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Abstract: Solution *H NMR spectroscopy has been used to determine the relative strengths (covalency)
of the two axial His—Fe bonds in paramagnetic, S = %/, human met-cytoglobin. The sequence specific
assignments of crucial portions of the proximal and distal helices, together with the magnitude of hyperfine
shifts and paramagnetic relaxation, establish that His81 and His113, at the canonical positions E7 and F8
in the myoglobin fold, respectively, are ligated to the iron. The characterized complex (~90%) in solution
has protohemin oriented as in crystals, with the remaining ~10% exhibiting the hemin orientation rotated
180° about the a-, y-meso axis. No evidence could be obtained for any five-coordinate complex (<1%) in
equilibrium with the six-coordinate complexes. Extensive sequence-specific assignments on other dipolar
shifted helical fragments and loops, together with available alternate crystal coordinates for the complex,
allowed the robust determination of the orientation and anisotropies of the paramagnetic susceptibility tensor.
The tilt of the major axis is controlled by the His—Fe—His vector, and the rhombic axes are controlled by
the mean of the imidazole orientations for the two His. The anisotropy of the paramagnetic susceptibility
tensor allowed the quantitative factoring of the hyperfine shifts for the two axial His to reveal an
indistinguishable pattern and magnitudes of the contact shifts or z spin densities, and hence, indistinguish-

able Fe-imidazole covalency for both Fe—His bonds.

Introduction

Vertebrate globins, in particular hemoglobin, Hkand
myoglobin, Mb, are @ carriers and @storage proteins found
in diverse speciek:* They represent one of the most extensively

studied class of folded proteins. In the more common form,

globins appear as150 residue proteins consisting of 8 helices
(A-H) in a characteristic fold where the heme binds to the
protein through a single protein ligand, the proximal His(F8)
(eighth position on helix F), with the distal side available for

globins has been identified consisting of both normal lelg#

and truncated Hb*$~17 for which the protein provides two His
ligands to the heme to render a coordinately saturated chro-
mophore in the absence of exogenous ligand for both the
reduced and oxidized forms. These six-coordinate globins are
found in nonsymbiotic plant¥, cyanobacteria® 18 insects!3

and, most surprisingly, in mammals;’>1%and a combination

(6) Ouellet, H.; Ouellet, Y.; Richard, C.; Labarre, M.; Wittenberg, B.;
Wittenberg, J.; Guertin, MProc. Natl. Acad. Sci. U.S.2002 99, 5902

exogenous ligation by small molecules. This conserved fold is (7) Milani, M.; Savard, P.-Y.; Ouellet, H.; Ascenzi, P.; Guertin, M.; Bolognesi,

found in both monomeric and oligomeric globins. Shorter

(truncated) globins of-108 residues also have been character-
ized which retain less than the eight helices and exhibit a specific

portion of the “Mb fold”5~° More recently, a new class of
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of mutagenesis and structural characterization has shown thaicovalency as observed in a paramagnetic derivativéH/idMR

the sixth endogenous ligand is His(E7). The existence of a six-
coordinate “deoxy” globin introduces yet another mechanism
of control of function in that the ligation on-rate must be
preceded by the rupture of the His(E7)-iron bdhd%-21
Neuroglobir?? Ngb, and cytoglobir?®-25 Cygb, are two new
members of the vertebrate globin family which exhibit only
limited sequence homology to Mb or Hb and for which a distal
His is capable of forming a sixth bond to the heme iron in both
the functional reduced or oxidized oxidation staA®¥.Ngb is
an ~150 residue protein expressed primarily in the brain and
retina of the ey@® Cygb expressed in diverse tissues with
unknown functiof®2426.27is an~190 residue globin for which
the central~150 residues exhibit sequence homology to Mb
and Hb. Both exhibit @affinity that is similar to that of Mb.
The factors that control the distal His E7 bond scission are

spectroscopy®3*The latter technique is particularly well-suited
to such a study, since the contact shifs, that results forr
spin transfer from the His imidazole ring to the iron directly
monitors the bond covalené§:3> Analyses of the contact
contributions to the hyperfine shifts of ligated His in both
cyanomet globin¥ and ferricytochrom® have revealed that
the unpairedr spin resides in the highest filled MO of the
imidazole ring, which results in the largest detectablepin
density at C (resulting in an upfield @4 contact shift),
somewhat less spin density in € (resulting in upfield GH
contact shift). The low-spin, ferric or metCygb complex is well-
suited for such an NMR study, since the paramagnetism results
in significant chemical shift dispersion in the active site due to
hyperfine shifts, ons, that will resolve the two axial His
resonancé? At the same time, this oxidation/spin state intro-

incompletely understood and constitute an active area of globin duces only weak-to-moderate paramagnetic relaxation that does

research#9-22280Qne obvious possibility is that the distal His
Fe bond is intrinsically strained in the deoxy state. Both Ngb
and Cygb have been sho®ro form disulfide bonds between
two Cys, and in the case of Ngb, the éffinity, and hence the
His—Fe bond scission rate, change®¥ by a factor of 10 (only

a factor of ~2 in Cygb). Two crystal structures of metCygb

not seriously interfere with the definitive characterization of
solution molecular and electronic studies by appropriately
tailored 1D/2D NMR3437:38The large anisotropy of low-spin
iron(lll) heme also results in substantial dipolar shiftg, for
both the ligated and nonligated active site residues. Thys

is the only source obys for nonligated residues, but for the

have been reported, one for the human double-mutant C38S/heme and axial ligandgqi, contributes significantly todns

C83S-metCygb that abolishes the potential disulfide!fidkand
another of human wild-type metCydb.The dominant six-
coordinate form in the formé&tand the sole six-coordinate form
in the lattet? have the distal FeHis(E7) bond slightly longer
(but within experimental uncertainty) than the-Hdis(F8) bond.
Some evidence for an intrinsically weak-Hdis(E7) bond could
be inferred from the observation that, for one of the two
inequivalent molecules in the unit cell, the populations of six-
coordinate and five-coordinate, with the Fe-His(E7) bond
ruptured!! are 55% and 45%, respectively.

Spectroscopy can aid in the detailed characterization of axial

according to
1)

In order to determin&.on for the two His, which is directly
proportional to Fe-His covalency, it is first necessary to
quantitatively determin@gi,, Which is given by*3940

6hf = 6con + 6dip

= (247uN,) {3Aza(coS 6 — DR +
2Ay,, Sint 6'cos VR 3 T(a, B,7) (2)

6dip

ligand bonds in hemoproteins, by either detection of the strength whereR, 6', Q' (X, y', Z) are the coordinates of a given proton

of the bond as revealed in the characteristic-H& bond
vibration in resonance Raman speétr& or the Fe-His

(19) Vallone, B.; Nienhaus, K.; Matthes, A.; Brunori, M.; Neinhaus, GPthc.
Natl. Acad. Sci. U.S.A2004 101, 1735%+17356.
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276, 38949-38955.
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520-523.
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19, 416-421.
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Y.; Seki, S.; Yoshizato, KJ. Biol. Chem2001, 276, 25318-25323.

(26) Pesce, A.; Bolognesi, M.; Bocedi, A.; Dewilde, S.; Moens, L.; Hankeln,
T.; Burmester, TEMBO Rep2002 3, 1146-1151.

(27) Hankeln, T.; Ebner, B.; Fuchs, C.; Gerlach, F.; Haberkamp, M.; Laufs, T.
L.; Roesner, A.; Schmidt, M.; Weich, B.; Wystub, S.; Saaler-Reinhardt,
S.; Reuss, S.; Bolognesi, M.; Sanctis, D. D.; Marden, M. C.; Kiger, L.;
Moens, L.; Dewilde, S.; Nevo, E.; Avivi, A.; Weber, R. E.; Fago, A;;
Burmester, TJ. Inorg. Biochem2005 99, 110-119.

(28) Couture, M.; Burmester, T.; Hankeln, T.; Rousseau, Ol.IBiol. Chem.
2001, 276, 36377-36382.

(29) Hamdane, D.; Kiger, L.; Dewilde, S.; Green, B. N.; Pesce, A.; Uzan, J.;
Burmester, T.; Hankeln, T.; Bolognesi, M.; Moens, L.; Marden, MJC.
Biol. Chem.2003 278 51713-51721.

(30) Spiro, T. GResonance Raman Spectroscopy of Hemes and Hemoproteins
Wiley-Interscience: New York, 1988.

(31) Sawai, H.; Makino, M.; Mizutani, Y.; Ohta, T.; Sugimoto, H.; Uno, T.;
Kawada, N.; Yoshizato, K.; Kitagawa, T.; Shiro, Biochemistry2005
44, 13257-13265.

(32) Sawai, H.; Kawada, N.; Yoshizato, K.; Nakajima, H.; Aono, S.; Shiro, Y.
Biochemistry2003 42, 5133-5142.

V.;

in an iron-centered, reference coordinate system (as provided
by crystallography)Ayax and Ay, are the axial and rhombic
anisotropies of the paramagnetic susceptibility tengan the
magnetic coordinate system,y, z, wherey is diagonal; and
I'(a, B, y) is the Euler rotation that converts the reference
coordinate systenx, y', Z, into the magnetic axeg, y, z. The
three Euler anglea, § andk ~ o + v represent the direction

of the tilt of the major magnetic axis from the heme normal,
the magnitude of this tilt, and the location of the rhombic axes,
as shown in Figure 1.

Our interests in this report are to characterize in detaiithy
NMR the active site molecular and electronic structure of
metCygb in solution, explore the utility of hyperfine shifts for
the axial His to quantitatively compare the-Hdis bonds for
the proximal and distal His, and assess the presence in solution

(33) Bertini, I.; Turano, P.; Vila, A. JIChem. Re. 1993 93, 2833-2933.

(34) La Mar, G. N.; Satterlee, J. D.; de Ropp, J. SThe Porphyrins Handbogk
Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego,
CA, 2000; Vol. 5, pp 185298.

(35) Nguyen, B. D.; Xia, Z.; Yeh, D. C.; Vyas, K.; Deaguero, H.; La Mar, G.
J. Am. Chem. S0d.999 121, 208-217.

(36) Brennan, L.; Turner, D. LBiochim. Biophys. Actd997 1342 1—-12.

(37) La Mar, G. N.; de Ropp, J. Biol. Magn. Reson1993 18, 1—79.

(38) Bertini, I. In The PorphryinsKadish, K. M., Smith, K. M., Guilard, R.,
Eds.; Academic Press: New York, 2000.

(39) Williams, G.; Clayden, N. J.; Moore, G. R.; Williams, R. J.P.Mol.

Biol. 1985 183 447-460.
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the temperature range-35 °C at repetition rates of-15 s * over 10~
100 kHz spectral windows using a standard one-pulse sequence with
saturation of the water solvent signal. The chemical shifts were
referenced to 2;2limethyl-2-silapentane-5-sulfonate (DSS) through the
water peak calibrated at each temperature. The spectra were exponen-
tially apodized with 5 Hz line broadening. Nonselectizevalues for
the resolved peaks were determined from the null in the standard
inversion-recovery experimen(lg ~ t,u/ln 2) at a repetition rate of
1 s L. The rapidly relaxing signals were selectively enhanced in WEFT
spectréd! at a repetition rate of 10 or 55with a relaxation delay of
1-100 ms, where the slowly relaxing diamagnetic envelope was
suppressed. Steady-state NOE spectra upon saturating the heme methyl
peaks were collected itH,0O at 600 MHz with a repetition rate of 1.5
st and a 300 ms irradiation time. The spectra were exponentially
apodized with 10 Hz line broadening. WEFT-NOE spettigpon
saturating the rapidly relaxing signal His81(E7)H\were collected at
500 MHz in*H,0O with a repetition rate of 1073, a 45 ms relaxation
delay, and a 50 ms irradiation time. The spectra were exponentially
apodized with 20 Hz line broadening.

NOESY spectr& were collected irtH,O at 600 MHz at 18, 25, 30,

» \ and 35°C with a repetition rate of 18 and a 60 ms mixing time,
AN AN T~ f"\ > using 512 t blocks and 2048 tpoints. Spectral windows were 19 kHz
\,/,/’_.V/ﬁsz R -2 /“ﬁ,\\\ at 25 and 35C and 11 kHz at 18 and 3. CLEAN-TOCSY spectr&
— =7V [T N \M\ M I were recorded idH,O on the 500 MHz spectrometer at 26 with a
\\fvf 6 kHz bandwidth, a 40 ms mixing time, and a repetition rate-&f2

s1, at 30°C with a 8 kHz bandwidth, a 22 ms mixing time, and a
repetition rate of 0.8, and at 35°C with a 6 kHz bandwidth, a 40
ms mixing time, with a repetition rate of 0.8 as well as with a 10
kHz bandwidth, a 25 ms mixing time, and a repetition rate of'] all
using 512 1 blocks and 2048 tpoints. The 2D data set were processed
using Bruker XWIN software on a Silicon Graphics Indigo work station
and consisted of 36shifted-sine-squared-bell apodization in both
dimensions and zero-filling to 2048 2048 data points prior to Fourier
transformation.

i m Magnetic Axes Determination.The location of the magnetic axes
Arg84 / N was determined by finding the Euler rotation anglE&y,j3,y), that
E10 AlaB2 ) h tatstructure-based, iron-centered ref dinat
s E4 convert the crystatstructure-based, iron-centered reference coordinate
) i ] ) system,X, Y, Z, into the magnetic coordinate systeryy, z, where
Figure 1. (A) Reference coordinate system, y, Z, with X, y" in the the paramagnetic susceptibility tensgr,is diagonal andy, 3, y are

heme plane and normal to the heme. The magnetic coordinate sysiem, 30,44 ; ; ;
y, 2, with 8, the tilt of the major magnetic axig, from the heme normal, the three Euler anglé43°44The angles dictates the tilt of the major

Z; a.indicates the direction of the tilt given by the projectionzainto the axis, z, from the heme normat; a reflects the direction of this tilt
X,y plane and the axis, andc ~ o+ y locates the rhombic axes. The  and is defined as the angle between the projection of-tds on the
two anglesgrs and g7 represent the orientation of the His113(F8) and hemex’, y' plane and thed axis (Figure 1A); andc ~ o + y is the
His81(E7) imidazole planes, respectively, relative to tieaxis. (B) angle between the projection of theaxis onto the hem#, y' plane
Schematic representation of the heme pocket of metCygb (squares areang thex' axis and locates the rhombic axes (Figure 1A). Magnetic

proximal residues and circles are distal). The observed (and expected) . _ - .
NOESY connections between the heme substituents and heme pocketaXeS were determined by a least-square search for the minimum in the

residues and between heme pocket residues of different helixes (or Ioops)error function, F/n:
are shown by dashed lines. Residues are labeled by residue type, residue
number, and helical (or loop) positions in the standard Mb fold. E/in= 2[(5dip(0b3d)_ 5dip(Ca|Cd))]2 3)

of equilibrium, five-coordinate derivatives with the FEelis-

: : here the calculated dipolar shifigis(calcd), in the reference coordinate
E7) bond ruptured, such as observed for a minor population " o .
(E7) P pop systemx,Vy, Z, (orR, 6', Q") is given by eq 2. The observed dipolar

of molecules in the C385/C835-met-Cygb crystal structdire, ) o
. . . shift, daip(0bsd), is given by
and as expected as an intermediate in the process of exogenous

ligand binding. O giplObsd)= dpsdobsd)— dpeqdia) @)

Experimental Methods
Sample Preparation. The metCygh sample was prepared as where dpsgobsd) anddpsddia) are the chemical shifts, in ppm,
described in detail previoush.Two WT human metCygb samples referenced tO,DSS’ for. the paramagnetlc' metCYQb complex, _and an
(the first one in 90%8H.,0 and 10%H,0 and the second one in 90% isostructural diamagnetic complex, respectively. Since the experimental
2H,0 and 10%H,0), pH 7.5 in 50 mM phosphate buffer were prepared data on the latter one are not available, reasonable chemical shift can
1 :
for the *H NMR study. The concentration of the samplei,O was (41) Gupta, R. K.J. Magn. Resor1976 24, 461—465.

~2.5 mM, and that of the one #H,0, ~0.2 mM. (42) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, Rl.Rehem. Phys1979
NMR Spectroscopy.’H NMR spectra were collected itt,0 and 71, 4546-4553.

2H,0 on either a Bruker Avance 500 or 600 spectrometer operating at (43) Griesinger, C.; Otting, G.; Wrich, K.; Emst, R. RJ. Am. Chem. Soc.
)

A 1988 110, 7870-7872.
500 or 600 MHz, respectively. Reference spectra were collected over (44) Emerson, S. D.; La Mar, G. NBiochemistry199Q 29, 1545-1555.
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T T
40 38 36 2 20 18 16 14 12 101 -2 -4 -6 -8 ppm

Figure 2. Resolved portions of thtH NMR spectra of human metCygb, 50 mM in phosphate, pH 7.5 &C2%eme signals are identified by the Fischer
notation (Figure 1), and residue peaks are labeled by residue type, residue number, and proton position. (A) The 600 MHz slow repetitio) rate (1 s
reference spectrum itH,O; (B) the 500 MHz WEFT spectrum (repetition rate 3,gelaxation delay 40 ms), which emphasizes the moderately to strongly
relaxed protons; (C) the 500 MHz slow-repetition rate () seference spectrum itH;0.

be determined with values using the ShiftX progfaand adding the relaxed protons must arise from the four nonlabile ring protons
ring current chemical shift induced by the hefhesing the alternate  of the two ligated Hig# Several low-field resonances exhibit
crystal structuré*? For the ring protons of aromatic residues not T, < 50 ms, of which that at 18.1 ppnT{ ~20 ms), among
covered in the Shift X prograrft, the dpsgdia) was calculated as others in the window 920 ppm, is lost in the spectrum #1,0

de.scr'b.eq n detail previousfy.The contact shift for the heme and the (Figure 2C). TheT; values for resolved signals are listed in
axial histidine protons can be obtained by Tables 1 and 2

O ¢on= Ops0bsd)— Opsddia) - d4,(calcd) (5) Assignment of the Heme TOCSY spectra (not shown; see
Supporting Information) locate one GHCH,, one CH—CHj,
Results and one vinyl group with significant temperature dependence
The resolved portions of the 600 MHE NMR spectrum of to the shifts to indicate origins as heme substituents. The fourth

metCygb inH,0 are shown in Figure 2A. The spectrum Protonto the CH—C_ZHZ fragment (as_well as_the protons of the
consists of six (three upfield, three low-field) resolved methyl Other vinyl group) is outside the spin-lock field of the TOCSY
peaks and numerous resolved, single-proton peaks that argu$Pectrum, but an intense NOESY crosspeak indicative of
for a single, dominantX90%) molecular species. There are geminal protons (Figure 3D) and characteristic low-field
several other weak peaks detected from a clearly minor resolved GH to an upfield resolved gH, of a vinyl (Figure
component, whose intensities represent the likely methyls for a 3A) identify the four non-methyl heme substituents. Two of
<10% minor component. Several of the resolved, low-field, the three low-field resolved methyls exhibit the weak inter-
single proton peaks are strongly relaxed, as is obvious in the methyl NOESY crosspeak of 1-GHand 8-CH (Figure 3E),
WEFT trace in Figure 2B. Three very broad and strongly relaxed and NOESY contact of the former with a vinyl (Figure 3A)
linewidths ~500 Hz (T; ~ 3 ms) are observed, of which the and the latter with a Ck+CH;, (Figure 3C) fragment identify
two upfield peaks at-5 ppm (marked Y in Figure 2B) and at  the 2-vinyl (and hence 4-vinyl) and 7-propionate (and hence
—9.5 ppm (labeled H8) exhibit intensities consistent with ~ 6-propionate) heme signals. NOESY cross peaks of a-CH
arising from one proton each, while the partially resolved low- CH, fragment to the remaining resolved methyl peaks-a6
field peak at~15 ppm (marked X in Figure 2B) has an intensity ppm (not shown) identify 5-Ckl The remaining TOCSY-
indicative of more than one proton. Such broad and strongly detected 4-vinyl group exhibits NOESY cross peaks to a
nonresolved methyl group with no scalar connectivity (not

(45) Neal, S Nip, A.M.; Zhang, H.; Wishart, D. 3. Biomol. NMR2003 26, shown) and with characteristic anti-Curie behavior (see Sup-
(46) Cross, K. J.; Wright, P. E1. Magn. Reson1985 64, 220-231. porting Information) to provide the remaining 3-gksonance
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Table 1. Observed Chemical Shifts, Dipolar Shifts, and Contact Shifts for the Heme and Two Axial His Ligands in Human Metcytoglobin

Ooss(0bsd)?(T)? Opss(dia)® On’ Oap(calcd)® Ocon’ dgp(caled)d Ocon'
heme
1-CHs 18.81(105) 3.6 0.2 15.2+ 0.2 —2.54+0.2 17.7£ 0.4 —2.9+0.3 18.1+ 0.5
3-CHs 6.59 3.8+ 0.2 2.8+0.2 —-4.7+0.4 7.5+ 0.6 —5.0+£ 0.5 7.8+£0.7
5-CH; 36.43 (95) 2.5-0.3 33.9+ 0.3 —-2.54+0.2 36.4+ 0.5 —-2.940.3 36.8+ 0.6
8-CHs 13.29 (105) 3.6 0.2 9.7+ 0.2 -4.3+0.4 14.0+ 0.6 —-5.2+05 14.94+0.7
6-CyH’s 17.61(90), 9.68
6-CsH's 3.41,1.92
7-CyH's 2.05,2.05
7-CgH'’s —0.92,-0.07
2H, 16.23 (85)
2Hg's —4.76,—5.67(150)
4H, 5.22
4Hg's —0.23,-0.71
o-meso-H 2.86 9.9+0.5 —-7.0+0.5 —9.8+0.8 2.8+ 1.3 —9.94+0.8 29+ 1.3
B-meso-H 1.50 9.3+ 0.5 —-7.840.5 —-9.64+0.8 1.8+ 1.3 —10.94+0.9 3.1+ 14
y-meso-H 5.37 10.2+0.4 —-4.8+0.4 —9.84+0.8 5.0+ 1.2 —-9.9+0.8 51+ 1.2
o0-meso-H 3.98 9.9+ 0.4 -5.9+0.4 —-9.6+ 0.8 3.7+£1.2 —10.9+0.9 50+ 1.3
His81(E7)[E6]*
NH 10.06 7.8:0.4 2.8+ 0.4 2.4+ 0.2 0.4+ 0.6 2.4+ 0.2 0.4+ 0.6
CuH 7.88 2.7+ 0.2 5.2+ 0.2 4.6+ 0.4 0.6+ 0.6 42+ 0.4 1.0+£0.6
CpH 8.65 1.9+ 0.3 6.8+ 0.3 6.7+ 0.6 0.1+ 0.9 6.2+ 0.5 0.6+ 0.8
CpoH 14.24(49) 1.8 0.3 12.4+ 0.3 6.1+ 0.5 6.3+ 0.8 6.3+ 0.5 6.0+ 0.8
CH —8.7 (~3) 2.3+ 1.0 -114+1.0 19.6+ 1.6 —-30.7+ 2.6 15.24+1.3 —26+2.3
CsH 154+2(~3) 0.0+ 0.7 15+ 2.7 14.3+ 1.2 -0.7+ 3.9 19.9+ 1.6 —-4.94+4.3
His113(F8)YF15]
NH 12.31 7.1+ 04 59+ 0.4 52+ 04 0.7+ 0.8 6.3+ 0.5 -0.44+0.9
CyH 8.10 2.2+ 0.2 5.7+£0.2 6.2+ 0.5 -0.5+0.7 6.8+ 0.6 —-1.1+0.8
CpiH 8.10 1.5+0.3 7.2+ 0.3 6.2+ +0.5 1.0+0.8 6.5+ 0.6 0.7+ 0.9
CpoH 15.2(47) 1.74+0.3 14.44+ 0.3 6.9+ 0.6 7.5+ 0.9 7.5+ 0.6 6.9+ 0.9
CH —4.95(-3) 0.8+ 0.8 —-5.8+0.8 176+ 1.4 —23.4+2.2 22.2+1.8 —28.0+ 2.6
CsH 15+2(~3) —-0.8+0.7 15.8+ 2.7 15.7+1.3 0.1+ 4.0 11.5+1.0 4.3+ 3.7
NsH 18.4(20) 7.4£04 11.0+:0.4 12.2+1.0 1.2+ 1.4 142+ 1.2 —3.2+1.6

aObserved chemical shift, in ppm, from DSS,%1,0, 50 mM in phosphate, pH 7.5 at 3Q. b Ty, in ms, for resolved resonancé<Chemical shift for
an isostructural diamagnetic complex, as provided by the sh¥faid the porphyrin ring curretftprogram. For the heme methyls and meso-protons of the
cytoglobin the chemical shifts for MbC®were used? Experimental hyperfine shift (eq 1), as obtained frépsg(obsd) — dpsgdia). € Dipolar shift, as
calculated by the optimized magnetic axes described in Table 3 and Figure 7. Magnetic axes were obtained using WT metCygb crystal ¥oordinates.
f Contact shift, as obtained from eqgs 1 and Ripolar shift, as calculated by the optimized magnetic axes described in Table 3 and Figure 7. Magnetic axes
were obtained using C38S/C83S metCygb crystal coordinates for cHair! Bll the meso protons were artificially placed with the same distance from the
Fe ion when their dipolar shift was calculatédelical/loop position in mammalian (i.e., axial His is F8, distal is E7, etc.) Mb fold is given in parentheses.
I Actual helical/loop positions in Cygb are given in square brackets.

position. NOESY cross peaks from the substituents adjacentto  Six helical fragments are detected by their charactetfstic
a meso position to relaxed peaks, with characteristic strongly Ni—Ni+1, &i—Nit1, i—Ni+1, @i—Nit3, and/ora;—pi+3 NOESY
low-field intercepts {15—20 ppm) in a Curie plot, locate the  cross peaks among TOCSY detected spin systems. The N
four meso-H'’s. The chemical shifts for the heme resonances Ni;+; anda;—Ni+; connections for the fragments of the proximal
are listed in Table 1. and distal helices are illustrated in Figure 5. One fragment is
Sequence-Specific Assignment of the Proximal and Distal ~ represented by VaGlyi+i-Zit2-Alai+3-AMXits-Alaits-Leu1e
Helices. We use the helical/loop position of residues in the (zis >4 spins) (connections are summarized in Figure 6), with
standard Mb fold as described by sperm whale?®#ince this one of the His backbones presented above as AMXhe
provides direct comparison of the pattern of dipolar shifts for sequence identifies this uniquely as Val109-Leul15 and residues
the similarly placed residue relative to the heme. F4—F10 of the proximal or F helix. Hence the hyperfine shifted
At least the peptide NH and one/g of a ligated His can be ~ backbone of His113(F8) is assigned. The side chains exhibit
expected to yield resonances resolved to the low-field of 10 all expected NOESY cross peaks to the heme, as shown
ppm34 Two such GH protons are resolved in the low-field trace, ~Schematically in Figure 1B. In addition to His113(F8), signifi-
and theirT; ~ 50 ms dictates that they are significantly closer cant hyperfine shifts are observed for Val109(F4), Gly110(F5),
to the iron than a heme methyl {F~100 ms) and, hence, Alal12(F7), and Alall4(F9) (see Table 2). The NOESY
originate from coordinated His. TOCSY spectra reveal protons Spectrum exhibits a cross peak of the His113(FgH'€ and
of two such low-field NHGH—CsH fragments, as illustrated ~ NH to a moderately relaxed{ ~20 ms), labile proton at 18.4
in Figure 4 (the GH and GH of one His are essentially — PPm (Figure 3F) which identifies the His ringsN. Chemical
degenerate). The secongtCis not detected in TOCSY spectra shifts for the axial His are listed in Table 1, and those for the
because of insufficient power in the spin lock field but is very
readily detected in the NOESY spectrum by the intense cross(47) Theiault, Y.; Pochapsky, T. C.; Dalvit, C.; Chiu, M. L.; Sligar, S. G.;

S . . Wright, P. E.J. Biomol. NMR 1994 4, 491-504.
peak indicative of geminal protons (Figure 3D). The TOCSY/ (48) Du, W.; Syvitski, R. T.: Dewilde, S.: Moens, L.; La Mar, G. Bl Am.

it ; ; imi Chem. Soc2003 125 8080-8081.
NOESY connectivities and Ch_emlcal shifts are very similar to (49) Withrich, K. NMR of Proteins and Nucleic AciggViley & Sons: New
those observed for the two His in metNgjb. York, 1986.
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Table 2. Chemical Shifts for Strongly Dipolar Shifted Residues in metCygb?

residue proton Opss(0bsd) residue proton Opss(0bsd)

Leu46(B10y [B6] NH 8.44 Ala88(E14H[EL3[ NH 6.88

CoH 4.12 GH 3.79

C/;H’sb 2.45,2.85 GH3 0.52

C,H 3.22 Val109(FB[F11]f NH 8.24

CsHg'sP 2.98,1.75 GH 6.13
Phe49(B13)[B9]f NH 8.14 GH 3.47

CoH 4.30 C/H3b 4.02,1.14

CsH'’s 3.18,2.70 Gly110(F5)fF12] NH 10.58

CsH'’s 5.98 GH'sP 5.00, 5.95

CH’s 5.74 Ala112 (FA[F14]f NH 9.34

CH 5.57 GH 5.16
Ala56(C4y [C3]f NH 7.99 GHs 2.95

CoH 2.87 Alal114(FH[F16] NH 9.99

CsHs 0.38 GH 4.60
Tyr59(C7¥ [CD2]f NH 5.56 GHs 1.11

CoH 3.70 His117(FG3)[FG2[ NH 7.30

C/;H’sb 0.72,1.77 GH 4.57

CsH's 6.27 Q;H’Sb 2.08, 3.49

CH's 6.11 GH 9.60 (20y
Phe60(CD19[CD3]f NH 7.46 CH 6.57

CoH 4.37 Val119(FG3)[FG4] NH 8.08

CsH's 7.39 GH 2.60

CH's 8.83 GH 1.48
Leu78(E43 [E3]f NH 8.17 C/Hg’sb —1.39(100); —2.30(55%

CoH 5.31 Tyr123(G4[G2]f NH 7.24

CﬂH’sb 1.45, 2.37 GH 3.43

CH 2.40 Q;H’sb 1.55, 1.35

CsH3'sP 1.55, 0.82 GH's 6.56
Ala82(E8Y [E7]f NH 11.07 GH's 6.50

CoH 5.48 Phe124(G5)G3]f NH 7.92

CsHs 2.44 GH 2.94
Arg84(E10¥ [E9]f NH 8.42 Q}H’Sb 3.27,2.53

CoH 3.08 GH’s 6.99

CﬁH,Sb —2.12(55); 0.61 CH'’s 8.31

C,H’s 0.91, 1.30(# CH 12.20 (209
Val85(E11y [E10] NH 8.93 Leul27(G®)[G6]f NH 7.65

CoH 1.62 GH 2.92

CsH 2.79 (.};H’sb 0.27,—0.72

C},Hg'sb 0.38, 2.08(A CH 0.38

CsHs's —0.55, 1.30(110)

aChemical shifts, in ppm, referenced to DSSHh0, 50 mM in phosphate, pH 7.5 at 3G. ® Diasterotropic protons (methyls) assigned stereospecifically
on the basis of selective NOESY cross peaks, differentiated relaxation or differentiated dipolar shifts, and are listed in orgetl (i&2H; C,1H3, C,2Hs3,
etc.).c Ty values, in ms, for resolved residue protons are given in parentife§sindicates tentative assignmefitielical/loop positions in mammalian
(i.e., axial His is F8, distal is E7, etc.) Mb fold is given in parentheSAstual helical/loop positions in Cygb are given in square brackets.

strongly dipolar shifted residues are listed in Table 2, with the  The two upfield hyperfine-shifted broad and strongly relaxed
remaining data provided in the Supporting Information (Table (T:~ 3 ms) nonlabile proton signals (Figure 2A, 2B) can only
S1). arise from the ligated His four ring nonlabile proto¥ig>44The

The helical fragment which contains the other axial His AMX ~closest protons to the CHs of each of the two His are the His
spin system (as residyet 3) exhibits the sequential NOESY  CgH's (to the ring GH) and the ring NH's (to the ring CH).
cross peaks (Figure 5) represented by (|€Np)j1-(No)j2- Saturation of the only clearly resolved peak-#3.5 ppm fails
(AMX) j+3-Alaj -(Na)j+5-Zj+6-(VallThr)j.7, which the sequence 0 exhibit (not shown) the sizable NOEs expected to His'€
identifies as the distal helical fragment Leu78-Val85 as residuesif the peak arose from a4 and, hence, identifies it as an
E4—E11 on the distal or E helix. An additional fragment axial His GH of one of the two His. The absence of a detectable
represented by A‘a-eLk+l(Na)k+2 must arise from the nearby NOE upon saturating this resolved HIS"CtO the aSSigned
distal helix fragment Ala88(E14)-Asn90(E16). The residues His113(F8) NH peak at 18.4 ppm argues for its origin as the
exhibit the expectéd?2 NOESY contacts to the heme as His81(E7) CH. In view of the very similar hyperfine shift
depicted in Figure 1B. It was not possible to locate any other pattern of the two axial His backbones, it is most likely that
resolved and relaxed protons with NOESY connections to the the other upfield broad and strongly relaxed resonances under
His81(E7) backbone as would be expected for its ringdN  the 2-vinyl Hy's arise from the @H's of His113(F8) (see below).
and as is observed for His113(F8) in Figure 3F, or for the same The signals for the gH's of both axial His likely resonate in
distal His in metNgl#8 Distal helix residues, in addition to  the broad composite peak (marked X)~at5 ppm in Figure
His81(E7), which exhibit significant dipolar shifts are Leu78- 2B.
(E4), AlaB2(E8), Arg84(E10), and Val85(E11), whose shiftsare  Other Sequence-Specific Assignment&ackbone connec-
listed in Table 2. The chemical shifts for His81(E7) are given tions (Figure 5) to the assigned Alal14(F9) trace over the FG
in Table 1, and data for the remaining assigned residues areloop and identify Leul15(FG1), His117(FG3) in contact with
provided in the Supporting Information. pyrrole C (Figure 1B), Val119(FG5) in contact with the junction
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Figure 3. Portions of the 600 MH2H NMR NOESY spectrum of metCygb itH,0, 50 mM in phosphate, pH 7.5 at 2& (repetition rate 1 s, mixing

time 60 ms), illustrating intra-heme key contacts: 1436l (E) 8-CH, (A) 2-Hgs, (B) thed-meso; 8-CH to (C) 7-propinate and thé-meso; (A) intra-2-

vinyl and (B) 2-H, to the a-meso; (B, D) intra-6-propinate as well as (D) intra-His81(E7) and (D, E) intra-His113(F8) connections; His113(F8) to (D)
Alal14(F9) and to (B) Val119(FG5) contacts. Also shown are contacts that establish heme orientation: Epvald5(E11), Ala88(E14), and Val109-
(F4), 2-Ho to Val85(E11); (C) 8-CHto Arg84(E10), Ala88(E14), and Val109(F4). The cross peak between His113(F8) NHdhéhection F is shown

with lower levels (by a factor of 1.5) of 8Ghifted-sine-squared-bell apodization of the NOESY spectrum.

of pyrrole B and C (Figure 1B) and the backbone in Lys116-
(FG2) and Lys118(FG4). A helical section represented by,Val
AMX m11-AMX 1 2-(NO) m-3-llemt4-Leunts, with aromatic rings

in contact with AMXnr1 and AMXqyi2, uniquely identifies
Vall22-Leul27, residues G358 on the G helix. The expected

the GH signal and GH of the ring argues for a &1 shift that
is essentially degenerate with that ofHZs.

Two short helical fragments, neither with side chains exhibit-
ing NOESY cross peaks to the heme, which are represented by
Valy-(No)p+1-Alap+2-(Na)p+3-AMX pra-Alaps (with a four-spin

NOESY cross peaks to pyrroles A and B are observed for aromatic ring in contact with AM¥;.4) and Ala-Zq+1-(Not)g+2-
Tyrl23(G4), Phel24(G5), and Leu127(G8) (Figure 1B), and the Valg+z-(Na)q+4-AMX g+5-AMX 16, must arise from Val27-

C:H of Phe124(G5) exhibits the strong relaxatidin 20 ms)
predicted by the crystal structur®4 ~4.4 A). Each of the
residues exhibits significant dipolar shifts.

A short helical sequence AN n+1-(N0)n+2-AMX 43, the
latter with contact to an aromatic ring, and with the Ala and
the aromatic ring in contact with the junction of pyrroles B and
C (Figure 1B), can only arise from Ala56(C4)-Tyr59(C7), with
significant dipolar shifts exhibited by Ala56 and Tyr59.
Backbone connections to Tyr59(C7) and a dipolar shifted,
TOCSY-detected two-spin aromatic ring in contact with the
pyrrole B/C junction (Figure 1B) identifies Phe60(CD1). The

Ala32 and Ala44-Phe50 on helices A (A1A15) and B (B8
B14). Aromatic rings in contact with the backbone of residque

+ 5 andq + 6 confirm Phe’s at positions B13 and B14. The
residues exhibit the expected NOESY cross peaks to other
residues, as shown in Figure 1B. Only Leu46(B10) and Phe49-
(B13) exhibit significant dipolar shifts. Contacts to Trp131(A12)
and Phe49(B13) identify two additional G-helices residues
Val130(G11) and Val135(G16). Resolution problems precluded
unique identification of the H-helix, but expected (and observed)
key contacts to the F and G helices (Figure 1B), together with
uniqgue TOCSY signals, identify Phel43(GH5), Trp151(H8),

failure to detect either TOCSY or NOESY connections between Vall162(H19), Alal65(H22), Tyr166(H23), and Trpl71(H28).
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Figure 4. Portion of the 500 MHZH NMR clean-TOCSY spectrum of metCygb #i,0, 50 mM in phosphate, pH 7.5 at 3C (repetition rate 1 g,

mixing time 25 ms) illustrating scalar connections for the moderately relayeid-C,H—NH of His81(E7), GH—NH of His113(F8), Val109(F4), and the
rings of Phe60(CD1) and Phel24(G5).
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Figure 5. Fingerprint region of the 600 MHHH NMR NOESY spectrum of metCygb ifH,0, 50 mM in phosphate at 2% (repetition rate 15", mixing
time 60 ms), illustrating the characteristic helicaHWNi+1 connection for the (A, B) proximal helix & F4A—FG1 (Val109-Leul15); upper left of diagonal
in (B), solid), and (B) the distal helix & E4-E9 (Leu78-Cys83); lower right of diagonal, dash) and signaturéN;+1 connection for (A, B) the proximal
(solid) and distal (dash) residues.

Their position on the H-helix is confirmed tay—Ni+s/ai—fi+3 Orientation and Anisotropy of y. The values oBgiy(obsd)
contact involving Val162(H19), Tyr159(H16), and Alal65(H22). obtained via eq 4 for all assigned residues with significant
The chemical shifts for residues with significant dipolar shifts temperature dependence to their chemical shifts were used as
(=1 ppm for at least one proton) are listed in Table 2, and the input in the five parameter searches M.y, Ayxm, @, 8, andx
remainder of the data are provided in the Supporting Informa- = a + v, using the two available sets of crystal coordinates for
tion. metCygb'12In each case, very clear minima were observed
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Figure 6. Schematic depiction of the observed characteristic backbone NOESY connection that provided the assignment of seven helices and two interhelical
loops. Helices and loops (the first and second lines) refer to those in vertebrate globins.

with excellent correlation betweehi,(obsd) andgip(calcd) for of the imidazole ring, are indistinguishable for His81(E7) and
the predicted five parameters, as illustrated in Figure 7A and His113(F8).

7B. The values for the optimized parameters are compared in
Table 3. The alternate crystal coordinates yield values for the
five parameters for the alternate crystal coordinates that are well Active Site Solution Molecular Structure. The *H NMR
within their uncertainties. The plot @kj,(obsd) andgy(calcd) data reveal the presence of predominantly a singl6006)

with sequence number, shown in Figure 8A and 8B, respec- molecular SpeCieS. The fact that both VaI119(FGS) and Phe60-
tively, attest to the excellent definition of the nodal pattern (CD1) make contact with pyrrole C (5-GHand that both
through the structure. Figure 8C plots the temperature gradientVal85(E11) and Ala88(E14) make contact with the heme at the
of the chemical shift, djpsgobsd)]/d(T%) versus sequence Junct!on of pyrroles A and D d|ct§1tes .that t.h.e major isomer in
number. For the very few cases (marked by asterisk) where thereS0lution has the heme orientation identified in the crystal
appears to be a discrepancy between the signiggbbsd) and structure, as depicted in Figure 1B, which is the same orientation

dap(calcd), the temperature gradient is found to be consistent 25 that in mammalian globins, but corresponds to the minor

with the sign ofdap(calcd), indicating that the minor discrep- isomer orientation of metNgt$. The two apparent heme methyl

ancies betweety(calcd) anddep(obsd) in Figure 8A and 8B S|gna(!s at 39.8 and 22.4 ppm in Figure 2A for a minor isomer
arise from the uncertainty in the calculated valuesgy{dia) (~10%) were too weak to detect the NOESY contacts required
’ for detailed structural characterization. However, the pattern of

Factoring the Dipolar and Contact Shifts. The dgip(calcd)  the methyl shifts is that expected (and for metNgb obsefyed
for the heme and two axial His obtained by the alternate for the isoelectronic, six-coordinate complex with the hemin
magnetic axes/anisotropies in Table 3 are listed in Table 1, rotated by 180 about then-,y-meso axis relative to that of the
where the experimentaly can be factored via eq 6 to yield major isomer. The sequence-specific assignment of both the
Ocon for the heme methyl, meso-H’s, and the two axial His. It His81(E7) and His113(F8) backbone in the major isomer,
is noted that thedcon for the axial GH’s and CH, which are together with the expected and demonstrated moderate relaxation
dominated by ther-spin transfer into the highest bonding orbital ~ of the resolved gH signal for each ligand (as well @, see

Discussion
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10 The ability to detect a significant population of an equilibrium,
A five-coordinate isomer with a ruptured+#lis(E7) bond, which
8 would be high-spin and exhibit characteristic methyl signals in
the extreme low-field{70—90 ppm) spectral window, depends
5 on both the degree of population and the rate of the Hfis-
(E7) bond scisson relative to thid NMR methyl chemical shift
4 difference® We failed to detect byH NMR in solution any
hyperfine shifted resonances characteristic of a five-coordinate,
o high-spin metCygb compléX (if in slow exchangé® <1%
population) and do not detect magnetization transfer to an
0 additional minor compound upon saturation of any of a number
2 of resolved resonances for the major component in solution (if
- y intermediate exchang®®5). Last, the temperature dependence
in the heme methyl shifts for the dominant, low-spin isomer
£ 4 exhibits a behavior characterisié? (see below) of a strongly
& dominant low-spin derivative, excluding the presencd %)
S o of detectable five-coordinate, high-spin derivatives in the case
% o of fast exchangé&*>°Hence we conclude that any equilibrium
o B five-coordinate metCygb with the FeéHis(E7) bond ruptured
.}61 8 - must constitute<1% of the complex in solution.
o Heme Electronic Structure. The heme methyl contact shift
6 pattern, with larg&on for 1-CH; and 5-CH and smalldcon for
3-CHs and 8-CH, is similar to that reportéd3*for mammalian
4 1 metMbCN (although metCygb has a larger spread), with an
) orbital ground state where the lone unpaired spin is in the 3e
2 A (x2) molecular orbitaP® Consistent with this ground state, and
a nearby excited 3€y2) state, the 5-Chland 1-CH d.onexhibit
0 strong Curie behavior (slopeT™1) in a plot of dpsgobsd) vs
T~1, while 3-CH; and 8-CH exhibit anti-Curie (negative slope)
2 behavior (not shown; see Supporting Information Figure®4%).
It is noted that the pattern and spread of the heme methyl
4 resonances in metCygb are very similar to those for the minor
isomer of metNgt#2 This pattern of methyl contact shifts and
6 . : . : : : : , characteristic temperature dependence réflé&b3a molecular
6 -4 -2 0 2 4 6 8 10 structure where the rhombic asymmetry is centered along the
6dip(°bs)' ppm X" axis in Figure 1A. Since the axial His (or Met) ligand is the

primary source of the rhombic perturbation, the heme methyl

Figure 7. Plot of daip(0bsd) versusgp(calcd) for the optimized anisotropies  ~gntact shift pattern is consistent with a mean His imidazole

and orientation of the paramagnetic susceptibility tensehen using the

crystal coordinates of (A) C385/C83S-metCyghya = 2.18 x 1078 m¥/ plane orientation of thg two His. The spread (but not Fhe? pattern)
mol; Aym = —0.52 x 1078 m3mol; oo = 80°; B = 6°; k = —4°, FIn= of the heme methyl shifts30 ppm) for metCygb is similar to
0.10 and (B) WT metCygh:Ayax = 2.08 x 10-8 m¥mol; Aym = —0.49 that reporteef5 for the ferricytochrome pwith similar bis-

x 1078 m¥mol, a. = 120°, 8 = 5°, k = 0°, F/n= 0.11'2 to evaluate the P . . .
geometric factors in eq 2. Protons whobgy{obsd) were used for the His ligation and several ferricytochromes c. Comparison with

calculations are labeled in Table 1S (Supporting Information). the only other NMR characterized bis-His metglobins, those
for the cyanobacteri@ynechoccd&°® and Synechosistjs:5°
reveal a much smaller methyl shift spread (but the same pattern)
for those globins than for either metCygb or metifgind could

Table 3. Anisotropies and Orientation of the Paramagnetic
Susceptibility Tensor of metCygb

- a b . L
CB3S/C38S metCygD WT metCygh be correlated with the mean of the two His imidazole plahes
Atax 2.18+0.08 2.08+0.08 that deviate significantly from thg axis in Figure 1A.
A —0.52+0.11° —0.494+ 0.1
o 80+ 8° 120+ 8&°
B 6+ 1° 54 1° (50) Sandstim, J.Dynamic NMR Spectroscopficademic Press: New York,
K -4+ 10 0+10° 1982.
(51) Qin, J.; Pande, U.; La Mar, G. N.; Ascoli, F.; Ascenzi, P.; Cutruzzola, F.;
. . . . . Travaglini Allocatelli, C.; Brunori, M.J. Biol. Chem.1993 278 4012
aCoordinates for chain B in ref 12.Coordinates for metCygb in ref 4021.
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Strittmatter, P.J. Biol. Chem.1981, 256, 6075-6079.

Falzone, C. J.; Kao, Y.-H.; Zhao, J.; Bryant, D. A.; Lecomte, J. T. J.

below), directly confirms that the distal His81(E7) is ligated to
the iron in solution. Both the patterns of heme-residue and inter- EE‘S‘
residue NOESY cross peaks (summarized in Figure 1B) and (56
the paramagnetically induced relaxation are consistent with the (57
essentially indistinguishable active site molecular structure of (58) F: _

the six-coordinated metCygb in the alternate crystal struc- g Eg;gﬁg"'sg_yﬁf’;géfé_s‘2:5_;28680?5-N_ L Lecomte, J. TJJMol. Biol.
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Figure 8. Plot of the backbone metCygh.8 (A) daip(calcd), (B)dgip(obsd) for optimized magnetic axes depicted in Figure 7B and Table 3, and (C) the
observed Curie slope, djsgobsd)]/d[1T], each versus residue numbers for the residues detected in the crystal structure. The positions of helices are shown

at the bottom for Mb (thin lines) and Cygb (thick lines).

Magnetic Properties. The determination of the magnetic axes
based on either set of crystal coordinatésyields essentially

It has been shown in a variety of metMbCN complé%&% 64
that the pattern of meso-H hyperfine shifts is dominated by the

the same values for the five parameters (Table 3) within the rhombic anisotropy and, hence, byA value ofx ~0 is directly

uncertainties. The axial anisotropy, 2.6810-8 m%mol, and
the rhombic anisotropy;-0.49 x 10-8 m3/mol, are both~20%
smaller than those found in metMbCN compleXe8 but are
consistent with the anisotropies in bis-His ligated ferricyto-
chromes B.5%61 The tilt of the major magnetic axis from the
mean Fe-N, plane in metCygb is smal~5°). However, in
each of the crystal structurés!? both Fe-N.(His) bonds are
tilted from the mean M plane by~5°. For the WT metCygb
crystal structuré? the 5 tilt is in a direction~120 with respect

to X' and corresponds remarkably to the (His(F8))Re—N.-
(His81(E7) vector, while, in the C38S/C83S-metCygb struc-
ture the tilt and direction of tilt oz corresponds approximately
to the Fe-N, (His113(F8)) vector. Thus the major magnetic
axis is determined by the axial ligand bonds. The value of

supported by the meso-H shifts, as follows, where the parameter,
Admeso IS given by

Ad,esfcaled)= 1,[dpsdo-meso-H)— dpsdB-meso-H)+
Opsd(y-meso-H)— (dpsg(d-meso-H)]= 1.37 ppm (6)

which is consistent with the predicted valug)mes{obsd):

AdesfObsd)= 1/2[6dip(a'meSO'H)_ 5dip(ﬁ'meSO-H)+
5dip(y-meso-H)— 6dip(6-meso-H)]= 0.2+ 3.2and 1.0t
3.4 ppm (7)

for the magnetic axes deterined on the basis of the WT metCygb
and C38S/C83S-metCygb crystal structures, respectively.

near zero for both magnetic axes determinations provides 1ne Nature of the Axial His—Fe Interaction. Factoringons

additional confirmatiof? of the comparable strength of the two
His—Fe bonds, sinc& ~ 0 is consistent with an effective
rhombic perturbation that is precisely along thg-NFe—N¢
vector, which, in turn, is theneanof the crystallographic His81-
(E7) (pe7 = 25°) and His113(F8)¢rs = 22°) imidazole plane
orientations, as depicted in Figure 1. If the His113(F8) bond
was indeed much stronger than the His81(E+#¢ bond, the
g ~20° would have led to an expectad~20°.

(60) Banci, L.; Pierattelli, R.; Turner, D. L[Eur. J. Biochem1995 232 522—
527.

(61) Arnesano, F.; Banci, L.; Bertini, I.; Felli, . ®iochemistryl998 37, 173—
184.
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into d¢on anddgip for the two magnetic axes determinations lead
to indistinguishable imidazole & contact shifts of 274 4 ppm
and GH contact shifts of 6.8 1.3 ppm. The Hig)¢o, pattern
for both His are very similar to those obtained for either
cyanomet myoglobir?8 or ferricytochrome® and reflect imi-
dazole to ironz-spin transfer that leads to large upfiedd,
for C.H and significant low-fieldcon for the GH. dcor(CH) is
directly proportional tos-spin density, while the relation

(62) Wu, Y.; Chien, E. Y. T.; Sligar, S. G.; La Mar, G. Biochemistry1998
37, 6979-6990.

(63) Xia, Z.; Zhang, W.; Nguyen, B. D.; Kloek, A. P.; Goldberg, D. E.; La
Mar, G. N.J. Biol. Chem1999 274, 31819-31826.

(64) Du, W.; Xia, Z.; Dewilde, S.; Moens, L.; La Mar, G. [Rur. J. Biochem.
2003 270, 2707~—2720.
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between the His gH contact shift and the Cn-spin density
depends on the & Cs—H dihedral angle, 345 with the
imidazole plane. The crystal structures reveal the s&me56

+ 2° for the two His G2H’s, such that ther-spin densities for
C, of the two axial His are also indistinguishable. THe~ 16

+ 10 for G H of the two axial His predicts a much smaller
Ocon for CgiH than for GoH, as observed in Table 1. The
indistinguishabler-spin densities on the two His rings dictate
very similar Fe-His covalency and, hence, similar bond
strengths.

Conclusions

Two important conclusions follow from the present work:
(1) solution *H NMR of the paramagnetic six-coordinate
metglobins can be effectively utilized to determine the relative
covalencies of the two axial Hig~e bonds, and (2) human
metcytoglobin, in solution, detectably populates only six-
coordinate metCygb for which the bond strength of—Fe
imidazole for the proximal and distal His is essentially
indistinguishable. Thus théH NMR results argue against
significant strain in the FeHis(E7) relative to the FeHis-

(65) Bertini, I.; Luchinat, CCoord. Chem. Re 1996 150, 1-296.

(F8) bond as the basis for the greater lability of the distal His-
(E7) required for exogenous ligand binding. The possibility that
there is strain, or reduced dynamic stability, of the distal helix
in metCygb relative to conventional five-coordinate metMb, as
reflected in the rate of backbone NH exchafgjs,under study.
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