis of available energy
contour diagrams for the 0 atom of the Fe-CO unit in the
heme pocket of WT MbCO (Kuriyan et al., 1986) and that
with HisM(E7) rotated out of the heme pocket (a reasonable
model for V-MbCO). The orientation of the magnetic axes
for the double VR-metMbCN and triple VRN-metMbCN
mutants are indistinguishable. However, both differ from that
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FIGURE 8 The dispositions of heme ElIVai
Arg67(EIO) side chain for VR-metMbCN as (10:,
determined from 1HNMR data. (A) Face-on
view from the distal side. The van der Waals pp
surface for the Arg67(E10) guanidinium M 8M 6.
group is in contact with that of the bound -.
cyanide. (B) Edge-on view from the
8-meso-H direction for the dispositions of
distal ValE11, ArgElO, and proposed cyanide
ligand orientation. The ligand is tilted ap-
proximately towards the -y-meso-H direc- M(1 |
tion which appears to favor the H-bonding 2
with Arg67(E1O). v M

y p

of V-metMbCN in exhibiting a further rotation (by an ad-
ditional 250) of the direction of tilt (a) toward the y-meso-H
position (Fig. 1 B); the tilt magnitude in the three mutants are
essentially constant at 14.0 ± 1.0°. Since the dispositions of
residues Phe43(CD1) and Val64(E7) are the same in the
single, double, or triple mutants, it is unlikely that the further
rotation of the tilted Fe-CN unit results from increased steric
interaction between the bound ligand and either Phe43(CD1)
or ValM(E7) in the double or triple mutant. On the other
hand, the direction of rotation of the Fe-CN unit in the double
or triple mutant relative to that in the single mutant is to place
the terminal nitrogen of the bound cyanide closer to the
Arg67(E10) guanidinium group and in hydrogen bonding dis-
tance to NfH. Hence the direction of the ligand tilt (or major
magnetic axis) is consistent with an attractive interaction
between the Arg67(E10) side chain and the ligand due to
hydrogen bonding. Such hydrogen-bonding had been pre-
viously documented by the observation, of a significant sol-
vent isotope effect on the heme hyperfme shifts (Travaglini
Allocatelli, et al., 1993). This geometry of the ligand tilt and
the interaction with the Arg67(E10) side chain are illustrated
by their van der Waals surfaces depicted in Fig. 8.

CONCLUSIONS

The hyperfine shift pattern for the signals for noncoordinated
residues of the structurally conserved proximal side allow the
quantitative determination of the magnetic axis, and hence
tilt of the ligand, for the VR double and VRN triple point
mutants of sperm whale metMbCN. The magnetic axes, to-
gether with NOE constraints, show that the E helix and Phe
CD1 have moved 0.5-0.8 A toward the iron in a manner
very similar to that described for the single V-metMbCN
mutant, and allow the determination of the orientation of
the substituted ValE7 and ArgElo residue in VR-metMbCN.
Arg67(EI0) is oriented into the heme pocket and its gua-
nidinium group participates in hydrogen bonding interac-
tions with the coordinated cyanide. The change in the di-
rection of the ligand tilt in the VR and VRN mutants

from that in V-metMbCN is attributed to an attractive hy-
drogen bonding interaction between ArgEO and the bound
cyanide.
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