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Abstract: Solution 1D and 2D NMR, together with limited isotope labeling, have led to the assignment of the
heme, axial His, and numerous heme contact residues in sperm whale, horse, and human deoxy myoglobin.
The paramagnetic relaxivity leads to increased line widths and shagsevith little compensation in increased
dispersion due to dipolar shifts. Hence only limited, but crucial F helix standard backbone sequence specific
assignment could be made for heme cavity residues. Numerous other residues with significant dipolar shifts
could be assigned from the characteristic scalar connectivities and dipolar contacts to the heme predicted by
the crystal structure. It is concluded that the complete and unambiguous assignment of the heme pyrrole
substituent signals is not attainable by 2D NMR alone without either partial deuterium labeling of the heme
or parallel assignment of key residues in dipolar contact with the heme; hence the present study revises some
earlier assignments. The resulting dipolar shifts for nonligated residues, together with the crystal coordinates
of deoxy myoglobin, were used to determine the orientation relative to the heme and the anisotropy of the
paramagnetic susceptibility tensor. The significant anisotrigy, ~1 x 10~ m¥mol, however, is shown to

result in dipolar shift with reciprocal square, rather than just reciprocal, absolute temperature dependence,
which is indicative of large zero field splitting rather thgt#iensor anisotropy. The appropriate equation for

a B, ground state allows an estimate of the zero-field splittgy—10 cnT?, which is in good agreement

with earlier results. The present NMR data favor a spin-only magnetic momentSwitt2 andD ~—10

cm~! over a ground state witB < 2 and significant orbital contribution (Hendrich and Debrunner, 1989).

Introduction ligated residues yield information on the anisotropy and
orientation of the paramagnetic susceptibility tengoiin the
molecular framework of the proteftf The most extensive and
successful NMR studies have been carried out on the low-spin
ferric, metMbCN and metHbCN complexes which exhibit both
the most favorable hyperfine shift dispersion/relaxation ratio
and the largest magnetic anisotropy. While the high-spin, ferric
metMb, metHb exhibit a less favorable hyperfine shift dispersion
to relaxation ratio, the origin of the hyperfine shifts has been
established® Unfortunately, the only functional paramagnetic
state, high-spin ferrous or deoxy Mb, Hb, is the least under-
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Solution NMR studies of paramagnetic hemoglobin (Hinyd
myoglobin (Mb) derivatives have provided a wealth of unique
information on the electronic, magnetic, and molecular proper-
ties of the active site that can be correlated with functional
properties even if the particular oxidation/spin state does not
have a direct physiological role (for reviews see ref 2). The
dominant contact shifts for the ligated heme and axial His
provide direct information on the orbital ground state and Fe-
ligand binding?® while the necessarily dipolar shifts for non-
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The H NMR spectra of high-spin ferrous hemoproteins are
somewhat of a paradox. The very large hyperfine shifts for
the axial His F8 are dominated by the contact interaction that
reflects spin delocalization via Fe-imidazafebonding® and
the ring labile NH has served as a sensitive indicator of axial
perturbations and a valuable empirical marker of deoxy Hb
guaternary states and oxygen tension in mu¥cl€he hyperfine
shifts for the heme, on the other hand, are relatively small, and
it is likely that contact and dipolar contributions are similar in
magnitude®1121 The heme shifts, nevertheless, have been
shown to be sensitive to distal residue mutations and potentially
provide information on how variable distal interactions modulate
the nature of Fe-porphyrin bonding, the orbital ground state,
and the magnetic anisotropy of the iréh.Structural analysis,
however, first demands definitive assignments of the hyperfine

shifted resonances, assessment of the contact versus dipolar

contribution to the shifts. The presence of magnetic anisotropy
manifests itself directly in NMR spectra as a dipolar shifp,
which in the limiting case of only axial anisotropfyax is
given by

dgip(calc)= (1/3)[Ay4(3coS6' — DRIM(@B,y) (1)

where#' is the polar angle in a pseudo-symmetry (X-ray), iron-
centered coordinate systeRjs the protonr-iron distance, and
I'(o,5,y) is the Euler rotation matrix that relates the pseudo-
symmetry axes to the magnetic axes wheiis diagonal.
Definitive heme assignments have been provided only for
sperm whale deoxy Mb, where a combination of selectite
labeling of the methyfsand!3C labeling, followed by*3C—1H
decoupling of the vinyl groug$ located the individual methyl
and vinyl H, signals and identified the mean shifts for the vinyl
Hgs for each vinyl. Several 1D, 2D NMR studies have provided
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Figure 1. Schematic representation of the heme cavity of sperm whale
deoxy Mb depicting the proximal (squares) and distal (circles) residues
of interest, including a distal water molecule (triangle) hydrogen-bonded
to His64(E7) and 3.8 A from the iron; the heme substituents are labeled
M (methyl), V (vinyl), and P (propionate). The pseudo-symmetry metal-
centered X-ray coordinateg,, y', Z have thez axis normal to the
heme and thed axis passing through thg, é-meso positions. The
magnetic axes (whereis diagonal) are represented kyy, zand are
related tox, ¥, Z by (x, y, 2 = I'(a, 5, y) (X, ¥, Z) wherel'(a, S, y)

are the Euler angles with the tilt of the major magnetic axes,from

the heme normalZ, (magnitude of tilt), andx is the angle made by
the projection ofz on the heme plane and thkkaxis (direction of tilt);

in the limit of axial anisotropyy is not relevant and is set to zero.

identified'! a strongly low-field shifted signal attributed tolds
of 11e107(G8), which, aRee ~8 A, implies a substantiahyay
> 4.3 x 107° m¥mol; the assignment in horse deoxy Mb for

additional assignments on both sperm whale and horse deoxyone of the 4-vinyl Hs also differed dramatically from that

Mb using the results from isotope labeling as a starting goint.
A recent 2D NMR study on horse deoxy Mb has proposed a

previously reported for sperm whale deoxy KfoMoreover,
an earlier pH study on both sperm whale and horse deoxy Mb

set of complete assignments for the heme pyrrole substituentshad show#' that the low-field hyperfine shifted resonances

and several nonligated residu@sinterestingly, the latter study
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included only two methyl groups, which in the former protein
have been established to arise from the heme 54id 3-CH.
These discrepancies in assignments must be resolved and the
similarities or differences in the electronic/magnetic properties
of the heme clarified for the otherwise very similar wild-type
sperm whale, horse, and human Mbs prior to embarking on
similar studies on mutants for any of these Mbs.

We present herein the results of a comprehensive NMR
investigation of the heme cavity of deoxy Mb using a combina-
tion of 1D, 2D NMR and isotope labeling to definitively assign
the heme, axial His, and other active site residues which exhibit
dipolar shifts; target residues are shown in Figure 1. These
latter shifts are used to determine the orientation of the magnetic
axes, estimate the magnetic anisotropy, and separate the contact
and dipolar contribution to the heme and axial His shift. We
use standard sequence specific assignrietdsidentify the
residues of interest to the extent allowed by the chemical shift
dispersion and the line widths of backbone protons.

Experimental Section

Proteins. Sperm whale and horse metMb were purchased from
Sigma Chemical Co. as lyophilized, salt-free powder and recombinant
human Mb was prepared as described previotfsiyhe samples were
dissolved in 90%'H,O: 10% 2H,O, 0.2 M in NaCl, and 50 mM

(25) Withrich, K. NMR of Proteins and Nucleic Acig$Viley: New
York, 1986.

(26) Ikeda-Saito, M.; Lutz, R. S.; Shelley, D. A.; McKelvey, E. J.;
Mattera, R.; Hori, HJ. Biol. Chem 1991, 266, 23641-23647.
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phosphate buffer and converted to the metMbCN form by addition of
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6dia(calc): 6tetr + 6sec+ 6rc (4)

5 equiv of KCN; the cyanide excess was removed, and the samples

were subsequently converted to 99O solutions using an Amicon

ultrafiltration cell. The sperm whale Mb sample reconstituted with
hemin 90% deuterated at the vingtpositions is the same as that
reported previously. The 4-8 mM deoxy Mb solutions were prepared

whereder, dsea Orc are the tetrapeptide, secondary structure, and total
ring current contributior?§ using the two available alternate deoxy Mb
crystal coordinate¥:38 Except for the distal His64(E7) and Val68(E11)
side chains (see below)gi(MbCO) anddgii(calc) generally differed

by first degassing the sample, followed by addition of 2 equiv of sodium 1y, jess than 0.2 ppr#.

dithionite (Nakarai Chemical, Tokyo). The solution pH was adjusted

to ~8.5 by addition of degassed 0.2 M N&#®Dor 2HCI; pH values
were not corrected for the isotope effect.

The geometric factor in eq 1 was generated for the pseudo-symmetry
axesx, Y, Z generated from the crystal coordinates, whosmincides
with the axial His N-Fe vector and the&, y' axes lie parallel to the

NMR Data. NMR spectra were recorded at 500 MHz on a GE g 5 meso-H,a,y-meso-H directions, respectively; henggs(calc) in
500 spectrometer. Nonsaturating reference spectra and WEFT-8pectra eq 1 automatically incorporates the effects of domming of the heme

(700 ms recycle time, 56300 ms relaxation delay) to suppress the  an the out-of-plane iron displacement characteristic of deoxy Mb. The

slowly relaxing diamagnetic envelope were recorded at48’C over
20 kHz @H,0) and 100 kHz{H,0) bandwidths. Rapidly exchanging

labile protons in the 1620 ppm window were detected using a 1:1

pulse sequenc®. T;s and line width A = (2T2)™Y), dominated by
Curie relaxatiorf?2°for other signals were estimated from

Ty/Ty = T, T, = RR® (2

usingT; ~ 60 m$**and @T,)~* = 200 Hz for a heme methyl witR
=6.1 A. Steady-state NOEs were recorded in BétfO and?H,0 as

described in detail previousi2with a 30 ms decoupler pulse to effect

orientation of the magnetic axe®(o,3,y), and the magnetic anisotropy,
were determined from a four-parameter least-square search by minimiz-
ing the error function

F
E(AXax'a'ﬁ"y) = inzpm[édip(ObS)— dgp(calo)f (%)

where

04ip(0bS)= dpsg(0bs)— d4,(0bs or calc) (6)

~50% saturation of the desired peak. Solvent suppression was achieved

by direct saturation during the relaxation delay. 2D NOESahd

clean-TOCSY* data were recorded under two alternate conditions.

Optimal detection of strongly relaxed resonances used 20 ms for
TOCSY andry, = 50 ms for NOESY spectra itH,O over a 20 kHz
window with a recycle time of 380 ms with 512blocks of 192 scans
and 2048&; points. Sequence-specific assignments used 100 ms

for NOESY andry, = 20 or 50 ms for TOCSY over a 20 kHz window
with a 1.1 s recycle time. Each of 512blocks consisted of 128 series

using as input those protons on nonligated resitfules which the
slopes in the Curie plot®)fsgobs) vsT~* or T-2) were found consistent
with the sign and magnitude @f,(obs)! and the deoxy Mb crystal
coordinates’~3° For simplicity, Ay was set to zero (see Discussion).
The optimizeda, S (in the limit of axial anisotropyy is not relevant
and is set to zero) were determined over a wide rang&yofanging
for large positive to negative values.

of 2048t, points. 1D spectra were exponentially apodized to introduce Results

1-50 Hz line broadening. 2D data sets were processed on a Silicon
Fast

Graphics Indigo work station using the Felix 2.3 software.
repetition rate experiments #H,O were processed using both°60
shifted sine-bell-squared function over 128 x 512 t, points to

The 500 MHzH NMR spectra in?H,0O for the resolved
resonances of human, horse, and sperm whale deoxy Mb at 35
°C under slow repetition conditions are illustrated in Figure 2

optimally detect cross peaks between strongly relaxed resonances andA—C, respectively), and the effect of temperature on the

45°-shifted sine-bell-squared function over 266x 1024t points to

resolution of the resonances for the sperm whale Mb spectra is

detect cross peaks between strongly and weakly relaxed protons. 2Dillustrated in Figure 2 (parts C (38C) and D (45°C),

data in'H,O were apodized by 36shifted sine-bell-squared function
over the collected; x t, points. All data were zero-filled to 2048
2048 points prior to Fourier transformation.

Magnetic Axes and Hyperfine Shifts Determination. The ob-
served chemical shiftipsg0bs) is referenced to sodium 2@methyl-

2-silapentane-5-sulfonate, DSS, and consists of three contributions, th

diamagnetic shiftdqis(0bs or calc), the dipolar shiféigy(obs or calc),

respectively). Comparison of the low-field region of the sperm
whale deoxy Mb spectra at 3& in 'H,O collected with a 1:1
pulse sequence with (Figure 2E) and without (Figure 2F) solvent
saturation reveals the presence of three rapidly exchanging labile
eprotons (labeled-ac) in the low-field window for the hyperfine
shifted resonances. In the following sections we pursue in detail

and for the iron-ligated heme and axial His93(F8) protons, the contact 8Signments on sperm whale deoxy Mb for which there exist

shift dco(0bs or calc).

Opsdobs/calcy= d 4 (obs/calc)t o, (obs/calcy=
dgi(0bs/calcHt dgp(obs/calcH- 6,(obs/calc) (3)

The sum of the latter two terms is also labeled hyperfine shiiftdgia
is obtained from assigned resonances in MB€&nd, if not available,
is calculated via

several unambiguous assignments based on isotope laBéting.
The assignments are later extended to horse and human deoxy
Mb by observation of similar TOCSY and/or NOESY cross peak
patterns.

Sperm Whale Deoxy Mb. Heme Assignment. As a
starting point for our assignments by 1D/2D NMR we take the
resolved heme methyls (5-GH3-CH;) assigned from earlier
deuterium labelind,the position of the two vinyl is, and the

(27) Gupta, R. KJ. Magn. Resonl976 24, 461—-465.

(28) Plateau, P.; Gueron, M. Am. Chem. S04.982 104, 7310-7311.

(29) Gueron, MJ. Magn. Resonl975 19, 58-66. Vega, A. J.; Fiat,
D. Mol. Phys.1976 31, 347—355.

(30) Johnson, M. E.; Fung, L. W.-M.; Ho, @. Am. Chem. S0d.977,
99, 1245-1250.

(31) Thanabal, V.; de Ropp, J. S.; La Mar, G. N.Am. Chem. Soc.
1987 109, 265-272.

(32) La Mar, G. N.; de Ropp, J. 8iol. Magn. Reson1993 12, 1-78.

(33) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.Rhem. Phys.
1979 71, 4546-4553.

(34) Griesinger, C.; Otting, G.; Whrich, K.; Ernst, R. RJ. Am. Chem.
Soc.1988 110, 7870-7872.

(35) Theiault, Y.; Pochapsky, T. C.; Dalvit, C.; Chiu, M. L.; Sligar, S.
G.; Wright, P. E.J. Biomol. NMR1994 4, 491-504.

(36) Cross, K. J.; Wright, P. El. Magn. Reson1985 64, 220-231.
Wishart, D. S.; Sykes, B. D.; Richards, F. M.Mol. Biol. 1991, 222, 311~
333 and references therein.

(37) Takano, TJ. Mol. Biol. 1977, 110, 569-584.

(38) Phillips, S. E.; Schoenborn, B. Rature 1981, 292 81—82.

(39) Bothdgia(MbCO) anddgis(calc) based on the two deoxy Mb crystal
coordinate¥38were used with only minor effects on the Euler angles and
anisotropy. For the Val68(E11), His64(E7), and His97(FG3) dihcalc)
was used in each case because these side chains have somewhat different
orientations in MbCO and deoxy Mb.

(40) This set of 24 protons is Leu32(B13)Ks; Thr39(C4) GH, CgH,
C,Hs; Phe43(CD1) GHs, GHs; Val68(E11) GHs; Leu72(E15) GH, CoHss;
Ala90(F5) GH, CgHs; Ala94(F9) GHs; His97(FG3) GH, CsHs; Tyr103(G4)
CsHs, GHs; 11le107(G8) GH, C,Hs; Phel38(H15) ¢Hs, GHs, GH;
Tyrl46(H23) GHs, GHs.
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Figure 2. Resolved portion of the 500 MH#H NMR spectra irPH,O o
of: (A) human deoxy Mb at 38C; (B) horse deoxy Mb at 38C; and K
sperm whale deoxy Mb atd) 35 °C and D) 45 °C. The low-field -
resolved portion of the 500 MHH NMR spectra intH,O of sperm
whale deoxy Mb in*H,O, collected with a 1:1 pulse sequence with
(E) and without F) saturation of théH,O signal; rapidly exchanging =]
labile proton signals are labeled a, b, ¢ ¥).(All solutions are 0.2 M 10
in NaCl, 50 mM in phosphate and pH 8.4. The nonlabile protons are

1 T
labeled in A) and vertical lines show the position of these resonances 12.0 8.0 -1.0 (ppm)

in the remainder of the spectrum. . .
P Figure 3. 500 MHz *H NMR spectra of sperm whale deoxy Mb in

2H,0O 0.2 M NaCl, 50 mM phosphate at 4&: (A) reference WEFT

. . 4 . spectrum (repetition rate 37% delay 50 ms) for this resolved
decoupling of thé3C labeled vinyl groups? One of the vinyl resonances:B) and D) portions of the NOESY spectrun« = 50

Hq (13.69 ppm) exhibits two TOCSY cross peaks (Figure 3C) ms, repetition rate 2.6:3), and €) portion of TOCSY spectrum (mixing
that locate the two b (12.63, 9.06 ppm), and a NOESY Cross time 10 ms, repetition rate 2.63. The peaks and cross peaks are
peak from the 9.06 ppm peak to the 3-§Higure 3B) identifies labeled as assigned in the text; boxes show positions of cross peaks
this spin system as the 4-vinyl group. The 2-viny}, kb observed at lower contour levels.
expected to resonate in the composite peak-d8 ppm. A
weak TOCSY peak (not shown) and medium NOESY peak which one proton (11.02 ppm) also exhibits a NOESY cross
(Figure 3B) from 13.10 to 3.54 ppm, that locates ong,2ihd peak (Figure 3B) to 7.59 ppm where the 8-£6l expected to
a strong NOESY cross peak from the latters2bl the resolved resonate on the basis of deuterium labefinghis locates the
2Hg peak at—1.39 ppm (Figure 3D) identify the 2Jdand 2H, 7-propionate Hs; the TOCSY/NOESY cross peaks to a less
respectively. The NOESY cross peak fromg2kb 7.60 ppm strongly relaxed and shifted methylene proton pair locate the
(Figure 3D) identifies the 1-Cfl as expected from deuterium  7-propionate Igs. Since our assignment of the 4-vinybHn
labeling® The inability to detect the 2j#H, TOCSY cross sperm whale Mb differs significantly from that reported eatfier
peak, previously reportétifor horse deoxy Mb at 400 MHz, is  for horse deoxy Mb, we recorded a definitive NMR spectrum
likely due to the combination of insufficiently strong spin-lock  of sperm whale deoxy Mb reconstituted with heme perdeuterated
field required by the larger shift dispersion (7.3 kHz) and the at all vinyl S-positions which clearly shows thabth 4-vinyl
expecte® increased line width at 500 MHz compared to that Hgs resonate in the low-field region, and one resolved 2-vinyl
at 400 MHz. Hp appears in the upfield resolved region (not shown; see
A strongly relaxed single proton at 13.63 ppm, which exhibits Supporting Information). The heme chemical shifts and their
a NOESY cross peak to 5-GHyields strong NOESY (Figure  temperature dependence, represented by the slope and intercept
3B) and weak TOCSY (Figure 3C) cross peaks to its geminal at T-1 = 0 K in a Curie plot (shiftvs reciprocal temperature),
partner (6.73 ppm) as well as a NOESY cross peak to a are listed in Table 1.
frequency common to the 5-GH1.38 ppm, Figure 3B); this Axial His F8 Assignment. Our starting point is the assign-
pattern identifies the 6-propionate,$iand one of its 5. A ment for the extremely low-field (Figure 4A) and strongly
pair of partially resolved and strongly relaxed single protons relaxed labile proton peak as that for the addalis ring NyH
exhibits the strong TOCSY (Figure 3C) and NOESY (Figure (to be confirmed below by sequence specific assignments).
3B) cross peak pattern characteristic for a,Gkagment, for Saturating the BH in H,0 resulted in a NOE to a nonlabile

mean chemical shifts for the vinyl 44 obtained by3C
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Table 1. Heme and Axial His93(F8H NMR Chemical Shifts for Sperm Whale, Horse and Human Deoxy M#H#O, pH = 8.4 at 35°C

sperm whale deoxy Mb

Ay =+0.96x 10°¢ Ay=-1.17x 109
Curie slopé (m¥mol) (m¥mol) horse deoxy human deoxy
OpsgObs}  (ppmK (T H° On(obs)  dap(calc) dcor(calcy Mb Spsgobs} Mb dpsgobs}
peak (ppm) x 1079 (ppm)  (ppm)  (ppm) (ppm)  dap(calc) Ocorcalc) (ppm) (ppm)
1-CH; 7.67 0.7 5 4.04 —3.12 7.16 —1.69 5.73 7.19 7.25
3-CHs 10.91 1.1 7 7.12 2.27 4.95 1.77 5.35 10.97 10.73
5-CH; 15.85 4.6 1 13.32 —2.36 15.7 —-1.20 14.5 15.42 15.87
8-CHs 7.71 1.2 4 4.12 0.62 3.50 2.14 1.98
2-Hq 12.82 —2.7 22 4.39 —0.85 5.24 —2.64 7.03 12.66 12.06
2-Hge 3.39 —-1.5 8 —2.30 —2.80 0.50 —2.10 —0.20 3.39 3.15
2-Hg —1.84 —4.2 12 —-7.57 —1.27 —6.30 —1.30 —6.27 —2.16 —-2.35
4-Hy 13.81 11.7 10 5.19 0.62 4.57 3.22 1.97 13.41 13.62
4-Hpe 13.12 4.6 -2 6.83 1.37 5.46 2.16 4.67 13.25 13.48
4-Hg, 9.27 21 3 2.66 0.70 1.96 1.64 1.02 9.39 9.50
6-H, 13.72 0.5 12 951 -1.64 7.87 —2.42 7.09 14.22 13.97
6-Hy 6.63 -1.3 11 2.42 —0.70 1.72 —2.90 —0.48 6.85 6.18
6-Hg 1.30 -0.8 4 1.26 1.58 1.65
7-Hq 13.21 2.7 4 9.00 2.09 6.91 0.40 8.60 13.25 12.53
7-Hy 10.97 —-0.5 13 6.76 2.65 4.11 —0.13 6.89 10.97 10.58
7-Hg 6.96 2.1 ~0 1.25 6.80 6.49
7-Hg 4.93 3.2 —6 1.95 4.35 4.52
H93(F8) NH' 8.80 0.4 8 1.10 0.19 0.9 0.97 0.1 8.80 9.00
H93(F8) GH 12.91 3.7 1 11.14 0.29 10.9 —-2.19 13.3 13.38 13.76
H93(F8) GH 5.07 1.2 1 3.30 0.92 2.4 —-0.28 3.5 5.25 5.11
H93(F8) GH 42.2 8.8 14 41.1 1.93 39.2 —-14.68 55.8 43.6 42.3
H93(F8) CH 42.2 8.8 14 40.6 14.7 25.8 39.85 0.7 43.6 42.3
HI93(F8) N,H" 75.2 17.6 18 65.8 0.37 65.4 3.10 62.3 76.1 77.6

aChemical shift, in ppm, referenced to DSS via the residual solvent resorfaBloge, in units of ppnK, of the plot of Spsgobs) versus
reciprocal absolute temperatufdntercept of the Curie plot at infinite temperature, in pghbtained from eq 3, usingis(MbCO) 354> € Obtained
from eq 1 for the magnetic axes witkyax = +0.96 x 1079 m¥/mol, a. = 30°, § = 41°, (y = 0°) and the 1.4 A deoxy Mb coordinatés.’ Obtained
from eq 3 usingdys in d and dgip(calc) ine. 9 Obtained from eq 1 for the magnetic axes Wi = —1.17 x 10°° m¥mol, o = 200, § = 51°,
and the 1.4 A crystal coordinatés." Obtained from eq 3 usindxs in d anddgip(calc) ing. | Chemical shifts in ppm iAH,0, pH = 8.4 at 35°C.

and strongly relaxed single proton in the composite near 13 ppmchain protons for Leu89(F4), GIn91(F6), and Ser92(F7) were
(Figure 4B), which, in turn, exhibits both strong TOCSY (Figure not located due to spectral congestion (and, in the case of Leu
3C) and NOESY (Figure 3B) cross peaks?ht,O to another
broad, nonlabile proton at 4.95 ppm at 45. These connec-
tivities are unique to the geminalgbl of His93(F8). A very
strong NOE from the BH to a labile proton at 8.80 ppm (Figure
4B), which also exhibits a moderate NOE iH,O (but not
2H,0) when the low-field His93(F8) Kis saturated (Figure 4

(parts C and D, respectively)), uniquely locates the His93(F8) of the two shifts and adverse relaxation properties.

89, expected extreme relaxation). The fifthHNNOE from

His F8 NsH (Figure 5A) is the peptide NH of a TOCSY detected
Ala spin-system (not shown) that gives a weak NOESY cross
peak to His F8 WH (Figure 5E). This unambiguously assigns
the later spin-system to Ala 94(F9). ThgHd>NyHes NOESY

cross peak is not observed, likely because of the near degeneracy
The

NpH. The failure to detect additional TOCSY peaks to either assignments of the two F helix Ala were confirmed by detecting
the NH or the Hs precludes the location of the,@ of His

93(F8), likely because of the strong relaxation of both the H ~ Tyr146(H23) ring (see Figure 5 (parts C and D)).

(T1 ~40—70 ms, line width~175-300 Hz) and INH (line width
~100 Hz; Figure 4B). These assignments, together with the independently establish the His F8HN assignment of the
two broad peaks observed near 42 ppm for the rigd, ©CsH
(again assigned on the basis of model compotHislocate
all but the GH for the axial His. The chemical shifts and which could be connected to heme contacts (see Supporting
slopesl/intercepts in a Curie plot are included in Table 1.
Sequence-Specific AssignmentsThe assigned His93(F8)
NsH and N)H signals provide a route to locating portions of
the F helix backbone. SaturatingsM yields two moderate
intensity and three very weak NOEs to five labile protons (in assigned protons with significant dipolar shift, together with
addition to the His93(F8) pH) in the peptide proton window
(Figure 5A), of which four participate in the sequential NH
NHi;1 NOESY cross peak pattern (Figure 5E) expected for a Supporting Information.
helix.2> TOCSY reveals that NH; in the four member series
belongs to an Ala that experiences small but significant low- and axial His assignments leave only six resolved or partially
field shifts and moderate relaxation effects (weak cross peaks);resolved signals, one on the low-field shoulder of the diamag-
the direction of the helix is established by thgHp:1-NH;+2
NOESY cross peaks. Saturating the His93(Fgj @xhibits a
moderate NOE to the 8 of this Ala (Figure 4C), which
uniquely identifies it as Ala 90(F5) via the expectedHz
CsHi+z NOESY cross peaks for am-helix. Most of the side

the expected ¢gH and GHs NOESY cross peaks to the
It is
noteworthy that the presetti NMR data unambiguously and

extreme low-field signal in Figure 4A. Spectral congestion
precluded the location of any other helical backbone fragment

Information for a schematic representation of the scalar and
dipolar connectivity pattern in the F helix). On the other hand,
a nearly complete A helix could be observed; these results are
provided in Supporting Information. The chemical shift for

their intercepts in plots of shift versis? and T2, are listed
in Table 2; shifts for other assigned residues are listed in

Assignments Based on the Crystal Structure.The heme

netic envelope and five upfield (two methyls and three single

protons). Six nonligated residues in the heme pocket are
expected to possess one or more protons that should exhibit
stronger relaxationTy < 50 ms) and larger line width>100

Hz) than heme methyls using eq 2: Phe43(CD1), His64(E7),
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Figure 4. Resolved portion of the labeled 500 MHd NMR WEFT
spectra (repetition rate 1.4'srelaxation delay 300 ms) of sperm whale
deoxy Mb in @) *H,0, 0.2 M NaCl, pH 8.4 at 35C. Steady-state
NOE difference spectra (irradiation time 50 ms) upon saturatiij: (
His93(F8) NH in H,O; (C) His93(F8) GH (as well as partially
saturating 2K, 4Hs. and 7H) in *H,0, (D) His93(F8) GH (as well as
partially saturating 2-k 4Hsc and 7H) in 2H,0, and E) His97(FG3)
CsH and 2H; in 2H,0. Relevant NOEs are labeled in each trace. The

position of the reference frequency is shown by a triangle and the effect

of off-resonance saturation is labeled @y

Val68(E11), Leu89(F4), His97(FG3), and 1le99(FG5). The
predicted NOESY cross peak from 5-gté a resonance in the
aromatic window (7.81 ppm) which exhibits NOESY (Figure
3B) and TOCSY (Figure 3C) cross peaks to the partially
resolved low-field peak at 8.89 ppm, together with the Curie
intercepts for both signals in the aromatic window, identify the
Phe43(CD1) GHs, GHs peaks, respectively. The expected
extreme relaxationTy ~ 12 ms, line width> 500 Hz) for the
C¢H precludes detection of the TOCSY/NOESY.H3-CH
cross peak. A TOCSY/NOESY cross peak (see Figure 3D;
TOCSY not shown) between two of the resolved upfield single
proton signals at-1.72 and—2.34 ppm, together with a NOESY
cross peak to 5-CH (Figure 3B), identifies the gHs of
His97(FG3); strong NOESY cross peaks from boys kb 2.73
ppm (Figure 3D) provide tentative assignment for th¢iC

The upfield resolved and strongly relaxdd ¢ 5 ms) methyl
peak (Figure 2 (parts C and D)) had been previously assighed
to the Val68(E7) GH3 on the basis of its unique proximity to
the iron R ~ 4.8 A). A second, less strongly relaxed methyl
peak at—3.86 ppm T1 ~ 22 ms,Ree ~ 6.0 A) is consistent
with arising from either Val68(E11) {13 or Leu89(F4) GHa.

Saturation of this resonance yields a weak NOE to the broad

1-CH; peak (not shown), which is again consistent with either
the Val or Leu methyl. However, the failure to detect a strong
NOE to another less strongly relaxed methyl identifies it as
Val68(E7) CHs. Prediction of extreme relaxatiom( < 20
ms, line width> 400 Hz) via eq 2 and artefacts introduced by
the necessary rapid repetition r&tereclude detecting the

Bougault et al.

in 2H,O which, moreover, are expected (see below) to resonate
within the diamagnetic envelope. The remaining partially
resolved signal at-2.87 ppm (labeled X in Figure 2 (parts C
and D)) withT; ~30 ms could arise from Val68(E11).8,
[1e99(FG5) GH, or Leu89(F4) CH, but the absence of any
TOCSY cross peak precludes differentiating between the
possibilities.

Residues with only a moderately relaxed proton G0; <
120 ms, 6 A< Ree < 7 A) as predicted by eq 2 include
Thr67(E10), Phel38(H15) and the G helix residues Leul04(G5),
[1e107(G8). Since only Thr67(E10),83 is close to the 7k
a NOESY cross peak (Figure 3B) to the methyl region locates
C,Hs; spectral congestion precluded locating the remainder of
the residue. Saturation of 2Hyields a NOE to the aromatic
window (Figure 4E), which is part of a three-spin TOCSY (not
shown; see Supporting Information) system and identifies the
Phe138(H15) ring, where exhibits an upfield dipolar shift.
NOESY cross peaks from an apparent methyl at 1.82 ppm to
both 3-CH and 2H, (Figure 3B) as well as a TOCSY cross
peak from 1.82 ppm to an aliphatic proton at 2.98 ppm (not
shown) that exhibits a NOESY cross peak to 3sGHigure
3B) is diagnostic for the gH-C,Hz fragment of lle107(G8).
The second methyl at 0.97 ppm which also exhibits NOESY
cross peaks to both 3-GH2H, (Figure 3B) must arise from
the GHs of Leu104(G5); a moderate NOESY cross peak from
the 3-CH to the GH spectral window identifies its & at
5.04 ppm; TOCSY locates (not shown) two other protons, the
likely CgHs. The GH, CgHs of a TOCSY detected Phe exhibit
NOESY cross peaks to theyN of our proposed Ile107(G8),
as expected on aw-helical fragmen®® and assigns it as
Phel06(G7). The connectivities that provide the definitive
assignments of Leul04(G5), Phel06(G7), and lle108(G8) are
provided in Supporting Information.

The remaining residues possess only weakly relaipg
7 A, T1 > 150 ms) protons. A complete TOCSY-detected Thr
(not shown; see Supporting Information) exhibits a NOESY
cross peak to the 4-vinyl group (Figure 3B) and uniquely
identifies Thr39(C4). A TOCSY detected isopropyl fragment
(not shown) with both methyls exhibiting NOESY cross peaks
to 2Hg (Figure 3D) locates the terminus of Leu72(E15). The
other expected weakly relaxed and weakly shifted Leu32(B13)
CsHs exhibits the expected NOESY peak to gHtHg. (Figure
3B), and Thr 39(C4) gH. Two two-spin aromatic side chains
observed in the TOCSY map (not shown; see Supporting
Information) exhibit NOEs to the His93(F8)s8s and NH
(Figure 4B-D) and 4-vinyl Hs (Figure 3B) and uniquely
identify Tyrl46(H23) and Tyrl03(G4), respectively. The
chemical shifts for assigned protons with significant dipolar shift,
together with their intercepts in plots of shift verstist and
T2, are listed in Table 2; other chemical shifts are listed in
Supporting Information.

Low-Field Labile Protons. Three exchangeable proton
signals located in the hyperfine shifted spectral window 40.5
15 ppm (Figure 2F) exhibit extensive, but incomplete, saturation
upon irradiating the solvent signal (Figure 2E). Saturating the
two peaks at 13.69 and 11.71 ppm led to the detection of two
very strong peaks each in the aromatic spectral window
diagnostic for two strongly hydrogen-bonded His side chains
remote from the hem®. Very similar peaks with the same

(41) Emerson, S. D.; La Mar, G. Biochemistry199Q 29, 1556-1566.
(42) While the chemical shifts for the labile proton signals in the
hyperfine shifted region have obvious diamagnetic origin, steady-state NOEs
nd NOESY cross peaks involving these resonances, although exhibiting

needed NOESY cross peaks necessary to assign the Hi564(E73ignificant saturation transfer, must be carefully considered in analyzing

C.H, Leu89(F4) CH, His97(FG3) GH, and 1le99(FG5) ¢H

either steady-state NOEs or NOESY cross peaks in thel5pm window.
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Table 2. Chemical Shift of Dipolar Shifted Protons on Nonligated Heme Pocket Residues in Sperm Whale, Horse, and Human Deoxy Mbs

sperm whale Mb horse Mb  human Mb
Opsg0bsy  daip(Obs¥ T~ ! slope Oim(T~1)d T2slope Oin(T79®  OpsqObsy  Spsqobs)
residue proton  (ppm) (ppm)  (ppmK x 1079  (ppm)  (ppmrK*x 107%)  (ppm) (ppm) (ppm)
Leu32(B13) GH3 2.11 1.15 3.9 0.9 6.0 1.5 2.11 2.28
Thr39(C4) GH 4.49 0.30 3.7 3.3 5.7 3.9 4.43 4.52
CgH 5.48 0.68 8.0 2.9 12.1 4.2 5.40 5.56
C,H3 1.54 0.40 5.8 -0.4 8.9 0.6 1.45 1.52
Phe43(CD1) GH 7.82 0.53 1.9 7.2 2.8 7.5 7.97 8.29
C.Hf 8.93 2.86 10.8 55 16.9 7.2 9.33 10.10
Thr67(E10) GHS 1.11 —0.39 2.9 0.1 4.2 0.6 0.69 0.40
Val68(E11) GHs —-4.10 —3.51 —21.6 2.9 —30.6 —-0.6 —4.60 —4.74
C,Hs —7.36 —5.04 —20.6 —-0.5 —29.2 -3.9 —7.59 —8.27
Leu72(E15) CH 0.50 —0.65 —5.7 2.4 —-8.7 1.4 0.45
CsH3 0.01 —0.89 —4.4 1.4 —6.7 0.7 0.00 —0.02
CsHsz —0.43 —0.85 —-5.6 1.4 —8.5 0.5 —0.49
Ala90(F5) GH 4.22 0.78 4.8 2.7 7.3 3.4 4.33
CgHs 1.61 0.42 2.9 0.7 4.4 1.1 1.64
Ala94(F9) GH 2.87 —-0.24 1.2 25 1.8 2.7 2.74
CgHs 0.67 0.37 9.1 -2.3 14.0 —-0.8 0.72
His97(FG3) GH 2.59 —1.65 —-13.7 7.1 —-19.5 4.8 2.43 2.39
CgH —-2.11 —4.86 —35.3 9.4 —=50.1 3.6 —2.49 —2.70
CsH —2.64 —4.29 —27.4 6.3 —39.0 1.8 —3.06 —-3.27
1le107(G8) GH 3.00 0.84 2.0 2.4 2.8 2.7 2.86 2.82
C,H3 1.74 0.72 3.9 0.5 6.0 1.1 1.60 1.50
Phel138(H15) GH 6.77 —-0.32 -1.9 7.4 —2.8 7.1
CH 6.60 —0.54 —-1.7 7.2 —2.6 6.9
CeH 6.16 —0.83 -9.7 9.2 —15.0 7.7

aChemical shifts for other heme pocket residues are listed in Supporting Informa@bemical shifts in ppm, referenced to DSS via the
solvent signal itH,0, 0.2 M NacCl, 50 mM phosphate, pH 8.4 at 35, unless noted otherwiseObtained via eq 3 usindu(MbCO)® at 35°C,
pH 5.6, unless noted otherwistSlopes and intercepts @t— « in plots of chemical shifts versuk™. ¢ Slopes and intercepts @t— o in plots
of chemical shifts versu=2. fIn 2H,0, 0.2 M NaCl, 50 mM phosphate, pH 8.4 at 35. 9 Obtained from eqs 3 and 4, whedg, is calculated
using the ring current shifts in am-helical fragmer# and the 1.4 A deoxy Mb crystal coordina8s! Val 67(E10) GHz chemical shift in horse
deoxy Mb instead of the corresponding Thr residue in sperm whale and human Mb.

dipolar connectivity patterns have been observed and assignedelaxed resolved peaks. In each case, several resonances are

in MbCO to His82(EF5) and His24(B5), respectivély. The
third labile proton at 10.62 ppm is consistent with arising from

Glu38(C6) NH, as reported for MbC®?

Magnetic Axes Determination. The chemical shifts for

predicted (Table 3) marginally outside the D0 ppm window,
notably His64(E7) NH, CH, His97(FG3) GH and the two
[1e99(FG3) GHs for Ay > 0, and Phe43(CD1) &, His64(E7)
CH, 11le99(FG5) GHs for Ay < 0 (Table 3). However, the

assigned protons with significant dipolar shifts, together with expected extreme line width 1 kHz andT;s < 10 ms (via eq

their intercepts in plots of shift versis and T2, are listed

in Table 2. The slope of the chemical shift in a plot of shift
versusT—2 (Figure 6) orT~1 (Curie plot; not shown) for the
assigned nonlabile protons with significant dipolar shit® (5
ppm) correlates reasonably well withi,(obs) and indicates that

2) for the His64(E7), His97(FG3) CHs and one lle99(FGH}C
would render the peaks undetectable in the presence of narrower
resonances in the same spectral window. The remaining
unassigned peak X at2.87 ppm at 45C (Figure 2A) likely
arises from [1e99(FG5) {H and is better predicted for the

the protons possess relatively fixed positions over the accessiblepositive than the negative anisotropy. A differentiation between

temperature rang®. Using the available data for these 24
signals?® a least-squared search Ba, 3, y) was carried out
as a function ofAy .y, assuming thal\y is negligible. A plot
of the residual error functiori/n, versusAy is shown in Figure
7. ForAy < 0, varyingAy has only marginal effects on both
o (2004 0°) andp (50 & 10°), and the minimum if-/n occurs
for Ay = —1.17 x 10°° m¥mol; y is irrelevant for an axial
system (not shown). In the case Af > 0, varyingAy had
stronger effects on the orientation of the tensor< 0 & 40°,

B = 30+ 20°), with the minimum inF/n occurring forAy =
+0.96 x 107° m¥mol. Plots of thedgip(obs) (eq 6) versus
ddip(calc) (via eq 3 and the optimum, /5), for the two minima

are presented in Figure 8.

Predictions obgip(calc) for significantly relaxed resonances
which could not be assigned are considered next. dhpéalc)
and dpsdcalc), using eqs 1, 3, and 4 for the two minima, are
listed in Table 3 where it is noted that dipolar shifts for the
nonassigned, strongly relaxed resonances place the majorit
under the edges of the intense diamagnetic envelope wher
detection is severely hampered or under other less strongly

(43) Yamamoto, Y.J. Biochem1996 120, 126-132.

the positive and negative anisotropy is not compelling, although
the failure to observe the predicted 11e99(FG5Hg (T1 ~90

ms) at—6 ppm for negative\yax argues strongly for a positive
sign for Ayax. Nevertheless|Ay| is well-bounded atc 1 x
1072 m¥mol.

Assignment of Horse and Human Deoxy Mb. The
comparison of the sperm whale and horse deoxy Mb spectra at
the optimally resolved conditions at 3& (Figure 2 (parts C
and B)) demonstrates that there is insufficient intensity for any
resonance in the ¥214 ppm window to arise from a methyl,
as discussed previousty. Detailed analyses of both the slow-
repetition 2D NMR data irtH,O as well as comparison of the
steady-state NOE pattern upon saturating the 4-vigylétated
in the low-field composite at 13 ppm resulted in the same
assignment for horse deoxy Mb as for sperm whale. The
NOESY maps for horse and human deoxy Mb (not shown; see
Supporting Information) convincingly demonstrate that the

Zpattern of NOESY/TOCSY cross peaks observed for sperm
whale deoxy Mb is conserved. The chemical shifts for the heme
and axial His(F8) for both horse and human deoxy Mb are
included in Table 1, and those for dipolar shifted protons on
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Figure 6. Plot of dqip(0bs), obtained from eq 3 amdia(MbCO), versus
the slope of the plot adpsg0bs) versus reciprocal absolute temperature
E squared for the 24 resonances used in the determination of the magnetic
axes: Leu32(B13) (Hs; Thr39(C4) GH, CsH, C,Hs; Phe43(CD1)
° CsHs, CHs; Val68(E11l) GHs Leu72(E15) GH, C;Hs CsHs;
~ Ala90(F5) GH, CsHs; Ala94(F9) GHs; His97(FG3) GH, CsHs;
Tyr103(G4) GHs, GHs; 11le107(G8) GH, C,Hs; Phe138(H15) ¢Hs,
C.Hs, GH; Tyr146(H23) GHs, CHs.
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Figure 5. Steady-state NOESs in the aromatic spectral window for sperm 3
whale deoxy Mb in'H,O, 0.2 M NaCl, pH 8.4 at 35°C upon £ 157 . * ]
saturating: A) His93(F8) NH; (B) His93(F8) GH; (C—E) NOESY s :’,
spectrum (irradiation time 100 ms, repetition rate 0.9 for aromatic/ _.'-
peptide H spectral window showing the NH-NIE)( NH-C,H (D), I s . ]
and NH-methyl C) dipolar contacts of interest. Also shown ig)(are Tr :' . .-"
the two Tyr intra-ring cross peaks (all relevant TOCSY connectivities L \,: . :’
shown in Supporting Information). Solid lines mark inter-residue ¥ o
connectivities in the sequence-specific assignments and dotted lines 05 s L
' 5 0 5

mark intra-residue connectivities.
9 3
10°x Ay . (m’/mol)

nonligated residues are included in Table 2 (others are listed in
Figure 7. Plot of the residual error functiof/n, (via eqs *-5) versus

Supporting Information).
Ayax (x10°) in 10° increments ofa, S (Aym is set to zero, and
Discussion consequently = 0). The two local minima correspond, respectively,
to Ayax = —1.17 x 10°° m3/mol andAyax = +0.96 x 10° m3/mol.

Resonance Assignment.The heme pyrrole substituents in The ¢,,(MbCO) shift$® and the 1.4 A sperm whale deoxy Mb crystal
sperm whale deoxy Mb have all been identified in a manner structuré® were used for the 24 input data in this calculation.
that results in complete consistency with earlier isotope label-
ing.>2* Not detected are the four meso-Hs for whith< 10 residues, in themselves, provide a challenge to assignment
ms and line width> 500 Hz are expected, and which likely pecause the paramagnetism introduces a negligible dispersion
resonate under the diamagnetic window, as found earlier into pbackbone HN-GHs over a diamagnetic derivative, while
model compound¥44 With the available complete assignment,  inducing significant relaxation for protons close to the iron. The
however, an analysis of the detected NOESY/TOCSY cross result is that standard backbone assignments in deoxy Mb are
peaks among resolved resonances outside the diamagnetic angonsiderably more limited than in either diamagnetic MBEO
between resonances outside and within the diamagnetic envelopgr the paramagnetic metMbG&complexes. The most prob-
leads to the conclusion thatuch data are insufficient to  |ematic assignments involve the strongly relaxed but inconse-
determine the heme assignments by 2D NMR aldRecourse  quentially hyperfine shifted resonances which resonate close
to either isotope labeling of the heme methyls or parallel to or under the diamagnetic envelopeId ppm. Both NOESY
assignment of key nonligated residue side chaiesPhe43(CD1)  and TOCSY cross peak detection between two protons within
with its characteristic contact to 5-GHPhe138(H15) with its  the envelope is severely compromised not only by the strong

diagnostic contact to the 248) is necessary. These latter
(45) Mabbutt, B. C.; Wright, P. EBiochim. Biophys. Actd985 832,

(44) Walker, F. A.; Simonis, UBiol. Magn. Reson1993 12, 133— 175-185.
(46) Qin, J.; La Mar, G. NJ. Biomol. NMR1992 2, 597-618.

274.
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SO I e A B N consistent with previous steady-state NOEs in sperm whale
Wy ] deoxy Mb based on théH labeled heme methyl. The
I ] His93(F8) GH resonance at 13 ppm and thgHNat 75.6 ppm
2 - N had also been proposed eadfein sperm whale deoxy Mb,
[ ] but the geminal partner His shown here (by TOCSY peaks)

0 20000 © : to resonate at 5.6 ppm rather than the previously reported 11.4
%W A ppm. The assignment of the upfield methyl to one Val68(E11)
] methyl on the basis of relaxation has been proposed previ-
I ] ously8® The present steady-state NOE pattern provides ad-
.ok . . ditional support for the other Val 3 at —3.86 ppm.
i ] The extension of assignments for sperm whale to horse deoxy
I ] Mb provide several contradictions with previous repd#sThus
-4 7 TOCSY clearly identifies a 4f4 and His93(F8) H in this

[ e ] composite peak at-13 ppm which were not recognized

] previously! Moreover, the definitive assigned 6H4H,, 7Hy
S resonances account fall of the remaining intensity of the 13
| B ] ppm compositeobviating any possible additional low field

: 1 methyl peaks. These results, moreover, are consistent with
2 ‘ 7 earlier'H NMR dat&® which excluded the presence of three
I ° ] low-field methyls in the complete pH titration of horse deoxy
L & ; Mb. The present assignment of the His97(FG3} kh sperm
or o o, ° ] whale deoxy Mb agree with the earlier similar assignments in
I . ] horse deoxy MB! The focal lle104(G5) gH-C,Hs; fragment,
I . ] proposed to resonate in the low-field windés clearly located
-2 . in the diamagnetic envelope with only minimal hyperfine shift.
I ° : ° ] The discrepancies between the present and previous horse deoxy
I ; ] Mb assignments emphasizes the problems in relying solely on
-4 - 2D data for heme assignment without investigating in parallel

[ ] the heme contact residues.

A ] Magnetic Properties of the Iron(ll). The observed dipolar
e — shifts for nonligated residue protons in deoxy Mb are quanti-
-6 4 2 0 2 4 tatively accounted for by a moderate magnetic anisotfogyx|
3 4 (Obs) ~1 x 107° m¥mol, about half that observed for low-spin

Figure 8. Plots ofoap(calc) (via eq 1) versusag(obs) for the optimized  1ron(l1) metMbCN, Ayax = 2.2 x 102 m¥mol#¢ The magnetic
magnetic axes that give the local minima in the residual error function, anisotropy of deoxy Mb should be considered only an estimate
F/n (eq 5) with @) the positive absolute minimum in Figure 7 with ~ since the tensor is unlikely to be axially symmetric (see below),
Ayax= +0.96 x 107° m¥mol, a = 30°, 8 = 41° (y = 0) and residual as assumed in eq 1. However, the limitédl NMR data on

F/n = 0.12 ppm, and B) the negative local minimum in Figure 6  dipolar shifts for definitively assigned protons, together with
With Ayax = —1.17 x 10°° m¥mol, o = 200, B = 51° (y = 0) and the uncertainty in thégp(obs) for most resonances because of
residual F/n = 0.35 ppmd. The data points corresponding to the  the small dipolar shifts for many protons and the uncertainties
resonances used to determine the magnetic axes are given in filled;, daia(0bs or calc) preclude a meaningful five-parameter search
circles, and the other assigned protons are shown by open circles. for the three Euler angles and the two anisotropigs, Az

relaxation that decreases both NOESY (sHajtand TOCSY with th? ava|labl_e NM_R data. . . -
(shortT,) but also the pulse repetition rate needed for effective _ Fr€vious consideration of the combined magnetic susceptibil-

18 A ,16
sensitivity produces serious artefacts precisely in the same'Y: qusbauéﬁ and EPR dqta could not resolve two
spectral windov#? contrasting bases for the magnetic moment neaBthe2 spin-

In the case of horse deoxy Mb, the detected TOCSY and only value, a!p“f_‘s?? grounq State or as_tate (or states) Wi.th
NOESY cross peak pattern as well as the individual shifts are S=<2and W'_th §|_gn|f|cant _orbltal co_ntnpuﬂon to the magnetic
essentially the same as those described in detail for sperm whaldnoment. - Significant orbital contributions to the magnetic

deoxy Mb. In human deoxy Mb, the 2D cross peak pattern is moment in the Iow-symmetry ligand fie_ld of deoxy Mb would
very similar to those of sperm whale and horse deoxy Mb, but be expected to result in largetensor anisotropy as the source

with some minor systematic differendé the dipolar contacts ~ ©f the observed dipolar shift. Conversely, sizable dipolar shifts
of Phe43(CD1). can arise from spin-only ions wit8 > 1/2 because of a large

Comparison with Previous Assignments. The present zero-fie_ld splitting (ZFS) constaim.>49-51 Inzfact, considering
resonance positions of heme methyls, vinysHand mean vinyl @ orbitally nondegenerate, such 88x(d%ydhdyde-y2d7),
Hgs peaks are quantitatively consistent with earlier methyl

(48) Horrocks, W. D., Jr.; Greenberg, E.EBochim. Biophys. Acta973

deuteration and viny#*C labeling in sperm whale deoxy M4 322 38-44.
The propionate assignments are considered robust and areao(49) Kurland, R. J.; McGarvey, B. Rl. Magn. Reson197Q 2, 286~
1.
(47) The Phe43(CD1) H-5CH; and Phe43(CD1) Ei-Phe33(B14) ring (50) Clark, K.; Dugad, L. B.; Bartsch, R. G.; Cusanovich, M. A.; La

cross peaks in human deoxy Mb are stronger and the Phe43(CBit) C  Mar, G. N.J. Am. Chem. Sod996 118 4654-4664. de Ropp, J. S;
5CHs cross peak is weaker than in sperm whale or horse Mb and indicates Mandal, P.; Brauer, S. L.; La Mar, G. N. Am. Chem. Sod997, 119
that Phe43(CD1) ring is placed slightly closer to the iron in human than in 4732-4739.

the other two deoxy Mbs. The closer placement of Phe43(CD1) to the iron  (51) Champion, P. M.; Sivers, A. J. Chem. Phys198Q 72, 1569.
in human than sperm whale deoxy Mb is consistent with the proposed closer Nakano, N.; Otsuka, J.; Tasaki, Biochim. Biophys. Actd972 236, 222.
placement of Val68(E11) to the irdh. Nakano, N.; Otsuka, J.; Tasaki, Biochim. Biophys. Actd972 278 355.
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Table 3. Predicted Spectral Parameters for Unassigned Protons in the Heme Pocket of Sperm Whale Deoxy R at 35
fit with Ayax= +0.96x 107°¢ fit with Ayax= —1.17x 107°¢

(m¥maol) (m¥mol)

T2 line widtht?  54i(MbCOYP ddip(calcy dpsgcalcy ddip(calcy dpsgcalcy
residue proton  (ms) (kHz) (ppm) (ppm) (ppm) (ppm) (ppm)
Phe43(CD1) eH 12 1.1 4.73 4.70 9.4 10.16 14.9
His64(E7) GH 89 0.1 4.92 1.39 6.3 0.71 5.6

CH 5 2.5 3.4% 7.37 10.8 —8.86 —-55
NH 4 3.0 3.88 7.84 11.7 4.15 8.0
Val68(E11) GH 33 0.4 3.26 —-4.61 —-1.4 —-3.61 -0.4
Leu89(F4) GH 21 0.6 0.58 3.12 3.7 6.44 7.0
CyHsz 60 0.2 0.42 2.31 2.7 1.01 1.4
His97(FG3) GH 11 1.2 2.34 —6.05 —-3.7 -0.77 1.6
NH 37 0.4 7.98 -1.31 6.7 0.70 8.7
1le99(FG5) GH 68 0.2 1.40 —0.04 1.4 —2.65 -1.3
CH 43 0.3 0.20 —-3.78 —-3.6 —5.42 —-5.2
C,/H 9 1.6 —0.59 —3.05 —3.6 —-3.15 —3.7
C,Ha 74 0.2 1.18 1.17 2.3 —-1.12 0.0
CsH3 90 0.2 1.2¢9 —1.47 —-0.3 -0.71 —-0.5
1le107(G8) GHs 80 0.2 0.31 —0.50 —-0.2 1.35 1.7

a Estimated using eq 2 with, = 57 ms, line width= 200 Hz, andRs. = 6.1 A for the heme 5-Ci ® Taken from ref 35, unless noted otherwise.
¢ Optimized magnetic axes with = 30°, 8 = 41° (y = 0°) using the 1.4 A deoxy Mb crystal coordinafsd Optimized magnetic axes with
= 200°, 8 = 51° (y = 0°) using the 1.4 A deoxy Mb crystal coordinafés¢ Obtained via eq 1, and the, 3, values given irc or d. f Obtained
from egs 3 and 4 using the deoxy Mb crystal coordirtasd dgp(calc) frome. 9 Calculated via eq 4 and the deoxy Mb crystal coordinétes.

ground state proposed by Kent etz for an axially-distorted Euler angles from the NMR data, together with the deoxy Mb
Fe(ll), the principal axes components of the susceptibility tensor, crystal structuré?38yield D ~—10 cnt?, which is in excellent
¥ andyo, can be related to the ZFS const@nand theg-tensor agreement in both sign and magnitude with previous estiri&tes.
using the Van Vleck equation and the spin-HamiltoAtan It is noted that recent L-edge X-ray absorption spectroscopic
L data have been interpret@an the basis of a well spacé&
_ 2_ 1 orbital ground state, but the detailed analysis demanded lower
H=5gSH, + gl SH,+ SH + D[SZ BS(SJr 1)] than axial symmetryife., a termE(S2—S?) must be added to
@) eq 7, withE/D ~0.3).
The two minima forAyax give rise to two perpendicular
@) orientations of the unique axis. For the more likely positive
Ayax the major axis points in the general direction of the
nonligated water molecular H-bonded to the distal His64(E7).

_ 2NA,“og||2ﬁ§|. e *+4e ¥
i KT [1+42e7+ 26

which yields There is no sound physical basis for expecting that this water
should dominate over the axial His. On the one hand, it has
- G_gefx_ileﬂ;x been reported that the heme normal, in contrast to earlier

 Napo9rBe 3 3 studies!* is probably not a principal direction for the electric

o= D l 1+ 26 + 2 ©) field gradient orientatio”® However, the restricted use of axial

symmetry (due to data limitation to carry out meaningful five

wherex = D/KT, g, andgs are the principal axis components Parameter searches), particularly in view of the significant

of theg-tensor in an axially distorted system. For the prevailing 'hombic asymmetry reflected in the L-edge X-ray absorption
conditions D < kT), this leads to spectref? make detailed interpretation of the orientation of the

susceptibility imprudent at this time.

The very similar dipolar shifts for sperm whale and horse
(10) deoxy Mb, together with their nearly identical heme cavity
structure, lead to the samde, for the two proteins. In the case
of human deoxy Mb, it is noted that alli(obs) ardarger (by
~10%; see Table 2) than for either horse or sperm whale deoxy
Mb. Since all shifts change in a similar pattern, we conclude
that theAyax in humans may be slightly larger than in the other
two deoxy Mbs. The separation of the hyperfine shifts from
the heme and axial His into dipolar and contact contribu-
tion, as shown in Table 1, reveals heme contact shifts which
shed little new light on the ironporphyrin bonding. Itis likely
that, as in the case of high-spin iron(Iffythe observed con-
tact shift reflects a combination of bothand spin delocal-
ization, of which the former is likely dominant, as witnessed
by large pyrrole-H and somewhat smaller pyrrole-methyl contact
shifts?

NattoBe 14D 1
Afax= KT = ’2(9“2 - gmz T BkT gu2 + EQDZ)

Equation 10 reveals that dipolar shifts are expected to exhibit
shifts0d T~ behavior due to anisotropy of tlgetensor andr—2
behavior due to ZFS, as also predicteahd observed for high-
spin ferric hemoproteing®%:51 Inspection of the intercepts at
infinite temperature of the dipolar shift i~ and T-2 plots
(Table 2) reveal¢he latter, but not the former, are close to the
expecteddgia and favor the dominant contribution to the
magnetic anisotropy as originating in ZFS. For many protons
Oint(T~1) anddin(T~2) do not differ sufficiently to unambiguosly
establish the temperature dependence of the dipolar shifts
because of the relatively small values&@fy(obs). However,
the completely unacceptahlg(T-?) for the proton with sizable
Ogip(0bs),i.e., Phe43(CD1) @Hs, His97(FG3) gHs and GH,
clearly establish that only th& 2 behavior is an appropriate - — - - -
description fordgip(obs). Hence a ground state wih< 2 can J.;%ﬁ){i‘,ﬁvcae'fgmf*éf‘é?g;nﬁ; “S"_'”g_“,i,ﬁ.“"ghiﬂeggrfég% ﬂ'gi%%rfle' S
be rejected. The optimizedAyax = 0.96 x 10~° m3/mol and 4928.
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