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Abstract: Solution’H NMR has been used to investigate the axial bonding of the proximal His and the hydrogen-
bonding of the distal His to the bound ligand in the isolated chains as well as the subunits of intact, tetrameric,
cyanomet human hemoglobin A. The complete proximal His, including all ring protons necessary to monitor
bonding in each subunit, could be definitively assigned by 1D/2D methods despite the large&iziela)

and severe relaxation (o ~ 3 ms, line width~ 1.5 kHz) of two of the protons. The complete distal His E7

ring was assigned in the-chain ando-subunit of HbA, and the dipolar shifts and relaxation were analyzed

to reveal a disposition intermediate between the positions adopted in HbCO andtih#iGs optimal for
forming a hydrogen bond with bound cyanide. The lability of theubunit His E7 NH is found to be similar

to that in sperm whale cyanomet myoglobin. The orientation of the distal His E7 if-gudunit is found to

be consistent with that seen in either HbCO or Hb@hile the His E7 labile hH proton signal could not be
detected in either thg-chain or subunit, it is concluded that this more likely reflects increased lability over
that of theo-subunit, and not the absence of a hydrogen bond to the bound ligand. Analysis of the heme mean
methyl hyperfine shift, which has been shown to be very sensitive to the presence of distal hydrogen bonds
to bound cyanide (Nguyen, B. D.; Xia, Z.; Cutruzzdr; Travaglini Allocatelli, C.; Brancaccio, A.; Brunori,

M.; La Mar, G. N.J. Biol. Chem.200Q 275 742-751), directly supports the presence of a distal His E7
hydrogen bond to cyanide in thlechain ands-subunit which is weaker than the same hydrogen bond in the
o-subunit. The potential for the proximal His hyperfine shifts in serving as indicators of axial strain in the
allosteric transition of HbA is discussed.

Introduction partial ligation (cooperativity), and binding of organophosphate,
Mammalian hemoglobin, Hbjs composed of tetramers of CO,, or chlqride ion binding at sit_es remote from the heine.
two nonequivalent-150 residue chainsif, with each chain The properties of the T-*_state, whl_ch differs from the R-state by

exhibiting the highly conserved fold of-78 helices (A-H) with ald rotation of onen dimer relative to the other, is to reduce
the heme wedged between helices E and F, as found in thethe gfflnlty by ~10® compared to the R-state, Hb, the separated
monomeric myoglobin&2 The role of Hb is to efficiently bind ~ chains, or Mbs. o
O, in the lungs and deposit it in the muscle where it is utilized ~ Two His, the completely conserved axial His F8, and the
or stored by Mb. The efficiency of the process is due to the highly conservet’ (except in opossum Hbpistal His E7 in
allosteric nature of Hb, where the tetramer can exist in two Mammalian Hbs, play focal roles in providing the exquisite
quaternary or “affinity” states, the T (tense) low-affinity, and control of G binding. On one hand, the strong preference for
R (relaxed) high-affinity states; the latter of which has an Oz over CO in globins in general, when compared to that in
affinity resembling monomeric Mb. The relative stabilities of Nheme outside the protein, is exerted by the distal His E7 by
the T- and R-states are modulated by protons (Bohr effect), Providing a strongly stabilizing hydrogen boné®*°to bound

* Address correspondence to: Dr. Gerd N. La Mar, Department of 02'.Ot.h(.ar.W|se' the nqturally higher affinity for CO would lead
Chemistry, University of California, Davis, CA 95616. Telephone: (530) tO inhibition of function by CO produced by heme catabo-
752-0958. Fax: (530) 752-8995. E-mail: lamar@indigo.ucdavis.edu. lism.1112The crystal structure of HoDhowever, finds that only
u_c(ﬁ)aﬁ}]b%ffevl_i'fgf_”S#:%%ﬂet':)?;:n’\é'rrclg?ﬁ”gw:i‘n'*%Lf";f*\‘r’n%ﬁ;‘ggﬁt in the a-subunit is HiSE7 ideally oriented to hydrogen bond to
cyanomet myogfobin; NOE‘, nuclear Overhauser ef‘fec’t; NOESY, two- the ligand” A weaker or completely absent hydrogen bond to

dimensional nuclear Overhauser spectroscopy; TOCSY, two-dimensional bound Q in the -subunit has been inferred from the less than
total correlation spectroscopy; WEFT, water-eliminated Fourier transform;
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NMR of axial interactions in metHbCN

ideal disposition of His E7 relative to that in the ligand, and
the fact that mutation of His E7 influences the &finity much
less in thes- than in thea-subunit!® Another role attributed to
the distal His involves steric destabilization of-F€O bonding
by distorting the ligand from the preferred heme norfaf,
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signals in monomeric metMbCN have been assighéé and
shown to be sensitive to the detailed molecular structure of the
distal cavity2%-21.32Similar assignments of tetrameric metHbCN
have not been reported because of the severe broadening and
increased spectral congestion due to the subunit heterogeneity

although mutagenesis studies suggest that this effect is muchand large size+{65 kDa) of HbA. The paramagnetic cyanomet

less important than the hydrogen bonding FSIE2On the other

form, in addition to strongly facilitating the detection and

hand, the reduced affinity of T-state Hb has been proposed toassignment of the distal His labile protofig?provides a unique

result from tension in the axial irerHis F8 bond that impedes

spectroscopic signature for the heme that reflects the presence

the movement of the iron into the heme plane that is necessaryor absence of a distal hydrogen bond to the cyanide. Thus,

for effective G binding>® While the T-quaternary structure is

elimination of the hydrogen bond to the ligated Cid models?

referred to as tense, this axial tension really does not significantly and metMbCN complexé$ or resting state, cyanide-ligated

manifest itself in the deoxy Hb form because the iron is expected
to be well out of the heme plane, as found in models. It is
primarily upon ligation that the tension is developed, and this
has been convincingly demonstrated recently for Hb with the
link between the F helix and imidazole severed by mutagen-
esis!® and in the cyanide-ligated metHb located in a T-
quaternary state in a single crystal, where in fact, the-iron
HisF8 bond is ruptured in the-subunit!®

The detection of “tension”, without rupture, in an axial bond
crystallographically is problematical since the bond length

heme peroxidase leads to a~1 ppm decrease in the mean
methyl shift for the heme.

1D/2D NMR appropriately tailoréd37to the paramagnetism
and size, together with judicious use of the temperature
dependence of hyperfine shiffshas allowed the complete
assignment of the heme and a large portion of the active-site
protons >6 A from the iron for metHbCN?® The spectral
congestion, however, left the key axial His F8 ring protons
undetected and the key distal His ring protons, in particular the
labile proton involved in the hydrogen bond to the ligand,

changes can be much less than the available resolution. Inunassigned® We present herein the results of a detailét

principle, solution spectroscopy offers an alternate route to
monitoring bond strain in the proximal His. Two such spec-
troscopies are resonance Raman (RRyhich detects the Fe

His bond through its stretching frequency, atdl NMR of
paramagnetic HB21 which detects the FeHis bond via spin
density delocalized from the iron to the imidazole ring. In

NMR study of the proximal and distal His in metHbCN to
unambiguously assign both residues in each of the two subunits,
assess the nature of the-Hdis covalency by determination of
the His F8 ring shifts for comparison with similar data on
“relaxed” metMbCN?23:31 gauge whether the orientation of the
a-subunit distal His is closer to that found in the HbCO or HbO

practice, these methods depend on the detection and firmcrystal structuré;®® and determine the nature of any hydrogen
assignment of the spectra, which has largely limited both studiesbond between the distal His ring and the bound -GN each

to the high-spin ferrous or deoxy Mb, Hb, for which both detect,
albeit small, Fe-His bond weakening on the R- T conver-
sion1”18The cyanomet derivatives of Mb and Hb can serve as
a model for both CO and £binding, since, like @ it is a
(weaker) hydrogen bond acceptorand, like CO, would
experience steric tilting by interaction with distal resid&&2>
Moreover, oxidation/ligation state valency hybrids with cya-
nometo- or B-subunits?®2” as well as certain mutant HB%,
can be induced to undergo the-RT quaternary transition upon
binding organic phosphate, protons or ligation on the ferrous
[~ or a-subunit, respectively. The key proximal and distal His
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subunit. To facilitate the assignment process in the tetramer, as
well as to gain some insight into the effect of tetramer assembly

on the roles of the two His, we initiate the assignments on the

cyanomet forms of the isolated chains of HHA.

Experimental Section

Proteins. HbA was isolated and purified, and the cyanomet complex
of HbA and methbCN and the cyanomet complexes of the isokated
and -chains, meta-CN and met3-CN, were prepared by standard
procedure¥* as described in detail previousl.Prior to NMR
measurements, the cyanomet globin complexes were buffer-exchanged
and concentrated in an Amicon ultrafiltration cell to a final concentration
~2 mM in 50 mM phosphate buffer, 20 mM NaCl, 40 mM KCN, pH
5.4 or 8.4; 10%°H,0 was added to théH,O solutions for the
spectrometer lock. The purity of each sample was established on the
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ddip(0bs) is given by:

04ip(0bS)= dpg0bs)— Ops(HDCO) 3)
where dpsg0bs) anddpsgHbCO) are the observed chemical shifts
relative to 2,2-dimethyl-2-silapentane-5-sulfonate, DSS, in the para-
magnetic metHbCN and diamagnetic HoCO compfe® respectively,

as described in detail previoust/The calculated dipolar shift is given
by:

dgp(cale)= (12N,) Ay, (3 cog ' — R +

2 L2 np-3
Figure 1. Dispositions of His F8 and Phe CD1, Val FG5, and His E7 §AXai(S'n2 6" cos ZY)R A T(aB,y) (4)

relative to the heme in HbA. Also shown are the reference coordinate
systemx, Yy, Z, with Z normal to the heme plane, and the magnetic whereR, ', Q' are the reference coordinates in an X-ray based, iron-
coordinate systenx, y, z, wheref (not shown) is the tilt of the-axis centered coordinate systemi, ¥, Z, with Z normal to the heme, as
from the heme normaty defines the projection of theaxis tilt on the shown in Figure 1I'(a, S, y) is the Euler rotation that rotates the
heme plane and th#-axis, and«x ~ o + y, locates the rhombic reference coordinates into the magnetic coordingtg, z, when the
magnetic axes. paramagnetic susceptibility tensgr,is diagonabP!234Ay. = 2.48 x
1078 m®¥mol and Ayn = —0.58 x 108 m¥mol are the axial and
rhombic anisotropies that have been accurately determined for isoelec-
tric metMbCN! and found to be invariant over a wide range of
chains® cyanomet Mb and Hb complex@s34535¢ The orientation of the

NMR Spectra. All *H NMR data were collected on a G500 magnetic axes are described by filof the major axis from the heme
spectrometer operating at 500 MHz. Normal reference spectra werepgrmal, in a direction defined by, the angle between the axis
collected over 20 kHz bandwidth with 4096 points at a repetition rate projection on the heme plane and tieaxis, with the rhombic axes
of 1 s*. WEFT spectra were recordédo enhance detectability and  Jefined byk ~ a. + v, as shown in Figure 1. The necessary geometric
characterization of strongly relaxed protons by suppressing weakly factors in eq 4 were determined from the presumed isostructural BbCO
relaxed protons using a relaxation delay of-B5 ms and repetition or HbO® crystal coordinate® Input dup(0bs) anddgp(calc) were
rates of 5-10 s™*. NonselectiveT,'s were estimated15%) from the restricted to the proximal or F-hef§G5whose structure is essentially
initial recovery of the magnetization in a standard inversigetovery the same in the HbCO and Hb@rystals and is assumed conserved in
pulse sequence. When necessary, the solvgnt signal was saturated duringietHbCN. The diamagnetic chemical shifissg(dia), for the His E7
the relaxation data. The distance to the iron for a prdtoR;, was side chain with perturbed orientation were calculated using standard
estimated from the relatigf?36% source of the peptide shiffsand effect of ring curreAts”and secondary

e structure® as described in detail elsewhefg4 535459
R = R(Ty/Ty)

where r is a reference proton (His FSHNR = 5.0 A). . . . 1
Steady-state NOEs were carried out as described in detail previ- Heme Assignments in Isolated ChainsThe 500 MHz'H

ously°45with the decoupler frequency in the reference spectrum placed NMR spectra Qf mg&-CN in 1H,0 at acidic and alkaline pH
symmetric to the peak of interest. When this was not possible, the are illustrated in Figures 2A and 3A, respectively, and those
validity of an NOE was established by observing NOEs that are for met{3-CN are illustrated in Figure 4A,D, respectively and,

~

basis of comparison of théH NMR spectra with those reported
previously for the cyanomet complexes of the tetr&nand isolated

1)

Results

proportional to degree of saturation as a function of decoupled pwer.
NOESY* (mixing time 35-45 ms) and clean-TOCS¥(mixing times
20—30 ms) spectra were recorded over a 20 kHz bandwidth using
2048 t2 points and 512 t1 blocks of 160 scans at recycle time of 2 to
3 sL. 1D spectra were apodized by 10 Hz linebroadening. 2D data
sets were apodized by 38hifted sine-bell-squared in both dimensions,
and zero-filled to 2048x 2048 points prior to Fourier transforma-
tion.

Magnetic Axes.The orientation of the magnetic axes, ¢ ~ o +
y defined in Figure 1 tilt of z from Z), was determined for each
subunit by minimizing the global error functioR/n?34°

@)

where the observed dipolar shift for nonligated residue protons,

n
Fin= Z|6dip(obs)— dap(calc)?
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except for the improved sensitivity and resolution, closely
resemble those reported earli@f3 The two low-field methyl
peaks in each case had been assigned to $a@d 1-CH by
isotope labeling® TOCSY locates two three-spin (vinyls) and
two four-spin (propionate) systems with significant hyperfine
shifts which exhibit NOESY cross-peaks to two resolved methyl
peaks and two partially resolved methyl peaks in the aromatic
window that lead to the complete assignment of the pyrrole
substituents in each of the isolated subunits in a manner as
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Table 1. Chemical Shifts for the Heme Methyls, Proximal His F8,
and Distal His E7 and Phe CD1 in the Cyanomet Derivatives of the
Isolated Chains and the Intact Tetramer of Human HbA at pH 8.4
and 30 C2

isolated __intacttetramer o110

residue proton symbbl a-chain a-subunit -subunit S-chain
Heme 1-CH M; 16.15  16.38 14.98 15.30

I
I
1
1
E
3-CH; 8.17 8.04 8.04 8.83 i J
5-CH;  Ms 21.83 2115 2123  20.64 i NN
8-CH; 8.75 8.37 8.67 8.93 i
CHg* 13.73  13.49 13.23 1343 |
HisF8  NH c 13.18 1348  13.16  13.24 '
CoH 7.87 7.89 7.48 7.64 b . f
CsH d 9.90 1028  10.16 9.59 | : N M«/‘K
CoH' e 6.66 6.82 7.18 6.50 i ! Lo
CsH f -3.0 -20 -20 53 : ! o
CH b 18.0 17.4 17.4 20.4 ' i . MFGss
NsH a 21.29 21.38 21.53 21.79 : ! .
HisE7 NH i 16.29 16.41 d d i ! b
CsH j 12.79  13.12 1545  14.71 ! VPR
CH k 0.19 0.52 2.11 0.41 ' ! b
Phe CD1 GH g 14.02 14679  13.65  14.37 Mg | i Lo
CHs h 883 897 883 936 : | o H2p
CsHs 6.68  6.64 6.93 7.03 | ‘: Pt
1 ] 1
a Chemical shift, in ppm from DSS, itH,0 solution.? Symbols used ! | ' H
in Figures 2-7. ¢ The mean of the four heme methygsgobs).d Not ! E 'l 6B
detected. ! i E
a i |
described in detail previously for both metMb&Ne and the , g
tetramer metHbCN (not showR).The chemical shifts for the A 1 | L
four methyl groups in the isolated chains, are listed in Table 1, .

- T

where they are compared to the previously reported data onthe ., IR 1‘5 P 1|0 (’) R

tetramerZ® 20 b
Heme Pocket Assignment in thex-Chain. Signals for amino ~ Figuré 2. Resolved portions of the 500 MHE NMR spectra of the

acid residues in the dimeriz-chain are labeled by lower-case cyanomet form of thew-chain, mete-CN, in *Hz0, 50 mM phosphate,

lett ith italic lett indicating labil t T ved 100 mM NacCl, 40 mM KCN at 30°C and pH 5.4: (A) reference
etter, with italic etters indicating labiie protons. 1Wo resoive spectrum collected under nonsaturating conditions; (B) WEFT spectrum
labile protons (labele@ andc) are observed in Figure 2A at

- - ) (recycle time 200 ms, relaxation delay 60 ms) which emphasizes two
pH 5.4, one of which exhibits strong relaxatiofu(@) ~ 35  broad and relaxedr{ ~ 3 ms) resonances in the low-field and upfield
ms) and the other is part of a TOCSY detected, hyperfine-shifted portions; (C) steady-state NOE difference spectrum upon partially

NHC,HCsH, fragment (not shown). Peaksand c exhibit a saturating the broad, low-field peak b (marked by vertical arrow), with
NOESY cross-peak between them and to thel€peaks (d, e) the decoupler of the reference trace placed symmetric to resomance
that are diagnostic of the proximal His F8 ringH\ (peaka) at 21.0 ppm.
and the residue backbone NH (pegk(data not shown), as
found in intact metHbCN®> A WEFT-spectrurff designed to
enhance broad, strongly relaxed resonances at the expense
narrow, weakly relaxed protons, reveals the presence of two,
very broad £500 Hz) and strongly relaxed’{ ~ 3 ms) peaks
labeled b and f, as shown in Figure 2B; their retentio?HpO,
together with the characteristic relaxation and line width, identify
them as the two His F8 ring nonlabile protofisSaturation of
the low-field broad peak b in Figure 2C results in a significant
NOE to the assigned His F8 sN peak a, unambiguously
assigning b to the His F8.8, and indirectly, the upfield broad
peak f to the GH. This assigns the complete His F8. NOESY
cross-peaks between the heme 53GiHd a TOCSY-detected,
hyperfine-shifted three-spin system with Curie intercepts in the
aromatic spectral windo#®6°and a resolved, strongly relaxed
single proton peak gTg ~ 20 ms), identifies the completely
conserved distal Phe CD1 with g as thgdGand h as the ¢is
signals (data not shown). The upfield methyl compositedss)
is part of a TOCSY-detected, relaxed Val with contact to 5;CH
as expected for Val FG5 and observed in the intact tetrdmer.
When thelH NMR spectrum is recorded at pH 8.4, an
additional, strongly relaxed proton peak labeled detected
on the low-field side of the 1-Ciisignal, as shown in Figure

3A, which is absent at low pHThe strong relaxationTq ~
0—15 ms) of peak is more evident in the WEFT-spectrum at
H 8.4, as shown in Figure 3B. The strong relaxation and large
ow-field shift is diagnostic of the M of the distal His ring in
cyanide-ligated ferric globif$22and peroxidase®.Saturation
of this relaxed peakin Figure 3C leads to comparable intensity
NOEs to resolved and moderately relaxefi & 45 ms),
nonlabile protons labeled j, and to an unresolved proton at 1.8
ppm labeled k. These shifts are both strongly temperature-
dependent and must arise from the His E7 ringd@nd CH,
respectively?14>The His E7 NH peaki also yields the expected
weaker NOEs to peak h, thelds of Phe CD1, and to the 6kl
as shown in Figure 3C. A NOESY slice through the resolved
peak j displays the expected NOEs for His EgHGo Phe CD1
CHs (h) and the 6k (Figure 3D). Last, the NOESY slice
through the resolved gHexhibits, in addition to the expected
NOEs to the other 6k 6H,s, and 5-CH, a strong NOE to peak
k, the His E7 CH, as well as to the & (peak h) of Phe CD1
(Figure 3E). Both the hyperfine shift pattern and relaxation
properties, as well as the NOESY contacts, are diagnostic for
the distal His E7 side chain, with j, and k peaks assigned to
the NH, CsH, and CH, respectively, of the ring in a fashion
that is essentially identical to that observed in metMbeH!.

(60) Emerson, S. D.: Lecomte, J. T. J.; La Mar, G..NAm. Chem. The ring labile proton is clearly on the His E7. [osition in
S0c.1988 110, 4176-4182. this subunit, as confirmed by its shdit~ 10—15 ms. Lowering
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Figure 3. Resolved portions of the 500 MH#H NMR spectra of PPM 20 15 10 0 5

cyanomet form of thex-chain of HbA, mete-CN, in *H,0, 50 mM . .
phosphate, 100 mM NaCl, 40 mM KCN at 3C and pH 8.4: (A) Figure 4. Resolved portions of the 500 MH# NMR spectrum for

: e the cyanomet derivative of the isolat@ethain of HbA, mets-CN, in
reference spectrum recorded under nonsaturating conditions; (B) WEFT- |
spectrum (repetition time 200 ms; relaxation delay 60 ms) which H20, 50 mM phosphate, 100 mM NaCl, 40 mM KCN at 3D and

emphasizes, in addition to the broad peaks detected in Figure 2B, apH 5.4: (A) reference spectrum coll_e_cteo_l under nonsaturati_ng condi-
strongly relaxed, labile proton peak at 16 ppm labél@bt observed tions; and (B) WEFT-_spectrum (repetition time 200 ms; relaxation delay
in 2H,0; not shown). (C) Steady-state NOE-difference spectrum upon 0 MS) that emphasizes the very broad and strongly reldkee: @

: ; : iy fiae in the low-field (b*) and high-field (f*) windows. (C)
saturating the labile proton peak(D) NOESY (35 ms mixing time; ms) protons in ¢ - . . - -
repetitiong fime 333 F;ns) inF::e tr(1rc2ugh the f—ﬁs EZ;I—Can(Qj] 6H, NOESY (40 ms mixing time; repetition time 333 ms) slice through

composite peak showing NOEs to §H6Hss and Phe CD1 & (K), 6Hg (shown by vertical arrow), with cross-peaks to 5-Cahd the

; . ; : lete 6-propionate, as well as to His EHGpeak k*. Resolved
and GH (j) peaks; (D) shows weak NOE His E7 to/N (peaki) upon comp
saturating His E7 §H; (E) NOESY slice (35 ms mixing time; repetition portions of the 500 MH2H NMR spectrum of the cyanomet complex

time 333 ms) through 6K(shown by vertical arrow), showing, (in of the isolateg-chain of HbA, me{8-CN, in *H,0, 50 mM phosphate,

addition to cross-peaks to 5-GHind the whole 6-propionate), the 100 ;nM Na”CI,t4§ m(l;/l KCN, "’tlt 3(30 anddptH 8.'4;E(?/31Erlif$renci
expected cross-peaks to the His EF@eak k. spectrum collected under nonsaturating conditions; (E) spectrum

(repetition time 200 ms, relaxation delay 60 ms) that emphasizes

h fth le lead | fi itv of th . d strongly relaxed resonances b* and f*; (F) steady-state NOE-difference
the pH of the sample leads to loss of intensity of the assigne spectrum upon partially saturating the broad, upfield peak f* (shown

His E7 NH peak (not shown), with half intensity retained at  py vertical arrow); note NOEs to the His Fg& CyH that uniquely
pH 6.9, indicating saturation-transféfrom the solvent due to identify peaksc*, d*, and f* to the His F8 GH signal.

chemical exchange at acidic pH.

Heme Pocket Assignments in the Isolatef-Chain. Heme
pocket residue signals for the tetrameflechain 'H NMR
spectrum in Figure 4 are labeled by lower-case letters with an
asterisk, with italics indicating labile protons. Two labile proton
peaks, labeled* and c*, are resolved with the former strongly
relaxed 1 ~ 35 ms) and with TOCSY and NOESY connec-
tivities identical to those of the / and NpHGHC3zH, of His
F8 as reported previously for metMb&hand metHbCN? and
as found for metx-CN above. WEFT-spectra ifH,O at both
low (Figure 4B) and high pH (Figure 4E) reveal the two broad
(~1 kHz), strongly relaxed T4 ~ 3ms), nonlabile

proton signals, b* and f*, that must originate from the His F8
ring. The low-field peak b* in this chain partially overlaps peak
a*, the assigned M of His F8. However, saturating the upfield
broad peak f* at high pH results in NOEs to the assigned His
F8 GHs (d* and e*) (Figure 4F), confirming the peak f*
assignment as the His F8 ringsie, and therefore, the low-
field peak b* to the CH.

An NOE from the 5-CHto two of the protons of a TOCSY-
detected ring, together with the characteristic relaxatiarr{
20 ms), identify peak g* and h* as the-@ and CHs of Phe
CD1 (not shown). A resolved, moderately relaxg&gd4 50 ms)
single proton peak j* is observed in the low-field spectrum at
(61) Lecomte, J.; La Mar, G. NBiochemistry1985 24, 7388-7395. pH 8.4 (Figure 4D) where the His E7;8 has been shown to
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Figure 6. (A) Expanded portion of the low-field 500 MH# NMR
spectrum of metHbCN itH,0, 50 mM phosphate, 100 mM NacCl, 40
mM KCN at 30°C, pH 5.4 where the overlapping 5-GiMs) and
axial HisF8 NH signals &, a*) for each of the two subunits resonate.
Portions of the 45 ms mixing time NOESY spectrum that resolve the

1
23

in 1H,0 at pH 5.4: (A) reference spectrum collected under nonsaturating position of Ms, Ms*, a anda* by the (B) Ms, Ms* t0 Heq, H*6 Cross-

conditions; (B) WEFT spectrum (repetition time 200 ms, relaxation

peaks, and the (C) His F8;N (a) to NeH (c) and NsH (a*) to NpH

delay 60 ms) that emphasizes two very broad and strongly relaxed (c*) cross-peak. (D) Steady-state NOE difference spectrum upon
resonances labeled b, b* and f, f*. (C) steady-state NOE-difference saturating the broad low-field peak b, b* (shown in Figure 5C). The

trace upon partially saturating the broad low-field peak labeled b, b*

two comparable intensity NOEs ta and a* must arise from the

(shown by vertical arrow); the assignment of the two detected NOEs simultaneous saturation of the degenerate Hisi8 i@zaks b and b*

to the His F8 NH peaksa anda* is shown in Figure 6.

resonate in metMbCRY metHbCN?> and in mete-CN above.
However, comparison of the spectra at low (Figure 4A,B) and
high pH (Figures 4D, 4E) shows that there is no additional
relaxed, low-field labile proton peak analogous to peak
observed at alkaline pH, as observed for meBN above. In
fact, no evidence for an additional low-field, relaxed labile
proton peak could be obtained in the pH range-®4 and
temperature down to 8C. Peak j* is assigned to the His E7

for the a and 3 subunits.

detected NOEs from saturating the peak at 17 ppm with the
NOESY map that locates the previously repotftestCHs to

6H, and His F8 NH (peaka, a*) to His F8 NsH (peaksc, c*)
cross-peak in the subunit, as shown in Figure 6B,C, reveals that
the identical magnitude NOEs from the 17 ppm peak arises from
the His F8 NHs of thetwo subunitsHence the peak b, b* at
~17 must be a superposition of theH3 of the axial Hisof

both a(b) andS(b*) subunits Having established that the peak

CsH on the basis of its expected weak NOE to Phe CD1 (peak at 17 ppm arises from the degenerate His EBI<Cof the two

h*) at high pH (not shown). The other His E7 ring proton, peak
k*, the CH, is assigned on the basis of its expected NOE from
the 6-propionate &, as shown in the NOESY slice in Figure

4C. Thus, it was not possible to obtain any direct evidence for

a labile proton at position Non the distal His. The-chain

subunits, the comparable intensity and line width of the upfield

broad peak labeled f, f* in Figure 5B dictate that it arises from

the essentially degenerate His F§HJeaks of the two subunits.
The conventionalH NMR spectrum of metHbCN at alkaline

pH suggests the presence of an additional relaxed, labile proton

assignments are summarized and compared to those of thepeaki under thea-subunit 1-CH peak, M, in Figure 7A. The

fp-subunit of the intact tetramer in Table 1.
His F8 and His E7 Ring Assignments in HbA All weakly

WEFT-spectrum in Figure 7B confirms the presence of such a
peak at 16.3 ppm with an estimat@e(i) ~ 10—15 ms; this

to moderately relaxed resolved resonances in metHbCN havepeak is absent ifH,O solution (not shown). Saturation of this

been assigned to residues and individual suBiojt 2D NMR.
Peaks for metHbCN in Figures—& are initially labeled by
lower-case letter (italics for labile protons) for the two subunits,
with an asterisk identifying thg subunit. The backbone NHE
HCsH> fragments and ring M (peaksa, a*) of His F8, the
CsHs (j, j*) of His E7, as well as the complete Phe CD1 (g, g*
for C:H, h, h* for CHSs) ring for each of the subunits in
metHbCN have been assigned previo#8land the relevant

labile proton peak leads to comparably strong resolved NOEs
to peak j and peak k at0.5 ppm (see Figure 7C), of which
peak j had been previously assigned His EyHGrom the
a-subunit® (as well as to the Phe CD1.E peak h). This assigns
the labile proton peakto the NH, and the 0.5 ppm peak k to
the CH of the a-subunit His E7. A NOESY slice through the
resolvedo-subunit 61 leads to the expected NOEs to the His
E7 GH (peak j) and CH (k), as well as to the other Githe

data are compared to the data on the isolated chains in Table 16H,s and 5-CH (Ms), as shown in Figure 7D. The intensity of

Not located previously are the His F8 nonlabile ring protons or
other protons on the His E7 ring. The normidINMR spectrum

of metHbA—CN at low pH is shown in Figure 5A. The WEFT
spectrum in Figure 5B reveal two strongly relaxéd £ 3 ms),
comparably broad~1.5 kHz) and comparably intense peaks
centered at 17 (b, b*) anet2 ppm (f, ) that must originate
from the His F8 ring protor# from either theo or 3, or both
subunits. Irradiation of the center of the low-field broad peak
(labeled b, b*) leads to NOEs ebmparable intensitiefor two
peaksa anda*, as shown in Figure 5C. Alignment of the two

the labile proton peak at 17 ppm is diminished at pH 7 and
disappears below pH 6.5, indicating saturation-transfer from bulk
water6?

The complete absence of NOEs to fheubunit His E7 GH
upon saturating the labile proton peaiFigure 7C) excludes
the possibility that the distal His E7 labile proton peak for the
[B-subunit could be under that for tleesubunit. No evidence
for an additional relaxed, low-field labile could be detected in
the pH range 5.59.5 and down to 5C. The NOESY slice
through the resolveds-subunit 6H* however, reveals the
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Figure 7. Resolved portions of thtH NMR spectrum of metHbA dgip(obs), ppm

CN in *H,0, 50 mM phosphate, 100 mM in NaCl, 40 mM KCN, at 30 . - .

°C and pH 8.4; (A) reference spectrum collected under nonsaturating F19ure 8. Plot of dai(0bs) vsdap(calc) for the optimized magnetic
conditions; (B) WEFT-spectrum (repetition time 200 ms; relaxation axes for thef-subunit of metHbCN using the (A) HbOcrystal
delay 60 ms) that emphasizes broad peaks; note the appearance of aoordmates and (B) the HbCO crystal coordinates. The points for the
broad peak at 16.2 ppm that is not present at low pH, (C) Steady- input data for the proximal helix are shown in closed circles. The values

state NOE-difference spectrum upon saturating the strongly relaxed, for the His E7 ring protons are shown as open circles for the orientations
low-field labile proton peak; note NOEs to His E7 gH peak j and in the respective crystal structures. Note excellent correlation for the

Phe CD1 peak h of the-subunit, as well as to His E7.8 peak k; input data points and the generally good correlation for the HiSE7 ring,
(D) NOESY slice (35 ms mixing t’ime) through @I(lshowne by verticalll indicating the residue has the same orientation as found in both HbCO
arrow) of a-subunit, with cross-peaks, in addition to 5-Cldnd and HbQ.

complete 6-propionate, t@-subunit His E7 GH peak k and &H; (E) . . . .
NOESY slice (35 ms mixing time) through GH(shown by vertical using the HbC& and HbQ coordinates respectively. The high
arrow) of -subunit, with cross-peaks, in addition to 5-¥* 5) and quality of the fits is emphasized in the plot &fi(obs) versus
complete 6-propionate, to His E7.K peak k* of 8-subunit. daip(calc) for the input data (closed circles) shown in Figure 8
for the 8-, and in Figure 9 for thet-subunit of metHbCN. The
expected NOEs to His E7 48 (j*) and CH (k*), as well as magnetic axes for each subunit are within the uncertafties
the other 6*, 6Hy*'s and 5-CH; (Ms*) (Figure 7E). The'H for the determined values ¢f (£1°), o (£10), andx (£10)
NMR spectral properties of the His F8, His E7, and Phe CD1 for the HbCO and Hb@crystal coordinates, although they differ
protons in the isolated chains and the subunits for the intact somewhat between the two subunits, as reported previgusly.
tetramer are compared in Table 1. It is noted that, whemgip(0bs) anddgip(calc) for the distal His
Magnetic Axes Determination and Modeling the His E7 E7 ring (open circles in Figures 8, 9) in their crystallographic
Orientation. The orientation of the magnetic axes for each orientation are compared, there is a large difference between
subunit of metHbCN in alkaline pH have been repoftemsing the values obtained for His E7 orientation in thesubunit
the reportedqip(obs) for the structurally conserved proximal (Figure 9), while the values are relatively well predicted for
helix,%® Ayax = 2.48 x 1078 m3/mol, Ay = —0.58 x 1078 the 3-subunit (Figure 8) for both HbCO and Hb he position
m3mol determined accurately from isoelectronic metMb&N, of the distal His E7 side chain relative to that of the heme in
and the crystal coordinates for either Ho®@r HbO,.° The the 8-subunit is very simil&3°in HbO, and HbCO, while that
o, 3, k values are 207 11°, 41° and 22%, 13, 36° for the in the o-subunit intrudes much further into the pocket in the
o-subunit using the HbC® and HbQ coordinates, respec- HbO, than HbCO form, as shown in Figure 10, which represents
tively, and 170, 10°, 32 and 172, 1(°, 48 for the 5 subunit largely a change by-20—25° change iny1 for His E7.
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Figure 9. Plot of dgip(0bs) vsdgip(calc) for the optimized magnetic
axes for then-subunit of metHbCN using the (A and)MHbO; crystal
coordinates; and (B) HbCO crystal coordinates. The points for the input
data for the proximal helix are shown as closed ciréieEhe values

for the His E7 ring protons are shown as open circles for the X-ray
orientations of the residue. Note the excellent correlation for the input
data points, but the large deviations, in opposite directions, for the His
E7 side chain when using the HbCO or Hbéordinates. The effect

of changing by~12° in HbO,, and by~10° in the opposite direction

in HbCO results in very satisfactory correlation between the His E7
ring protondgip(obs) anddgig(calc), as shown by open triangles.

The large discrepancies betwe@gp(obs) anddgig(calc)
values for thea-subunit His E7 ring protons is concluded to
arise from an orientation relative to the heme in metHbCN that
is different from that found in either crystal structure, and is
removed by either rotating the ringl10° further into the pocket
than in HbCO?®° or rotating by~12° further out of the pocket
than in HbQ,? as shown by the open triangles in Figure 9A,B,
respectively. The ultimate-subunit HiSE7 orientation deduced
for metHbCN starting with the alternate crystal structure is

J. Am. Chem. Soc., Vol. 123, No. 18, 20013

His E7

HbCO
metHbCN &

HbOL— 7

His F8

Figure 10. Superpositions of the heme and His F8 in theubunits
of HbCC*® and HbQ,® showing the orientations of the His E7 within
the heme pocket which differ largely i1 by ~20-25°. The
intermediate orientation of the His E7 ring is found in tksubunit of
metHbCN in solution.

agreement with the values for the same parameters in the
optimized HisE7 orientation (5.5 and 3#60.2 A, respectively).
The reportedT; (HisE7 GH) ~ 45 ms in thep-subunit of
metHbCN is also consistent with e = 5.4 4 0.2 A found

in the two crystal structures.

Discussion

Orientation of His E7 in metHbCN. The -subunit HisE7
ring exhibits dgip(0bs) that are reasonably well predicted by
either the HbCO or Hb@coordinates (Figure 8), which exhibit
essentially the same His E7 side chain orientati#ti he failure
to detect the relaxed His E7.N signal precludes confirmation
of the residue orientation using relaxation data. Hence we
conclude that the3-chain His E7 has esssentially the same
orientation for metHbCN in solution as in HbCO or HpO
crystals®3° The a-subunit His E7 orientation differs signifi-
cantly?3%in HbCO and HbQ@ as shown in Figure 10, and each
predicts systematic deviations &, (calc) fromdgip(obs), but
in opposite directions, as shown in Figure 9. Indeed, the
optimized His E7 orientation is found intermediate between that
in HbO, and HbCO, as illustrated in Figure 10. We conclude
that the combination of the dipolar shift and relaxation
constraints allows a reasonably robust determination of the distal
His E7 orientation in metHbCN. It is furthermore anticipated
that changes in the His E7 orientation due to point mutation
should be similarly readily described by the dipolar shifts.

Effect of Tetrameric Assembly.The chemical shifts of both
the heme methyls and the three strongly paramagnetically
influenced residues, His F8, His E7, and Phe CDL1 for a given
globin chain are essentially the same in the isolated chain and

essentially the same and intermediate between the two as showsubunit in the intact tetramer, as shown by the data in Table 1.

in Figure 10. It is noted that the fit starting with HbCO (Figure
9B) is better than that starting with Hh@Figure 9A). Using
the Phe CD1 @ (T &~ 20 ms,Ree ~ 4.44 0.2 A) as reference
in eq 1, theo-subunit His E7 relaxation times fors@ (T1 =~

45 ms) and NH (T; ~ 10 ms) lead tdRre estimates of 5.2+

0.3 and 3.9+ 0.2 A, respectively. These are in reasonable

Hence, we conclude that assembly of the R-state tetramer from
the “relaxed”, isolated subunits has only very minor influences
on either the magnetic axes, as reflected dign(obs) for
noncoordinated residues such as Phe CD1 and His E7, or on
the Fe-heme and FeHis F8 bonding, as reflected in their
conserved dominant contact shift values. Moreover, the His E7
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NH lability in the a-chain, as reflected in the loss of its intensity  indicates that the proton experiences limited protection from

at acidic pH due to saturation transfer from bulk sohV&ifgis solvent by acid-catalyzed exchange, and this protection is a
also inconsequentially altered upon assembly of the tetramer.measure of the hydrogen bond strerfjtffFor the same reason,
Comparison between Cyanomet HbA and Mb.The axial the failure to detect the His E7.N labile proton in the3-subunit

His F8 hyperfine shifts for each of the subunits of metHbCN or -chain even to pH 8.does noimean that the labile proton
(Table 1) are very similar to those reported for sperm whale is not on N or is not participating in a hydrogen bond with the
metMbCN (with CH, Cs;H shifts of —4.6 and 18.3 ppm, cyanide. The evidence is equally consistent with the presence
respectively}° as is the orientation of the magnetic axes, which of such a hydrogen bond, but that it is somewhat weaker than
have been reportéH with o, 8, « values 190, 15°, 38, in the a-subunit such that the lability is enhanced by a factor
respectively. These comparisons support a “relaxed” or un- >=1(? (and hence the dynamic stability decreased:2y3 kcal/
strained Fe-His F8 bond for both subunits of R-state metHbCN, molf?) when compared to that in the-subunit.

as expected:>1819t is anticipated that the introduction of axial Indirect evidence for the presence of a hydrogen bond
tension in thea-subunit by converting the R-state valency petween thgg-subunit/chain His E7 M and the ligated cyanide
hybrid, (mete.CN);(deoxy#), to the T-state by binding inositol  can pe drawn from the heme methyl contact shifts. It has been
hexaphosphat¥;?’should readily show up a characteristic effect gemonstrated in both model compou#tand cyanide-ligated

on the axial His F8 ring hyperfine shifts and/or in changes in  ferric hemoproteing!355%6%hat abolishing the distal hydrogen

the orientation of the magnetic axes. _ _ bond to cyanide leads to a systematit ppmdecreasen the
Distal Hydrogen Bonding in the f-Subunit/Chain. The mean methyl hyperfine shift of the heme. This change in methyl
distal His E7 in thea-subunit of metHbCN exhibits an N shifts has been effected either by mutating the distal residue

thatis poised to provide a hydrogen bond to the bound cyanide, jntg a non-hydrogen bonding side ch&fror mutating residues
as in the crystdlof HbO,. The His does not rotate into the  that interfere with the ability of the distal His to orient itself
heme pocket (when compared to HbCO) as far as in Hisee into a position appropriate to forming a hydrogen bond to the
Figure 10), but this is likely due to the fact that-F@—O is bound cyanidé* Comparison of the heme mean methyl! shift,
highly bent, while the FeCN prefers to be linear, and is bent 6Dss(a3) for the two subunits in HbA. shown in Table 1
or tilted (as reflected i in the magnetic axes), and hence the reveals tHat it is only marginally smalle’r (0.1 ppm) in fhe '

::(I)S g?g(:hgolt. mgge as far as in Hp® provide a hydrogen thano-subunit (chain). These results support the presence of a
'?he rotonlg'? oI. ed in this putative-chain anda-subunit hydrogen bond between His E7.fland cyanide in th¢- as
P nvolved In this putativ ! well asa-subunit and chain, but with the hydrogen bond weaker

hydrogen.bond IS I"."b'.le and eXh't.)'tS an acid-catalyzed exchangem the former subunit or chain. It is of considerable interest and
rate that is very similar to that in sperm whale metMb@&N,

where the proton was readily detected in alkaline pH but also significance that recgﬁH NMR data on isotope-labeled HBO

exhibited progressive saturation-transfer from the solvent signal have, n fact, provided strong suppdrtthat, contrary 1o

with decrease in pH until the peak was no longer detectable conclusions pased on the Hp@ystal structure, thg-subunit

b . S - HisE7 does indeed form a hydrogen bond to the boupd O
elow pH 6. This behavior is very similar to the present

observation on the-subunit (ora-chain) His E7 NH where
the signal is similarly lost at pH 6. Thus, the strength of the
hydrogen bonds between His EZHNand the bound cyanide
are very similar in the Hb isolated-chain, intacta-subunit,
and sperm whale Mb. It is important to note that the absence ja004168wW
of the His E7 NH peak at lower pH in thex-chain/subunit

does notindicate that the hydrogen bond is broken. Rather it  (63) Zhang, W.; Cutruzzdl&.; Travaglini Allocatelli, C.; Brunori, M.;
La Mar, G. N.Biophys. J.1997 73, 1019-1030.

(62) Englander, S. W.; Kallenbach, N. R. Re. Biophys.1984 16, (64) Lukin, J. A.; Simplaceanu, V.; Zou, M.; Ho, N. T.; Ho, €roc.
521-655. Natl. Acad. Sci. U.S.A200Q 97, 10354-10358.
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