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SUMMARY 

The proton nuclear magnetic resonance spectra of soybean ferric leghemo- 
globin a in the low-spin cyanide and nicotinate complexes have been assigned 
by specTfic deuteration of heme methyl groups. The assignments differ from 
those obtained solely from nuclear Overhauser enhancement measurements and 
are indicative of a proximal histidyl imidazole-hemin interaction which is 
very similar to that found in sperm whale myoglobin. The absence of a hyper- 
fine shifted exchangeable NH peak for the distal histidine in leghemoglobin 
suggests either a very different orientation for this distal ligand or a 
significantly faster exchange rate with bulk solvent than found in myoglobin. 

One of the more interesting monomeric oxygen-binding hemoproteins is the 

hemoglobin (leghemoglobin) found in the Rhizobium-infected nitrogen fixing 

root nodules of legumes (1). Although a crystal structure (2) of the lupin 

leghemoglobin, Lb, acetate complex reveals a tertiary structure very similar 

to that of myoglobin (3), leghemoglobins exhibit much higher oxygen affini- 

ties, due primarily to a much larger O2 on-rate (4,5), and can readily bind 

bulky ligands such as nicotinate (6), alkyl isocyanides (7) and long chain 

carboxylic acids (8). While the X-ray data (2) are in accord with a larger 

heme pocket than in other oxygen binding hemoproteins, they do not provide 

any insight into the nature of the protein-heme interactions which are respon- 

sible for the rapid O2 binding. 

Proton NMR studies of paramagnetic forms of hemoproteins, particularly in 

the low-spin ferric state, can provide a wealth of structural information, and 
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the nature of the hyperfine shifts for heme and axial histidine protons can 

yield details on the iron-porphyrin and iron-imidazole bonding as modulated by 

specific protein chains (9-15). Specifically, the pattern of the unambiguously 

assigned heme methyl resonances can yield direct information on the orienta- 

tion of the axial imidazole relative to the heme plane (lo-13), while the 

hyperfine shifts for the exchangeable protons for the proximal and distal 

histidyl imidazoles reflect the strength of the proximal histidine-iron bond 

and the degree of interaction between coordinated ligand and distal residues 

(14). Thus proton NMR is well suited for probing the degree of differences 

and similarities of specific structural features in metMbCN and metLbCN. 

Unambiguous assignments of heme resonances of various forms of sperm 

whale myoglobin based on reconstitution with isotope labeled hemins have been 

published (ll-13,15,16). Recently, a number of the heme resonances of several 

low-spin Lb proteins, among them the cyanide, metLbCN,and nicotinate, metLbNic, 

complexes have been reported based on the interpretation of a series of nuclear 

Overhauser enhancement, NOE, measurements (17,lE). The magnitudes and the 

apparently contrasting pattern of the individual heme methyl hyperfine shifts, 

as compared to metMbCN (11,15), were interpreted in terms of significant 

differences in the heme-protein interactions (18). We demonstrate here that 

parallel studies on these proteins using isotope labeling techniques lead to 

alternate but unambiguous assignments which suggest a much stronger resemblance 

in the electronic/molecular structure of the heme pockets of these two proteins. 

MATERIALS AND METHODS 

The ferric form of legume hemoglobin 5 was extracted from soybean root 
nodules and purified as described by Appleby et al. (19). The apo-protein was 
prepared by extracting the hemin from a cold ~pn solution of the ferric 
protein at pH 3.5. The aqueous phase was dialyzed exhaustively against HZ0 at 
4°C and against 0.15 M Tris HCl, PH 7.35. The apo-protein was reconstituted 
with [1,3-(C2H3)2]-hemin, [1,5-(C D3)z]-hemin and [2,4-(a-C'H)r]-hemin (16) by 
adding dropwise a stoichiometric amount of the labeled hemin dissolved in a 
minimum of 0.01 M NaOH at 0°C to the cold apo-protein solution. The pH was 
not permitted to exceed 7.4 and the solution stirred for 3 hours. The solu- 
tion was again dialyzed against H20, centrifuged, and either concentrated for 
HZ0 solutions by ultrafiltration, or lyophilized and dissolved in H20. Sperm 
whale myoglobin was purchased from Sigma as a salt-free,lyophilized powder. 
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NMR samples were prepared l-3 mM in protein in either 90% H20/10% 'Hz0 
or 99.9% 'Hz0 0.2 M in NaCl. The cyanide or nicotinate complexes were pre- 

f  
ared by adding a three-fold excess of KCN or nicotinic acid to the solution. 
he pH was controlled by addition of HCl or NaOH in the appropriate solvent, 

and measured using an Ingold micro-combination electrode and a Beckman 3550 
pH meter; the readings in 2H20 are uncorrected for isotopeeffects and designa- 
ted 'ptl'. 

Proton NMR spectra were recorded at 360 MHz on a Nicolet NT-360 spectro- 
meter operating in the quadrature mode. Spectra consisted of approx. 2000 
transients collected over a 10 KHz bandwidth using 8K points (10~s 90" pulse). 
Signal-to-noise was improved in all spectra by apodization which introduced 
3 Hz line broadening. The strong solvent resonance in H20 solution was sup- 
pressed by a 30 ms phase-alternated presaturation pulse. Chemical shifts are 
referenced to internal 2,2-dimethyl-2-silapentane&sulfonate, DSS, and are 
given in parts per million, ppm, with downfield shifts taken as positive. 
Both metLbCN and metLbNic in 2H20 exhibited proton NMR spectra with shifts 
identical to those reported earlier at 270 MHz (17,18). 

RESULTS 

The hyperfine shifted portions of the 360 MHz proton NMR spectrum of sperm 

whale metMbCN in H20 (A) is compared with those of metLbCN in H20 (B) and 2H20 

(C) of Figure 1. The previous assignments for the proximal and distal histidyl 

imidazole NH peaks from T1 measurements (14) and for the heme resonances based 

on deuterium labeling (15) are included for metMbCN. The two heme methyl 

signals a and b in metLbCN are apparent, as reported earlier at 270 MHz 

(17,18), and comparison of the H20 and 2H20 spectra of metLbCN reveals a single 

strongly hyperfine shifted proton peak, J!, which T1 measurements and pH influ- 

ences on lability dictate (14,20) must arise from the proximal histidyl imida- 

zole NH. 

The assignments of methyl and vinyl peaks via deuterium labeling are 

illustrated in Figure 2 for metLbNic in 2H20. All previously reported NOE 

effects for this complex could be duplicated quantitatively (17,18). However, 

while peak d is confirmed as a vinyl-Ha, methyl peaks a, band c clearly arise - 

from 5-CH3, l-CH3 and 3-CH3, in contrast to the previous NOE-based assignment 

of a and b to 8-CH3 and 3-CH3 (18). The results of similar isotope labeling 

(20) of metLbCN (not shown) are included in B of Figure 1 and confirm the same 

discrepancy with the earlier published results (18). 
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bfl-CH,l 

30 25 20 is 10 0 -5 -10 PPM 

Figure 1: Hyperfine-shifted portions of the 365 MHz proton NMR spectra of: 
A. sperm whale metMbCN, 25"C, pH 8.4 in 95% H25/10% 2H20, with the assign- 
ments from Refs. 14, 15 and 25; B. soybean metLbCN, 25"C, pH 8.3 in 95% 
H25/10% 'H25, with assignments fFbm Ref. 25; C. soybean metLbCN, 25'C, 
'pH' 8.6 in 'H20. Shifts are in ppm from DSST 

DISCUSSION 

The present unambiguous heme methyl assignments differ from the previous 

NOE-based assignments by a 180" rotation about the cl-y-meso axis. The origin 

of the discrepancy is that NOE measurements of an insufficient number of 

resonances were made which necessitated the assumption of one assignment based 

on arguments (18) related to the crystal structure of lupin Lb (2). Unfortu- 

nately the comparison was invalid. That NOE measurements alone can establish 

unique assignments if a large enough number of peaks are resolved is illustra- 

ted in the case of ferricytochrome b5 where the NOE-based (21) and isotope 

labeling (13) assignments coincided. In general, a single isotope labeling 

appears necessary in order to be able to place confidence in the remainder of 
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-20 PPFI 

Figure 2: Hyperfine-shifted portions of the met nicotinate complexes of 
leghemoglobin a at 25"C, in 'HZ0 at 'pH' -6.6; 11, native 
metLbNic recon?tituted with: 

rotein; and 

hemin; D, [2,4-(a-CH),]-hemin. 
E& [1,5-(C2H3)2]-hemin; C, E 1,3-(C2H3)2]- 

intensifies due to deuteration. 
Vertical arrows indicate reduced signal 

Shifts are in ppm from DSS. 

the NOE-based assignments. Since the previously reported (17,18) NOE effects 

could be quantitatively duplicated,g,g, f  (Fig. 2 A) can be assigned to the 

2 rather than the 4-vinyl group and 9, h to the 6- rather than the 7-a-CH2 (18). 

Comparison of the spectra of correctly assigned metMbCN and metLbCN now 

reflect very similar rhombic distortions which are indicative of essentially 

the same orientation of the proximal histidyl imidazole relative to the heme 

(lo-13,15). While we confirm that the hyperfine shifts for the heme methyl 

signals are smaller in metLbCN than in metMbCN, we cannot simply interpret this 

as indicating that the axial interaction must be stronger, as suggested earlier 

(18), since the pyrrole 2,4-H of deuterohemin-reconstituted into metLbCN (not 
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shown) exhibits larger upfield hyperfine shifts (20) than in the analogous 

reconstituted metMbCN (22). Thus the smaller downfield methyl shifts in 

metLbCN are indicative of an overall upfield bias for all shifts which is sug- 

gestive (23,24) of an increase in axial magnet anisotropy rather than a 

decrease in iron-porphyrin covalency. 

The hyperfine shifts for the proximal histidyl imidazole NH's (peak x) are 

similar in metLbCN and metMbCN (14,25). I f  the magnetic anisotropy is indeed 

larger in metLbCN, then the NH contact shift in that protein is smaller (23), 

which can be interpreted either in terms of weaker Fe-imidazole bonding, as 

suggested in the crystal structure (2), or stronger NH hydrogen bonding (26) 

to some acceptor in metLbCN; however, both reflect properties of the ligated 

state which would influence primarily the ligand off-rate. The strongest 

contrast in the proton NMR spectra of the two proteins is the absence of a 

strongly hyperfine shifted signal assignable to the distal histidyl imidazole 

NH in metLbCN (14,25). This requires that either the distal ligand in Lb is 

further removed from the iron than in metMbCN, which could decrease steric 

interference with ligation, or that the larger heme pocket in metLbCN permits 

rapid exchange of the distal histidyl imidazole NH with bulk water. A 

greater heme accessibility in Lb for other substrates has already been estab- 

lished (27). Such enhanced accessibility of ligands may be related to the 

greater O2 on-rate (4,5). Detailed studies of the dynamic stability of the 

heme pocket of various forms of Lb, as determined by hydrogen exchange kine- 

tics of assigned resonances in the heme cavity, are in progress, and their 

compar 

(14,28 

ligand 

son to similar data recently reported on identical forms of myoglobin 

may further shed light on the physical basis for the contrasting 

on-rates in these proteins. 
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