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ABSTRACT: The experimentally determined paramagnetic dipolar shifts for noncoordinated amino acid
side-chain protons in the heme pocket of sperm whale cyanometmyoglobin [Emerson, S. D., & La Mar,
G. N. (1990) Biochemistry (preceding paper in this issue)] were used to determine in solution the orientation
of the principal axes for the paramagnetic susceptibility tensor relative to the heme iron molecular coordinates.
The determination was made by a least-squares search for the unique Euler rotation angles which convert
the geometric factors in the molecular (crystal) coordinates to ones that correctly predict each of 41 known
dipolar shifts by using the magnetic anisotropies computed previously [Horrocks, W. D., Jr., & Greenberg,
E. S. (1973) Biochim. Biophys. Acta 322, 38—44]. An excellent fit to experimental shifts was obtained,
which also provided predictions that allowed subsequent new assignments to be made. The magnetic axes
are oriented so that the z axis is tipped ~15° from the heme normal toward the heme 3-meso-H and coincides
approximately with the characterized FeCO tilt axis in the isostructural MbCO complex [Kuriyan, J., Wilz,
S., Karplus, M., & Petsko, G. A. (1986) J. Mol. Biol. 192, 133-154]. Since the FeCO and FeCN units
are isostructural, we propose that the dominant protein constraint that tips the magnetic z axis from the
heme normal is the tilt of the FeCN by steric interactions with the distal residues. The rhombic magnetic
axes were found to align closely with the projection of the proximal His imidazole plane on the heme,
confirming that the His—Fe bonding provides the protein constraint that orients the in-plane anisotropy.
The tipped magnetic z axis is shown to account quantitatively for the previously noted major discrepancy
between the hyperfine shift patterns for the bound imidazole side chain in models and protein. Moreover,
it is shown that the proximal His ring nonlabile proton hyperfine shifts provide direct and exquisitely sensitive
indicators of the degree of the z axis tilt that may serve as a valuable probe for characterizing variable steric
interactions in the distal pocket of both point mutants and natural genetic variants of myoglobin.

'Ee inherently high information content of the hyperfine-
shifted resonances of low-spin ferric hemoproteins has long
been recognized, and extensive NMR studies of both model
compounds and various hemoproteins have been reported
(Wiithrich, 1970; Shulman et al., 1971; La Mar, 1979; La Mar
& Walker, 1979; Satterlee, 1985). These hyperfine shift
patterns are highly sensitive to systematic perturbations as
found in closely related natural genetic variants and synthetic
point mutants of myoglobin (Mb)! and contain key information
on the modulation of chemical reactivity by the nature of the

*This research has been supported by a grant from the National
Institutes of Health (HL 16087).

0006-2960/90/0429-1556302.50/0

polypeptide chain (Wiithrich et al., 1970; Krishnamoorthi et
al., 1984; Satterlee, 1985; Springer et al., 1989). The full
exploitation of this information, however, has to date been
prevented because of the inability to unambiguously assign
the heme pocket residue peaks and to quantitatively separate
the dipolar and contact contributions to the observed hyperfine
shift (Jesson, 1973; Horrocks, 1973; Bertini & Luchinat,
1986):

ahf = acon + adip (1)

! Abbreviations: Mb, myoglobin; Hb, hemoglobin; metMbCN,
cyanide-complexed ferric Mb; NMR, nuclear magnetic resonance; DSS,
2,2-dimethyl-2-silapentane-5-sulfonate; ESR, electron spin resonance.

© 1990 American Chemical Society
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FIGURE 1: Coordinate systems describing the magnetic axes (x,y,z
or r,8,¢) in which the magnetic susceptibility tensor is diagonal and
in which geometric factors must be calculated, and the iron-centered
pseudosymmetry coordinates (x’y’z’ or r’,#',¢’) obtainable from
available crystal coordintes of MbCO. The two coordinate systems
are related by [x,,z] = [xy’2z1R(a,8,v), where a,8,y are the three
angles of the standard Eulerian transformation (Arfkin, 1985).

In our companion report, we have secured the needed majority
of the resonance assignments for residues in the heme pocket
of the cyanide-ligated ferric sperm whale myoglobin complex,
metMbCN, using one- and two-dimensional NMR metho-
dologies together with paramagnetic-induced relaxation
(Emerson & La Mar, 1990). Here we consider a method for
quantitatively separating the contact and dipolar shift, which
has as its basis the quantitative calculation of the dipolar shifts
as given by (Jesson, 1973)

Ax AXrh
duplcale) = ==L Fu(rb.6) = S - Falrs) ()
with the axial and rhombic magnetic anisotropies
AXax = Xz~ I/Z(Xxx + ny) Ath = Xox ™ Xyy (3)

Avogadro’s number N, and the axial and rhombic geometric
factors

Fix= (3 cos?6-1)r?  Fy = (sin’ 6 cos 20)r  (4)

where x;; are the principal components of the diagonal mag-
netic susceptibility tensor, x, and r,6,¢ (or x,y,z) are the polar
(Cartesian) coordinates of the proton of interest within the
coordinate system in which x is diagonal, i.., the x, y, z
system in Figure 1.

The components of the diagonal susceptibility tensor have
not been experimentally determined but have been adequately
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estimated (Horrocks & Greenberg, 1973) on the basis of the
low-temperature g values of the lowest Kramers doublet (Hori,
1971) using ligand field theory that includes both first-order
and second-order Zeeman interactions. The position vectors
for protons in metMbCN are most readily available in the
molecular coordinate system, x’,)’,z’ (or r,#,¢"), as provided
by the X-ray structure of isostructural MbCO (Kuriyan et al.,
1986). The problem then reduces to identifying the Eulerian
rotation matrix, R(a,8,v), which converts (x’,y’z") R,
(x,3,2), or (r,8,¢") RaB1h (1.0 6) in Figure 1 (Arfkin, 1985).
This allows us to recast eq 2 in terms of geometric factors in
the pseudosymmetry X-ray coordinate based system, r,6’,¢"

daip(cale) = &'gip(calc)R(a,B,y) =

| 22 8,09 + 200 |RES1) )
3N axry ’d) 2N rhr, 9¢ a,0,Y

where &'gp(calc) and égp(calc) are computed in the molecular
(r,#/,¢") and magnetic (r,0,¢) coordinate systems, respectively.

Two different magnetic coordinate systems have been pro-
posed (shown in part A of Figure 2) on the basis of low-tem-
perature ESR studies on single crystals (Hori, 1971; Peisach
et al,, 1971). However, a plot of the observed versus calculated
d4ip using these coordinate systems fails to show satisfactory
correlation, as shown in parts A and B of Figure 3, with
numerous peaks displaying dipolar shifts of the wrong sign (see
below). The lack of a quantitative correlation between §4;,(0bs)
and dgip(calc), and in particular, the failure to predict the
correct sign of dg;, in numerous cases, indicates that the low-
temperature single-crystal magnetic axes do not describe the
ambient temperature solution system. The location of the
magnetic axes in sperm whale metMbCN at ambient tem-
perature can be expected to shed light on the nature of the
heme-protein contacts that are the determinants of the
magnetic axes (Shulman et al., 1971; Traylor & Berzinis,
1980). In turn, these orientations could serve as valuable
probes for assessing molecular and/or electronic perturbation
characteristics of either natural genetic variants or synthetic
point mutants of myoglobin.

We determine here experimentally R(«,8,Y) via solution 'H
NMR by carrying out a computer least-squares search for the
rotation angles, ,8,y, which quantitatively predicts via eq 5
all experimentally determined dipolar shifts for noncoordinated
amino acid side-chain protons of metMbCN. Of interest are
answers to the following questions: Can a unique orientation

C

o]
L3
v

FIGURE 2: Various magnetic axes used to describe the dipolar shifts for sperm whale metMbCN, In all cases, the symmetry axes derived from
MbCO X-ray data have x’,y’ intersecting the meso positions. (A) As determined by Hori (1971) from low-temperature single-crystal ESR
data (solid lines; ¢ = —57.5°, 8 = -13°, ¥ = 44.8°), and as proposed by Peisach et al. (1971) (dotted lines; & = -57.5°, 8 =-13°, v = 0.0°):
they share the same z axis tilted 13° toward the 2-vinyl position. (B) Face-on view and (C) edge-on view of the magnetic coordinate system
determined by computer least-squares fit minimizing differences between observed and calculated dipolar shifts (eq 8). The z axis was invariably
tilted ~15° in the direction of the §-meso position. The « of R(a,3,v) is defined by the angle between the projection of z on the old x’,y’
(heme) plane (B), and 8 defines the tilt from the heme normal (C). For small 8, the projection of the new x—) axes on the heme plane makes
an angle « with the x’,p" axes given by x ~ o + v.
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FIGURE 3: Plots of observed dipolar shift versus dipolar shifts calculated
with eq 3 by using a variety of magnetic axes defined by R(«,8,v)
and the available components of the susceptibility tensor. The data
points for His E7 are given as open triangles, and those of Val E11
as open circles; all other data points are given as solid squares. The
His E7 N H dipolar shift has a large (+3 ppm) uncertainty? due to
the uncertain é4;,. (A) Magnetic axes of Hori (1971) (a = -57.5°,
B =-13°, v = 44.8°) with « = -13°; F/n = 8.1 ppm?, plotting points
numbered 1-41 in Table I. (B) Magnetic axes of Peisach et al. (197 lz)
(e = -57.5°, 8 = -13°, ¥ = 0°) with x = -57°; F/n = 12 ppm*,
plotting points 1-41 in Table I. (C) Magnetic axes (a = 0°, § =
-14.0°, y = 35°, with x = 35°) derived from minimizing F/n via eq
8 using all input data points 1-41 in Table I; F/n = 0.98 ppm?. (D)
Magnetic axes (@ = 10°, 8 = —15.5°, v = 20°, « = 30°) derived from
minimizing F/n via eq 8 by excluding only His E7 signals from the
input data (points 1-37 in Table I); F/n = 0.71 ppm?. (E) Magnetic
axes (o = 10°, 8 = -14.5°, v = 25°, x = 35°) derived from minimizing
F/n via eq 8 by excluding only Val E11 signals from the input data
(points 1-33 and 38-41 in Table I); F/n = 0.71 ppm?. (F) Magnetic
axes (¢ = 0°, 8 =-14.5°, v = 35°, x = 35°) derived from minimizing
F/nvia eq 8 by excluding both His E7 and Val E11 signals from the
input data (points 1-33 in Table I); F/n = 0.28 ppm?. For D-F, the
data points for the two amino acid residues not used in the computer
search, His E7 and/or Val El1, are also included for comparison.

of the magnetic axes for metMbCN be determined by solution
NMR? What determines the location of its “in-plane”
rhombic axes? What molecular deformation of the active site
results in “tilting” of the z axis from the heme normal? Can
the quantitative factoring of the dipolar and contact shifts shed
light on the basis for the unprecedented discrepancy in the
proximal histidine ring hyperfine shift pattern between model
compounds and proteins, as found in our companion report
(Emerson & La Mar, 1990)?

METHODS

Components of the Susceptibility Tensor. We use the values
at 25 °C computed by Horrocks and Greenberg (1973) using
ligand field theory, including both first- and second-order

Emerson and La Mar

Zeeman terms, and based on the single-crystal g tensor as
determined by Hori (1971). The values for the three com-
ponents are x,, = 1263 X 1072 m*/mol, x,, = 1836 X 10712
m3/mol, and x,, = 3748 X 10712 m*/mol at 25 °C, leading
t0 Axy = 2198 X 10712 m¥/mol and Ay, = -573 X 10712
m?/mol for eq 3.

Hyperfine Shifts. The experimental shift is referenced to
2,2-dimethyl-2-propane-5-sulfonate (DSS), dpgs(obs), and is
related to the hyperfine component (or solely dipolar com-
ponent for noncoordinated residues) via (Jessson, 1973)

Opss(0bs) = dpg + Ogiq (6)

where 8y, is the chemical shift (relative to DSS) for the same
functional group in an isostructural diamagnetic system. We
utilize here for 8y, the observed shift as reported for the iso-
structural diamagnetic MbCO [84,(MbCO)], where available
(Mabbutt & Wright, 1985; Dalvit & Wright, 1987). In other
cases, we use the conventional estimate:

6dia(calc) = 6tetra + 6rc (7)

where the former is the available tetrapeptide (Bundi &
Wiithrich, 1979) shift and 6, is the ring current due to the
heme and/or other aromatic side chain computed by using
crystal coordinates and the eight-loop program of Cross and
Wright (1985). The estimates using eq 7 should be valid to
£0.3 ppm. The differences in 8y, using other ring current
programs were small compared to the accuracy to which we
can predict dipolar shifts and did not influence the determined
orientation of the magnetic axes.

The input 'H NMR data for obtaining the magnetic axes
are the dipolar shifts for the signals of the noncoordinated
residues assigned by 1D and 2D NMR methodology in our
companion report (Emerson & La Mar, 1990). Since 6, is
likely nonzero for any iron-coordinated residue (La Mar, 1979;
La Mar & Walker, 1979), we exclude both heme and His F8
shifts as input data. The dpgg(obs) yields d4i,(obs) for non-
coordinated residues by using eqs 6 and 7 and either &y;,-
(MbCO) or 84,(calc). Input data were further restricted to
those assigned peaks for which the variable-temperature slopes
have been determined from 1D NOE experiments carried out
in the range 5-40 °C; such peaks are numbered 1-41 in Table
I [see also preceding paper (Emerson & La Mar, 1990)]. The
shifts for signals assigned solely by 2D NOESY/COSY
connectivities at 30 °C are extrapolated to 25 °C by using the
straight line established from the plot of d¢;,(0bs) versus slope
for those signals for which both slope and shift data are
available.

Search for Magnetic Axes. We define a normalized error
function, (1/n)F(a,8,7v), as

(1/WF@B) = 3 [baglobs) - Haplcale) R(af)]?

assignd

noncoord
residue
signals

(8)

where &g(calc) is obtained in the pseudosymmetry crystal
coordinate system, r,6’,¢, (i.e., x’,p’z’in Figure 2), and R-
(a,B8,7) is the Eulerian rotation matrix (Arfkin, 1985) that
converts the molecular pseudosymmetry coordinate system to
the true magnetic axes. For methyl groups, F(r,0',¢") was
averaged over complete rotation, and for the aromatic side
chains known to reorient rapidly about their 2-fold axes on
the NMR time scale (Dalvit & Wright, 1987; Emerson et al.,
1988), the input dg4;,(calc) was averaged over the two crys-
tallographically nonequivalent ring Hys and H,s. The Euler
angles, @,8,y, that minimize F/n define the principal coor-
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Table I: Chemical Shift Data for Noncoordinated Heme Pocket Amino Acid Residues®

Bdip(calc)"f
no. residue position dpss(obs)®€ 84 bqip(0bs)>* axial rhombic total
g Leu B10 C,H 3.96 0.86 3.10 298 0.11 3.10
1 CyH, 3.81 -0.26 4.07 4.78 0.00 4.78
2 CyH, 5.53 —0.67 6.20 6.07 0.14 6.21
3 Phe B14 C;Hs 8.04 7.01 1.03 0.93 -0.09 0.84%
4 CHs 8.37 6.45 1.92 1.87 —0.15 1.72%
5 CH 8.40 5.22 3.18 3.49 —0.09 3.40
6 Phe CD1 CsHs 8.70 7.29 1.41 1.33 0.24 1.57™
7 CHs 12.58 6.08 6.50 7.37 0.27 7.64m
8 CH 17.27 4.72 12.55 13.54 -1.43 12.11
9 Phe CD4 CsHs 7.69 6.72 0.97 1.69 0.08 177
10 CHs 8.05 6.52 1.53 2.32 0.13 2.45"
11 Thr E10 C.H 2.50 3.83 -1.33 -1.02 —0.51 -1.53
12 CH 2.69 3.97 -1.28 -0.97 -0.95 -1.92
13 C,H, -1.56 1.51 -3.07 -2.78 -1.13 -391
g Ala E14 C.H 3.46 4.63 -1.17 -1.06 —0.22 -1.28
14 CgH, -0.12 2.41 -2.53 -2.45 —0.46 =291
g Leu F4 C,H i 0.63 4,44 -0.36 4,08
i CuH, i 0.44 1.20 0.25 1.45
15 CyH, 8.71 0.31 8.40 9.15 0.34 9.49
r Ser F7 O.,H 9.71 8.17 1.54 4.38 —0.05 433
16 Ala F9 C.H 6.47 3.80 2.67 3.46 0.01 3.47
g CsH; 2.66 1.12 1.54 1.68 0.02 1.70
17 His FG3 CH 1.32 1.8/ -0.57 —0.46 0.25 -0.21
18 CsH’ —0.48 2.87 -3.35 -4.35 0.59 -3.76
19 C:H 11.07 2.34 8.73 7.26 2.38 9.64
20 CH 6.83 791 -1.08 -2.17 1.07 -1.10
i NH i 7.98 -1.36 1.74 0.38
21 Ile FG5 C.H 2.35 4.29/ -1.94 -1.48 —0.62 -2.10
22 CsH -0.13 1.13 -1.26 —0.09 -1.01 -1.10
23 C,H -9.60 -0.28/ -9.32 -6.26 -3.31 -9.57
24 C,H -1.91 0.85 -2.76 -1.13 -0.93 -2.06
25 C,H, -3.46 1.3¢/ -4.82 -3.16 -1.46 -4.62
26 C,H, -3.83 1.47 -5.30 -4.31 -1.01 -5.32
27 Leu G5 C,H 0.07 1.8V -1.74 -1.35 —0.43 -1.78
28 CiH, -1.49 1.2¥ -2.72 -2.15 0.06 -2.09
29 Ile G8 C.H, 0.37 1.80/ -1.43 -2.70 0.64 -2.06
i c;H, i 0.31 -1.16 1.09 -0.07
30 Phe H15 C;Hs 7.02 7.08 —0.06 —0.36 0.28 —0.087
31 CHs 6.94 7.15 -0.21 —0.67 0.55 —0.12°
32 CH 7.02 7.00 0.02 —0.52 1.01 0.48
33 Tyr H23 CHs 7.45 6.42 1.03 1.25 —0.15 1.107
h cH 7.20 (?) or 7.00 (?) 6.61 0.59 or 0.39 0.73 -0.07 0.669
34 Val Ell C.H -2.55 3.24 -5.74 =-5.15 -1.00 -6.15
35 CH 1.47 0.84 0.63 1.58 0.02 1.60
36 C, H, -1.02 —0.55 -0.47 -2.73 1.75 -0.98
37 C,.H; —0.89 -2.30 1.41 7.17 -1.25 592
38 His E7 CH 3.81 3.08 0.73 1.69 -0.08 1.61
39 CsH’ 441 2.7 1.69 3.05 -0.09 2.96
40 C:H 11.71 497 6.74 10.03 0.01 10.31
41 NH 23.67 3.88/ 19.79 24.49 1.10 25.59
i CH i 7.17 -3.94 —0.72 -4.66

4Shifts in ppm at 25 °C for sperm whale metMbCN in 2H,0 or 'H,0 (for exchangeable protons) at pH* 8.6. ®Numbered data points have
variable temperature slopes available and served as input data in the determination of R(e,8,y). ¢Observed shift referred to DSS. 4Diamagnetic
shift obtained from published MbCO data (Dalvit & Wright, 1987), unless noted otherwise. *Observed dipolar shift obtained from eqs 1 and 4 with
8con = 0. /Dipolar shift calculated with eq 3 with R(0°,~14.5°,35°) using the MbCO crystal coordinates; the axial and rhombic terms correspond to
the first and second terms of eq 3. #Unambiguously assigned peak not used as input data in search for magnetic axes. *(?) designates possible
assignment addressed in the text (Emerson & La Mar, 1990). Not assigned to date. /Diamagnetic shift calculated via eq 5. ¥ Individual d4;,(calc)
H,s at 0.60 and 1.08 ppm, H,s at 1.41 and 2.03 ppm. ™Individual é4p(calc) H;s at 0.71 and 2.44 ppm, H,s at 1.04 and 14.24 ppm. "Individual
d4p(calc) Hys at 0.88 and 2.66 ppm, Hgs at 0.98 and 3.91 ppm. PIm;ividual daip(calc) H,s at —0.30 and 0.14 ppm, Hs at —0.50 and 0.35 ppm.
?Individual é4y(calc) Hys at 0.25 and 1.07 ppm, H,s at 0.11 and 2.09 ppm. ”Assignment taken from Lecomte and La Mar (1986).

dinates of the susceptibility tensor, x. The angle « is the first Laboratory. These calculations were performed on a Vax-

rotation about the old z”axis, 8 is the subsequent rotation of
the x—z plane about the new y axis, and v is the final rotation
of the x—y plane about the z axis that converts x’,y’,z’ (crystal
pseudosymmetry axes) in Figure 1 to x,y,z (magnetic axes).

Calculations of dipolar shifts were carried out by using the
X-ray crystal structure of sperm whale MbCO (Kuriyan et
al., 1986) and, in some cases, MbO, (Phillips, 1980). Proton
coordinates were generated from the heavy atom positions by
using programs BIGCHEMIO and FIXHYDRO obtained from the
University of California, San Francisco, Computer Graphics

11750 mainframe computer. The X-ray coordinates were
transferred to a u-Vaxstation II where the rest of the ma-
nipulations of the coordinates took place. The unit cell co-
ordinates were converted into iron-centered heme pseudosym-
metry coordinates (x,y%z’ in Figure 2B,C) by the sMAX
program. Ring current shifts were provided by the SHIFTS
program written by Dr. Keith Cross (Cross & Wright, 1985).
The symmetry coordinates of assigned protons, along with their
d4;p(0bs) values, served as input for the program GLOBMIN,
which was used to search for the Euler angles that minimize
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the error function F defined above. The angles were incre-
mented in 0.5° (8) and 5° («, v) intervals over a complete
sphere. The global minima were determined by using a variety
of input data (see below). Calculation of dipolar shifts from
specifically chosen Euler angles is the function of the program
cALPS. The programs SMAX, GLOBMIN, and CALPS were written
for the p-Vaxstation II. Calculated and observed dipolar shifts
for metMbCN refer to their values at 298 K. The calculations
described above gave very similar quality fits (as judged by
F/n) for both MbCO and MbO, structures (Kuriyan et al.,
1986; Phillips, 1980), although the individual deviations did
not necessarily follow the same pattern. The only really ap-
propriate coordinates for this analysis, those from a metMbCN
crystal structure, are not available. We report here only the
results of calculations that use the most likely related MbCO
X-ray structure.

Temperature Dependence of Dipolar Shifts. The temper-
ature dependence of dipolar shifts is due to x and can be
represented by (Kurland & McGarvey, 1970; Jesson, 1973)

xi(T) = x;** A1) 9

where x,;2*® are the 25 °C components of the susceptibility
tensor, x, and f{7T) is the temperature function normalized to
unity at 25 °C. The slope for a Curie plot is given by

A&dip
A(1/T)

which in the case where the simple Curie law holds, f(T) =
1/T, shows that the slope is proportional to the observed hy-
perfine shift at 25 °C. In case of small deviations from Curie
behavior, the experimental slope in the limited accessible
temperature range will not extrapolate to the diamagnetic
intercept at T-! — 0, but the slope, as described in eq 10,
should still be proportional to the observed shift at 25 °C.
Hence, a plot of the slope of the dipolar shift versus observed
dipolar shift at 25 °C for a series of nonequivalent protons
should yield a straight line.

= dqip”* AAT)/A(1/T) (10)

RESULTS

Determination of Magnetic Axes. A graphical represent-
ation of the influence of the tilt of the z axis from the heme
normal on the error function defined in eq 8 is illustrated in
Figure 4.  As initially proposed and described earlier by
Williams et al. (1985), F/n is computed at a series of § tilt
angles, and this tilted vector is rotated about its heme normal,
leading to a series of cones depicted in part A of Figure 4. The
computed F/n at the angles described on these three cones are
shown in part B of Figure 4. It is clear not only that F/n is
large for z perpendicular to the heme but that a sharp min-
imum is achieved by tilting z (angle 8) uniquely in the direction
of §-meso-H by 15° (i.e., 8 = —15°). The section of the cones
for # <-15° are not included for clarity, but they show that
the minimum error function on successive cylinders rises
steeply compared to that for § ~ —15°, while the minimum
for each cylinder remains in the direction of §-meso-H. The
error functions were found to vary monotonically with each
angle, leading to a single minimum. Thus it is clear that the
F/n has a unique minimum for which the degree and direction
of tilt of the z axis in the molecular axes is well-defined. The
much steeper dependence of F/n on 8 than «,y is due to the
fact that Ax,, is ~4Ax,, (Horrocks & Greenberg, 1973). The
resulting least-squares fit in smaller increments of 8 (0.5°)
leads to the magnetic axes that can be depicted as in Figure
2, parts B (face-on) and C (edge-on). In this figure, the
projection of z on the old x",y’ plane (heme) defines  and the
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Ny 3-meso Ny

FIGURE 4: Schematic representation of the error function (1/n)F-
(a,8,Y), as a function of the tilt angle 8 of the z axis of the susceptibility
tensor from the heme normal. The z axis is tilted in 3° increments
and rotated about the z axis to form a series of cones as depicted in
(A). The computed F/n is plotted for these 3° intervals of 8 as the
fixed tilt is rotated about the heme normal as shown in (B), yielding
cylinders whose heights represent the value of F/n. It is clear that
F/n drops dramatically as the z axis is tilted from the heme normal
in the direction of the 6-meso position. The global minimum on the
cylinders occurs at 8 ~ =15°, with the successive cylinder for § <
-15° (not shown) rising again steeply. This useful convention for
illustrating the error surface was established by Williams et al. (1985).

tilt of the z axis from the heme normal is 8. For small 8, the
angle , between the projection of the new x,y axes on the heme
plane and the molecular x’,y’ axes, can be approximated by
k = a + v and defines the location of the in-plane magnetic
axes.

The least-squares fits to determine R(«,B3,y) were carried
out for four different sets of input data, in which either all 41
data points in Table I (numbered 1-41) were utilized or the
shifts for His E7 of Val E11, or both His E7 and Val El1,
were omitted from the input data. The orientations of the
magnetic axes for these four permutations of data differed
inconsequently, and the resulting values for 3,y and « =
+ v, as well as the normalized residual error function, are listed
in Table II. Also included in the table are the same param-
eters obtained by computing F/n for the previously proposed
low-temperature magnetic axes of Hori (1971) and Peisach
et al. (1971). The d4;,(calc) values based on the various
magnetic coordinate systems listed in Table II are plotted in
Figure 3 versus the d;,(obs) obtained from eq 5 (8con = O for
noncoordinated residues). A perfect fit would have all data
points on a straight line with unit slope, which is shown as a
solid line in each of the six plots. The dotted lines divide each
plot into four quadrants, with the upper left and lower right
representing areas where both shift magnitude as well as sign
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Table II: Quality of Fits of Experimental and Calculated Dipolar Shifts for Various Magnetic Coordinate Systems?

Euler angles, R(a,8,7) (deg)

Figure 3 input data points

plot from Table I o i ¥ «? F/n (ppm?)* & (ppm)?
A 1-41 -57.5 -13.0 44.8 -13 8.1 28

B 1-41 -57.5 -13.0 0.0 -57 12.0 3.5

C 1-41 0 -14.0 35 35 0.98 0.99

D 1-37 10 -15.5 20 30 0.71 0.84

E 1-33, 38-41 10 -14.5 2§ 35 0.71 0.84

F 1-33 0 -14.5 35 35 0.28 0.53

Shifts in ppm at 25 °C; 8g;(obs) were determined via egs 1, 4, and § (5, = 0), and dyp(calc) was obtained via eq 3 by using MbCO crystal
coordinates (Kuriyan et al., 1/986), R(a,8,7), and x;; of Horrocks and Greenberg (1973). ®x ~ a + v in Figure 2B. Residual error function as
2

defined in eq 8. 95 = (F/n)'/2

Table III: Separation of Contact and Dipolar Shifts for Heme and His F8

dgip(calc)®*
resonances dpss(obs)%® Saia™ dpe? axial rhombic total beon™
heme 1-CH, 18.62 3.63 14.99 -4.49 1.09 -3.41 18.40
3-CH, 4.76 3.79 0.97 -4.72 -0.98 -5.70 6.67
5-CH, 27.03 2.53 24.5 -4.32 1.00 -3.32 27.82
8-CH, 12.88 3.59 9.29 -4.57 -1.94 -6.51 15.80
2-H, 17.75 8.43 9.32 -5.45 1.84 ~-3.61 12.93
2-Hg, -1.73 5.69 -7.42 -2.92 1.12 -1.80 -5.62
2-Hg -2.55 5.73 —-8.28 -4.54 1.73 -2.81 -5.47
4-H, 5.5 8.62 -3.12 -4.52 -1.72 -6.24 3.12
4-Hg, -1.95 6.29 -8.24 -1.65 -0.90 -2.55 -5.69
4-Hg -0.77 6.61 -7.38 -2.35 -1.25 -3.60 -3.78
a-meso-H 4.4 9.92 -5.52 -14.87 1.84 -13.03 7.51
B-meso-H 2.09 9.34 -17.25 -10.18 -1.55 11.73 4.48
~v-meso-H 5.98 10.15 -4,17 -12.99 1.94 -11.05 6.88
§-meso-H 4.09 9.86 -5.77 -11.84 -1.95 -13.79 8.02
6-H, 9.18 4.21 4,97 -4.37 1.79 -2.58 7.55
6-H', 7.35 4.21 3.14 -6.08 2.18 -3.90 7.04
7-H, 1.13 4.21 -3.08 -4,72 -1.30 -6.02 2.94
7-H', -0.45 4.21 -4.66 -6.25 -0.54 -6.79 2.13
His F8/93 N, H 13.2 7.15 6.05 591 0.07 5.98 0.07
C,H 7.51 2.90 4.61 5.28 0.07 5.35 -0.74
C:H 6.43 1.72 4.71 8.06 -0.21 7.85 -3.14
CsH’ 11.68 1.55 10.13 6.06 -0.78 5.28 4.85
C;H -4.7 1.13 -5.83 7.78 -7.39 0.39 -6.22
N;H 20.11 9.36 10.75 16.24 0.07 16.32 -5.57
CH 19.2 1.66 17.54 35.73 -2.41 33.32 ~15.78

4Shifts in ppm at 25 °C for sperm whale metMbCN at pH 8.6. ®Observed shifts referenced to DSS. ¢Diamagnetic shift obtained from MbCO
(Dalvit & Wright, 1987). ¢Hyperfine shift obtained via eq 4. ¢Dipolar shift calculated via eq 3 and R(0°,~14.5°,35°). /Contact shift calculated via

eq .

are predicted incorrectly. As indicated above, these plots for
the previously proposed low-temperature magnetic axes (Hori,
1971; Peisach et al., 1971) yield poor fits with numerous shift
directions incorrectly predicted (Figure 3A,B).

While all four considered sets of input data for the least-
squares fit to determine R(a,8,y) resulted in magnetic axes
for which the d4;,(0bs) very closely correlate with d4;(calc),
the quality of the fit depends somewhat on the selection of the
input data (Figure 3C-F). Thus, upon including all 41 num-
bered data points from Table I, a good correlation is obtained
with F/n = 0.98 ppm? (Figure 3C). It is noted, however, that
the data points appear to reflect a systematic deviation in that
they cluster about an apparent line with slightly greater than
unit slope. The two sets of data points whose values and
appropriateness may come into question are those of His E7
and Val E11 (see below). When either His E7 (input data
points numbered 1-37 in Table I), Figure 3D, or Val El11
(input data points numbered 1-33 and 38-41 in Table I),
Figure 3E, shifts are omitted from the fit, the systematic
deviation is lessened, although the fits improve only marginally,
with F/n = 0.71 in each case. However, when both His E7
and Val Ell data points are omitted (Figure 3F), the fit
improves significantly, with F/n = 0.28. This trend in im-
proved fits upon eliminating E7 and E11 was also observed
with MbO, coordinates (Phillips, 1980); the best fit corre-

sponding to Figure 2F gives the same F/n as when using
MbCO (Kuriyan et al., 1986) although the predicted shifts
show variations. As indicated above, the four separate
least-squares determinations of the magnetic axes yield es-
sentially the same values for 8 and «x = & + +, as summarized
in Table II.

Using the optimal magnetic coordinate system (a = 0, §
= -14.5, v = 35), we compute dyp(calc) for all heme core
substituents and the protons of the axially coordinated His F8
using eq 5. The dgp(calc), in conjunction with egs 1 and 6,
yield contact shifts as listed in Table III.

Temperature Effects on Shifts. The utility of variable-
temperature shifts for peak identification was explored. In
all but one case, the shifts approached the diamagnetic values
as the temperature is raised. However, the apparent intercepts
obtained by extrapolating to 7-! = 0 the straight line observed
for the Curie plot in the interval 273-323 K give values far
from the known diamagnetic positions. In fact, plots of shift
versus reciprocal temperature (not shown) yielded intercepts
for low-field (or high-field) hyperfine-shifted peaks that are
strongly upfield (or downfield) of the diamagnetic positions,
as observed earlier for Phe CD1 of metMbCN (Emerson et
al., 1988), and as expected for a temperature dependence that
has a weak 72 as well as the dominant 7-! term (Kurland &
McGarvey, 1970; Jesson, 1973; Horrocks & Greenberg, 1974).
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FIGURE 5: Plot of Curie slope [Adg,(obs)/A(1/T)] versus 6dip(obs)
(obtained via eqs 1 and 4 with 8, = 0) for assigned noncoordinated
residue signals numbered 1-41 in Table I. The data points generally
fall close to a straight line, as predicted by eq 10. Two data points
that deviate significantly from this apparent line are Val E11 C,,H,
(Q) (wrong sign for the slope) and His E7 N ,H (a).

A plot of the experimentally observed slope in the Curie plot
of the observed dipolar shift, Ady,(obs)/A(1/T), versus the
dgip(obs) at 25 °C for the 41 numbered resonances in Table
I is illustrated in Figure 5. The data points generally fall along
a straight line, as would be expected if eq 10 is valid and the
temperature effects for the three components of x are very
similar. This plot is again divided into four quadrants, and
it is noted that only one data point, that of Val E11 C,,H,,
falls into a (lower right) quadrant that incorrectly predicts the
sign of the slope of the d4;,(obs). The next largest deviation
is for His E7 N, H.2

DISCUSSION

Location of the Magnetic Axes. The excellent fit between
experimental and calculated dipolar shifts as found in Figure
3F demonstrates that NMR can be used to determine the
magnetic axes of a low-spin hemoprotein provided the X-ray
crystal coordinates of some suitable derivative, a set of ESR
g values, and the unambiguous assignments of a sufficient
number of heme cavity proton signals are available. The
residual discrepancies probably arise from the fact that the
coordinates in metMbCN are likely somewhat different from
those in MbCO (Kuriyan et al., 1986). The computed x;;
values also have limitations (Horrocks & Greenberg, 1973),
but five-parameter optimization for the anisotropies was not
deemed realistic in view of the absence of crystal coordinates
for the metMbCN complex. The presently determined axes
differ from those proposed earlier on the basis of single-crystal
ESR spectra (Hori, 1971; Peisach et al., 1971). Since there

2 The diamagnetic chemical shift for the N,H of His E7 is not known.
Due to the uncertainty in its shift arising from hydrogen-bonding effects,
9 £ 3 ppm from DSS, the resulting 5, similarly has a £3 ppm uncer-
tainty.

Emerson and La Mar

are two slightly different magnetic axes available from such
studies, it is not clear whether there is some problem with the
low-temperature axes determinations, or whether the axes
simply change with temperature, as previously found by ESR
for both MbNO and coblat(IT)-substituted MbO, (Hori et al.,
1981, 1982).

Using the R(«,8,y) for the optimal fit shown in Figure 3F,
the dg;(calc) are also computed for a number of assigned
residue signals in Table I for which variable-temperature data
for the shifts were not available (protons of Leu B10, Ala E14,
Leu F4, and Leu GS; Emerson & La Mar, 1990). It is noted
that there is an excellent correlation between dyp(obs) and
dgip(calc) for these protons, with the mean deviation & =
(F/n)'/2, less than for that observed from the fit (Table I).
Moreover, the 8, for the three protons <7.5 A from the iron
for which we have not located the resonances place the reso-
nances within the diamagnetic envelope, as already established
(Emerson & La Mar, 1990) [dpgs(calc) = dg,(calc) + dgip-
(calc) for His FG3 N H at ~8.26 ppm, His E7 CH at 2.51
ppm, and Ile G8 C;H; at 0.38 ppm]. More extensive 2D maps
as a function of temperature may yield these desired assign-
ments in the near future for at least the two latter nonlabile
protons.

Moreover, we note that the alternate assignment in our
companion report (Emerson & La Mar, 1990) of the CH of
Tyr H23 to either 7.00 or 7.20 ppm, based on COSY peaks
with identical w, but distinct w,, is readily resolved by the
present study. Thus, using the dq,(calc) and 4 (calc), we find
the computed dg;, predicts the observed shift for Tyr H23 C;H
at 7.2 ppm rather than 7.0. Conversely, the labile proton peaks
at 9.71 ppm assigned alternately as F7 Ser v-OH (Lecomte
& La Mar, 1986) and Ala F9 peptide NH (Kumar & Kal-
lenbach, 1985) can be predicted to exhibit a substantial
downfield dipolar shift of 4.3 ppm while only a ~ 1.5 ppm shift
is observed (Table I). While this does not confirm the as-
signment to Ala F8, it makes the F7 Ser y-OH assignment
very unlikely. Hence it is clear that, not only is it possible to
use unambiguously assigned resonances to solve for the
magnetic coordinate system, but also the predicted shifts for
a reasonable orientation of the magnetic axes can be used as
an aide in assignments and as a guide in the search for
unassigned resonances.

Molecular Determinants of the Magnetic Axes. Taking the
NMR-determined magnetic axes as shown in Figure 2B,C,
witha = 0,8 =-14.5, and « = a + v = 35° as valid, we find
that the projection of the rhombic magnetic axes onto the heme
plane makes an angle k = 35° with the molecular pseudo-
symmetry axes that is within experimental error of the angle
made by projection of the His F8 imidazole plane on the heme
plane in MbCO (which is 33° for our symmetry coordinate
x’y"). Thus the x axis aligns essentially parallel to the F8
imidazole plane, and it is reasonable to assume that it is
precisely this iron—His F8 7 bonding that determines the lo-
cation of the in-plane magnetic axes. This structural basis for
the determination of the rhombic axes had been anticipated
earlier on the basis of the dominant heme methyl contact shift
pattern (Shulman et al., 1971; Traylor & Berzinis, 1980),
inasmuch as the in-plane axes and the orbital hole that causes
the asymmetric contact shift pattern are related (Palmer, 1979;
Byrn et al,, 1983). That the z axis is tilted from the heme
normal was proposed earlier by Hori (1971), but the direction
of tilt was significantly different (o = —57°, or in the direction
of 2-vinyl position). In model heme complexes, the major axis
of the g tensor invariably aligns with the heme normal (Palmer,
1979; Byrn et al., 1983; Inniss et al., 1988). Hence this tilt
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in metMbCN must reflect a protein-based deformation.

Steric interactions of distal residues with bound CO in
MbCO have been proposed to provide the beneficial discrim-
ination for a bent Fe—~OO versus a perpendicular and linear
Fe—CO unit (Collman et al., 1976; Dickerson & Geis, 1983),
and crystal structures have indeed found the O atom of the
CO well off the 4-fold axis (Norvell et al., 1975; Kuriyan,
1986). Infrared spectroscopy had revealed four CO stretches
(Caughey et al., 1981), of which the dominant one has been
shown to correspond to the primary CO orientation in MbCO
by using polarized spectroscopy (Ormos et al., 1988; Moore,
et al., 1988). Not resolved is the problem as to whether the
distortion from perpendicular reflects tilting of a linear Fe—~CO
or a bent Fe-CO; current analysis favors a combination of
effects (Li & Spiro, 1988). Several X-ray structures of
metcyano complexes of various Hbs similarly propose a Fe—
CN unit distorted from the pseudo-4-fold axis (Padlan & Love,
1975; Deatherage et al., 1976; Steigemann & Weber, 1979).
Both the FeCO and FeCN units are linear and normal to the
heme in model complexes (Peng & Ibers, 1976; Scheidt et al.,
1983).

Empirical energy calculations on MbCO provide a potential
energy surface for CO tilt that is consistent with the observed
dominant form (Kuriyan et al., 1986). Since the FeCO and
FeCN units are isostructural, and the distal residue orientations
are expected to be largely conserved, we expect that the
cyanide ligand would be tilted in the same direction as a carbon
monoxide. The presently determined z axis of the suceptibility
tensor of metMbCN is within experimental error collinear with
the Fe~O vector for the primary occupation of the tilted CO
in MbCO, as revealed by X-ray data (Kuriyan et al., 1986).
Thus we propose that the dominant molecular interactions
that orient the susceptibility tensor are the tilt or bending of
the axial cyanide ligand for the principal axis and the axial
« interaction between the heme iron and the proximal histidyl
imidazole for the rhombic axes. The latter had been antic-
ipated previously on the basis of the contact shift pattern
(Shulman et al., 1971; Traylor & Berzinis, 1980); the former
one has not.

Heme Electronic Structure. The factored dipolar and
contact shifts for the heme core substitutents are found in
Table III. The contact shifts pattern clearly reflects the
asymmetric spin distribution where the e; orbital degeneracy
is lifted (Shulman et al., 1971), and the lone spin occupies the
molecular orbital spanning primarily pyrroles I and III, and
for these substituents &5, makes a relatively small contribution
to &y On the other hand, for pyrrole IT and IV substituents,
consideration of 84, leads a d.,, pattern consistent with ex-
pectation for = spin density, low-field-shifted 3-CH,, 7-a-CH,,
and alternating shift directions for H, and Hgs for 4-vinyl (La
Mar, 1973; 1979; La Mar & Walker, 1979).

Proximal His Bonding. The contact shifts resulting from
factoring dy;, from ¢ for His F8 protons are also included in
Table ITI. Here, because of the proximity to the iron, 64,
dominates the shifts in several cases. It was reported in our
companion report that the observed shifts for His-F8 C;H and
C.H were dramatically different from those found in the
analogous model compound (Emerson & La Mar, 1990). We
note here, however, that the factored 4., pattern
(CH:N;H:C;H ~ 3:1:1) for the imidazole side chain in
metMbCN is very similar to that found upon factoring dg;p
and 0, for the model compound (Chacko & La Mar, 1982).
Thus the &, for His F8 in metMbCN does not reflect any
major perturbation or strain of the protein on the Fe-His F8
bond relative to that in model compounds. It is also noted that
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FIGURE 6: Plot of predicted chemical shifts for His F8 and selected
heme positions versus systematic rotation of the magnetic axes, as-
suming 8., and &y, are independent of the rotations, with dgy(calc)
obtained from eq 5 with the selected values for the Eularian angles.
(A) Variation in the tilt angle, 3, of the z axis from the heme normal,
keeping the orientation of the projection of the x,y (rhombic) axes
in the heme plane, x = « + «, constant. Notable are the extremely
strong changes in shift with 8, and with opposite slopes, of the two
His F8 nonlabile ring protons, suggesting that the C.H and C;H shifts
can serve as diagnostic probes of the orientation of the z axis and,
hence, cyanide tilt. (B) Variation in rotation of the rhombic axes
(angle v) while keeping the degree of z-axis tilt (8 = —14°) and its
direction (a = 0°) as found for the native protein. Note the only
systematic variation in shift pattern is predicted for the four meso-Hs.
The values of the shifts observed and predicted for the determined
magnetic axes are indicated by vertical arrows.
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there is a negligible d,, for His F8 N H, as would be ex-
pected from the distance to the iron (La Mar, 1973). The
similarity of the patterns of the resulting factored His F8 ring
d.0n and that in the model compound provides a measure of
independent support for the validity of the computed 4, using
the known x; values and our NMR-determined magnetic axes.

NMR Probes of Magnetic Axes. The complete determi-
nation of the magnetic axes from a least-squares fit of a large
number of experimental dipolar shifts has been demonstrated.
The question is whether the results from this system provide
us with readily identifiable probes of changes in the orientation
of either the major axis (tilt from the heme normal) or the
in-plane axes.

The fact that the & for the His F8 imidazole ring differs
substantially in model complexes (where the z axis coincides
with the heme normal) from metMbCN, in spite of estab-
lishing similar 8., in both cases, dictates that the difference
must originate from the magnetic axes, inasmuch as the g
values and hence x tensor are very similar (Palmer, 1979; Bymn
et al., 1983; Inniss et al., 1988). Hence we compute &, at
variable z-axis tilt angle, 8 (keeping « = a + # invariant), and
assuming &, does not change with the tilt. (In fact ., should
change approximately proportional to the overlap of the im-
idazole and appropriate d orbitals; this should vary ~cos? 8
~ 0.93 for 8 = 15°.) A similar calculation of &, for heme
meso-H and methyl resonances is made, keeping 0., constant
at the values listed in Table III. The resulting 84, + dy;, for
both the heme and His F8 resonances are plotted in part A
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of Figure 6; the experimentally observed values at 8 = —14.5°
are shown by a vertical arrow. It is clear that, while some
variations in shifts are observed for all resonances, it is precisely
the pair of nonlabile imidazole ring protons that change most
dramatically with 3, with the shifts changing sign and reversing
as 83— 0. At 3 =0 (z axis ~ heme normal), the plot predicts
Sops(CsH) ~ 18 ppm and §,,,(C.H) ~ 2 ppm. These shifts
from the appropriate model compound are §y,(C;H) ~ 14
ppm and 8, (C.H) ~ 2 ppm (Chacko & La Mar, 1982).
Thus the susceptibility tensor and determined magnetic axes
correctly predict that the His F8 ring shifts, substantially
different in protein and model, approach those of the model
complex as 8 — 0. This can be taken as strong support for
the validity of our description of the hyperfine shifts and
provides us with the desired probes of the z axis (and bound
cyanide) tilt. the His F8 nonlabile ring protons. The dramatic
change in these ring proton shifts is due to the fact that the
z-axis tilt occurs in a plane close to that of the His F8 imid-
azole (Kuriyan et al.,, 1986) and takes the nonlabile ring
protons from near the magic angle, but with net upfield dipolar
shift, and moves one into the region of large downfield and
the other into the region of large upfield dipolar shift, hence
the opposite slopes of 8, with 3 in part A of Figure 6.

Thus we propose that the broad His F8 ring protons can
serve as valuable qualitative probes of the degree of tilt of
the magnetic z axis (and hence of the bound cyanide) from
the heme normal in a series of isostructural metMbCN com-
plexes. Preliminary 'H NMR data on sperm whale point
mutants and natural mammalian Mb genetic variants reveal
these broad (presumably) His F8 ring signals as the most
variable spectral parameters (Krishnamoorthi et al., 1984; K.
Rajarathnam, G. N. La Mar, M. Chiu, and S. G. Sligar,
unpublished results). A quantitative test of this hypothesis
requires complete assignment of resonances in these systems;
such studies are in progress. There are few solution spectro-
scopics probes for such bound ligand tilt. The Fe-CO and
FeC-O stretching and Fe—~C—O bending vibrations yield some
insight into these deformations, although quantitative com-
parison among closely related complexes is not simple (Li &
Spiro, 1988). The use of time-resolved polarized infrared
spectroscopy on photodissociating CO provides a measure of
the tilt angle (Moore et al., 1988); however, such studies on
model compounds suggest appreciable Fe—CO tilt (Moore et
al., 1987) in spite of single-crystal structures that find essen-
tially linear Fe~CO units normal to the heme (Peng & Ibers,
1976). Hence the presently proposed His F8 'H NMR hy-
perfine shift pattern provides an important new additional
probe for the study of such steric distortion from perpendicular
ligand bonding in heme proteins.

A similar calculation of 64, + 04, as a function of the
rotation of the rhombic axes, keeping the z axis tilted at —14.5°
(with @ = 0), is given in part B of Figure 6. Here we include
only heme meso-Hs (which have dominant dipolar shifts)
inasmuch as the heme methyl contact shifts would certainly
change dramatically with « (Shulman et al,, 1971). As ex-
pected from the much smaller Ay, than Ax,,, the shift
changes are both much smaller and less selective than for
variable z-axis tilt angle, 3. The most dramatic changes are
predicted for the pattern of meso-H shifts, with very similar
shifts for x ~ 45° (axes through N-Fe—N) and large (~10
ppm) shift alternation about the heme for x ~ 0 (axes through
meso positions). Hence the meso-H dipolar shift pattern can
serve as a probe for location of the rhombic axes that is com-
plementary to that provided by the heme methyl contact shift
patterns.

Emerson and La Mar

Distal Residue Orientational Heterogeneity | Mobility. We
noted above that, although the orientation of the magnetic axes
varied only inconsequently (Table II), the quality of the
least-squares fit to determine the orientation (minimization
of error function, eq 8) improved slightly (F/n = 0.98 — 0.71)
upon ignoring either the His E7 or Val E11 data points and
improved significantly (F/n = 0.27) upon omitting both E7
and E11 experimental shifts. There are two bases for having
anticipated these results. One is that it is precisely these two
distal residues that modulate ligand binding whose orientations
depend most critically on the exact nature of the ligand
(Takano, 1977; Kuriyan et al., 1986), and an adequate X-ray
crystal structure of the derivative of interest, metMbCN, is
not available. In MbCO, which should be the best model for
metMbCN, neutron diffraction data find the neutral His E7
side chain with the labile ring proton on N; (Hanson &
Schoenborn, 1981), while in MbO, it is found on N, and
hydrogen-bonded to the bound O, (Phillips & Schoenborn,
1981). In fact, bound cyanide seems to exhibit properties
intermediate between bound CO and O,. 'H NMR relaxation
and NOE studies, as well as isotope effects on the electronic
structure of the heme traceable to this His E7 N H, established
that His E7 H-bonds to the bound and tilted cyanide ligand
(Cutnell et al., 1981; Lecomte & La Mar, 1986, 1987).
Simply using the MbO, crystal coordinates does not improve
our fit over the MbCO data, and suggests that the distal
geometry is slightly different from either MbCO or MbO,.

In principle, the determined magnetic axes and known
magnetic anisotropy could be used to search for the orienta-
tions of His E7 and/or Val E7 that best reproduce both the
observed (presumed) dipolar shifts and previously reported
iron-induced relaxivity. However, two observations suggest
that such a fit, though likely obtainable, may not have much
physical significance. For one, the fact that it has been dem-
onstrated (Lecomte & La Mar, 1987) that there is an elec-
tronic link between His E7 N H and the heme iron makes it
likely that this labile proton experiences some contact shift
contribution due to it interacting via the hydrogen bond with
the known spin density of the cyanide nitrogen (Morishima
& Inubushi, 1978). The largest discrepancy in the fits, that
for the His E7 N_H shift (Figure 3), may be due to the fact
that this hyperfine shift is not wholly dipolar in origin. Thus
it seems imprudent at this time to include the His E7 N H in
our fit. Perhaps when the remaining elusive His E7 C,H peak
is located (Emerson & La Mar, 1990), such a search for a
unique His E7 orientation may be practical.

While Val E11 shifts must be wholly dipolar, an attempt
to use the observed shifts to obtain the orientation would have
to assume that there is one dominant orientation. We have
observed that a plot of the temperature gradient of observed
dipolar shifts is directly proportional to the value of 4, at 25
°C, as shown by the data in Figure 5, falling on an approx-
imately straight line. The fact that there is such a good
correlation suggests that the temperature slope of the shift can
provide information on the é4;, and, hence, yield an estimate
of 84, that can aid in identifying the likely functional group.
While there are some deviations from the straight line for
numerous points in Figure 5, the data point for the Val E11
C,;H; peak is unique in falling into the lower right quadrant,
where the sign of the slope differs from that of the absolute
value, the apparent 8y, actually increasing rather than de-
creasing with temperature. This could have two likely origins:
either the dy;, is too low-field by ~2 ppm and we have in-
correctly estimated the sign of 8y, or the Val E11 exists in
more than one orientation with differential dipolar shifts, and
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raising the temperature increasingly populates the orientation
with larger shifts. The pattern of NOEs between the individual
Val E11 4-CH,s and heme 1-CH, and 8-CHj, in metMbCN
(Emerson & La Mar, 1990) does not suggest a significant
change of the mean Val El1 orientation from that in MbCQ
(Dalvit & Wright, 1987), and hence we tentatively conclude
that the anomalous temperature dependence of the Val E11
C,.H, peak reflects a mobility/heterogeneity influence. There
are nodes (84, changes sign) in both the axial and rhombic
dipolar shifts between C,;H; and C,,H; of Val E11 (see Table
I), and hence the shift may be expected to change abruptly
with only small changes in coordinates. A more qualitative
assessment of structural details in solution would benefit
enormously from the results of a high-resolution single-crystal
X-ray crystallographic structure determination of sperm whale
metMbCN.

In the case of the Phe CD1, we had shown earlier by 1D
NOE:s that the aromatic ring is undergoing rapid reorientation
on the NMR time scale, but with evidence for exchange
broadening of the averaged H,s signal at lower temperatures
(Emerson et al., 1988). The reorientation rate was determined
from estimated 84(calc) for the nonequivalent Hs. We find
from the present improved fit that the two H, shifts differ more
than previously reported, with the two shifts at 19.35 and 8.83
ppm for a difference of 10.52 rather than the previously as-
sumed 5.6 ppm. This alters the rate of ring orientation at 25
°C from the previously reported 0.1 MHz to 0.35-MHz. In
the other averaged ring systems, the shift differences are <2.3
ppm (Phe CD4 H,s) and we observed no evidence for exchange
broadening.
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ABSTRACT: The solution conformation of uniformly labeled >N human thioredoxin has been studied by
two-dimensional heteronuclear '*’N-'H nuclear magnetic resonance spectroscopy. Assignments of the N
resonances of the protein are obtained in a sequential manner using heteronuclear multiple quantum coherence
(HMQCQC), relayed HMQC-correlated (COSY), and relayed HMQC-nuclear Overhauser (NOESY)
spectroscopy. Values of the 3Jyn, splittings for 87 of the 105 residues of thioredoxin are extracted from
a variant of the HMQC-COSY experiment, known as HMQC-J, and analyzed to give accurate 3Jyn,
coupling constants. In addition, long-range C,H(i)-!N(i+1) scalar connectivities are identified by het-
eronuclear multiple bond correlation (HMBC) spectroscopy. The presence of these three-bond scalar
connectivities in predominantly a-helical regions correlates well with the secondary structure determined
previously from a qualitative analysis of homonuclear nuclear Overhauser data [Forman-Kay, J. D., Clore,
G. M., Driscoll, P. C., Wingfield, P. T., Richards, F. M., & Gronenborn, A. M. (1989) Biochemistry 28,
7088-70971, suggesting that this technique may provide additional information for secondary structure
determination a priori. The accuracy with which 3/, coupling constants can be obtained from the HMQC-J
experiment permits a more precise delineation of the beginnings and ends of secondary structural elements

of human thioredoxin and of irregularities in these elements.

’Ec application of nuclear magnetic resonance (NMR)!
spectroscopy to the determination of three-dimensional
structures of proteins in solution has advanced rapidly in the
past few years [see Wiithrich (1986) and Clore and Gronen-
born (1987, 1989) for reviews]. A formidable limitation,
however, still exists with respect to the size of molecules to
which the methodology can be applied. One avenue for re-
solving ambiguities in assignment arising from severe spectral
overlap associated with molecules larger than ~ 10 kDa was
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opened by the development of heteronuclear *N-'H experi-
ments. In addition to the powerful three-dimensional het-
eronuclear experiments reported recently (Marion et al.,
1989a,b; Zuiderweg & Fesik, 1989), two-dimensional heter-
onuclear relayed multiple quantum and multiple bond corre-
lation experiments can also be used to deal with problems
caused by overlapping resonances and confirm assignments
(Gronenborn et al., 1989a,b; Clore et al., 1988). SN-'H
HMQC, relayed HMQC-NOESY, HMQC-COSY, and
HMBC experiments have been recorded on human thioredoxin

! Abbreviations: NMR, nuclear magnetic resonance; HMQC, het-
eronuclear multiple quantum correlation spectroscopy; NOESY, two-
dimensional nuclear Overhauser effect spectroscopy; COSY, two-di-
mensional correlated spectroscopy; HMQC-COSY, relayed heteronu-
clear multiple quantum coherence correlated spectroscopy; HMQC-
NOESY, relayed heteronuclear multiple quantum coherence nuclear
Overhauser spectroscopy; HMBC, heteronuclear multiple bond correla-
tion spectroscopy; NOE, nuclear Overhauser effect; E. coli, Escherichia
coli; DTT, dithiothreitol.
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