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Abstract: A method is described for obtaining the axes of the diagonal paramagnetic susceptibility tensor for the low-spin
cyanide complexes of distal point mutants of ferric sperm whale myoglobin (metMbCN). It relies on using the crystal coordinates
of the wild-type (WT) protein for that portion of the molecule unperturbed by the point mutation, together with the experimental
dipolar shifts, to search for the Euler rotation that correctly converts the crystal coordinates to the magnetic axes. The complete
set of 'TH NMR dipolar shifts is shown to lead to the determination of the magnetic anisotropies as well as the orientation
of the magnetic axes for WT metMbCN. Various sets of input 'H NMR dipolar shifts for protons not only emphasizing the
proximal side of the heme but also considering distal backbone protons and the structurally conserved Phe CD1 are shown
to lead to well-defined magnetic axes for WT metMbCN with closely clustered Euler angles. The tilt of the major magnetic
axis from the heme normal, the projection of this tilt on the heme plane, and the position of the rhombic axies projected on
the heme plane range only over 1.5°, ~10°, and ~10°, respectively, for nine different data sets comprising as many as 37
to as few as five input dipolar shifts. The 'H NMR spectra of the metMbCN complexes of a strongly perturbed (His E7
— Gly) and a minimally perturbed (Arg CD3 — Gly) point mutant are analyzed to yield the assignments necessary to define
the magnetic axes. Using a variety of input data sets of dipolar shifts limited to the residues expected to be unperturbed by
distal point mutation, the magnetic axes were determined by a three parameter least-square search for both the His E7 —
Gly and Arg CD3 — Gly mutants. For the E7 Gly mutant, the major magnetic axis tilt is minimally altered, but the projection
of the tilt is rotated by ~45°; the CD3 Gly mutant yields a magnetic axes orientation within the range defined by different
data sets of WT metMbCN, However, simulation of the predicted dipolar shift based on systematic changes is used to show
that the axes of the CD3 Gly mutant differ from those of the WT by a very small (2°) rotation of the projection of the tilt
of the major axis, rather than from a change in tilt. Inasmuch as the orientation of the magnetic axes can be related to distal
steric tilt of the isostructural Fe—~CO unit in WT MbCO, the present demonstration that magnetic axes can be determined
for point mutants has significant implications for the elucidation of steric constraints on bound ligands in a variety of low-spin

hemoproteins.

Introduction

The intrinsically high information content of the hyperfine shifts
of paramagnetic hemoproteins in general, and low-spin ferric
systems in particular, has been recognized for a long time.'? The
advantageous properties that enhance the interest in low-spin ferric
heme systems are as follows: an exceedingly short electron spin
relaxation time which results in narrow 'H NMR lines, the
presence of a single unpaired electron spin in a d, orbital, which
allows a quantitative interpretation of the delocalized spin density,
and the presence of substantial magnetic anisotropy that imposes
significant dipolar shifts to residues in the active site.2 This latter
property is particularly valuable in that it allows the use of the
iron paramagnetism to probe the geometry of nonbonded residues.
This dipolar shift, 8y, is given by the general relation:**

1 3
6dip = m AXaxFax(o’ﬂovr) + EAthFrh(o’ﬂo’r) (1)

with the anisotropies:
1
AXex = X2z — E(Xxx + ny)’ AXeh = Xxx — Xyy 2
and geometric factors:
F,,=(3cos?8-1)r?and Fy, =sin2f6cos 2¢r7 (3)

with 6 and ¢ as the polar and azimuthal angles in the magnetic
coordinate system in which the susceptibility tensor, x, (with
components X.;, Xxx X,,) is diagonal; this coordinate system is
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generally not known. However, if an abritrary metal-centered
coordinate system, r, &, ¢, such as that derived from an X-ray
structure, is available, eq 1 can be recast to:>¢

-1 3
6dip = ﬁv AXaxF,ax(o,’dvr) + EAthF,rh(al’d”J) R(a’B"Y) (4)

where F/,, and F’,, are the same geometric factors expressed in
the metal-centered coordinate system and R(a,8,v) is the Euler
rotation matrix’ that rotates the X-ray derived coordinates system
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(r,9,¢) into the magnetic coordinate system (r,6,¢).

The quantitative use of 4y, for any resonance requires the
availability of the appropriate X-ray coordinates, the magnetic
anisotropy, and the Euler rotation matrix. The magnetic an-
isotropies (Ax,, and Ax,) reflect on the nature of the ligand field
and electronic structure of the iron;® the geometric factors (F,,
and F,;) yield information on the orientation of residues that define
the molecular structure of the active site; and the orientation of
the susceptibility tensor (R(a,8,7)) yields information on the
deformation of the pseudo-4-fold symmetry of the free heme® upon
placement in the asymmetric protein pocket.>® X-ray coordinates
for numerous low-spin ferric hemoproteins have been available
for sometime,!%12 as have been the theoretical estimates of the
components of the susceptibility tensor based® on the low-tem-
perature g tensor.'”’ The major reason that quantitative inter-
pretation of dipolar shifts has not been realized earlier is lack of
information on the rotation matrix and the dipolar shifts in eq
2. Recent advances in the direct applicability of modern 1D and
2D NMR methods to paramagnetic proteins,*!> however, have
provided the methods for obtaining the unambiguous assignments
that can yield 4y, for the majority of active site residues including
those closest to the iron. The orientation of the magnetic axes
in both ferricytochrome® and the cyanide complex of ferric
myoglobin,> metMbCN, have been determined recently based on
a least-square search of R(a,8,v) that correctly predicts all dg;,.

For the particular case of interest here, wild-type (WT) sperm
whale metMbCN, NMR analysis has revealed’ that the major
magnetic axis is tilted from the heme normal in a manner very
similar to the Fe~CO tilt in the isostructural MbCO complex.!!
This ligand tilt and, by direct inference, the tilt of the magnetic
axis with the Fe—CN unit have been directly attributed to distal
residues (sepcifically the invariant E7 His) in sterically desta-
bilizing the bound CO in order to favor O, binding in the native
protein.'® The Fe*’~CO and Fe**-CN groups are isostructural,
and in the one protein where X-ray structures have been solved
for both forms,’ a similar tilt of the bonding axis is observed. In
low-spin ferric cyanide model complexes, the major magnetic axis
is invariably normal to the heme.® It has been proposedS that the
orientation of the major magnetic axis in metMbCN serves as
a direct measure of the degree of Fe-CN tilt and hence is a
measure of the distal steric interactions. Since crystal structures
have not been reported for the particular mutants of interest and
generally will not be practical for the range of mutants that will
become available, a strategy must be deveoped and tested for
determining the magnetic axes based on the WT crystal coor-
dinates.!!

In this report we consider the necessary information and analyze
an accessible methodology for determining the magnetic axes of
a general distal point mutant of sperm whale metMbCN.
Thereafter, we assign the necessary resonances in two specific point
mutants to explore the interpretiation of the effects of major and
minor distal perturbations on both the ability to determine
magnetic axes and the nature of the changes in the orientation
of the magnetic axes. An idealized scenario would have an en-
semble of point mutants producing systematically peturbed 'H
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NMR spectral parameters which can be quantitatively interpreted
on the basis of changes in either the orientation of the axis or the
anisotropies; at worst changes in both must be considered. In order
to determine changes in anisotropies, we must first demonstrate
that the NMR data are capable of experimentally yielding the
magnetic anisotropies, as opposed to relying on the available
theoretical values.

The two point mutants of sperm whale Mb!® that are selected
for study are His E7 — Gly and Arg CD3 — Gly. The former
eliminates the putative (imidazole) side chain that has been
proposed to be responsible for the axial ligand and magnetic z-axis
tilt'61% and shows substantial changes in the NMR spectrum that
must represent a major perturbation. The CO binding properties
of the protein are also significantly perturbed.?” The latter mutant
replaces a residue involved in a salt bridge that holds the distal
pocket closed;!!2 the Arg side chain itself does not intrude into
the ligand binding pocket, and hence minimal effects on the steric
constraints on bound ligand are expected. Detailed functional
studies of this mutant reveal inconsequential changes in CO
binding.?! We address herein the following questions for the WT
protein; Can the magnetic anisotropies, as well as the orientation
of the axes, be experimentally determined from the available NMR
data? Which of the detailed structural elements of the WT protein
can be retained for a point mutant for the purposes of determining
the magnetic axes? How well are the magnetic axes defined for
any given input NMR data set? For the mutants we pose the
following questions: How well are the magnetic axes determined?
Can the magnetic anisotropies be determined as well? How small
a perturbation of the magnetic axes can be defined by the changes
in NMR parameters? And lastly, do the His F8 ring protons serve
as qualitative indicators of the degree of tilt of the magnetic z-axis
as proposed previously?

Experimental Section

Sample Preparation. His E7 — Gly and Arg CD3 — Gly Mb mutants
are obtained as reported by Springer and Sligar.'* Cyanometmyoglobin
complexes, metMbCN, are prepared by exchanging the oxidized protein
on an Amicon ultrafiltration device with a solution of 2H,O containing
0.2 M KCl and 0.02 M KCN, pH 8.6.

H NMR Measurements. All 'H NMR spectra were collected on
either GE © 500 or Nicolet NT-500 spectrometers operating in the
quadrature mode at 500 MHz. Steady-state ID nuclear Overhauser
effect difference spectra for the hyperfine shifted peaks were obtained
over the temperature range 1040 °C by irradiating the desired resonance
for 150-200 ms with the decoupler and subtracting from this a similar
spectrum with the decoupler well off-resonance. The difference spectra
consist of 2000-2500 scans collected with a 400-ms recycle time. The
WEFT? pulse sequence was used to produce spectra that suppress the
slowly relaxing diamagnetic envelope and enhance the intensity of broad,
rapidly relaxed signals.

The magnitude COSY, MCOSY (n-type), spectra® were collected at
20, 30, and 40 °C in 2H,O over a spectral window of 11049 Hz (for E7
Gly mutant) using 1024 12 complex points; 96 scans were collected for
each block with a total of ~400-500 1] blocks. The repetition time was
350 ms, and the total acquisition time is ~6-8 h. The residual 'H,0O was
saturated with a 200-ms decoupler pulse in the predelay time. Phase-
sensitive 2D NOE (NOESY) spectra were collected at 30 °C in 2H,0
over a spectral window of 25000 Hz using 1024 complex points in the
12 dimension; 96 scans were collected for each of 238 ¢1 increments;
quadrature detection along the ¢1 dimension was achieved using the TPPI
method.?* The mixing time used in this experiment was 50 ms. The
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Table . NMR Resonances Whose Dipolar Shifts Serve as Input Data for Magnetic Axes Determination?

data set code

proximal and limited distal

proximal only

minimal
A B B’ C (o D D’ E F
Proximal Side

F helix Leu F4 C.H 1 1 1 1 1 1 1 1 0
Ala F5 CH, C4H, 2 2 2 2 2 2 2 0 0

FG corner His FG3 CzH, CsH’ 2 2 0 2 0 2 0 0 0
CH 1 1 1 1 1 1 1 1 1

CH 1 1 1 1 1 1 1 1 0

Ile FG5 CH, C;H, C,H’ 3 3 3 3 3 3 3 3 0

C,H;, C;H;, C,H 3 3 3 3 3 3 3 3 3

G helix Leu GS C H, C;;H; 2 2 0 2 0 2 0 0 0
H helix Phe H15 ring CHs 3 3 3 3 3 3 3 0 0
Tyr H23 CHs 1 1 0 1 0 1 0 0 0

total proximal input 19 19 14 19 14 19 14 9 4

distal side

CD corner Phe CD1 CH 1 1 1 1 1 0 0 0 1
CHs, C;Hs 2 2 2 2 2 0 0 0 0

E helix backbone, C Hs 3 3 3 0 0 0 0 0 0
other distal? 12 0 0 0 0 0 0 0 0
total distal input 18 6 6 3 3 0 0 0 1

total input 37 25 20 22 17 19 14 9 5

9The side chain residues are listed by their helical origin and the number of the described input data points listed under these various data sets.
®This consists of the 12 signals from the side chains of Thr E10 (2), Ala E14 (1), aromatic rings of Phe B14 and CD4 (6), the methyls of Leu B10

(2), and C,H; of Ile G8 (1).

reptition time was 290 ms, and the total acqusition time was ~12 h. The
residual 'H,O signal was irradiated for 200 ms with a decoupler pulse
in the predelay time.

All 1D data were processed on a SPARC station using GE UNIX @
software. All 2D data were processed on a Silicon Graphics Work
Station using the Felix program written by Dr. Dennis Hare. The
MCOSY data were processed using both an unshifted sinebell-square and
an exponential (3-Hz line broadening) window function in both the 2
and the 11 dimensions. The data were processed using either 256, 512,
or 1024 data points along the r2 dimension and using either 256 or all
the points along the ¢1 dimension, and in all cases final data sets were
zero-filled to 2048 X 2048 real points. The NOESY data were processed
using a 30° shifted sinebell-square window in both dimensions. The
window function was applied over 512 points along 2 and over all points
the ¢1 dimension; all data sets were zero-filled to 2048 X 2048 points.
All chemical shifts are referenced to 2,2-dimethyl-2-silapentane-5-
sulfonate, DSS, through the residual solvent signal.

Magnetic Axes Determination. The observed dipolar shifts, §5,(obsd),
are calculated using the following equation:

dotsd = Onr + Ogia (5)

where 8,4 is the observed shift in metMbCN referenced to DSS, 4y, is
the shift in the isostructural diamagnetic complex (such as MbCO),% and
8y is the hyperfine (paramagnetic) contribution to the shift. For protons
whose chemical shifts in MbCO are not available, 5, is calculated using
the equation:

5dim = 5te|ra + 5rc:s (6)

where 8., is the tetrapeptide shift?” and §, is the ring current shift due
to the heme and aromatic side chains and is calculated using the eight
loop model® and the X-ray coordinates of the MbCO complex.!! The
use of §4, for WT MbCO appears well justified. For the most part, such
assignments for mutants are not available. Moreover, the very limited
assignments for proximal residues in E7 Gly MbCO that are available
indicate negligible differences <0.02 ppm, from WT MbCO. Hence the
use of WT MbCO &4, appears very reasonable. 6, generally has two
components,' 8¢ = 84, + Jcp, Where the dipolar shift is given by eq 4
and the contact shift reflects delocalized spin density. For noncoordinated
amino acid protons, d.,, is zero and hence:

dgip(obsd) = Sopeg = Ogia M
The angles in the Euler rotation matrix, R(«,8,7), or both the rotation

angles and magnetic anisotropies, are obtained through a three or five
parameter least-square search for a minimum in the differences between

(26) Dalvit, C.: Wright, P. E. J. Mol. Biol. 1987, 194, 313-327.
(27) Bundi. A.: Wiithrich, K. Biopolymers 1979, 18, 285-297.
(28) Cross, K. J.. Wright, P. E. J. Magn. Reson. 1985, 64, 220-231.

an observed and calculated dy;, for a set of » assigned resonances, as
defined by the error function,®® F/n:

P87 MarsAX) = Llbaplobsd) = Fp(calcd RN (8)

where 64;,(obsd) is provided by eq 7, and the calculated dipolar shift in
the X-ray based pseudosymmetry coordinate system is obtained by eq 1.
The search for a minimum in a three parameter fit to obtain only the
Euler angles for selected input Ax values was carried out over all space,
with « from -180° to 180°, 8 from 0° to 90°, and v from 0° to 180°,
in 5° increments; near the minimum, the increment in angles was reduced
to 1° for e and v and 0.5° for 8. Note that in this convention for the
Euler angles only the magnitude, and not the sign’, or 8 is relevant. For
a five parameter search for the minimum F/n, the range in 8 was re-
stricted to 0-20° within which F/n always exhibits a sharp minimum.
The range of anisotropies included in the search are Ax,, from 1.02 to
1.32 X 10"¥ m™ and Ax,, from 0.20 to 0.70 X 103 m"3, each incre-
mented by 0.01 X 10°%* m*? near the minimum. The calculations were
performed using the GLOBMIN program.?®

The unit cell X-ray coordinates from the crystal structure of WT
sperm whale MbCO are converted into the iron-centered pseudosym-
metry coordinate system (x’y’z’in Figure 1) by the SMAX program.
The position vectors for protons in metMbCN are readily available in the
molecular coordinate system as provided by the X-ray structure of iso-
structural MbCO.!! The program CALPS is used to obtain the calcu-
lated dipolar shift, d(caled) (eq 2), with the pseudosymmetry coordi-
nates (x’y’z) of the protons, the angle variable (o,8,v), and the mag-
netic anisotropy (Ax,, and Ax,,) as input. Simulation of the dipolar
shifts due to the influence of systematic rotations of the magnetic axes
of WT metMbCN were carried out using the CALPS program. The
predicted shifts relative to DSS for various protons, are given by the
following:

bpred = Baia + Ogip(caled) 9)

where d4,(calcd) is obtained via eq 2 using selected values for @, 8, and
v. The computer programs SMAX, CALPS, and GLOBMIN, were
written by S. D. Emerson for a Micro-VaxII station, as described in detail
elsewhere.?’

Results

Magnetic Susceptibility Tensor. A. Determination of An-
isotropies. Previous 2D NMR studies of WT sperm whale
metMbCN have afforded'“!’ the complete assignment of the heme
and axial His F8 resonances, as well as the majority of the res-
onances that experience significant dipolar shifts (within 7.5 A

(29) Emerson, S. D. Ph.D. Thesis. University of California, Davis. 1989.
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Figure 1. Schematic representation of the heme cavity: (A) face-on
viewed from distal side, and (B), edge-on viewed from §-meso-H direc-
tion of sperm whale Mb based on the crystal structure of MbCO.!! The
general disposition of the proximal residues Leu F4, Ala F5, His F8, His
FG3, Ile FGS, as well as the distal Phe CD1 and His E7, is given. Also
provided are the numbering 1-8 of the pyrrole and «, 8, v, § for the meso
positions. The pseudosymmetry axes derived from the crystal structure
are labeled x/, y/, z’. A general set of magnetic axes is described by the
coordinate system x, y, z for which 8 describes the major magnetic or
z-axis tilt from the heme normal, o (not related to o-meso position on
heme) is the angle between the projection of the z-axis tilt on the heme
plane and the x’axis (so that « is positive for counterclockwise rotation
from the ~x’ axis), the projection of the x’and y’ (rhombic axes) on the
heme plane is described by the angle « ~ « + ¥. The major two coor-
dinate systems are related by the standard Euler rotation R(e,8,) where
[x.p.z] = [x'y"2 TR(e8,7).

of the iron). Residues whose signals were found to be inappropriate
because of demonstrated variable orientation and or mobility'4!®
were the side chains of Leu F4 and Val E11. The magnetic axes
have been determined using 32 reliable dipolar shifts and theo-
retical anisotropies,® as reported in detail previously.’> The as-
signment of five additional signals,'s those from residues Ala E14
(C,H) and the side chain of Thr E10 (C,H, C;H), Ala F5
(C,H,C4H,), now provide a total of 37 values of &y, for the search
for R(a,B,y). The signals whose dipolar shifts were used are
defined as data set A and are listed under A in Table I. Inclusion
of the five new signals in a search for R (based on the calculated
Ay values) leaves the magnetic axes unchanged and marginally
reduces the error function, F/n, from 0.25 to 0.22 (top of Table
II). A five parameter search that includes simultaneous opti-
mization for a, B3, v, Ax.x, and Ax,, using the 37 input shifts (data
set A) yields the anisotropies Ay,,(A) = 1.12 X 1073* m=3 and,
Ax(A) = 0.376 X 107> m™, with only minor changes in the
rotation matrix (second entry in Table IT). Hereafter we designate
anisotropies determined experimentally from a five parameter
search as x,,(J) and x4, (J), where J is one of the data sets A-F
(Table I) used in the least-square search; the remaining Ax(J)
values angles, and F/n are listed in the lower portion of Table
II.

B. Influence of Limited Data Sets. In setting the stage for
determining the magnetic axes for point mutants, we first consider
those detailed structural elements of the WT that could reasonably
be retained in a mutant, so that their geometric factors in the
metal-centered coordinate system can be transferred to a mutant.
Second, we determine how well those restricted structural elements
and their observed 84, can generate the magnetic axes and an-
isotropies for the WT metMbCN. A distal point mutation is likely
to leave the globin (C,Hs) backbone essentially unperturbed. The
proximal side chain orientations can be expected to be unaltered.
While the distal side chain orientations are very likely perturbed,
the highly conserved Phe CD1 appears to retain a largely unaltered
disposition relative to the heme in a wide variety of ligation states
of Mb that perturb the orientation of other distal residues.!!1230
Thus we construct a series of input data sets, B-E, that retain
a variable degree of structure and number of input data points
(n) for a least-square search: set B, proximal, Phe CD1, and E
helix C,Hs (25); set C, proximal and Phe CD1 (22); set D,
proximal only (19); set E, limited proximal (9), as well as a
minimal set F which is restricted to five strongly relaxed, strongly

(30) Lionetti, C.: Guanziroli, M. G.: Frigerio, F.. Ascenzi, P.: Bolognesi.
M. J. Mol. Biol. 1991, 217, 409-412.
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Table II. Orientation of Magnetic Axes, Magnetic Anisotropies, and
Error Functions for Least-Square Searchs for WT MetMbCN
magnetic
input axes error
data sets para- orientation?  anisotropies’ function/

code’ n® meterss o B &k Axe Axe F/n F'/n

A 37 3 0 145 35 1.228 0.476¢ 0.220 0.220
A 37 5 10 15.5 35 1.12* 0.376* 0.084 0.084
B 25 3 11 155 35 1.12° 0.376' 0.050 0.098
B 20 3 11 155 33 1.12° 0.376 0.051 0.095
c 22 3 10 155 35 1.12° 0376 0.066 0.099
¢ 17 3 12 155 31 1.12° 0.37¢ 0.053 0.096
D 19 3 10 160 37 1120 0.376' 0.054 0.124
D 14 3 9 16.0 39 1.12° 0.376¢/ 0.055 0.134
E 9 3 10 160 36 1.12° 0.376' 0.057 0.122
F S 3 7 155 35 1128 0376 0.067 0.106
B 25 S 11 155 35 1.12 0.396 0.048 0.100
c 22 S 14 16.0 35 107 0.396 0.054 0.097
D 19 S 10 155 35 1.09 0.396 0.052 0.12

D 14 S 9 16.0 38 1.13 0.396 0.051 0.13

E 9 S 0 155 40 1.18 0456 0.032 0.19

F S S -5 150 40 1.22 0476 0.017 0.24

“Set of observed Jy, for the resonances as identified in Table I.
4The number of observed &y, used in the search. ‘Number of param-
eters in least-square search: 3 (o, 8, v) or § (e, B, v, 8Xaxs AXupn)-
?The angles in R(a,8,7), with x = o + v. *X10°3 m™. /F/n defined
in eq 8 for the n input 4, used in the least-square search; F'/n is eq 8
but summed over the 37 available é;,. ¢ Values computed from ligand
field theory.® *The optimal anisotropies for the 37 input 3y, data set A
five parameter least-square search are referred to as Ax,,(A), Axm(A)
in text. 'Three parameter fits from restricted input NMR data sets are
carried out using the Ax,,(A) and Ax,;,(A) determined in the five pa-
rameter fit using all 37 experimental &g,

shifted and well-resolved signals that are readily assigned without
recourse to 2D methods. Several subsets (B’, C’, and DY) are also
considered which omit five weakly shifted resonances that are not
easily assigned in the present point mutants. The detailed com-
position of the various data sets A—F set out in Table L.

For each of the input data sets defined in Table I, a three
parameter least-square search was made to obtain the R(«,8,v)
that globally minimizes the error function F/n (eq 8), using
Ax.;(A) and Ax,(A) determined from the five parameter fit for
the WT metMbCN using the complete 37 parameter input NMR
data set, as well as Ax values calculated by Horrocks and
Greenberg® (not shown; see the supplementary material).
Moreover, for each input data set, J = (A-F), a five parameter
search was also executed in order to obtain R(a,8,y), Axax(J),
and Ax(J) from each limited set. The resulting angles, «, 8,
the rhombic axes, x = a + vy (Figure 1), the anisotropies, and the
error functions, F/n, are listed in Table II. Two error function
are given: F/n is the minimized value over the » input data used
in the least-square search’ and measures the quality of the fit based
on the selected data. F’/n is the error function evaluated over
all 37 available data points using the same magnetic axes and
anisotropies that minimize F/n. Thus F’/n serves as a test for
the relative quality of the orientation and anisotropies determined
by limited input data sets.

The effect of using the calculated Ax values versus Ax,<(A)
and Ax,,(A) with the various data sets in Table I leads to only
minor differences in orientation (range in 8 < 1°, a ~10°,x =
a + v < 5°) but always to a much larger error function (i.e.,
poorer fit) using the calculated Ax values (shown only for set A
in Table II; see the supplementary material for additional data).
Moreover, all trends for R(a,8,y) with variable input data sets
were the same using either calculated Ax values or our presently
determined values. Hence we do not further consider analyses
based on the calculated Ax values. Using the Ax(A) values from
the 37 input data point five parameter search, a comparison of
the R(a,8,v) determined in a three parameter search using the
various restricted data sets reveals that the determined orientation
is largely independent of which input data is used (Table II). The
ranges in a, 3, and « are 5°, 0.5°, and 8°, respectively. There
is clearly a remarkable consistency considering that the number
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Figure 2. 500-MHz 'H NMR spectra of metMbCN complexes in 2H,0,
pH 8.6, at 25 °C for the following: (A) Arg CD3 — Gly mutant, (B)
wild type, (C) His E7 — Gly mutant. Some of the previously reported
assignments for WT metMbCN are given, and the correlation with the
two mutants established in this work are given by dashed lines. (D) The
trace for the E7 Gly mutant collected under rapidly pulsing conditions
(20 57) that emphasizes rapidly relaxing signals. (E) Saturation of broad
His F8(93) ring proton signal; note NOE:s to Ile FGS(99) C,H3, C;H3,
and C,H, as expected for the F8(93) C;H in the crystal structure. (F)
Saturation of 8-CH), peak shows that Ile FG5(99) NOEs in trace E are
not from off-resonance saturation.

of input shifts varies from 37 to only 5! Moreover, the orientation
is essentially unaffected whether the experimental é4, from WT
MbCO or the calculated &4, (eq 6) were used, although the former
yielded a slightly lower error function. When the least-square
search is extended to all five parameters to additionally obtain
anisotropies, the range of orientations is not extended significantly.
It can therefore be expected that the various limited input data
sets for residues unperturbed by distal mutation, in particular data
sets D, D/, E in Table I, should allow the accurate determination
of the magnetic axes for point mutants.

Assignment of Point Mutant NMR Spectra. The resolved
portions of the 500-MHz 'H trace of the CD3 Gly, WT, and E7
Gly forms of metMbCN in 2H,O are illustrated in parts A, B,
and C respectively of Figure 2; several assignments for WT
metMbCN!415 are given. The shifts for the prominent three
low-field heme methyl signals appear largely unchanged among
the three proteins. Comparison of the spectra reveals only very
slight differences between the spectra of the WT and CD3 Gly
mutant metMbCN complexes (although a general pattern is that
strongly hyperfine shifted non-heme signals are very slightly
further from the diamagnetic envelope in the mutant than in the
WT). For the E7 Gly metMbCN mutant, there is a general and
substantial decrease in the hyperfine shifts of all non-heme res-
onances. The 'H trace for this protein collected under rapid
pulsing conditions that emphasize broad, rapidly relaxing signals
is shown figure 2D; only one of the two broad His F8 ring protons
is resolved with significantly perturbed shift as compared to either
of these two peaks in WT.!* We pursue below the detailed as-
signment needed for the magnetic axes determination for the
perturbed E7 Gly met MbCN spectrum. While similarly definitive
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Figure 3. Upfield portions of the magnitude COSY map of E7 Gly
metMbCN in 2H,0, pH 8.6, at 40 °C. (A) Cross peaks from Ile FGS-
(99) (dashed lines), Ala E14(71), and heme 7-propionate and 2-vinyl
groups are shown. The low-field 2-vinyl H, peak is folded in from 18
ppm; the cross peaks are labeled by asterisks. In order to enhance the
weak cross between broad resonances, the map was processed by zero
phase-shifted sinebell-squared window function over 256 ¢, and ¢, points.
(B) Cross peaks from Thr E10(67) (dotted lines) and the heme 4-vinyl
group. This portion of the map was processed by apodizing over 1024
t, and 418 ¢, points to maximize resolution. The heme peaks are listed
by the standard numbering in Figure 1B. The amino acid peaks are
designated by the standard letter code and the description of side chain
protons.

experiments were carried out on the CD3 Gly metMbCN mutant,
the assignments could have been made completely by comparison
to the WT spectrum since the shift changes are small. 2D NMR
data relevant to CD3 Gly metMbCN assignments are provided
in the supplementary material.

A. Heme Protons. The COSY map of E7 Gly metMbCN
reveals the characteristic cross peak patterns for two vinyl*! (Figure
3A,B) and two propionate groups (Figures 3A, and 4A). The
resolved heme 1-CH; peak is assigned on the basis of a NOESY
cross peak to both a vinyl (2-vinyl) (Figure 5) and 8-CH, (not
shown). This assigns also the 4-vinyl and the adjacent 3-CH,
(Figures 3B, 6A). The remaining low-field methyl must be the
5-CH,; whose NOEs reveal the 6-propionate resonances (Figure
5). An upfield four-spin system (Figure 3A) with NOESY cross
peaks to 8-CH, (Figure 5) identifies the 7-propionate group. The
four meso-H are readily identified by the simultaneous NOESY
cross peak to the pair of adjacent pyrrole substituents (Figures
5 and 6) and their characteristic strong low-field bias with in-
creasing temperatures'4 (not shown). The observed heme shifts
reveal a very similar hyperfine shift pattern that is dominated by
the larger contact shifts.>> Moreover, the largely unaltered heme
methyl shift pattern, which is determined by the rhombic orbital
ground state,2® supports in-plane rhombic axes that are not sig-
nificantly changed from that of the WT. The heme chemical shifts
for the two mutants, as well as WT metMbCN, are provided in
the supplementary material. The chemical shifts for assigned
amino acid signals for the two mutants are listed in Table III along
with those for WT metMbCN; T, values for resolved resonances
of E7 Gly metMbCN are also included.

B. Proximal Residues. The upfield COSY map exhibits cross
peaks from resolved CH,~CH, and CH~CH, fragments (Figure
3A) which the NOESY map (Figure 6) reveals to be in close
dipolar contact and which must originate from Ile FG5(99). The

(31) The 2-vinyl H,, peak at 18.3 ppm is folded in to —4 ppm to improve
the digitization; the two folded in cross peaks to 2-Hg, 2-Hg are marked by
asterisks.
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Figure 4. The low-field portions of the magnitude COSY map of E7 Gly
metMbCN in 2H,0, pH 8.6, at 30 °C (A and B) and at 40 °C (C). (A)
The cross peaks for the spin systems Leu F4(89) (dashed lines), Ala
F5(90) and Val E11(68) (dotted lines), and the heme 6-propionate group
(solid lines) are labeled. This portion of the map was apodized over 512
t; X 512 ¢, points to enhance weak cross peaks between the broad reso-
nances. (B) Cross peaks from Gly E7(64), 6-propionate, Phe B14(33),
Phe CD4(46), and Phe H15(138). This portion of the map was apodized
over 1024 ¢, and 512 ¢, points to enhance resolution near the diagonal.
(C) Cross peaks for His F8(93) (dotted lines) and the one detected cross
peak for Phe CD1(43). This portion was processed by applying a sine-
bell-squared window function over 256 points in both ¢, and ¢, dimen-
sions. All cross peaks were observed over ranges of temperature to
confirm the unique connectivities,

C4~C, H cross peaks are not detected because of the small coupling
constants and resulting weak cross peaks, as found in WT.!5 The
additional C;H COSY cross peak locates the remaining C,H. The
conserved orientation of the Ile FG5(99) side chain is confirmed
by observing a pattern of intra-residue NOESY cross peaks that
is essentially identical to that of WT metMbCN!* (Figures 5 and
6). The unchanged disposition of Ile FG5(99) relative to the heme
periphery and iron center is confirmed by the identical pattern
of inter-residue NOESY cross peaks (i.e., C;H;:5-CH,, C;H,:8-
meso-H, C,H:3-CH,, C,H;:4H_) and unaltered paramagnetic
relaxivities'**2 (C_H, T, ~ 72 ms).

A characteristic three-spin COSY and NOESY pattern in the
low-field region locates the His F8(93) C4sH,~C,H fragment
(Figure 4C), as confirmed by a NOESY cross peak from C,H
to Ile FG5(99) C;H, (Figure 5), as expected and observed!415 in
WT metMbCN. The sole resolved broad F8 ring proton fails to
yield NOESY cross peaks. However, saturating this resonance
under rapid pulsing conditions (Figure 2E) yields NOEs to Ile
FG5 C;H,, C,H;, and C H, as expected and observed in WT
metMbCN' for the F8 C,;H. Saturation of the 8-CH, (Figure
2F) serves as a control to show that the NOEs to Ile FGS arise
from the broad resonance. The intensity distribution in the
reference spectrum collected under rapidly pulsing conditions
(Figure 2D) dictates that the F8 C_H must resonate in the 2-7
ppm region; i.e., 4.5 & 2.5 ppm. The spectrum in Figure 2D also
reveals another rapidly relaxing proton at ~9 ppm witha T, ~20

(32) The parametic relaxivity, ;! « R;S; where R, is the distance to the
iron. the presently observed T, value is within experimental uncertainty of that
(65 £ 7 m) reported from WT metMbCN.
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Table III. '"H NMR Spectral Parameters for WT and Arg CD3 —
Gly and His E7 — Gly mutant metMbCN*

WT Arg CD3 — Gly His E7—Gly

residue peak shift? shift shift T
Leu F4(89) CH 8.53 8.50 1.36
CsH 3.82 3.75 3.33
CsH’ 4.44 4.36 4.10
C,H 5.87 5.99 5.16
CyH, 3.93 3.91 3.15
CnH, 325 3.13 2.69
Ala F5(90) CH 6.40 6.32 6.64
CsH; 2.63 2.59 2.73
His FG3(97) CH 10.79 10.94 8.82 20
CH 6.84 7.01 6.17
Ile FG5(99) C,H 2.38 2.29 3.14
CH -0.09 -0.19 1.91
CH -923 -9.37 -5.36 72
CH -1.78 -1.86 0.06
CH;, -334 -3.45 -1.83 179
CH, -3.70 -3.75 290 173
Phe H15(138) C;Hs 7.02 7.08 7.10
CHs 694 6.90 7.22
CH 7.05 7.08 1.55
His F8(93) CH 7.43 1.36 8.09
CH 11.40 11.23 12.88
CsH’ 6.34 6.05 8.80
CH -43 -5.6 10.9 ~4
CH 188 19.7 4.5£2.5
Phe CD1(43) C;Hs  8.65 8.49 8.57
CHs 1239 12.03 12.26
CH 1693 16.67 13.12 22
Thr E10(67) CH 2.50 2.58 3.05
CsH 2.68 2.67 4.71
C/H; -1.49 -1.60 -1.23 186
Val E11(68) CH -2.36 -2.30 -0.26
CsH 1.44 1.52 5.28
C,H, —0.97 -0.76 1.27
CpH, -031 -0.17 1.79
Ala E14(71) CH 3.48 3.53 3.49
CsH; -0.09 -0.11 -0.28
His E7(64) CH 1157 11.69
GlyE7(64) C,H 5.83
C,H 6.33
Phe B14(33) C;Hs 7.96 7.94 7.68
CHs 8.1 8.30 7.91
CH 8.31 8.30 8.89
Phe CD4(46) C;Hs 7.64 7.85 7.92
CHs 798 8.05 7.50
CH 7.64 7.85 7.66

?Chemical shifts in ppm from DSS, at 30 °C, pH 8.6. ®Data taken
from ref 14. “For resolved resonances, in ms; uncertainty +10%.

ms; the NOESY peak to His F8 C_H (Figure 5) and characteristic
T, identify it as His FG3(97) C;H with the same disposition'
as in the WT metMbCN. The His FG3 C.H is readily identified
by its characteristic'* NOE to 6-H,. The 8-methylene protons
for this residue appear in too crowded a region to make definitive
assignment possible. A NOESY cross peak from His F8 C;H
to a proton (Figure 5), together with a single COSY cross peak
(Figure 4), locates the C_H and CzH; of Ala F5(90). A complete
Leu spin system is located in the COSY map (Figure 4), and
NOEs from this spin system to the heme 1-CH, (Figure 5A)
identify'® it as Leu F4(89). NOESY cross peaks from 1-CH, and
2-H,, to the aromatic region (Figure 5A), together with a COSY
cross peak among these resonances (Figure 4B), identify!4!> Phe
H15(138). All of the above resonances exhibit the identical
NOESY and COSY connectivity patterns described for WT
metMbCN, 415 except that the shifts for many of the resonances
are altered.

C. Conserved Distal Residues. The most prominent distal
residue is Phe CD1(43) whose aromatic ring gives rise to a strongly
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Figure 5. Low-field portion of the NOESY map collected with a 50-ms mixing time for E7 Gly metMbCN in 2H,0, pH 8.6, at 30 °C. For the resolved
5-CHj;, 1-CH;, 2-H,, His F8 C;H, and 8-CHj resonances (shown by vertical dashed lines) cross peaks are labeled only in the f1 dimension, with the
common f2 label given above or below the dashed line. Other cross peaks are labeled by the appropriate resonances in the f2/f1 dimensions. The standard
one-letter amino acid codes and side chain descriptions are used.
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Figure 6. Upfield portion of the NOESY map, collected with 50-ms mixing time, for E7 Gly metMbCN in 2H,0, pH 8.6, at 30 °C. The Ile FG5(99)
resonance, Thr E10(67), Val E11(68), and heme vinyl are identified by vertical lines along the f1 dimension, with the peak labeled above or below
the line. The cross peaks are therefore labeled only by the appropriate f1 dimension.
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low-field shifted single proton peak,'** C,H, with characteristic
T, ~20 ms. This peak exhibits a 1D NOE to an averaged
two-proton signal, CHs (not shown), which itself exhibits a COSY
peak to the C;Hs (Figure 4C). The NOESY peak between C;Hs
and 5-CH, (Figure 5) and 1D NOE to 4H,, (not shown), together
with unchanged relaxivity*? compared to WT metMbCN (CH
T, ~20 ms), confirm the Phe CD1 assignment?? and establish
the same orientation as that in WT metMbCN.!* A strong
NOESY peak from 1-CH; and 8-CH,; to a peak at -0.28 ppm
locates the Ala E14(70) C4H, (Figure 5); a single COSY cross
peak to 3.49 ppm locates the C,H (Figure 3). An additional
NOESY cross peak from 8-CHj, to a resolved upfield methyl
(Figure 5), which is part of a three-spin system (Figure 3A) with
the C,H at 3.05 ppm, identifies Thr E10(67); NOEs to the 7-
propionate are observed from C,H,, as expected from the WT
crystal coordinates!! (Figure 6). An NOE to an upfield-shifted
one proton signal from the 1-CH; (Figure 5) shows it to be C,H
of a member of a spin system diagnostic of a Val (Figure 6) which
must be Val E11(68).14!5 1D NOEs from Phe CD1 C Hs to the
aromatic region reveal four largely temperature insensitive signals
(not shown); the complete spin systems are defined in the COSY
map and identify two Phe that must be from B14(33)/CD4(46)
(Figure 4B), the only other nonassigned aromatic side chains near
the heme pocket. The B14 and CD4 spin systems are differen-
tiated'* on the basis that the more intense 1D NOEs from Phe
CD1 CH occur for Phe B14,

D. The Substituted Distal Residue. The 1D saturation of the
assigned Thr E10(67) C,H, signal over a range of temperatures
reveals very weak NOEs (not shown) to two protons with tem-
perature-sensitive shifts which themselves exhibit a strong COSY
and NOESY peak at each of the temperatures (Figure 4B). The
only methylene group in the proximity of the Thr E10(67) C,H,
is the E7 Gly(64) C,H,. The E10 C,H; to E7 C H distance in
WT Mbi! is ~5 A, consistent with the observed NOE.3

The temperature dependence of all noncoordinated amino acid
signals yielded a slope in the Curie plot (shift versus reciprocal
temperature) which is proportional to the observed dipolar shift
(not shown; see the supplementary material). This correlation
can be taken as evidence for a unique orientation for each residue,
as discussed previously for WT metMbCN.?

Magnetic Axes Determination in Point Mutants. The deter-
mination of the magnetic axes for the distal point mutants makes
the assumption that both the crystal coordinates and §y;, for solely
proximal side residues are inconsequentially changed from those
of the WT protein: the distal side coordinates and 6, need not,
and are not expected to, be conserved. The assumption of a
conserved proximal side of the heme in spite of a distal point
mutation is based on the observation in WT Mbs that strong distal
perturbations leave the proximal pocket unaltered. Thus in sperm
whale Mb, the proximal coordinates are essentially the same
whether the small CO ligand is bound to the reduced form!! or
a bulky phenyl group that keeps the distal pocket pocket open is
coordinated to the iron in the oxidized protein.2? For the related
Aplysia Mb, three crystal studies reveal highly differential pen-
etration of the distal pocket by an unconventional residue to
hydrogen bond to the distal ligand®® but leave the proximal side
unaltered. Preliminary crystal coordinates for the E7 Gly Mb
mutant’® support the premise that significant structural pertur-
bations are restricted to the distal side.

The assignment of the mutant metMbCN spectra failed to
provide unambiguous assignments for the His FG3(97) C4Hs, the

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

(34) While a somewhat shorter 7, for the Thr E10 C,H; (~ 180 ms) than
in WT metMbCN (280 ms) reflects some minor reorientation. even %60°
rotation about C,—C; bond does not significantly increase the C,H; distance
to the E7 C Hs.

(35) Bolognesi. M.; Onesti. S.; Gatti, G.; Coda, A.; Ascenzi, P.; Giacom-
etti, A.; Brunori. M. J. Mol. Biol. 1989, 205. 529-544. Bolognesi, M.; Coda,
A.: Frigerio, F.; Gatti, G.. Ascenzi, P.; Brunori. M. J. Mol. Biol. 1990, 225,
621-625. Mattevi, A.: Gatti, G.; Coda, A.; Rizzi, M.; Ascenzi, P.; Brunori,
M.. Bolognesi, M. J. Mol. Recognit. 1991, 4, 1-6.

(36) Phillips. G. N. Personal communication.
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Table IV. Orientation of Magnetic Axes, Magnetic Anisotropies,
and Error Functions, for Least-Square Searches for metNbCN Point
Mutants

magnetic
input axes aniso-
datasets  1ara. orientation? tropies’  .rror function’
code? n® meterss « B Kk AXex DX Fln
His E7 — Gly Mutant
B 20 3 -30 13.0 48 1.12 0.376 0.072
cC 17 3 =31 135 46 1.12 0.376 0.067
D 14 3 -34 135 43 1.12 0.376 0.031
D' 14 5 -34 135 42 1.12 0.340 0.023
E 9 3 -35 135 42 1.12 0376 0.031
F 5 3 -31 140 46 1.12 0.376 0.051
Arg CD3 — Gly Mutant
B 20 3 12 150 20 1.12 0.376 0.094
cC 17 3 13 150 26 1.12 0.376 0.071
D' 14 3 11 16.0 36 1.12 0.376 0.043
E 9 3 11 160 36 1.12 0376 0.060

F S 3 9 150 30 1.12 0.376 0.063

“Set of observed 8;;, for resonances as defined in Table I. 5Number
of observed &y, used in the search. “Number of parameters in least-
square search: 3 (o,8,v) or 5 (,8,7,8XaxsOX:m). ¢ Angles in R(a,8,v)
with x = a + 4. *The Ax,,(A) and Ax,,(A) values obtained from the
five parameter least-square search using 37 8y, (data set A) for WT
metMbCN (second entry in Table II) are used in all cases except for
data set D’ in the five parameter search for E7 Gly metMbCN. /F/n
defined in eq 8 for the n input 5,3i; used in the least-square search.

Leu G5(108) C,H and C;,H,, and Tyr H23(146) CHs, providing
five less proximal shifts than for the WT protein, 415 i.¢., data
sets B/, C/, and D, as well as the sets E and F which are identical
to those used for WT. However, a comparison of the R and F/n
for any pair of data sets differing in these five signals for WT leads
to insignificant differences in R (0° in 8, 2° in «, and 4° in «)
and F/n (Table IT). The three parameter least-square searches
for the magnetic axes for both mutants based on the input of
dipolar shift data sets B, C’, D’, E, and F of Table I, using the
Ax.<(A) and Ax.,(A) from the five parameters fit for the WT
using 37 data points, lead to well-defined minima in F/n and low
values of the error function. When the least-square search is
extended to five parameters for the E7 Gly mutant to obtain Ay
values using the largest proximal data set DV, the resulting Ay,,
is unchanged from Ax,,(A) and Ax,, minimally changed from
Ax(A). The resulting Euler angles and F/n are listed in Table
IV. For both mutants, the searches using different input data
sets yield remarkably consistent magnetic axes (ranges in 8 of
1°, a of 5°, and « of 6°). For the CD3 Gly mutant, the axes
appear unchanged from those of the WT. The E7 Gly mutant,
however, reveals a strongly perturbed orientation with a minimal
change in the degree of tilt (8), but a significant (~45°) rotation
of the direction of the tilt (¢). What is remarkable is that, like
in the WT, the magnetic axes in the mutants are as well deter-
mined with minimal input data set F as with the most extensive
data set D’.

Simulation of NMR Spectra as a Function of R(a,8,Y).
Equation 2 together with the least-square determined magnetic
axes and anisotropies of WT metMbCN, allows the prediction
(via eq 8) of all changes in the NMR spectrum of WT metMbCN
based on systematic controlled changes in orientation of the
magnetic axes. Such simulations identify which resonances can
differentiate between changes in « and 8 in the rotation matrix
and serve as a basis for quantitative analysis of very small changes
in orientation of the magnetic axes (see below). Thus the dy;, are
calculated as a function of a (8 constant) or 3 (a constant) while
keeping the rhombic axes (x ~ a + v) invariant. For the His
F8(93) residue, the shift changes are calculated only for the dipolar
part, and it is assumed that the contact shifts, 8, are unchanged
from those in the WT,* as reported previously.> This assumption
is reasonable since the predicted shift for the F8 ring for zero tilt

(37) The é, for CH. C;H. C4H. and C;H’ for WT metMbCN are —17.8,
-2.5, 5.6, and -2.2 ppm, respectively.
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Figure 7. Simulation of the perturbations of the 'H NMR shifts of WT
metMbCN based solely on changes in the dipolar shift predicted by (A)
change in g for fixed o = 10° and fixed « ~ o + v = 40° and (B) change
in « for 8 fixed at 14.5° with x ~ o + v held constant at 40°. The
resonances are indicated by solid lines for His F8(93) (—), dashed lines
for Ile FG5(99) (----), dotted lines for His FG3(97) (~), dash—dash—dot
(--+) for Phe H15(138), and dash—dot (----- ) for Phe CD1(43). The
particular proton of each residue is identified on the appropriate drawn
lines. The trend in predicted shifts for increase in o or 8 is the same for
His F8(93) C;H and CH and all four Ile FG5(99) signals, but it differs
from the His F8(93) CzH, His FG3(97) C,H and CH, and Phe H15-
(138) C,H.

(8 = 0) in metMbCN have been shown’® to be essentially the same
as in a model compound.®® Direct calculations of 8., for the two
mutants confirm this quantitatively (see the supplementary ma-
terial). The predicted changes in shifts for relevant resonances
in the metMbCN spectrum as a function of « and § are illustrated
in Figure 7A and 7B, respectively. Inspection of Figure 7 reveals
that the dipolar shift increases monotonically with more positive
a or f for the resonances of His F8(93) ring CHs, Phe CD1(43)
CH, the four Ile FG5(99) resonances, and F4(89) C,H. Hence
change in shifts for these signals will not differentiate between
changes in a versus 8. The resonances for His FG3(97) C;H, Phe
H15(138) C.H, and His F8(93) CzH, on the other hand, predict
shifts in opposite direction for increasingly positive « or 8 and
hence serve as key probes to differentiate between changes in a
or 8.

Another conclusion that can be drawn from Figure 7 is that,
either an increase in 8 or a more poasitive « leads to a strong upfield
bias for the His F8 C;H and a strong lowfield bias for the C H.
Therefore the pattern of His F8 ring hyperfine shifts does not serve
as a unique probe for z-axis tilt as originally proposed.* However,
since the F8 ring protons are most sensitive to change in either
a or 3 because of their proximity to the iron, change in the shifts
of these signals in a mutant is a clear indication that the magnetic
axes have been altered. Moreover, we show later that the nature
of the His F8 shift changes serves as an important confirmation
for the magnetic axes obtained from the least-square search.

Discussion

Determination of Magnetic Anisotropy. The inclusion of the
two anisotropies in the 37 data set input least-squares search for
WT metMbCN leads to a significant decrease in the error function
(from 0.22 to 0.084). The excellent correlation between the
observed and predicted 4, (based on the proximal data set D in

(38) Chacko. V. P.: La Mar. G. N. J. Am. Chem. Soc. 1982, 104,
7002-7007.
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Figure 8. Plots of the predicted versus observed dipolar shifts; solid lines
with unit slope represent a perfect fit. (A) WT metMbCN for the
magnetic axes obtained from the 19 proximal residue signals (data set
D in Table I). The input shifts are marked by a closed circle (@); distal
C_H, Phe CD1, and the remaining distal protons not used in the magnetic
axes determination are marked by open square (0), closed triangle (A),
and open diamond (¢), respectively. (B) WT metMbCN for the mag-
netic axes obtained from the 5 input minimal data set (set F in Table I).
The input data are given by a closed circle (®). Other proximal, distal
C_H, Phe CD1, and other distal protons not included in the least-square
search are given by open circle (O), open square (O), closed triangle (4),
and open diamond (¢), respectively. (C) E7 Gly metMbCN for the
magnetic axes obtained from the 14 point proximal residue data set (set
D’ in Table I). The input shifts are shown in closed circles (®); distal
C,Hs and the Phe CD1(43) proton signals are shown in open squares (0)
and open triangels (A), respectively. (D) E7 Gly metMbCN for the
magnetic axes determined from the 5 point minimal input data set (F in
Table I). The input data are shown in closed circles (®@). The remaining
proximal residue (O), distal C,Hs (0), and Phe CD1(43) (A) residue
signals are designated by open circles, open squares, and open triangles,
respectively.

Table I) is clearly seen in the plot in Figure 8A. We conclude
therefore that the Ax,, and Ax,, determined for WT metMbCN
from a complete set of NMR data are more reliable than those
based on ligand field calculations® using the lowest Kramers
doublet g values.!* The error function, however, is more sensitive
to variation in Ay,, than variation in Ay, with a change in axial
anisotropy producing a 4-fold larger increase in F/n than a similar
fractional change in rhombic anisotropy. Hence, the axial an-
isotropy is always more accurately determined by the NMR data
than is the rhombic anisotropy. A rationalization for this ob-
servation is readily apparent. The rhombic (second) term in eq
(1) makes a significant contribution to 84, only for protons near
the heme plane because of the sin? § term. However, since 34;p
used in the fit must be from a noncoordinating residue, the large
heme moiety places the closest residues near the heme plane >7
A from the iron due to van der Waals contact with the heme
periphery. The axial term maximizes near the heme normal due
to its cos? 6 dependence, and noncoordinated residues approach
the iron to 4.5 A, Hence both the 7°* and angular dependence
keep the rhombic contribution to 8, small relative to the axial
term and leads to the much weaker sensitivity of the fit to Axy,.

The determination of Ax values based on more restricted NMR
data sets (B—F in Table II) for WT metMbCN leads to Ax,, and
Ax,, intermediate between the theoretical values and the Ax(A)
values determined from data set A. However, since the error
function, F’/n (over all 37 available d,;,), using the Ax values for
any of the restricted data set five parameter fits is smaller than
that for the three parameter least-square search with 37 §y;; and
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the fixed theoretical value of Ay, it appears that any of the more
limited data sets yields a Ax,, more reliable than the theoretical
value. We conclude, therefore, that the quantitative analysis of
NMR dipolar shifts can provide a more accurate estimate of the
paramagnetic anisotropies than provided by ligand field calcu-
lations® based on the lowest Kramers doublet g values.!* Upon
extending the determination of the magnetic axes to a distal
mutant, the one case where a five parameter search was executed,
(data set D’ for E7 Gly metMbCN), Ax values obtained are
essentially identical to Ax(A) values (Table III). From this we
conclude that the magnetic susceptibility tensor components of
the two mutants are essentially unchanged from that of WT
metMbCN. This conclusion that the anisotropies are unaltered
is supported by the observation that the two high-field g values
for E7 Gly metMbCN (3.44 and 2.06) are essentially the same
as those of WT metMbCN (3.45 and 1.99).13

Determination of the Magnetic Axes. The quality of any fit
for WT metMbCN, as measured by either F/n or F’/n, is most
sensitive to changes in 8, the z-axis tilt and much less sensitive
to a or 4. Using the data set A input parameters and the Ax(A)
values, calculation of F/n upon varying one angular variable at
a time while keeping the other parameters constant reveals that
F/n doubles from the minimal value upon changing 8 by ~1°.
However, variation of £10° in either a or k ~ a + v are needed
to produce the same increase in F/n over the minimum value.
Hence, the tilt of the z-axis (8) is considerably more accurately
defined in any of the least-square searches for R(«,3,y) than the
rhombic axes, (x ~ a + v) or the direction of tilt (a). This is
confirmed in the three parameter searches for WT metMbCN
(Table II), using Ax.,(A) and Ax(A), from which variable input
data sets yield highly clustered orientations with total ranges of
5° for a, 0.5° for B, and 4° for x. Similarly clustered values are
observed for the two mutants (Table IV). Therefore, we conclude
that the present NMR method can determine the orientation of
the magnetic axes to within 2° in tilt of the z-axis (8), to £10°
in the projection of the tilt on the plane (a), and to within £10°
in the projection of the rhombic axes on the heme plane ().
Moreover, this surprising level of accuracy can be obtained from
the minimal data sets (F in Table I) of five d;;, for the strongly
shifted, strongly relaxed and resolved resonances.

There are three significant points to the magnetic axes deter-
mination for both WT and mutant metMbCN on the basis of the
five point minimal data input set F. First, the resulting orientation
of the axes in each of the three cases (WT and the two mutants)
is extraordinarily close to the orientation determined with the
largest data set. Second, the assignments for the required five
resonances can be effected solely on the basis of a T; measure-
ments>>4 and a pair of 1D NOE experiments**49 which can be
executed on as little as 2 mg of metMbCN. Hence limited sample
size will not preclude determination of the magnetic axes. Last,
the magnetic axes resulting from the five parameter fit of the
easiest to assign resonances are so close to the true axes that the
predictions of 4, for as yet unassigned resonances provide valuable
guidance toward effecting more complete assignments of active
site residues. This predictive power is illustrated in Figure 8B,
in the plot of 8y,(obsd) versus d4,(caled) for all 37 assigned
resonances of W"i‘ metMbCN based on the R(a,8,y) and Ay
determined solely from five input data points (set F). The 4,
for the 14 resonances not used in the fit are similarly well predicted
by the magnetic axes using only the five data point input set F
for the E7 Gly metMbCN mutant* (Figure 8D). The scatter
of points in the plot of d4,(obsd) for both WT and E7 Gly
metMbCN based on magnetic axes determined from only five
(data set F) input data points (Figure 8B, 8D) is not significantly

(39) Chiu, M. L. Ph.D. Dissertation, University of Illinois, Urbana, 1992.

(40) Ramaprasad. S.: Johnson, R. D.; La Mar, G. N. J. Am. Chem. Soc.
1984, 106, 5330-5335.

(41) The predicted édip for the five signals not assigned for the distal
mutants that were utilized in the WT metMbCN magnetic axes determination
identify logical candidates for these signals. However, these signals resonate
in the crowded aliphatic region and definitive confirmation of their origins via
COSY was not possible, and hence the tentative assignments are not listed.
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greater than when based on the magnetic axes using as input the
optimal proximal (14 input data set D) data set (Figure 8A,C).
Moreover, in no case do points fall into the upper left and lower
right quadrants of Figure 8, indicating that the signs of all

are correctly predicted, i.e., the nodal surface of the dipolar ﬁelg
is very well defined by any of the fits. This is in contrast to the
magnetic axes determined for metMbCN based on analysis of 'H
and *C methyl contact shifts,*> where the resulting axes led not
only to a larger scatter in a plot of 3;(calcd) versus 8y;;(obsd)
but also to &4, with incorrectly predicted signs. Insufficient data
has been provided in that study to allow a quantitative comparison
of the difference in the proposed orientation of the axes.

The determination of the magnetic axes for the distal point
mutants makes the explicit assumption that the proximal side of
the heme pocket is inconsequentially perturbed by the distal point
mutation so that both the crystal coordinates and 4y, for the WT
protein may be used. No assumptions are made as to the nature
of distal perturbations. The validity of the assumption is supported
by numerous crystal studies on WT Mbs significantly perturbed
on the distal side by variable ligation states.!?>35 The observation
of NOESY cross peak patterns in the distal point mutant
metMbCN complexes of interest that are unaltered from WT
metMbCN? both among residues and between residues and the
heme on the proximal side, as well as conserved paramagnetic-
induced relaxation effects, provides direct evidence that this as-
sumption is reasonable. Moreover, X-ray crystal diffraction studies
of E7 Gly unligated metMb and MbCO support a conserved
proximal side as compared to WT derivatives.’ Additional
confirmation for this assumption is provided by the observation
of essentially unaltered 84, as compared to WT MbCO for the
proximal side residues in E7 Gly MbCO.** The substitution of
the available E7 Gly MbCO proximal é;, for those in the WT
MbCO does not have an observable effect on the magnetic axes.
Hence the proximal é4;, for the mutants need not be available to
determine magnetic axes on a distal point mutant. The strength
of the present method is that the magnetic axes of a distal point
mutant can be determined solely with &4, and crystal coordinates
of the WT protein.

Since there is not a significant difference in either the orientation
of the axes of the error function when the limited distal residues,
Phe CD1 and E helix CHs, are included (sets B, C”) in the
analysis of E7 Gly metMbCN (Table IV), we consider the
proximal data set D’ (14 points) necessary and sufficient for
determination of the magnetic axes in a distal point mutant. An
excellent correlation of 34;,(0bsd) versus d,,(calcd) for the proximal
data set D’ for E7 Gly metMbCN is obtained (Figure 8C). There
is some preliminary evidence that the E helix may have moved
somewhat, as evidenced by the fact that the backbone E11 C,H
yields an NOE only to 1-CH, and not to 8-CHj; in the E7 Gly
mutant, while the same proton gave NOEs to both heme methyls
in WT metMbCN. An investigation into the prospect for de-
termining the orientations of perturbed distal residues using the
magnetic axes obtained on the basis of unperturbed proximal
residues is under investigation on this and other related distal
mutants. The least-square searches for WT and E7 Gly
metMbCN for a given input data set differ by ~2° in 8 and ~10°
in k. The uncertainty of either determination precludes attributing
significance to these changes. Hence the tilt of the z-axis and
the rhombic axes are largely unaffected; the latter point is con-
sistent with the largely unchanged heme methyl shift pattern which
is dominated by contact shifts that reflect the rhombic axes.> The
orientation of the tilt of the z-axis (a), however, is changed by
~45°, well outside the uncertainties of either determination. This
change clearly reflects a major structural perturbation whose
influence on the magnetic axes essentially quantitatively accounts
for the strongly perturbed NMR spectrum.

For the CD3 — Gly metMbCN complex, the proximity of Phe
CD1 to the point of substitution makes the omission of Phe CD1

(42) Yamamoto, Y. Nanai, N.: Chujo. R. J. Chem. Soc.. Chem. Commun.
1990, 1556-1557.
(43) Pochapsky, T. C.. Wright, P. E. To be published.
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as the source of input data obligatory. In fact, omission of these
points does lead to an improvement in the error function (data
set C' — D’ in Table IV). The least-square search using Ax,,(A)
and Ax,,(A) for a given data set from CD3 Gly and WT
metMbCN leads to differences in «, 8, and « of ~2°, ~0°, and
~5°, With the uncertainties in each determination, the orientation
of the axes in the two proteins are undistinguishable based on the
searches. It is noted, however, that for each data set, the value
for a is more positive by ~2° in CD3 Gly than in WT metMbCN
(see below).

The present results bode well for the determination of magnetic
axes and magnetic anisotropies for any low-spin ferric WT he-
moprotein of diverse function or genetic origin if the X-ray co-
ordinates are available and 2D NMR methods yield the assign-
ments of even a small fraction of the proton signals close to the
heme. The needed assignments appear to be attainable not only
in the small cytochromes$ and cyanomet myoglobins,'4 but also
in cyanide inhibited heme peroxidases* and tetrameric cyanomet
hemoglobins.#> The corollary to this conclusion is that it should
be possible to determine the magnetic axes of point mutants (or
natural genetic variants) of a reference protein based on the
geometric factors for the portion of the protein unperturbed by
the substitution(s). Preliminary inspection of the distribution of
shifts of as yet unassigned metMbCN spectra of numerous single
and double point mutants of metMbCN suggests that it will indeed
be possible to develop an interpretive basis of the strongly per-
turbed shifts based primarily on change in the orientation of
magnetic axes.

Utility of Simulations. Since the different restricted input data
sets lead to a small range in the orientation (1.0° in 8, 10° in «,
and 10° in ) as discussed in detail above, it is also obvious that
a least-square search that yields the orientation of axes for a
mutant that differs from that of the reference protein by <1.0°
in B8, <10° in a, and <10° in x may or may not be significant.
The simulations in Figure 7, however, have the prospect for po-
tentially identifying the precise nature of small changes in the
orientation of magnetic axes where a least-square search on a
mutant yields very similar R(«,8,¥y). A case in point is the CD3
Gly metMbCN complex, for which the magnetic axes indicate
tilt and projection smaller than the range in angles for variable
input data for WT. Upon analysis of the shift difference between
WT and CD3 Gly met MbCN for the proximal residues (set D’)
whose orientations are unlikely to change upon the CD3 substi-
tution on the distal side (Table III), we find that the His F8(93)
ring C;H and C H and Ile FG5(99) dipolar shifts are all larger
in the mutant and can be explained as an increase in either « or
B.%47  However, the key His FG3(93) C,H and His F8 C;H

(44) de Ropp, J. S.: La Mar, G. N. J. Biomolec. NMR 1991, 1. 175-190.

(45) Sylvia, A.; La Mar, G. N. Unpublished data.

(46) The §gq in WT metMbCN minus the S, from E7 Gly metMbCN,
as given in Table III.

(47) The Phe CD1(43) CH shift is essentially unchanged. However,
proximity of the CD3 substitution to Phe CD1 on the CD corner suggests that
it is unreasonable to assume that the Phe CD1 orientation is completely
unperturbed and hence does not serve as a test for the simulation studies.
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signals exhibit dipolar shift changes (Figure 7) that support the
conclusion that the major difference between WT and CD3 Gly
metMbCN is a small change in « rather than in 8, and that the
change in « is to a more positive value. The magnitudes of the
observed shift changes in Table III, when compared to the slopes
of the lines in Figure 3, indicate that « has become more positive
by ~2°.

While the His F8 ring CH hyperfine shifts do not provide a
unique probe of the tilt of the magnetic axes,’ observed changes
in these shifts provide important confirmation of the validity of
the magnetic axes and anisotropies determined from a least-square
search. Thus the calculations of the His F8 contact shifts yield
a pattern that is the same for either the WT or E7 Gly metMbCN,
as well as for the model compound outside the protein matrix (see
the supplementary material). Moreover, the differences between
WT and E7 Gly metMbCN in the calculated 3, for the His F8
C:H, C.H, and C;H are +15.4,-16.1, and +2.5 ppm, which are
remarkably close to the observed shift difference* for the same
proteins, +15.2,-14.3 £ 2.5, and +1.5 ppm, respectively. Thus
the altered His F8 hyperfine shifts are essentially quantitatively
accounted for by the calculated difference in the magnetic axes.
While the His F8 shifts play no direct role in determining magnetic
axes, the observed shift pattern for His F8 provides a valuable
quantitative confirmation of the altered magnetic axes.

The determination of the magnetic axes for the E7 Gly mutant
indicates that the degree of tilt is essentially unchanged from that
of the WT, but that the direction of the tilt is changed by a ~45°
clockwise rotation in Figure 1A. On the basis of the reasonable
supposition that the tilted magnetic z-axis is directly related to
tilt of the Fe~CN unit, this suggests that the E7 His sidechain
is not the major determinant of the ligand tilt. However, such
a conclusion is in contrast to the classical text book picture'® of
the origin of sterically induced distal ligand tilt in Mbs. A more
detailed interpretation of the structural bases of the altered
magnetic axes is deferred until such studies can be extended to
test the generality of the response to the magnetic axes to E7
substitution.
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contribution) and four figures (magnitude COSY, NOESY (2)
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