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ABSTRACT: The role of the proximal ligand in determining the structure and ligand binding properties of 
sperm whale myoglobin has been investigated using the mutant H93G(L), where the proximal histidine 
has been replaced with glycine, creating a cavity which can be occupied by a variety of exogenous ligands, 
L, to the iron [Barrick, D. (1994) Biochemistry 33, 6546-6554; DePillis, G. D., Decatur, S .  M., Barrick, 
D., & Boxer, S .  G. (1994) J. Am. Chem. SOC. 116,6981-69821. In this report, we present the assignments 
of selected protons of the heme and heme pocket residues in the metcyano complexes of H93G with Im 
and a series of methyl-substituted Ims [H93G(Im)CN, H93G(N-MeIm)CN, H93G(2-MeIm)CN, H93G- 
(4-MeIm)CN]. Each complex has a unique 'H NMR spectrum, providing a fingerprint for documenting 
the ligand exchange phenomenon. Moreover, the identification of NOES between the protons of proximal 
ligands and protons of proximal pocket amino acid residues confirms that the new ligand occupies the 
proximal cavity in solution. The pattem of hyperfine-shifted heme methyl resonances in H93G(Im)CN 
is very different from that of wild-type Mb, consistent with the differences compared to wild-type in 
orientation of the proximal imidazole observed in the X-ray crystal structure of H93G(Im) [Barrick, D. 
(1994) Biochemistry 33, 6546-65541. Addition of deuterated Im to H93G(Im)CN permits direct 
observation of exchange of proximal ligands with ligands from solution; exchange of Im for deuterated 
Im in the metcyano complex occurs with half-life of around 10 min. The heme methyl pattem is very 
similar in the series of H93G(MeIm) complexes, suggesting that the orientation of the imidazole is similar 
in these proteins. While Im and 4-MeIm have the same affinity for the proximal binding site, N-MeIm 
and 2-MeIm bind more weakly than Im in the metcyano complex. By characterization of the NMR 
spectra of these complexes, it is possible to describe interactions between the proximal ligand, the heme, 
and the protein pocket which play a role in determining the structure and function of the complexes. 

Myoglobin (Mb)] is extensively studied as a model for 
exploring the relationship between protein structure, dynam- 
ics, and function. Most of this effort has focused on the 
role of the amino acids in the distal pocket in modulating 
the kinetics or thermodynamics of ligand binding (Lambright 
et al., 1989, 1994; Carver et al., 1990; Springer et al., 1994); 
less is known about the role of the proximal side (Smerdon 
et al., 1993). As the sole covalent linkage between the 
polypeptide chain and the iron active site, the proximal 
histidine (His 93) plays an important yet poorly understood 
role in determining the functional and spectroscopic proper- 
ties of the protein. In studies of model compounds, the 
proximal ligand is easily changed and can be shown to 
modulate function. For example, subtle changes in the 
conformation or orientation of the proximal ligand can 
perturb the kinetics and thermodynamics of the binding of 
0 2  or other diatomic ligands to the distal side of heme model 
compounds and proteins (Momenteau & Reed, 1994). 

In order to dissect the role of the proximal ligand within 
the protein, it is desirable to systematically alter the structure, 
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conformation, and chemistry of the proximal ligand. How- 
ever, the limited variety of ligands available among the 
natural amino acids reduces the power of site-directed 
mutagenesis as a tool to address this problem. The mutants 
H93C and H93Y have been prepared in human and sperm 
whale myoglobins (Adachi et al., 1993; Egeberg et al., 1990) 
and have interesting properties, but there are no amino acids 
available which can more subtly alter the nature of the 
proximal ligand. An alternative approach is to remove the 
covalent linkage with the protein entirely. When the 
proximal histidine is replaced by glycine and the protein is 
expressed in Escherichia coli in the presence of imidazole, 
an exogenous imidazole molecule is taken up by the protein 
and serves as the proximal ligand (Barrick, 1994). Previ- 
ously, we have reported a method to substitute a wide range 
of molecules for the proximal imidazole in H93G (DePillis 
et ai., 1994). Using this technique, it is possible to 
incorporate the diversity of ligands available in model 
compounds within the Mb matrix. The proteins, H93G(L), 
where L is the proximal ligand, can be distinguished on the 
basis of differences in spectroscopic and ligand binding 
characteristics. Subtle variations in L, such as 1-, 2-, and 
4-methyl-substituted imidazoles (Im), can be used to sys- 
tematically explore the effects of steric bulk, structure, and 
basicity of the proximal ligand on protein function. 
'H NMR spectroscopy of metcyano complexes of heme 

proteins and model compounds is useful for characterizing 
both the protein structure and heme electronic structure. 
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FIGURE 1: (A) Schematic diagram of the heme pocket in H93G- 
(1m)CN. The proximal Im undergoes exchange with exogenous 
ligands (L) from solution. (B) Projection of the Im plane onto the 
heme plane. The angle CP between the Im projection and the NIV- 
Fe-NrI plane is about 10' in WT SWMb, with His 93 nearly 
eclipsing the heme pyrrolic nitrogens (Takano, 1977). In H93G- 
(Im), the angle is closer to 45", and the Im projection is aligned 
with the meso carbons of the heme (Barrick, 1994). Positions of 
important amino acids are indicated by circles; italicized labels 
indicate distal pocket residues [following Kendrew (1962)l. 

Metcyano complexes of hemes are low spin (S = 'h), 
paramagnetic species; in heme proteins, contact and dipolar 
shifts experienced by the heme and neighboring amino acids 
produce spectra with a large dispersion of resonances, 
facilitating the assignment process. Furthermore, the pattem 
of hyperfine-shifted resonances of the heme is characteristic 
of the electronic asymmetry in the heme produced by 
interactions with the anisotropic protein environment (La 
Mar, 1979) and by the orientation of the axial ligands 
(Traylor & Berzinis, 1980; Yamamoto et al., 1990). Small 
but systematic changes in the heme methyl chemical shifts 
are observed upon mutation of amino acids of the distal 
pocket (Adachi et al., 1991; Rajaratham et al., 1994), but 
larger changes are observed upon alteration of the proximal 
ligand. Yamamoto and co-workers have correlated the 
pattem of hyperfine-shifted resonances of the heme methyl 
protons with the angle @ between the projection of the 
proximal imidazole on the plane of the heme and the NII- 
Fe-NIv axis (Figure 1). In addition, we have demonstrated 
that substituting the proximal ligand in H93G(L)CN produces 
new complexes which have unique and distinguishable NMR 
spectra (DePillis et al., 1994). These changes in spectral 
features provide a window for observing the kinetic and 
thermodynamic properties of proximal ligand exchange for 
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relatively conservative substitutions. In subsequent papers, 
we will describe the properties of other spin and distal 
ligation states as well as more drastic changes in the proximal 
ligand. 

MATERIALS AM) METHODS 

Protein Preparation. The expression and purification of 
sperm whale Mb mutant H93G(Im) has been described in 
detail elsewhere (Barrick, 1994). The proximal ligand in 
H93G can be exchanged by a simple diafiltration procedure 
(DePillis et al., 1994). An excess (IO-100-fold) of the new 
ligand is added to a concentrated stock of H93G(Im). After 
several successive concentrations and redilutions in a Cen- 
@icon-10 (Amicon), the concentration of excess ligand L was 
reduced to about 1 mM. 

'H NMR samples were prepared in either D20 or 90% 
H20/10% DzO buffers containing 0.1 M potassium phos- 
phate, 10 mM KCN, and 1 mM proximal ligand L. The 
uncorrected pH of the samples was either 7.0 (D20) or 9.4 
(90% H20). Protein concentrations were typically between 
1 a n d 3 m M .  

Reconstitution with l -CD3 Protohemin IX. The apoprotein 
of H93G was prepared by the standard 2-butanone extraction 
method (Teale, 1959). 1-CD3 protohemin-IX was a generous 
gift of Dr. Kevin Smith. A 5% excess of the heme dissolved 
in 0.1 N NaOH was added dropwise to the apoprotein 
solution containing 10 mM Im. The solution was passed 
through a PD-10 column (Pharmacia) to remove unbound 
heme. Reconstituted H93G(Im) was kept at room tempera- 
ture for 12 h to allow heme reorientation equilibration to 
occur2 and then prepared as an NMR sample as described 
above. 
'H NMR Experiments. All 'H NMR spectra were collected 

on a GE Omega 500 MHz spectrometer. Spectra were 
routinely measured at 30 "C. The residual water resonance 
was saturated with the decoupler channel during the predelay 
period. 

Steady-state 1D NOE difference spectra were obtained 
with a saturation time of 100 ms and mixing time of 1 ms. 
The delay between acquisitions was set to 700 ms. Typi- 
cally, 9600 scans alternating on- and off-resonance consisting 
of 2048 points over a spectral window of 25 000-30 000 
Hz were collected. The repetition rate was about 1 Hz. 
Difference FIDs were apodized with 5-10 Hz line broaden- 
ing and zero-filled to 4096 points before Fourier transforma- 
tion. 

*When apomyoglobin is reconstituted with heme, initially two heme 
conformers (related by 180" rotation about the heme a-y  axis) are 
present; equilibrium is reached after several hours. The reorientation 
of the heme between these two conformers has been extensively 
characterized by La Mar and co-workers (La Mar et al., 1989; Hauksson 
et al., 1990). When Mb is reconstituted with protoporphyrin IX, which 
lacks the Fe and therefore a covalent linkage between prosthetic group 
and protein, the equilibrium heme conformation is observed within 20 
min after reconstitution, suggesting that either His 93 -iron bond 
formation is criticial in causing metastable heme disorder or that bond 
breakage and formation is the rate limiting step in heme reorientation 
(La Mar et al., 1989). Because the prosthetic group in H93G(Im) is 
not attached to the polypeptide chain, heme reorientation kinetics may 
occur on an intermediate time scale, and it might be a valuable tool in 
distinguishing between the two mechanisms. For the purpose of the 
present study, the spectrum of reconstituted H93G(Im) after a 12 h 
waiting period was indistinguishable from that of protein isolated from 
E. coli. 
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Absolute value COSY (MCOSY) and phase-sensitive 
NOESY spectra were collected following published protocols 
for optimizing collection of spectra for paramagnetic met- 
cyano-heme protein complexes (Alam & Satterlee, 1994; 
La Mar & de Ropp, 1993; Emerson & La Mar, 1990). 
MCOSY spectra were collected over spectral widths of 
15 000-20 000 Hz. A total of 1024 t2 points and 512 tl 
blocks were collected. For NOESY spectra, 1024 tl points 
and 256 t2 blocks were collected with a spectral width of 
25 000 Hz and a mixing time of 100 ms. 2D data sets were 
processed using the program FTNMR (Hare Research). Data 
were apodized with a skewed-squared sine bell function in 
both dimensions and zero-filled to 2048 x 2048 points. 

TI  values for selected protons were measured using a 
standard inversion-recovery sequence. Plots of log[ ( I ,  - 
Z(t))/2Zm] vs z in paramagnetic complexes have curvature due 
to contributions from cross-relaxation (Sletten et al., 1983). 
However, in spin '/z metcyano-heme protein complexes, the 
initial slopes of the plots of log[(Z, - Z(t))/21,] vs z have 
been used to determine reasonably accurate values of TI (La 
Mar & de Ropp, 1993). The distance between the proton 
and the iron ( R F ~ )  can be calculated from the relationship 
(La Mar & de Ropp, 1993) 

Decatur and Boxer 

(RFei/RFej) = ( T I i / 7 y 6  

Heme methyl protons are -6.1 A from the Fe; however, 
it has been shown that scalar relaxation makes an increasing 
contribution to TI of heme methyl protons whose chemical 
shifts are '15 ppm (Cutnell et al., 1981). Thus, we have 
chosen the 7'1 of the most upfield of the assigned heme 
methyl protons, the 1-Me, as a standard to determine the 
Rpe of other resonances. For comparison RFe values were 
also calculated from coordinates of the X-ray structure of 
H93G(Im)Hz0 (Barrick, 1994). The SUPERWEFT se- 
quence (Inubushi & Becker, 1983) was used to enhance 
resonances from fast-relaxing protons relative to the slowly 
relaxing diamagnetic envelope. 

RESULTS 

The 'H NMR spectra of WT and H93G(Im) are aligned 
for comparison in Figure 2. Although there are many 
differences in the peak positions of the H93G(Im)CN 
spectrum compared to that of WT MbCN, the general 
features of the spectrum, including dispersion of resonances 
(-26 to -7 ppm in H93G; 28 to -10 ppm in WT) and 
sample homogeneity, are similar. Assignments for the 
spectra are listed in Table 1. Resonances were assigned 
using a combination of 1D and 2D data and isotopic 
substitution. The extensive assignments in WT SWMb 
(Emerson & La Mar, 1990), as well as the crystal structure 
of the metaquo form of H93G(Im), were helpful guides in 
the process. 

Assignment of Heme 1-Me and &-Me Groups. The 
resonance for the heme 1-Me group was readily assigned 
by reconstitution of H93G(Im) with 1 -CD3 protohemin-IX, 
as the peak at 16.7 ppm disappears in this complex (Figure 
3B). Furthermore, this resonance has an NOE with the 
methyl resonance at 25.6 ppm (Figure 3C). There is also a 
cross peak between these resonances in the 2D NOESY 
spectrum (data not shown). Since the 1-Me and 8-Me groups 
of the heme are the only methyl groups close enough for 

Ile99 Ile99 

WT MbCN 

1.Me 8-Me 

30 25 20 15 10 0 -5 -10 -15 

Chemical Shift (ppm) 
FIGURE 2: IH Nh4R spectra of WT MbCN and H93G(Im)CN in 
90% H20, pH 9.4, 30 "C. Assignments are listed in Table 1. 

Table 1: 'H Chemical Shift Assignments for H93G(Im)CN 

proton 6 (ppm) T I  (ms) RFe (0 RFe (.bb 
heme 

8-Me 25.6 60 C 6.1 
5-Me 23.6 100 C 6.1 
1 -Me 16.7 130 6.1 
2-a 11.4 115 6.0 5.9 
2-8 -0.34 d d 6.1-6.9 

0.48 d d 
4-a 10.2 d d 5.9 
4-8 -3.88 140 6.3 6.1-6.9 

-2.54 170 6.5 

C4H 12.1 30 4.8 4.5 
NH 18.7 d d 4.4 

Im 

Ile 99 
0.28 d d 6.2-7.0 

-5.33 70 5.6 6.3-6.1 
cm 
CYH 

-3.67 85 5.8 
CyH3 -3.48 90 5.8 6.1 
C6H3 -6.68 40 5.1 5.8 

c a s  6.77 d d 6.0 
NbH 12.2 d d 5.2 

CGHs 8.57 d d 6.9, 8.5 
CEHS 12.4 70 5.6 4.7,6.7 
CbH 16.9 70 5.6 4.49 

Gly 93 

Phe 43 

His 64 
NEH 24.8 d d 3.71 

Calculated using eq 1. Taken from X-ray coordinates of 
H93G(Im)HzO (Barrick, 1994). Contact shift makes application of 
eq 1 invalid. Not measured because of overlapping resonances. 

observing an NOE connectivity, the resonance at 25.6 ppm 
can be assigned to the heme 8-CH3 group (Emerson & La 
Mar, 1990). 

Assignment of Other Heme Protons. The spin systems 
for the heme vinyl groups are readily identifiable in the 
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FIGURE 3: (A) IH NMR spectra of H93G(Im)CN in D20 buffer, 
pH 7.0. (B) H93G(Im)CN reconstituted with 1-CD3 protohemin. 
The methyl peak at 16.7 ppm has disappeared. (C) NOE difference 
spectra of H93G(Im)CN upon saturation of the resonance at 16.7 
ppm. A small NOE is detected at 25.6 ppm. (D) NOE difference 
spectra upon saturation of 25.6 ppm. A small NOE is seen at 16.7 
ppm. The peak marked with “x” is due to decoupler overflow. 

MCOSY spectra. Cross peaks are seen between the reso- 
nance at 11.43 ppm and resonances at 0.50 and -0.34 ppm 
(Figure 4, peaks 1 and 2). Because NOES and NOESY cross 
peaks between these protons and the nearby 1-Me group are 
observed, these are assigned to the heme 2-a and the 2-8 
protons. The TI for the 11.4 ppm resonance, -115 ms, is 
also consistent with the Rw expected of the 2-a H (see Table 
1). A similar pattem of MCOSY cross peaks is also observed 
between the peaks at 10.2 and -2.54 and -3.88 ppm (peaks 
3 and 4). These peaks have been assigned to the heme 4-a 
and 4-j3 protons. TI and R F ~  data also support these 
assignments. The methyl resonance at 23.4 ppm has been 
assigned to the heme 5-Me group on the basis of NOES to 
the 4-a proton and the CGHs of Phe 43 (see below). 

Assignment of Resonances of Ile 99. The dipolar shifted 
resonances of Ile 99 protons appear in the upfield hyperfine 
shifted region and are readily assigned from the MCOSY 
spectra (Figure 4B). Cross peaks are observed between the 
CGH3 protons at -6.7 ppm and the two geminal CyHs at 
-5.33 and -3.67 ppm (Figure 4B, cross peaks 5 and 6). 1D 
NOES have been observed between these protons. Saturation 
at -5.33 ppm gives a very large NOE to -3.67 ppm, which 
is expected for a geminal pair of protons in the 1D NOE 
spectra (data not shown). There is an additional cross peak 
(7) between resonances at -3.67 and 0.28 ppm. The 
resonance at 0.28 ppm has been assigned to the Cj3H; this 
resonance also has a cross peak with a methyl resonance at 
-3.48 ppm, which can be assigned to the CyH3 (8). Intra- 
side-chain NOES between CGH3 and the CyHs and CyH and 
the CDH have been observed in both the NOESY spectrum 
and 1D NOE spectra. Saturation of the 5-Me resonance also 

I I 
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FIGURE 4: MCOSY spectra of H93G(Im)CN in D20 buffer, pH 
7.0, 30 “C. (A) Region containing cross peaks of the heme vinyl 
groups. (B) Upfield region containing cross peaks for ne 99 protons. 
(C) Aromatic region of the spectrum, with cross peaks for Phe 43 
and Gly 93. 

gives a small but reproducible NOE at -6.67 ppm, the CGH3 
of Ile 99, as seen in the WT protein (Ramaprasad et al., 
1984). 

Assignment of Gly 93 Protons. An exchangeable proton 
at 12.2 ppm has been assigned to the amide NH of Gly 93 
on the basis of comparisons to the WT protein (in which 
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FIGURE 5: Temperature dependence of the chemical shifts of heme 
methyl protons and Im C4H in H93G(Im)CN. 

the His 93 backbone NH has a resonance at 13.2 ppm). This 
proton also has an NOE to the Im NH. In the MCOSY 
spectrum, there is a cross peak between this resonance and 
a resonance at 6.7 ppm, which can be assigned to one (or 
both) of the CaH protons of Gly 93 (Figure 4B, cross peak 
5) .  

Assignment of Phe 43 Protons. In the spectrum of WT 
MbCN, the protons of Phe 43 can be identified on the basis 
of their short T I  values, NOES with the heme 5-Me, and 
characteristic COSY cross peaks. Also, the CdH (8.70 ppm) 
and both CEH (12.58 ppm) give only one resonance, each 
integrating for two protons (Emerson et al., 1988). In the 
spectrum of H93G(Im)CN, the resonance at 12.4 ppm 
integrates for two protons with TI < 80 ms. The only 
indistinguishable pair of protons which are this close to the 
iron on Phe 43, either the CdHs or CEHS. Figure 4B shows 
the aromatic region of the MCOSY spectrum; a cross peak 
is observed at (12.4, 8.57; no. 6). When the 5-Me resonance 
is saturated, NOES can be observed at 16.9, 12.4, and 8.57 
ppm (data not shown). On the basis of these data and 
comparisons with the assignments in WT, we assign the CdH 
protons to 8.57 ppm, with the CeH protons at 12.4 ppm and 
the CCH at 16.9 ppm. No COSY cross peak has been 
observed between the 16.9 ppm resonance and either the 12.4 
or 8.57 ppm resonances, likely because of the short T1s of 
the protons (La Mar & de Ropp, 1993). These assignments 
are very similar to the Phe 43 protons of WT MbCN, where 
the CdHs, CcHs, and CCH have been assigned to 8.70, 12.58, 
and 17.27 ppm respectively (Emerson & La Mar, 1990). 

Temperature Dependence of H93G(Im) Resonances. Para- 
magnetically shifted chemical shifts should have a linear 
dependence on (UT) in accordance with the Curie relation- 
ship (La Mar & Walker, 1979; Walker & Simonis, 1993). 
'H spectra were collected at temperatures over the range 10- 
40 "C, and the chemical shifts of heme methyl resonances 
are plotted vs (UT) in Figure 5 .  The expected linear 
relationships are observed. 

Assignment of Proximal Im Protons. A resonance at 12.1 
ppm is readily assigned to the proximal Im by exchange of 
Im for deuterated Im (Im-&) (Figure 6A). With a TI of -70 
ms, the R F ~  determined by eq 1 is -5.56 A; only the Im C4 
is this far away from the Fe, so this resonance can be 
assigned to the Im C4H. The resonance at 18.7 ppm (see 
Figure 2) gives an NOE to 12.1 ppm. This peak is 
exchanged out in D20 (Figure 3A); we assign this resonance 
to the exchangeable NH of the Im. The Im C2H and the 
C5H protons should give very broad resonances due to their 
close proximity to the Fe (less than 3 A), and resonances 
for these protons have not yet been located. Because the 
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FIGURE 7: Downfield hyperfine-shifted region of the IH NMR 
spectra of H93G(MeIm)CN in 90% H20, pH 9.4, 30 "C. Assign- 
ments are listed in Table 2. 

Table 2: 'H Chemical Shift Assignments for H93G(MeIm)CN 

proton H93G(N-MeIm) H93G(4-MeIm) H93G(2-MeIm) 
heme 

8-Me 29.6 26.0 29.7 
5-Me 24.4 24.5 21.1 
1-Me 14.2 16.18 16.3 
2-a 10.7 11.34 9.35 
2-P 0.65 0.50 1.06 

-0.12 -0.27 0.43 
4-a 9.94 10.03 11.89 
4-P -2.11 -2.59 -2.07 

-3.17 -3.61 -3.27 
Im 

NbH 17.7 a 
x-Me 14.8 10.4 20.2 

Ile 99 
0.72 0.20 0.47 

-4.20 -4.45 -4.02 
-3.60 -4.06 -2.78 

CyH3 -2.12 -3.39 -2.34 
CGH, -6.78 -7.00 -6.54 

NbH 11.8 11.9 a 
CCWS) 6.59 6.58 U 

NH 25.4 26.7 a 

C5H 16.7 16.7 16.9 
CcHs 12.4 12.9 12.3 
CGHs 8.57 8.57 a 

CPH 
CYH 

Gly 93 

His 64 

Phe 43 

Not measured because of overlapping resonances. 

ImN-CH3 resonance (14.8 ppm) in H93G(N-MeIm), an NOE 
is observed at -6.7 ppm, which has been assigned to the 
C6H3 protons of Ile 99 (Figure 8). These data confirm that 
the "exchanged" ligand occupies the proximal pocket and 
coordinates the heme iron. Furthermore, the His 64 ex- 
changeable NrH proton is observable in the H93G(MeIm)- 
CN spectra. 
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FIGURE 8: NOE difference spectrum of H93G(N-MeIm)CN, with 
saturation at the Im 1-CH3 resonance (14.8 ppm). NOES to Ile 99 
resonances at -6.8, -4.02, and -2.12 ppm are observed. 

DISCUSSION 

General Spectral Features. The 1D 'H NMR spectrum 
of H93G(Im)CN, although quite different from that of the 
WT protein, nonetheless has an overall appearance typical 
of heme protein metcyano spectra. These features confirm 
that H93G(Im)CN is a well-defined, stable complex in 
solution. The observation of a Curie relation between 
chemical shift and (UT) over the temperature range 10-40 
"C suggests that there is no unusual structural or conforma- 
tional behavior occurring in H93G(Im)CN compared to WT. 

Moreover, 'H NMR of metcyano H93G(L) complexes is 
a useful tool for documenting and characterizing the ligand 
exchange phenomenon. Because the chemical shifts of 
hyperfine-shifted heme resonances are sensitive to subtle 
perturbations in ligand conformation, the downfield region 
of the spectrum is a fingerprint for each proximal ligand. 
The observation of NOES between the proximal ligand (such 
as N-MeIm and 4-MeIm) and amino acids of the proximal 
side (such as Ile 99) unambiguously confirms that ligand 
replacement occurs on the proximal side of the heme. This 
structural data, available through routine 'H NMR, is a 
valuable complement to the functional fingerprint of each 
ligand observed by measurement of CO recombination 
(DePillis et al., 1994), creating a powerful methodology for 
examining structure/function questions involving the proxi- 
mal ligand. 

Orientation of Zle 99. The chemical shifts and TI values 
for the C6H3, CyHs, and CyH3 of Ile 99 in H93G(Im) differ 
from those observed in WT MbCN (Table 1). These 
differences are consistent with the observation in the crystal 
structure of H93G(Im) that Ile 99 adopts a different 
conformation than in WT. Comparison of the coordinates 
of H93G(Im)H20 (Barrick, 1994) and WT MbH20 (Takano, 
1977) shows that the CdH3 and CyH3 are -1 8, closer to 
the Fe in H93G(Im) than in WT. This is consistent with 
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the observation of shorter T I ' S  for these protons in the NMR 
spectrum of H93G(Im)CN. The differences in conformation 
likely stem from the rotation and tilt of the imidazole ring. 

Resonances of Distal Pocket Residues. The assignments 
for Phe 43 are nearly the same in WT, H93G(Im), and H93G- 
(MeIm). The conservation of these resonances suggests that 
the conformation of the distal pocket is not perturbed by the 
H93G mutation or by proximal ligand substitution. The 
resonance of the His 64 N,H proton is also similar in WT, 
H93G(Im), and H93G(MeIm). This similarity eliminates the 
possibility that the distal histidine ligates the Fe in the 
absence of His 93. Furthermore, the conservation of position 
of distal pocket resonances is consistent with a proximal, 
not distal, ligand exchange process. 

Conformation of the Imidazole Ring. The plane of the 
Im observed in the crystal structure of H93G(Im)H20 
(Barrick, 1994) is rotated -30' relative to that of the histidine 
in wild-type Mb (Takano, 1977) (Figure 1). The differences 
between the pattern of heme methyl proton shifts in H93G- 
(1m)CN and WT MbCN probably reflect these significant 
changes in the orientation of the proximal ligand. According 
to the empirical correlations of Yamamoto et al. (1990), the 
pattern of hyperfine-shifted methyl resonances observed in 
H93G(Im)CN is qualitatively consistent with the conforma- 
tion of the Im ring observed in the X-ray crystal structure 
of H93G(Im)H20 (Barrick, 1994). Since the heme methyl 
shift pattems in H93GWeIm) are the same as those in H93G- 
(Im), it is likely that the orientation of the methyl-substituted 
Im ligands are closer to that of H93G(Im) than the WT 
protein. Because H93G lacks a covalent linkage between 
the proximal ligand and the polypeptide chain, the proximal 
ligand orientation is determined only by its bonding and steric 
interactions with the heme and side chains of neighboring 
amino acids. The fact that the Im adopts a very different 
conformation in H93G than the imidazole side chain of the 
proximal His in WT suggests that the covalent linkage in 
WT restrains the ligand from a more favorable rotation and 
tilt. This more favorable orientation could result from the 
nonbonding and bonding interactions with the heme or to 
other stabilizing interactions in the protein pocket, such as a 
hydrogen bond between the Im NH and Ser 92. 

The contribution from each of these interactions can be 
distinguished by characterization of the methyl-substituted 
imidazole complexes. When N-MeIm is the proximal ligand, 
there can be no hydrogen bond between Im NH and Ser 92. 
Although there are differences in the chemical shifts of the 
heme methyl groups, overall the hyperfine shift pattern in 
the spectrum of H93G(N-MeIm) is similar to that of H93G- 
(Im) and very different from that in WT. The observation 
of NOES between 1"-CH3 protons and protons of Ile 99 
indicates that the N-CH3 of Im is oriented away from Ser 
92 in this complex. We have observed similar results in 
the spectra of the double mutant H93G/S92A (unpublished 
results). These results suggest that while the hydrogen bond 
between Im NH and Ser 92 may contribute somewhat to 
stabilizing the Im conformation, it is not the only factor. 

Another difference between WT and H93G(Im) besides 
covalent linkage is the extra methylene group between the 
ring and a-carbon of His 93. 4-MeIm is a closer approxima- 
tion of the histidine side chain in size and shape. If steric 
bulk at this position is a factor which determines the 
orientation of the imidazole ring, the metcyano 'H NMR 
spectra H93G(4-MeIm) should be quite different from H93G- 

Decatur and Boxer 

(Im). On the contrary, the spectra of H93G(4-MeIm) and 
H93G(Im) are very similar (Figure 7). Thus, one can 
conclude that the smaller size or different shape of Im 
compared to histidine is not the primary factor behind the 
observed differences in c~nformation.~ 

The orientation of the imidazole ring relative to the heme 
plane has been the object of study in proteins and model 
compounds. When the proximal imidazole adopts a con- 
formation in which @ is 45' (Figure l), the steric repulsion 
between the Im ring and the heme pyrrole nitrogens is 
minimized; thus, model compounds in which the proximal 
Im adopts this geometry have shorter N-Fe bond lengths 
(Collins et al., 1972; Scheidt & Lee, 1987). However, 
according to ab initio calculations (Scheidt & Chipman, 
1986), bonding interactions between n orbitals of the Im and 
orbitals of the heme are maximized at low values of @. Most 
myoglobins and hemoglobins have @ - 12O, as do some 
porphyrin-Im model complexes (Scheidt & Lee, 1987). This 
observation, combined with the results of extended Hiickel 
calculations, led Scheidt and Chipman (1986) to conclude 
that n-bonding determines the orientation adopted by the 
imidazole side chain in most Mbs and hemoglobins. The 
X-ray and NMR data on H93G(Im) and the NMR spectra 
of H93G(MeIm) suggest that the rotation of the Im plane to 
give a large @ and an off-normal tilt must be the most 
favorable balance of bonding and steric interactions between 
the Im and the heme within the environment of the proximal 
p ~ c k e t . ~  The orientation of the proximal ligand may play 
an important role in modulating protein function. For 
example, binding of NO on the distal side of H93G(Im) 
produces a five-coordinate NO complex, instead of the six- 
coordinate complex observed in WT MbNO (Decatur et al., 
to be published). Since the rotated Im plane should produce 
weaker n-bonding between Im and the heme in H93G(Im) 
compared to WT, this difference in conformation might have 
important consequences in the NO complex. In addition, 
the change in Im conformation may contribute to the 
difference observe in the kinetics of CO recombination 
(DePillis et al., 1994). 

Kinetics of Proximal Im Exchange. The exchange of Im 
in the proximal pocket is slow (z - 10 min) and independent 
of the free ligand concentration. This suggests that the rate- 
limiting step in the ligand exchange mechanism involves 
either large protein structural changes, such as those which 
might be involved in the heme reorientation process de- 

In an earlier study, Dr. Gia DePillis in this laboratory prepared the 
single-site mutant H93A of human Mb for the purpose of exchanging 
the proximal ligand, exactly as described here for H93G(L). Large 
amounts of the apo-fusion protein were produced [see Varadarajan et 
al. (1989) for human Mb fusion protein methodology]; however, 
reconstitution with heme in the presence of Im failed to give a stable 
hemin-apoprotein complex (DePillis et al., unpublished observations, 
1992). Later, Barrick (1994) adopted the strategy of randomizing the 
codon for H93 thereby discovering that H93G produces a stable protein 
in the presence of Im. The simplest interpretation of the negative result 
with H93A is that the total steric volume of H93A plus the added Im 
is greater than His, preventing stable formation of the complex. 
However, as shown here, 4-MeIm forms a stable complex with H93G, 
suggesting that the failure of H93A may be associated with the inability 
of this apoprotein to fold properly. 

4The resonance Raman spectrum for deoxy H93G(Im) is not 
significantly different from that of deoxy WT Mb (Franzen et al., 
unpublished results). This suggests that stronger D bonding made 
possible by closer approach of Im to the heme plane is offset by the 
loss of Jz-bonding interactions, resulting in no net change in overall 
Fe-Im bond strength. 
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scribed by La Mar and co-workers (Hauksson et al., 1990), 
or a large barrier to breaking the proximal bond. In either 
case, slow unimolecular kinetics would be expected. If 
protein structural reorganization is the rate-limiting process, 
the kinetics of ligand exchange should be independent of 
the nature of the distal ligand, whereas the distal ligand 
should modulate the exchange rate via a trans effect if the 
strength of the proximal Fe-N bond is the barrier to escape. 
Proximal ligand exchange is observed to be much more rapid 
in H93G(Im)CO ( S .  M. Decatur and S .  G. Boxer, to be 
published) suggesting that breaking the Fe-N bond, rather 
than structural reorganization, is rate-limiting. 

Relative Binding Aflnities of MeZms. Since each complex 
H93G(L)CN has a unique fingerprint in the hyperfine-shifted 
region of the 'H NMR spectrum, partial or incomplete 
exchange can be documented and quantitated. While the 
H93G(4MeIm)CN complex forms readily upon stoichiomet- 
ric addition of 4-MeIm to H93G(Im)CN, a large excess of 
N-MeIm and 2-MeIm must be added to form their respective 
complexes. Qualitatively, the affinities of imidazoles for the 
proximal binding position in H93G(L)CN vary in the order 
Im x 4-MeIm > N-MeIm > 2-MeIm. A detailed study of 
the absolute and relative binding constants for a wide variety 
of proximal ligands is currently underway (Barrick et al., to 
be published). Qualitatively, these observations are consis- 
tent with the structural interpretation of the 'H NMR spectra. 
Since the spectra for H93G(4-MeIm)CN and H93G(Im)CN 
are so similar, there seems to be little structural reorganization 
upon exchange of Im for 4-MeIm, so one might expect these 
two ligands to bind equally well.3 In H93G(2-MeIm)CN, 
the methyl group on the imidazole will lie in close proximity 
to the heme plane, likely lengthening the Im-Fe bond 
distance, as seen in model systems (Momenteau h Reed, 
1 994). 

N-MeIm is equivalent to 4-MeIm in size and shape. In 
fact, on the basis of NOES between the 1-Me or 4-Me groups 
and protons of Ile 99, it is likely that the two ligands adopt 
similar conformations in the proximal cavity. However, 
when N-MeIm replaces Im, there can be no hydrogen bond 
between the Im NH and Ser 92, and one might expect Im or 
4-MeIm to bind more strongly than N-MeIm. However, as 
discussed above, preservation of the hyperfine-shifted methyl 
pattern of H93G(Im)CN in H93G(N-MeIm)CN suggests that 
the orientation of the Im plane is similar in the two 
complexes, as well as in the double mutant S92A/H93G- 
(1m)CN (Rickert et al., to be published). This suggests either 
that the loss of the hydrogen bond is balanced by an 
improved bonding interaction with the heme, or that the 
hydrogen bond is fairly weak and not a significant stabilizing 
factor for the Im. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Six figures showing plots of In[& - Z(t))/2Zm] vs t in 

inversion-recovery experiments on H93G(Im)CN and for 
methyl resonances in H93G(N-MeIm)CN and NOE spectra 
of H93G(Im)CN and H93G(N-MeIm)CN (8 pages). Order- 
ing information is given on any current masthead page. 
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