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ABSTRACT: Steady-state nuclear Overhauser effects (NOE), two-dimensional (2D) nuclear Overhauser effect 
spectroscopy (NOESY), and 2D spin correlation spectroscopy (COSY) have been applied to the fully 
paramagnetic low-spin, cyanide-ligated complex of sperm whale ferric myoglobin to assign the majority 
of the heme pocket side-chain proton signals and the remainder of the heme signals. It is shown that the 
2D NOESY map reveals essentially all dipolar connectivities observed in ordinary 1D NOE experiments 
and expected on the basis of crystal coordinates, albeit often more weakly than in a diamagnetic analogue. 
For extremely broad (-600-Hz) and rapidly relaxing ( T1 - 3 ms) signals which show no NOESY peaks, 
we demonstrate that conventional steady-state NOES obtained under very rapid pulsing conditions still allow 
detection of the critical dipolar connectivities that allow unambiguous assignments. The COSY map was 
found to be generally less useful for the hyperfine-shifted residues, with cross peaks detected only for protons 
>6 A from the iron. Nevertheless, numerous critical COSY cross peaks between strongly hyperfine-shifted 
peaks were resolved and assigned. In all, 95% (53 of 56 signals) of the total proton sets within -7.5 A 
of the iron, the region experiencing the strongest hyperfine shifts and paramagnetic relaxation, are now 
unambiguously assigned. Hence it is clear that the 2D methods can be profitably applied to paramagnetic 
proteins. The scope and limitations of such application are discussed. The resulting hyperfine shift pattern 
for the heme confirmed expectations based on model compounds. In contrast, while exhibiting fortuitous 
'H N M R  spectral similarities, a major discrepancy was uncovered between the hyperfine shift pattern of 
the axially bound (F8 histidyl) imidazole in the protein and that of the imidazole in a relevant model compound 
[Chacko, V. P., & La Mar, G. N.  (1982) J .  Am. Chem. SOC. 104, 7002-70071, providing direct evidence 
for a protein-based deformation of axial bonding in the protein. 

M y o g l o b i n  (Mb) * is a small (- 16-kDa) hemoprotein 
whose function in tissue is to reversibly bind molecular oxygen, 
which it carries out with remarkable variability with genetic 
origin of the polypeptide chain. Mb can exist in both the 
reduced iron(I1) state as well as oxidized iron(II1) state, and 
both the diamagnetic and paramagnetic derivatives have been 
the subject of intense physicochemical studies to elucidate the 

+This research has been supported by a grant from the National 
Institutes of Health (HL16087). 

mechanism of control of ligand binding (Antonini & Brunori, 
1971). The wide study of hemoproteins in general is due, in 
large part, to the ability to compare properties of not only 
diverse genetic variants but also the intact protein with the 
extracted prosthetic group (i.e., model compounds), thereby 

I Abbreviations: Mb, myoglobin; metMbCN, cyanide-ligated ferric 
myoglobin; NOE, nuclear Overhauser effect; DSS, 2,2-dimethyl-2-sila- 
pentane-5-sulfonate; NOESY, two-dimensional nuclear Overhauser effect 
spectroscopy; COSY, two-dimensional correlation spectroscopy; DQF- 
COSY, double-quantum-filtered COSY. 
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providing detailed information on the mechanism of control 
of function by the polypeptide chain. Moreover, sperm whale 
Mb in particular is frequently studied as a prototype bio- 
polymer on which to test the scope and limitation of new 
physical and theoretical advances in biophysics (Case & 
Karplus, 1979; Karplus & McCammon, 1981; Debrunner & 
Frauenfelder, 1982; Gelin et al., 1983). The recent successful 
expression in Escherichia coli of numerous point mutants of 
sperm whale Mb based on a synthetic gene further expands 
the important role of this protein in the development of our 
detailed understanding of the correlation of function with 
protein structure and dynamics (Springer et al., 1989; Perutz, 
1989). 

Nuclear magnetic resonance (NMR) constitutes one of the 
major tools for elucidating the solution structure of proteins 
(Wiithrich, 1986), and significant molecular structural details 
have been been derived for diamagnetic Mb complexes 
(MbCO, Mb02). While the stereochemical structural in- 
formation content of paramagnetic derivatives may be lower 
than in diamagnetic complexes, the hyperfine shifts provide 
unique additional information on the electronic/magnetic 
properties of the heme that are inaccessible in diamagnetic 
systems (La Mar, 1979; Satterlee, 1985). There are com- 
pelling reasons for such detailed 'H NMR studies on a 
well-understood paramagnetic protein, since many hemo- 
proteins, as well as other metalloproteins, exist only in para- 
magnetic functional states. Considerable effort has been ex- 
pended toward characterization of the NMR spectra of 
paramagnetic heme model compounds (La Mar & Walker, 
1979), and until recently, such comparisons constituted one 
of the major bases for assignment of resonances in intact 
proteins (La Mar, 1979). In general, it has been concluded 
that the hyperfine shift pattern in models and proteins reflects 
very similar electronic structure of the iron-prophyrin and 
iron-axial ligand bonding, except that the heme in-plane 
asymmetry in the protein environment is larger (Shulman et 
al., 1971; La Mar, 1979; Satterlee, 1985). 

The information content of hyperfine shifts in low-spin ferric 
hemoproteins is extremely rich, since this state exhibits both 
contact and dipolar shifts (Shulman et al., 1971; Jesson, 1973; 
La Mar, 1979; Satterlee, 1985). The contact shift provides 
details of the covalent bonds to the iron (La Mar, 1973), while 
the dipolar shift provides both molecular structural details for 
noncoordinated amino acid residues and information on the 
magnetic properties of the iron (Shulman et al., 1971; Hor- 
rocks, 1973). Preliminary NMR data on synthetic mutants 
(K. Rajarathnam, G. N. La Mar, M. Chiu, and S .  G. Sligar, 
unpublished results) as well as natural variants (Wiithrich et 
al., 1970; Krishnamoorthi et al., 1984) of mammalian Mb can 
show dramatic changes in hyperfine shift patterns even when 
diamagnetic MbCO NMR shifts are only slightly perturbed. 
This wealth of information in the hyperfine shift, however, 
becomes accessible only upon first unambiguously assigning 
the hyperfine-shifted resonances and, second, upon effecting 
the quantitative factoring of the dipolar and contact contri- 
butions to the shifts (Jesson, 1973; Horrocks, 1973). In this 
report, we consider the prospects for implementing the needed 
assignments. Similarly extensive assignments have been re- 
ported to date only for ferricytochrome c, which were ob- 
tainable in the reduced, diamagnetic form by using standard 
2D NMR methodology, and then transferred to the oxidized, 
paramagnetic protein by saturation transfer modulated by 
facile electron exchange (Williams et al., 1985a,b). For the 
protein of interest here, sperm whale metMbCN, there is no 
similar diamagnetic homologue, and hence the complete res- 
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onance assignments mud be derived directly on the fully 
paramagnetic, S = '/* derivative. 

Partial assignment of heme resonances for sperm whale 
metMbCN have been reported on the basis of isotope labeling 
of the removable heme (Mayer et al., 1974; Sankar et al., 
1987). More recently, the steady-state nuclear Overhauser 
effect (NOE) (Noggle & Schirmer, 1971) has resulted in the 
assignment of the side chains of Ile FG5 and Phe CD1 (Ra- 
maprasad et al., 1984a; Emerson et al., 1988). Some of the 
exchangeable protons in the heme cavity have also been as- 
signed, initially by analysis of differential paramagnetic-in- 
duced dipolar relaxation (Cutnell et al., 1981), and later 
confirmed by the steady-state NOE (Lecomte & La Mar, 
1986). A tentative assignment of the critical proximal His 
F8 ring protons was based on the observation of similarly 
hyperfine-shifted and broadened resonances in model and 
protein (La Mar et al., 1982). The assignments, however, are 
very incomplete and, in the case of His F8, purely speculative, 
and must be confirmed. 

The 2D NOE (NOESY) and spin correlation (COSY) 
experiments have been very successfully applied to diamagnetic 
MbCO (Mabbut & Wright, 1985; Dalvit & Wright, 1987). 
Such applications to paramagnetic derivatives, however, can 
present several problems. The hyperfine shifts (contact and 
dipolar) will obscure the useful chemical shift correlation with 
functional group identity. The paramagnetic-induced relax- 
ation will both broaden lines and significantly increase the 
intrinsic spin-lattice relaxation rate (Swift, 1973). Thus the 
fast relaxation can prevent the buildup of significant NOESY 
cross peaks even for pairs of protons in close proximity 
(Macura & Ernst, 1980); the increased line width will make 
any given cross peak harder to detect. In the COSY exper- 
iment, increased relaxation will decrease the time for the 
development of coherence as well as obliterate cross peaks due 
to overlap, and hence cancellation of the antiphase components 
(Muller et al., 1986). These problems, however, influence the 
various protons in a paramagnetic protein in a highly differ- 
ential manner. Both hyperfine shifts and paramagnetic re- 
laxation effects are very short ranged and hence interfere with 
the assignments of particularly protons near the iron center. 
In metMbCN, protons >7.5 8, from the iron experience 
negligible paramagnetic relaxation and line broadening 
(Cutnell et al., 1981). Thus the application of 2D NOESY 
and COSY to these assignments should not constitute a 
problem, since that portion of the protein is, for all practical 
purposes, "diagmagnetic". The problem arises for protons <7.5 
8, from the iron, for which the RFe4 dependence of para- 
magnetic relaxation (Swift, 1973; Cutnell et al., 1981) yields 
T,s as short as 4 ms and line widths as large as 600 Hz. The 
importance of obtaining all of the assignments of protons C7.5 
8, from the iron is due to the fact that they represent precisely 
those residues, His F8, E7, FG3, Val E l  1, Phe CDl,  and Ile 
FG5, proposed to provide the control of ligand binding (An- 
tonini & Brunori, 1971). The stereochemistry of those and 
other residues in the heme cavity are depicted in Figure 1. 
Since 1D experiments have provided NOES for protons with 
T,s as short as 20 ms (Emerson et al., 1988), the prospects 
for constructive extension of 2D methods to metMbCN appear 
reasonable. Preliminary 2D NOESY maps for ferri- 
cytochrome b5 have demonstrated that all of the heme reso- 
nances can be assigned (McLachlan et al., 1988). 

Our goal in this report is to delineate the scope and limi- 
tations of simple 2D NOESY and COSY experiments for 
resonance assignments in S = 1 / 2  metMbCN. An initial 
criterion for evaluating the NOESY map is the identification 



2D NMR Assignment of Cyanometmyoglobin 

P k  HI8 
Lw G5 

Biochemistry, Vol. 29, No. 6, 1990 1547 

(metMbCN) was prepared by dissolution of the lyophilate in 
2H20  containing 0.2 M NaCl and 20 mM KCN. The sample 
was ultrafiltered to replace the solvent after labile proton 
exchange. The pH* was adjusted with 0.2 M solutions of 
Na02H and 2HC1; reported pH* values are uncorrected for 
isotope effect. H 2 0  samples were made as described previously 
with the exception that all solutions were 90% in H 2 0  and 10% 
in 2 H 2 0  to provide the lock signal. 
'H NMR Measurements. 'H NMR spectra were recorded 

on Nicolet NT-360 and NT-500 spectrometers operating in 
the quadrature mode at 360 and 500 MHz, respectively. The 
spectra of Figure 2B-D were collected by using a standard 
inversion-recovery pulse sequence, t-90°x-2400,-900x-r- 
90°,-Acq, where the relaxation delay ( t )  was set to 1 ms (Patt 
& Sykes, 1972; Eads et al., 1986). The 4096 block size and 
32 258-MHz spectral window gave an acquisition time of 63.5 
ms. This rapid repetition rate gives significant suppression 
of the intense diamagnetic envelope and therefore allows op- 
timal detection of the rapidly relaxing signals throughout the 
spectral window. The temperature was chosen to allow partial 
resolution of signals P6 and P8 from nearby methyl signals. 
The spectra of metMbCN in 'H20 in Figure 3 were collected 
by using a modification of the inversion-recovery pulse se- 
quence described above, in which a decoupler saturation pulse 
was inserted in the 7 period. The 7 period, including the 
200-ms decoupler saturation pulse, was adjusted to correspond 
with the null for the recovery of the intense IH20 signal. The 
spectra were recorded at 30 OC to allow optimum separation 
between signals, P5 and P8, as well as between signals P6 and 
17. The steady-state nuclear Overhauser spectra were recorded 
at 500 MHz by application of the 150-ms presaturation pulse 
with the decoupler on-resonance, with off-resonance spectra 
collected to provide a reference (Emerson et al., 1988). 
Computer difference spectra generate the fractional intensity 
change. Steady-state NOE difference spectra were also 
collected upon saturating each of the -25 resolved resonances 
over the range 5-45 OC to determine the temperature de- 
pendence of all NOE-detected resonances at optimal resolution 
and to certify that NOEs common to two or more nonequiv- 
alent protons are not a coincidence. In all cases the NOE- 
detected peak could be correlated with observed NOESY cross 
peaks but at much better resolution for the former experiment. 
Only the NOESY map, which efficiently displays all infor- 
mation, is presented. 1D NOE spectra for the saturation of 
the resolved resonances not shown in the text are provided as 
supplementary material, with the NOEs identified by the 
number that corresponds to the cross peak in the NOESY and 
COSY maps in the text. 

The phase-sensitive NOESY map shown in portions in 
Figures 4-6 was collected at 30 OC by using the method of 
States et al. (1982). The residual IHO2H signal was sup- 
pressed by a 22-dB (0.2-W) decoupler power during the re- 
laxation delay and mixing time. The mixing time was chosen 
as 50 ms, a time short enough to ensure that negligible spin 
diffusion takes place. The data were collected with an 8.3-ps 
90' pulse over a 15 625-Hz bandwidth at 360-MHz 'H using 
8192 data points; the transmitter was placed at 10.5 ppm in 
order to achieve optimum digital resolution across the required 
spectral window with our limited data arrays. A total of 320 
scans per t l ,  with tl(max) = 16.4 ms, were collected with a 
total recycle time of 520 ms using 8 192 points; 8 dummy scans 
per t l  were used for each free induction decay. The total 
acquisition time was 27 h. The data were processed on a 
p-VAX-I1 station using the FTNMR software written by Dr. 
Dennis Hare. The time-domain data were multiplied by 30' 

FIGURE 1 : Schematic representation of the spatial disposition of amino 
acid side chains in the heme pocket of sperm whale Mb, as viewed 
face-on the heme from the proximal side. Solid and dotted lines 
represent the residues on the proximal and distal sides, respectively; 
the pointed peak of each surface indicates the location of C, for each 
residue. 

of not only all cross peaks that correspond to clearly observed 
NOEs in 1 D experiments, either previously reported or per- 
formed here, but also the location of the cross peaks between 
identified resonances that cannot be detected by 1D means. 
Additional assignment aids are provided by the paramag- 
netic-induced dipolar relaxation, which because of the RFe" 
dependence, yields the distance from the iron if T I  can be 
measured and are dominated by paramagnetic effects. Spe- 
cifically, we set as our primary goal the assignment of all 
resonances <7.5 8, from the iron for residues which exhibit 
any resolved signal, with particular emphasis on those closest 
to the iron. As a secondary goal, we will search for the closest 
known dipolar-connected protons for those residues in contact 
with the heme periphery and the proximal His. While the 
emphasis will be to show that the desired data can be extracted 
from 2D maps, as many as possible for the NOESY peaks will 
be confirmed by 1D NOE methodology. The utility of this 
endeavor not only is to be measured by the information ob- 
tained for this particular protein but also can be viewed as a 
prototype study for applying these methods to other, less 
well-characterized hemoproteins (Thanabal et al., 1987a,b, 
1988). The resulting hyperfine shift patterns for the heme and 
bound His imidazole in metMbCN will be compared with 
those of model compounds (Chacko & La Mar, 1982) to assess 
more critically the utility of model compounds for assignment 
purposes (La Mar, 1979; La Mar et al., 1982). In our com- 
panion report (Emerson & La Mar, 1990), we demonstrate 
how the experimentally determined dipolar shifts for nonco- 
ordinated residues which result from the present assignments 
lead to new insight into the hemeprotein interactions that are 
the major determinants of the electronic/magnetic properties 
of the heme. 

MATERIALS AND METHODS 
Preparation of Samples. Sperm whale myoglobin was 

purchased from Sigma Chemical Co. as a lyophilized powder 
and used without further purification. Cyanometmyoglobin 
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phase-shifted sine bell window function in both dimensions. 
The final data matrix was 2048 X 2048 (complex) over the 
43.4 ppm window giving a digital resolution of 7.6 Hz/point, 
as limited by accessible data arrays. 

The phase-sensitive, double-quantum-filtered (DQF-COSY) 
map shown in portions of Figures 5 and 6 was also collected 
at 30 OC by standard methods (States et al., 1982; Marion 
& Wuthrich, 1983). The residual 'H02H was suppressed by 
a 500-ms presaturation pulse (-31 dB) at the end of the 
relaxation delay. In order to attain the optimal resolution with 
our available instrumentation, the data were collected over a 
7936.5-Hz bandwidth at 500-MHz IH frequency, which ne- 
cessitated restricting the window from 11 to -3 ppm with the 
transmitter located on the lHO2H signals at 4.7 ppm. A total 
of 256 scans per t l  [with tl(max) = 32.3 ms] were collected 
by using 4096 data points and a 14.7-~s 90" pulse with a total 
recycle time of 830 ms; 4 dummy scans per t l  were used for 
each free induction decay. The total acquisition time was -34 
h. The time-domain data were multiplied by 30' phase-shifted 
sine bell window function in both dimensions. The final data 
matrix results in a digital resolution of 3.9 Hz/point, as limited 
by accessible data arrays. 

The nonselective paramagnetic relaxation times for resolved 
peaks had been determined previously (Cutnell et al., 1981; 
Ramaprasad et al., 1984a; Unger et al., 1985) and are listed 
in the tables. Estimates of the paramagnetic T,s for other 
protons were derived from the relationship, TIi/Tlj = 
RFtr6/RFeY6, where RFei and RFej are the respective dis- 
tances of protons i and j from the iron. With the known Tij 
for an assigned proton (heme methyl - 150 ms, RFei - 6.1 
A), the remaining Tls are estimates using RF,j from the crystal 
coordinates of MbCO (Kuriyan et al., 1986). At 7.5 A, the 
paramagnetic TI is estimated as -500 ms, which is compa- 
rable to expected diamagnetic contributions. Assignment of 
resonances based on observed NOEs and/or NOESY cross 
peaks was made on the basis of the internuclear distances 
obtained from the MbCO crystal structure, at the same time 
considering the potential paramagnetic relaxation influence 
on the detected signal, as discussed in detail previously 
(Emerson et al., 1988). Chemical shifts for all of the spectra 
were referenced to 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS) through the residual water resonance. 

RESULTS 
The 500-MHz IH NMR spectrum of metMbCN in 2H20 

at 25 "C, pH 8.6, is illustrated in Figure 2A. Resolved peaks 
are labeled by a letter to denote a residue and a number to 
indicate the specific proton(s). Previously unambiguously 
assigned are the heme resonances H5 (5-CH3), H1 (l-CH3), 
H8 (8-CH3), H2 (2-H,),H2'(2-HBc), and H2"(2-H,,) and 
the amino acid residue signals for Phe CD1, F7 (CfH), F6 
(C,Hs), His E7, D6 (C,H), His F8, P3 (C,H), His FG3, G6 
(C,H), and Ile FG5, I4 (C,H3), I5 (C,H), I6 (C,H'), I7 
(C,H,) (Mayer et al., 1974; Ramaprasad et al., 1984a,b; 
Lecomte & La Mar, 1986; La Mar et al., 1986). The two 
broad peaks, P8 (19.2 ppm) and P6 (-4.7 ppm), had been 
tentatively assigned (La Mar et al., 1982) to the proximal His 
F8 ring protons C6H and C,H, respectively, on the basis of 
their large width (-650 Hz), short Tls (-4 ms), and very 
similar shifts to the same imidazole protons ir, model com- 
pounds (Chacko & La Mar, 1982). Unassigned are the upfield 
resolved resonances labeled V2, V4, V5, and T4,L7 (resolved 
at 30"). The few peaks under the diamagnetic envelope that 
have been assigned are the heme signals H3 (3-CH,), H4 
(4-H,), H6 (6-H,), H6' (6-H',), H7 (7-H,), and H7' (7-H',) 
(Sankar et al., 1987; Emerson et al., 1988) and the three amino 
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FIGURE 2: 500-MHz 'H NMR spectra of sperm whale metMbCN 
in 2H20, pH 8.6,25 OC. (A) Reference spectrum with residual solvent 
presaturation collected with a repetition rate of 0.9 s-l. Labeled signals 
include heme signals (H5 = 5-CH3, H1 = 1-CH3, H8 = 8-CH3; H2 
= 2-H,, H2" = 2-HBt; H2' = 2-HBF) and amino acid signals (His F8, 
P8 = ring CH, P3 = C,H, P6 = ring CH; Phe CD1, F7 = C,H, F6 
= C.Hs; His E7, D6 = CIH; His FG3, G6 = C,H; Val E l l ,  V5 = 
C72H3, V4 = C,,H3; LeuG5, L7 = C62H3, Th; E10, T4 = C7H3; 
and Ile FG5. I5 = C-H'. I4 = C-H,. I7 = C,H,. I6 = C-H'). (B-D) 
Inversion-recovery ipectra collektld under ;a$d-pulsiig conditions 
to selectively suppress slowly relaxing signals (see Materials and 
Methods). The acquisition time was 63.5 ms. The delay times (7) 
between the composite 180' and 90' pulses were (B) 5 5  ms, (C) 35 
ms, and (D) 15 ms, which resulted in total repetition rates of 8.3, 11.0, 
and 12.4 s-l, respectively. The relative 3:l intensity peak V5 to single 
proton peak P6, P8, or G6 in (C) establishes V5 as a rapidly relaxing 
methyl with T I  N 20-40 ms. 

Table I: Heme Resonance Assignments in MetMbCN 
heme 

proton" 
I -CH,~  
3-CH3d 
5-CH3' 
8-CH3' 
2-Huc 
2-Hk' 

4-HJ 
4-Hk 

6-H, 

2-H,,e 

4% 

peak 
label 
H1 
H3 
H5 
H8 
H2 
H2' 
H2" 
H4 
H4' 
H4" 
H6 

chemical 
shiftb 
18.62 
4.76 

27.03 
12.88 
17.75 
-1.73 
-2.55 

-1.95 
-0.77 

5.50 

9.18 

heme 
proton" 

6-H', 
6-HB 
6-H'b 
7-H, 
7-H', 

7-H 8 
7 - 9  

a-meso-H 
6-meso-H 
y-meso-H 
6-meso-H 

peak 
label 
H6' 
H6, 
H6,' 
H7 
H7' 
H78 
H7,' 
Ha 
HB 
HY 
H6 

chemical 
shiftb 
7.35 
1.67 

-0.48 
1.13 

-0.45 
1.55 
0.78 
4.40 
2.09 
5.98 
4.09 

"As labeled in Figure 1. ppm at 25 O C ,  pH 8.6. 'Assignments 
taken from Mayer et al. (1974). dAssignments taken from La Mar et 
al. (1986). eAssignments taken from Ramaprasad et al. (1984a). 
/Assignments taken from Sankar et al. (1987). 

acid peaks, I3 (Ile FG5 C,H), F5 (Phe CD1 C,Hs), and P4 
[His F8 (CBH') (Ramaprasad et al., 1984b; Lecomte & La 
Mar, 1986; Emerson et al., 1988)], with chemical shifts as 
listed in Tables I and 11. The mean of the 4-H,, and 4-Hlp,, 
but not the individual peaks, was located at -1.1 ppm via 
heteronuclear decoupling of 13C labels (Sankar et al., 1987). 
Thus, the four meso-Hs and four propionate H,s remain 
unassigned. The 500-MHz 'H NMR trace in 'H20 at 25 OC, 
pH 8.6, is shown in Figure 3A. In addition to the nonlabile 
proton signals listed above, three hyperfine-shifted ex- 
changeable proton signals have been identified (Cutnell et al., 
1981; Lecomte & La Mar, 1986) on the basis of relaxation 
and NOEs, His E7 N,H (D7), and P1 and P5, the His F8 
peptide NH and N,H, respectively, as listed in Table 11. 

The 360-MHz NOESY map for metMbCN in 2H20 at 30 
OC, pH* 8.6, exhibits only a single weak cross peak between 
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Table 11: Assignments and Labels for Strongly Relaxed Amino Acid 
Side-Chain Protons of MetMbCN 
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chemical Tlc X 10-1 
residue position peak label shift' Rab (ms) 

IleFG5/99 C,H 12 2.34 8.49 
CBHd 

C,Hd 
C,H' 

CD1/43 C,Hse 

His F8/93 N,Hf 

C,H'f 

N , H ~  
C Y  

His C,H 
FG3/97 CBH' 

c,H' 
CfH 
N.H 

C,H3d 

C,H3d 
Phe C~HS'  

CtH' 

:$f 
C6H 

Val E11/68 NiH 
CaH 
CnH 
C,IH3 
Cy2H3 

CpH' 
His E7/64 C,H 

c,H' 
C,H 
N.H' 

13 -0.12 6.79 (28) 
14 -3.46 6.49 20 
15 -9.60 4.71 6.5 
16 -1.91 5.95 12 
17 -3.83 6.36 19 
F5 8.70 6.86, 8.50 
F6 12.58 4.67, 6.72 4.7 
F7 17.27 4.49 2.0 
P1 13.20 7.15 
P2 7.51 5.94 13 
P3 11.68 6.31 7.5 
P4 6.43 5.84 (12) 
P6 -4.70 3.33 -0.4 
P5 20.11 5.22 3.0 
P8 19.20 3.42 -0.4 
G3 1.32 6.08 (15) 
G4 -0.48 5.93 (13) 
G6 11.07 4.45 2.1 
G8 6.83 7.25 
G7 g 5.39 (7.1) 
v1 g 7.27 
v 2  -2.55 5.68 11 
v 3  1.47 6.40 (20) 
v 4  -1.02 5.10 5.6 
v 5  -0.89 4.14 2-4 
D3 3.81 8.72 
D4 4.41 8.29 
D6 11.71 5.89 13 

D7 23.7 3.71 1.5 
D8 g 4.82 (3.7) 

'In ppm from DSS, at 25 OC, pH 8.0. *Distance from iron, as de- 
termined from MbCO X-ray structure (Kuriyan et al., 1986). 
CExperimental T1 values X lo-' (in ms); calculated values for protons 
C7.0 A from iron are given in parentheses. Protons >7.0 A from the 
iron would experience negligible paramagnetic relaxation. 
dAssignments taken from Ramaprasad et al. (1984b). CAssignments 
taken from Emerson et al. (1988). /Assignments as confirmed by 
NOES in Lecomte and La Mar 11986). 8Not located. 

peaks in the region downfield of 13 ppm [between 1 H (1-CH,) 
and 2H (2-H,); not shown]. The off-diagonal section illus- 
trating NOESY cross peaks between the low-field hyper- 
fine-shifted resonances 6-28 ppm and the diamagnetic window 
13 to -4 ppm is illustrated in Figure 4. The upper left di- 
agonal portion of the NOESY map upfield of 6.5 ppm is shown 
in part A of Figure 5, which is combined in the lower right 
portion (B) with half of the COSY map between 6.5 and -3.0 
ppm. A similar split diagonal section of the 8.8-3.6 ppm 
window NOESY and COSY maps is displayed in the lower 
right portion A, and the upper left portion B, respectively, of 
Figure 6. The section of the COSY map shown is determined 
by the artifacts due to t ,  noise. NOESY peaks will be num- 
bered sequentially in Figure 4 (peaks 1-65), Figure 5 (peaks 
66-1 1 l) ,  and Figure 6 (peaks 11 2-1 18), starting in the lower 
left of each figure, and identified in the text by the two con- 
tributing peaks in parentheses; hence the peak number is a 
sufficient guide to the appropriate figure displaying the cross 
peak. For intraresidue cross peaks, we identify the peaks by 
the standard labeling for amino acid side chains. In the case 
of interresidue cross peaks, we use the letter/number de- 
scription for the respective peaks given in Tables 1-111. Heme 
resonances are labeled as shown in Figure 1. A COSY peak, 
when observed, is designated by the same number as the 
corresponding NOESY peak, but with an added asterisk. The 
absence of expected cross peaks in the 2D maps in Figures 4-6 
is indicated by a box. 

All NOESY cross peaks outside the small portion within 

HE 
H5 HI I 

/ I  'PI 

I ' " ' " ~ ' I ' " ' 1 " ~ ' " ' ' " ' ' " " ' '  
25 20 15 10 5 0 -5  -:OPPM 

FIGURE 3: 500-MHz 'H N M R  inversion-recovery spectra of 
metMbCN in 'H20, pH 8.6, 30 'C, collected under rapid-pulsing 
conditions with a delay time that corresponds to a null for the intense 
'H2O signal (see Materials and Methods). The time between the 90' 
observe pulse and the next 180' inversion was 139 ms. The delay 
between the 180' and 90' pulse ( T )  was 385 ms. The 200-ms de- 
coupler presaturation pulse was included in the T period. The total 
repetition rate for the acquisition of data was 1.9 8'. (A) The reference 
spectrum showing relatively enhanced intensities for faster relaxing 
signals. Labeled in the spectrum are relevant resonances from heme 
protons (H5 = 5-CH3, H1 = l-CH3, H 8  = 8-CH3; and H 2  = 2-H,) 
and amino acid signals (His E7, D7 = N,H, D6 = C,H; His F8, P5 
= NsH, P8 = C,H, P1 = N H,  P3 = C H,  P6 = C,H; Phe CDl ,  F7 
= C H, F6 = C,Hs; and Ile kG5, I4 = 4 H 3 ,  I7 = CdH3, I6 = C,H). 
(B-b) Difference traces are between one where a selected resonance 
is saturated and the reference trace with the decoupler placed sym- 
metrical with respect to the resonances for which an N O E  is being 
evaluated (Emerson et al., 1988). The position of the on-resonance 
decoupler is indicated by a vertical arrow. (B) Saturate H1 (I-CH3) 
and P8 (His F8 C,H) completely; note N O E  to P5 (His F8 N,H) 
and the absence of an NOE to Ile FG5 CyH (peak 15). The positive 
peaks in (B) are due to partially saturating D7 (His E7 NfH)  [when 
the decoupler is symmetrical to P5 (indicated by A) in the reference 
trace], as well as the known NOE for D7 to D6 His E7 C,H (Lecomte 
& La Mar, 1986). The N O E  to P5 is not observed when sufficient 
decoupler power is provided to only saturate the much more slowly 
relaxing l -CH3 ( H l )  and not the rapidly relaxing His F8 P8. (C) 
Saturate the rapidly relaxing His F8 peak P6; note N O E  to Ile FG5 
C,H peak I5 and the absence of an NOE to His F8 N,H (P5). The 
Ile FG5 peaks I7 is also weakly off-resonance saturated. (D) Saturate 
peaks I7 (Ile FG5 CdH3) on-resonance; note much smaller N O E  to 
I5 (Ile FG5 C H )  than when P6 was saturated in (C) above. (E) 
Saturate His F$ ring N6H (P5); note large NOE to peptide N H  (Pl),  
P3, and exchangeable proton signals (marked x), as previously 
presented by Lecomte & La Mar, (1986), and to nonlabile peak U7. 

9 to -1.4 ppm shifts were first observed in 1D NOE spectra 
by saturating the resolved resonance whose better resolution 
allows clear demonstration of degeneracies in the 2D map due 
solely to the lower resolution allowable to us (Le., peaks 18; 
23, 24; 29, 30; 32, 33; 38, 39; in Figure 4, and peaks 74; 78; 
85, 86; 98; 101, 102; in Figure 5). Thus 82 of the 110 iden- 
tified 2D cross peaks are observed in 1D spectra, and the 
chemical shifts of 69 of the 75 assigned resonances can be 
determined solely from the 1D spectra. Because the 2D map 
contains all of the NMR data needed to have made the as- 
signments (albeit at lower resolution), we consign represent- 
ative 1D traces as supplementary material. Also included in 
the supplementary material are a table identifying the con- 
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FIGURE 4: A region of the symmetrized 360-MHz 'H phase-sensitive 
NOESY spectrum of metMbCN, pH 8.6, 30 OC, showing dipolar 
couplings between the downfield hyperfine-shifted resonances in the 
6-28 ppm window and the 13 to -4 ppm range. The counterdiagonal 
corresponds to the carrier that was positioned at 10.5 ppm to allow 
optimal digitization over the needed bandwidth. The cross peaks 
numbered 1-65 correspond to dipolar connectivities described in the 
text. The correlations between resonance symbols and their respective 
proton assignments are given in Tables 1-111. A number in a solid 
box indicates the position of an expected NOESY cross peak (based 
on 1D NOE data) which was not detected. Fifty-seven of the 63 cross 
peaks (all except 51, 52, 55, 56, and 57) are clearly resolved in 
variable-temperature 1 D NOE experiments. The resonance positions 
of peaks giving rise to cross peaks in this figure are included in the 
center. Composite cross peaks readily resolved in 1D NOE traces 
are 18; 29,30; 32, 33; 38, 39; 45; 46 (see the supplementary material). 

tributing resonance for each cross peak and a schematic rep- 
resentation of the cross peak numbers that connects both intra- 
and interresidue proton sets. 

Heme Resonances. ( A )  NOESY Peaks. All expected in- 
tra-pyrrole NOESY cross peaks between previously assigned 
resonances are readily detected: 1 (5-CH,; 6-Ha), 3 (5-CH,; 

H'J, 89 (7-H,; 7-H',), 22 (1-CH,; 2H,), 24 ( 1-CH,; 2-H,), 
103 (2-H,; 2-H,), 21 (2-H,; 2-HBC), and 25 (2-Ha; 2-H,,). 
Only very weak dipolar coupling is observed between 2-Ha and 
1-CH3 (not shown). The expected inter-pyrrole contacts, 9 
(1-CH,; 8-CH3), 13  (2-Ha; 3-CH,), and 4 (4-Ha; 5-CH,), are 
also clearly detected. While only the mean of the 4-H,, and 
4-H, shifts is known from 13C decoupling experiments (J. S. 
de Ropp, J. A. McGourty, G. N. La Mar, K. M. Smith, and 
E. M. Fujinari, manuscript in preparation), the individual 
4-Hp are identified here by observing a pair of NOESY cross 
peaks to 4-Ha, 74 (4-Ha; 4-H,) and 71 (4-H,; 4-H,), whose 
protons themselves yield the intense cross peak for the geminal 
4-Hp, 100 (4-H,; 4-H,). Contact between 4-Hp and 3-CH, 
is clearly observed, 72 (3-CH,; 4-H,); no cross peak is detected 
between 3-CH3 and 4-Ha. The unassigned propionate H p  are 
identified by the expected cross peaks to the respective known 
Has and the expected intense cross peak between the two H$. 

6-H',), 50 (6-H,; 6-H',), 42 (8-CH3; 7-H,), 46 (8-CH3; 7- 

6 . 0  4 . 0  2 . 0  0.0 - 2 . 0  
PPM 

FIGURE 5: Correlation diagram showing (A) upper left portion (6.5 
to -4.0 and 6.5 to -10.0 ppm) of the same NOESY spectrum described 
for Figure 4 and (B) the 6.5 to -3.0 ppm region of a 500-MHz 'H 
phase-sensitive DQF COSY spectrum of metMbCN, pH 8.6, 30 OC. 
NOESY cross peaks are numbered 66-1 11 from the lower left and 
are described in the text. Identified COSY peaks are labeled by the 
same number as the corresponding NOESY peak, with an added 
asterisk. The peaks in parentheses are due to folding back of the 2-H, 
peak outside the spectral window. A number in a solid box indicates 
the position of an expected but unobserved NOESY peak. Inset C 
at the lower left shows an expanded section of the region involving 
peaks 89-91 which demonstrates that the individual contributing peaks 
are readily recognized under better resolution. Twenty-one of the 
37 NOESY peaks are clearly resolved in variable-temperature 1D 
NOE experiments. Composite crass peaks readily resolved in 1D NOE 
traces are 74; 78; 82, 83; 85, 86; 98; 101, 102. The positions of heme, 
Ile FG5, and Val E7 peaks contributing to assigned cross peaks are 
given in the upper portion of (A). 

For the 6-propionate, the peaks are 58 (6-Ha; 6-H,), 57 (6-H',; 
6-H,) at  1.7 ppm and 61 (6-H,; 6-H',), 62 (6-H',; 6-H',) at  
-0.5 ppm [peak is asymmetric with upfield shoulder a t  62; 
peak more clearly seen in 1D NOE of 6-H', at  -0.98 ppm (not 
shown)], and the intense cross peak 91 (6-H,; 6-H',); a 
stronger cross peak to 5-CH,, 7 (5-CH,; 6-H',) than 6 (5-CH,; 
6-H,) places 6-H', closer to 5-CH3. The region for the 7- 
propionate H,s is too crowded for clear detection a t  the 
available resolution (7.6 Hz/point). A pair of peaks with cross 
peaks to 8-CH3, 41 (8-CH3; 7-H,) and 43 (8-CH3; 7-H',), 
themselves exhibit a geminal NOE, 87 (7-H,; 7-H',). The 
identity of both 6-Hp and 7-Hp was independently confirmed 
by noting the absence of the NOES when the propionate 8- 
positions are deuterated (not shown). Three criteria were used 
to identify the meso-Hs: common cross peaks to the two 
adjacent pyrrole substituents, line widths of -70 Hz, and 
variable temperature intercepts well to the low-field side 
(10-16 ppm) of the diamagnetic envelope (Thanabal et al., 
1987a). Common cross peaks for 5-CH3 and 4-H, are 5 
(5-CH,; HP) and 67 (4-Ha; H,) and identify H, at  2.09 ppm 
as 8-meso-H. Peaks 54 (6-H,; H,), 56 (6-H,'; H,), 68 (6-H,; 
Hy), and 70 (7-H,; H,) assign H, at  6.0 ppm to y-meso-H. 
Common peaks to 1-CH, and 8-CH3, 14 (1-CH,; Ha) and 36 
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Table 111: Assignments and Labels for Weakly Relaxed Amino Acid 
Side-Chain Protons in the Heme Pocket of MetMbCN 

TI X lo-' posi- peak chemical 
residue tion label shift" RFc (A)' (mslC 

Leu B10/29 C,H B5 3.9od 8.56 
C61H3 B6 3.81 7.98 
C&3 B7 5.53 6.90 (30) 

PheB14/33 C6Hs R5 8.04 10.8, 12.3 
C,Hs R6 8.37 8.57, 10.3 
CtH R7 8.40 8.17 

Phe CD4/46 C,Hs Q5 7.69 8.67, 12.6 
C,Hs 4 6  8.05 7.64, 11.9 

Thr E10/67 C,H T2 2.50 9.28 
CpH T3 2.68 7.24 
C,H3 T4 -1.51 7.28 

Ala E14/71 C,H A2 3.48d 9.85 
CpH3 A3 -0.12 7.41 

Leu F4/89 C,H U2 e 7.19 
C,H U5 e 6.10 (15) 
CslH, U6 e 7.49 
CszH3 u7 8.71 5.98 (10) 

Ser F7/92 0,H S5 9.71f 6.55 (26) 

Ala F5/90 C,H X2 6.50 8.65 
CpH, X3 2.63d 10.9 

Leu G5/104 C,H L5 0.07 7.63 

Ile G8/107 C,H3 E4 0.37 7.66 

PheH15/138 C,Hs W5 7.05 10.4, 11.2 

Tyr H23/146 C,Hs Y5 7.20 or 7.00d 11.8, 12.9 

Cs2H3 L7 -1.49 6.00 16 

CsH3 E7 e 

C,Hs W6 6.94 7.89, 8.87 

6.17 (16) 

CCH W7 7.02 6.96 (33) 

C.Hs Y6 7.45 9.26. 10.7 

8 . 0  7 . 2  6 . 4  5 . 6  4 . 8  4 . 0  
PPM 

FIGURE 6: Correlation diagram showing (A) lower right portion 
(8.8-3.6 ppm) of the same 360-MHz 'H NOESY map of metMbCN 
in *H20 at 30 OC, pH 8.6, described in Figure 4; new NOESY cross 
peaks of interest are numbered sequentially 112-1 18, starting with 
the lower left, and are described in the text, as well as peaks 51, 52, 
55,  and 56 already shown in Figure 4. (B) Upper left portion (8.8-3.6 
ppm) of the 500-MHz 'H COSY map of metMbCN in 2Hz0 at 30 
OC, pH 8.6; identified COSY cross peaks are numbered the same as 
the corresponding assigned NOESY peak, with an added asterisk. 
This section of the map is selected because peak 112* is not obscured 
by artifacts due to the solvent line. Expected cross peaks which could 
not be observed are indicated by solid-line boxes. Inset C shows the 
lower right portion of the COSY map which exhibits fewer artifacts 
due to the solvent resonance in the region where cross peaks 113*, 
116*, and 117* appear. 

(8-CH3; Ha), determine H6 as 6-meso-H, and peak 15 (2-H,; 
Ha)  indicates Ha as the a-meso-H; its expected cross peak 
to 3-CH,, 11 5 (3-CH,; Hdr), is not detectable because Ha is 
too close to the solvent resonance which is being suppressed. 
The collective meso-H assignments are again confirmed by 
noting the absence of the appropriate peaks in 1D NOE 
spectra (not shown) when using a heme perdeuterated at the 
four meso positions (La Mar et al., 1980). This locates and 
unambiguously assigns all 22 heme resonances. 

(B)  COSY Peaks. Cross peaks are not observed for either 
6-Hg or 7-H$, as expected, because of their proximity to the 
iron ( T I  - 70 ms, line width - 60 Hz). The expected COSY 
peaks 7 1 * (4-H,; 4-H,,) and 74* (4-H,; 4-H,) are observed 
for the 4-vinyl group because of the large (16- and 10-Hz) 
couplings; the small 3-Hz H,-H,, coupling fails to yield a 
cross peak due to the line width. The 2-vinyl COSY peaks 
are outside our accessible COSY window. Nevertheless, they 
are still detected in Figure 5,21* (2-Ha; 2-H,) and 25* (2-H,; 
2-H,), folded back as evidenced by their expected shifts. For 
the propionate H p ,  the 7-Hp with the much smaller contact 
shift exhibit a cross peak, 87*, while the more effectively 
relaxed 6-propionate group H$ do not. This is likely due to 
the more efficient relaxation in the latter group by the much 
larger delocalized spin density (Unger et al., 1985). Thus the 
COSY map can be expected to allow detection of intra amino 
acid cross peaks only for pairs of protons >6 A from the iron 
due to paramagnetic line width effects. A summary of the 
heme assignments is given in Table I. 

Strongly Relaxed Heme Pocket Residues. The residues 
possessing the most strongly relaxed protons (RFe < 6.0 A) 

"In ppm at 25 OC, pH 8.6, except where indicated otherwise. 
bDistance from the iron from the MbCO X-ra structure (Kuriyan et 
al., 1986). cNonselective T ,  for proton <7 1 from iron; calculated 
values, given in parentheses, were not measurable. ppm at 30 "C, 
pH 8.6. eNot located. /Tentative assignments proposed by Lecomte 
and La Mar (1986). 

are listed in Table 11, along with their TI  values and the 
distances from the iron (Cutnell et al., 1981; Ramaprasad et 
al., 1984b; Emerson et al., 1988). Estimated T,s on the basis 
of TI  a RFe4 are given in parentheses for values predicted, 
4 ms (RFc - 3.4 A) to 300 ms (RFe - 7.0 A); protons further 
from the iron will not be dominated by paramagnetic effects. 
We consider the assignment of individual residues using both 
NOESY and COSY data, first confirming earlier assignments 
and then extending them to unassigned protons. 

(A) Ile FG5/99. ID NOES from C,H had earlier identified 
C,H, C,H', C,H3, and C6H3 (Ramaprasad et al., 1984b). The 
intraresidue cross peaks expected on the basis of these studies 
are all observed, 108 (C,H; C,H'), 107 (C,H; C,H), 110 
(C,H; C6H3), and 109 (C,H, C,H3), as well as ones that could 
not be detected by 1D methods, 106 (C,H,; CsH3), 105 (C,H'; 
C,H,), and 98 (C,H; C,H3) (upfield portion of overlapping 
two peaks; see the supplementary material). We have pre- 
viously suggested that the C,H (12) peak resonated at  -0.2 
ppm (Ramaprasad et al., 1984b). However, both NOESY 
cross peaks 85 (12; C8H3), 84 (12; C,H3), and 94 (12; C,H), 
and in particular COSY peak 94* (12; C,H), confirm I2 as 
C,H at 2.3 ppm. Because of the excessive line widths, COSY 
peaks are observed only between C,H and C,H, the two 
protons furthest from the iron. The expected connectivities 
to the heme are observed, 79 (C,H3; 3-CH,), 78 (C,H,; 4-Ha) 
(high-field shoulder at 78 arises from 4-H, as confirmed by 
deuteration on 1D NOE traces; see the supplementary ma- 
terial), 86 (C,H,; y-meso-H), and 8 (C,H,; 5-CH,). Small 
NOES detectable in 1D studies, but too weak to observe in the 
NOESY map, are cross peaks between C,H and 5-CH3 or 
4-H,. 
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( B )  Phe CD1/43.  The phenyl protons for this rapidly re- 
orienting side chain have been reported on the basis of dif- 
ferential paramagnetic dipolar relaxation and 1 D NOES 
(Emerson et al., 1988). The NOESY cross peak between C{H 
and the rotationally averaged C,Hs is observed but is very 
weak, 10 (CtH; C,Hs), as expected from the short Tls (-20 
and -40 ms, respectively). Readily observed is the NOESY 
peak 26 (C,Hs; C6Hs). The ring proton cross peaks fall outside 
the spectral window of the collected COSY map. With the 
available digital resolution, further NOESY peaks to C,Hs 
and C,H (all >8 A from iron) could not be identified in the 
crowded and poorly digitized diamagnetic region. Connec- 
tivities to the heme expected on the basis of earlier 1D NOE 
studies are C,Hs to 0-meso-H and 5-CH3, and C6Hs to 5-CH3 
(Emerson et al., 1988); only the last connectivity could be 
observed in the NOESY map, 2 (C,Hs; 5-CH,). The re- 
maining cross peaks are too weak to detect. 

( C )  His F8/93. Previously unambiguously assigned signals 
include the ring-labile N6H (P5) and peptide N,H (Pl), C,H 
(P3), and C,H’ (P4) (Cutnell et al., 1981; Lecomte & La Mar, 
1986). Tentatively assigned on the basis of comparisons to 
model compounds are the broad ring protons, C6H (P6) and 
C,H (P8) (La Mar et al., 1982). The intense NOESY cross 
peak between the geminal H,s is clearly observed, 32 (C,H; 
C,H’) (two components are resolved in 1D NOE traces; see 
the supplementary material). The common NOEs from the 
two C,H, 29 (C,H; P2) and 55 (C,H’; P2), together with the 
cross peak to the previously assigned His FG3 C6H, 31 (G6, 
P2) (Lecomte & La Mar, 1986), identify P2 as C,H of His 
F8; COSY peaks are not observed due to the large line widths 
(-60 Hz for C,Hs). 

No cross peaks are observed for the broad (-600-Hz), 
rapidly relaxing proposed His F8 ring protons P6 or P8, in spite 
of predictions based on the crystal structure that both have 
close proton neighbors. That P6 and P8 arise from the His 
F8 ring nonlabile protons is dictated by the fact that only those 
two protons are close enough to the iron (3.3 A) to give the 
observed short Tls (-4 ms); the question is to which ring 
positions. The closest dipolar contacts found in the MbCO 
X-ray structure (Kuriyan et al., 1986) are C,H to N6H (peak 
P5) within His F8, and C6H to Ile FG5 C,H (15). Hence, 
prospects for their assignment are explored by using rapid- 
pulsing 1D methodology. The trace of metMbCN in ‘ H 2 0  
under rapid-pulsing conditions is shown in Figure 3A; the 
broad peaks with enhanced intensities are P8 under l-CH3, 
and peak P6 on the upfield side of peak 17. The labile His 
F8 ring proton N,H is P5. Saturation of I-CH, (Hl)  and the 
overlapping desired P8 peak is illustrated in the difference trace 
in Figure 3B; the decoupler in the reference trace is placed 
symmetrical with respect to P5 (N,H), so that any negative 
intensity for P5 in Figure 3B must represent a true NOE 
(Emerson et al., 1988). The positive peaks in Figure 3B are 
due to the fact that peak D7 is saturated in the reference trace, 
so that both the saturated previously assigned peak D7 (His 
E7 N,H) and the peak to which it gives an NOE (D6) appear 
(Lecomte & La Mar, 1986). Since the NOE to P5 is not 
observed under low decoupler power where only the slowly 
relaxing 1-CH3 is saturated, we can conclude that the NOE 
to P5 arises from saturating P8 and not 1-CH,. Thus P8 is 
consistent with originating from C,H and not from C,H of His 
F8. When previously proposed C,H peak P6 is saturated 
(Figure 3C), a clear NOE is observed to I5 (C,H of Ile FG5); 
the reference frequency is symmetrical to 15. While one of 
the nearby Ile FG5 methyls, I7 (C,H3), is also weakly satu- 
rated in Figure 3C, that the NOE to I5 is from saturating P6 

Emerson and La Mar 

is confirmed by detecting a much smaller NOE to I5 when 
I7 (C,H3) is directly saturated (Figure 3D). Hence P6 must 
arise from the C$l rather than CJY, and the present ID  NOE 
experiments reverse the previous assignments (La Mar et al., 
1982) of C,H and C,H of the coordinated His F8. This 
completes the assignment of all protons of His F8. 

(D)  His FG3/97. The only previously assigned peaks are 
C,H (G6 in Figures 2 and 3), determined on the basis of the 
extremely short TI (-25 ms) and dipolar connectivity to N,H 
of His F8 in ‘H20, and C,H (G8), observed upon saturating 
6-Ha (Lecomte & La Mar, 1986). No other cross peaks from 
G6, except that expected to His F8 C,H, 31 (G8; P2), is 
observed. In the 1D NOE trace (see the supplementary 
material), however, we observe the two likely C,H peaks at 
1.3 and -0.5 ppm whose expected 2D cross peaks we designate 
59 (G6; G3) and 60 (G6; G4) in Figure 4. Consistent with 
the origins of G3 and G4 as the C,Hs, we detect an intense 
NOESY peak 90 (G3, G4) in a very crowded region in Figure 
5A (see inset C in Figure 5), but more importantly, we observe 
the expected COSY peak 90* (C,H; CPH’) in Figure 5B. 
NOESY connectivities from His FG3 C,Hs to Ile FG5, 96 
(G4; 17) and 97 (G3; I7), show which C,H (G3) is closer to 
Ile FG5. The C,H was not located. Connectivities to the heme 
from His FG3 include the expected C,H to P-meso-H, 80 (G3; 
P-meso-H), 93 (G4; P-meso-H), and C,H to 6-Ha 53 (G8; 
6-Ha). The remaining labile ring proton could not be located 
in ‘H20 (Lecomte & La Mar, 1987), quite possibly because 
of facile exchange with bulk water. 

( E )  His E7/64 .  Previous assignments include the labile 
proton signal D7 shown to arise from N,H on the basis of both 
paramagnetic relaxivity and NOEs to the adjacent nonlabile 
ring proton, C,H (D6) (Cutnell et al., 1981; Lecomte & La 
Mar, 1986). The expected dipolar couplings from C,H to the 
two CBHs (D,, D4) are observed, 35 (C,H; C,H) and 38 (C,H; 
C,H’), as supported by both the intense NOESY cross peak 
116 (C,H; C,H’) and corresponding COSY peak 1 16* (C,H; 
C,H’). Neither NOESY nor COSY peaks are expected for 
the elusive His E7 C,H in 2H20 (Lecomte & La Mar, 1986). 
In fact, even 1D NOES from the labile N,H peak in lH,O 
failed to provide evidence for the location of C,H, probably 
because of the expected very rapid relaxation ( T1 < 35 ms; 
RFe - 4.4 A) and its resonance position under the diamagnetic 
envelope. 
(F) Vu1 EI1/68 .  This is the only functionally critical 

residue in the heme pocket for which no assignments have been 
offered to date. There are, however, several as yet unassigned 
resolved upfield peaks that are candidates for this residue. The 
single proton peak V2 at -2.6 ppm exhibits a T ,  i= 110 ms, 
indicating RFe = 5.9 A. This proton also gives NOESY cross 
peaks to both 1-CH3, 23 (V2; I-CH3), and 8-CH3, 48 (V2; 
8-CH3). The crystal structure of MbCO (Kuriyan et al., 1986) 
indicates that there is only one single proton peak -6 from 
the iron and near both 1-CH3 and 8-CH3, Val El  1 C,H, to 
which we assign V2. A weak 1D NOE to the heme 6-meso-H 
is also seen but is not observed in the NOESY map, 76 (V2; 
H6) (see the supplementary material). Cross peaks from V2 
(C,H) are observed to two other upfield peaks, partially re- 
solved peak V5 (-0.9 ppm), 102 (V2; V5), and a resolved 
methyl peak V4, 101 (V2; V4) (TI - 56 ms, R ,  - 5.2A). 
The intensity of peak V5 and an estimate of its T I  are es- 
tablished by considering a series of rapid inversion-recovery 
spectra. Figure 2B-D illustrates the delay times in a modified 
inversion-recovery experiment using a rapid repetition rate 
designed to suppress the slowly relaxing diamagnetic envelope 
so that better effective dynamic range is achieved for observing 
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broad, fast relaxing signals. In Figure 2D, with 7 = 15 ms, 
only P6 and P8 ( T,  - 4 ms) are completely relaxed, with F7 
(-20 ms) and G6 (-25 ms) showing fractional relaxation. 
Observed in Figure 2C is largely relaxed peak V4 with in- 
tensity approximately 3 times that of any of the relaxed single 
proton peaks P8, F7, G6, and P6; hence V5 has the intensity 
for a rapidly relaxing methyl peak. The recovery of peak V4 
indicates a T I  in the range 20-40 ms, giving a distance from 
the iron of 4.4-4.9 A for methyl V4. At long delays, 7 = 55 
ms, several other rapidly relaxing signals are detected (Figure 
2B), among them Ha, the a-meso-H (estimated TI = 65 ms). 
Both the short T,s (and the RFe derived therefrom) of methyl 
peaks V4 and V5, as well as their N O B Y  peaks to C,H (V2), 
establish them as the two Val E l l  C,H3s. The Val E l l  
methyls in the MbCO structure are at 5.5 and 4.5 A from the 
iron. The relative T, values and NOESY peak between V4 
and l-CH, 19 (l-CH3; V4) establish V4 (-1.0 ppm) as CYIH3 
and, hence, V5 as Cy2H3 of Val El 1. The Val El  1 CpH could 
not be located unambiguously, although the only common cross 
peaks from C,H and C,H3 at 1.5 ppm (V3), 95 (V3; V2) and 
92 (V4; V3), suggest V3 is C,H. Given the close proximity 
to the iron for all Val E l  1 protons, it is not surprising that 
COSY peaks could not be detected. 

Weakly Relaxed Heme Pocket Amino Acid Residues. With 
the assignment of all of the heme and above amino acid residue 
proton signals, it is possible to extend the assignment to several 
other residues which have some protons <7.5 A from the iron. 
Such assignments are pursued on the basis of expected dipolar 
connectivity as described by the X-ray coordinates and sup- 
ported by 1D NOE data (see the supplementary material) and 
COSY and NOESY cross peaks in Figures 4-6. We first 
locate the closest proton($ to the assigned protons on the heme 
and proximal His peripheries by the 1D NOE (see the sup- 
plementary material) or 2D NOESY cross peaks as predicted 
by the X-ray crystal structure (Kuriyan et al., 1986). The 
nearest neighbor proton(s) scalar coupled to the identified 
proton(s) is (are) subsequently identifed by the COSY con- 
nectivity, as supported by parallel NOESY peaks. No attempt 
is made at this time to interpret exhaustively the data contained 
in the two maps, in part because of the low digital resolution 
available to us. 

The two remaining unassigned resolved upfield signals, L7 
and T4, are nearly degenerate at 25 OC but diverge at higher 
temperatures and reveal each peak to have three-proton in- 
tensity consistent with the expectation for methyl groups. 
Methyl T4 ( T ,  - 300 ms, RFe 1 7.3 A) gives a strong 
NOESY peak to 8-CH3,47 (T4; 8-CH3), but none to l-CH,, 
indicating it originates from the nearby (3.3 A) Thr E10/67 
methyl (RFe - 7.3 A). Two cross peaks from T4 at 2.6 ppm, 
83 (T4; T2), and 2.8 ppm, 82 (T4; T3), one of which also 
exhibits a COSY peak 82* (T4; T3), identify T3 as CpH and 
T2 as the likely C,H of the same residue. A large common 
NOESY peak to an apparent methyl peak A3 at 0.12 ppm 
from both l-CH,, 18 (l-CH3; A3), and 8-CH3, 45 (8-CH3; 
A3), as well as a weaker peak to Val El  1 C,H, 11 1 (A3; V2), 
uniquely identifies C,H, of Ala E14/71. A single COSY peak 
to 3.48 ppm, 81 * (A3; A2), together with its NOESY peak, 
81 (A3; A2), tentatively locates C,H. The expected weak 
dipolar coupling for Ala E14 C,H to the heme, 40 (A2; 8- 
CH,), is also observed. 

Both pyrrole I substituents exhibit cross peaks at -7 ppm, 
11 (l-CH,; W), 12 (2-H,; W), 64 (2H,; W), and 65 (2H,; 
W). In better resolved 1D NOE spectra, peak W is composed 
of peaks at 6.94 (W6) and 7.03 ppm at 25 "C, of which the 
latter splits into two peaks at higher temperatures, W5 and 
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W7 (see the supplementary material). Since the shifts for W 
exhibit negligible temperature dependence, they must arise 
from Phe H15, the only aromatic residue in contact with 
pyrrole I. Relative intensities of the three components in the 
1D NOE spectra upon saturating, l-CH3 and 2-H,, suggest 
the assignment C6Hs and CrH at 7.03 ppm and C,Hs at 6.94 
ppm for the rapidly reorienting ring. Unequivocal is the fact 
that all three positions resonate at 6.99 f 0.05 ppm. 

The last resolved methyl peak, L7 (T, - 160 ms, RFe = 6.0 
A), as well as an apparent methyl peak E4 at 0.37 ppm, 
exhibits cross peaks to both heme 2-H,, 20 (L7; 243,) and 
17 (E4; 2-H,), and 3-CH,, 73 (L7; 3-CH,) and 69 (E4; 3- 
CH,). The X-ray structure identifies two methyls within 3.0 
A of 2-H,, C62H3 (RFe - 6.0 A) of proximal Leu G5 and 
C,H3 (RFe - 7.7 A) of distal Ile G8. The T1 value identifies 
L7 as the former peak, and hence E4 must arise from Leu G5. 
These assignments are confirmed by a NOESY cross peak 
from L7 to proximal Phe H15 peak, 63 (L7, W), and a weak 
cross peak to proximal Ile FG5 C,H3, 104 (L7; 14). The 
NOESY, 99 (L5; L7), and COSY, 99* (L5; L7), cross peaks 
also identify L5 as the C,H of Leu G5. 

The closest contact (3.3 A) to His E7 C6H (D6) is CslH3 
(B7) of Leu B10, and a strong cross peak, 39 (D6; B7), locates 
it at 3.81 ppm. The other Leu B10 methyl is -4 %I from both 
His E7 C6H and Phe CD1 CfH and is identified by the com- 
mon weak NOESY cross peak at 5.5 ppm, 34 (D6; B6), and 
by the inter-methyl cross peak 113 (B6; B7). A proton at 3.9 
ppm that exhibits both NOESY and COSY cross peaks to 
each of these two methyls, 114 (B5; B7), 114* (B5, B7), and 
117* (B5; B6) (the other NOESY expected cross peak 117 
is too close to the diagonal to detect), uniquely identifies B5 
as C,H of Leu B10. 

Previous 1D NOE studies upon saturating Phe CD1 ring 
resonances had identified five aromatic protons (via the 
characteristic intercept) at 8.37 (R6), 8.40 (R7), 8.04 (R5), 
8.05 (Q6), and 7.69 (Q5) ppm which must originate form the 
rapidly reorienting phenyl side chains of Phe B14/33 and Phe 
CD4/46 (Emerson et al., 1988). COSY peak 51* in Figure 
6 connects R6 or R7 and R5. Since the other of R6 or R7 
shows no other COSY connectivity, R5, R6, and R7 must arise 
from one ring, with R5 as C6Hs, and R6 and R7, the nearly 
degenerate C,Hs and C,H. The other two peaks also exhibit 
a single COSY peak 52*, (Q5, Q6), and no other, indicating 
that the third position is nearly degenerate with one of the 
other two. Identification of the aromatic rings is effected by 
observing the expected NOESY peak from C6H of His E7 to 
nearby (2.5 A) Phe CD4 C,Hs, 28 (D6; 4 6 )  (better resolved 
in 1D NOES; see the supplementary material) which identifies 
4 6  as C,Hs and Q5 as C6Hs or C,H, and hence R5, R6, and 
R7 as arising from Phe B14. The expected NOESY peak from 
Phe CD1 C,Hs, 27 (F6; R6), identifies R6 as the Phe B14 
C,Hs. 

The remaining residues of interest, Ala F5, Tyr H23, and 
Leu F4, have dipolar contact primarily with the proximal His 
F8. A strong 1D NOE is observed to peak U7 at 8.6 ppm upon 
saturating the exchangeable His F8 NbH (P5), as illustrated 
in part E of Figure 3. Varying the solvent isotope composition 
reveals U7 is nonlabile, and variable temperature data reveal 
a very strong temperature dependence, with the peak becoming 
partially resolved on the low-field side of the envelope at 0 OC 
and exhibiting apparent three-proton intensity. A weaker 
NOE to U7 is also seen when saturating either His F8 peptide 
NH (Pl)  or C,H (P3) (not shown). The crystal coordinates 
place a single group in the proximity of these three His F8 
protons, the Cs2H3 of Leu F4. The strong temperature de- 
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pendence reflects the very substantial downfield hyperfine shift 
experienced by this methyl group. The His F8 CBHs make 
two additional close dipolar contact to Tyr H23/146 C,H (3.1 
A) and Ala F5/90 C,H (3.0 A), and relevant N O B Y  peaks 
are 30 (P3; Y6) at 7.45 ppm and 33 (P3; X2) at 6.4 ppm. The 
shift for Y6 is essentially independent of temperature and 
hence arises from rapidly reorienting (Dalvit & Wright, 1987) 
Tyr H23 C,Hs, while that of X2 moves strongly upfield at 
higher temperatures and must originate in Ala F5 C,H. There 
are two COSY peaks from 7.45 ppm (Y6) to 7.20 and 7.00 
ppm, one of which, 118* (Y6; Y5), must be the Tyr rota- 
tionally averaged CdHs (Y5). The Ala F5 C,H peak exhibits 
both a NOESY, 66 (X2; X3), and COSY peak, 66* (X2; X3), 
which uniquely identify X3 as the Ala F5 C,H, at 2.63 ppm. 
The available assignments of the more distant amino acid 
residues are listed in Table 111. 

DISCUSSION 
Scope and Limitations of 2 0  Experiments. The NOESY 

map of metMbCN exhibits detectable cross peaks for the 
majority of the NOEs observed in steady-state 1D NOE ex- 
periments and allows assignment of most of the resonances 
of interest. It is also obvious that many more small, largely 
redundant NOEs are observed in the 1D NOE traces (Ra- 
maprasad et al., 1984a,b; Emerson et al., 1988; see also figures 
in supplementary material) which are not critical to assign- 
ment. The failure to observe the rest of the expected peaks 
in the 2D map is largely due to sensitivity problems which are, 
in part, due to the limitation of the accessible spectrometer 
and, in part, due to the inherently reduced NOESY peak 
intensities in paramagnetic systems. Another limitation of the 
present NOESY data, in comparison with parallel 1D NOE 
data, is the low resolution allowed by our data system. Both 
of these problems, however, can be overcome with better in- 
strumentation and do not constitute inherent limitations of the 
NOESY data. Very strongly relaxed and extremely broad 
(-600-Hz) protons which may not exhibit NOESY peaks 
even under ideal conditions are shown to exhibit dipolar 
connectivity sufficient to allow unambiguous assignment using 
1 D NOE measured under rapid-pulsing conditions. It is noted 
that, of the total of 75 identified proton signals, the shifts and 
at least some major dipolar connectivities of all but 6 (labeled 
with superscript d in Table 111) could be observed solely by 
1 D NOE methodology. This provides both some calibration 
of the 2D NOESY map as well as support for the utilization 
of 1D NOEs in conjunction with 2D maps. 

The DQF-COSY map was found uninformative for all 
protons closer than -6 A, due to both the rapid relaxation 
and increased line width. It is likely that a rotating-frame 
correlation experiment (not accessible on our instrumentation) 
which gives only positive cross peaks [Le., TOCSY or HOH- 
AHA (Braunshweiler & Ernst, 1983; Bax & Davis, 1986)] 
may provide the needed additional scalar connectivities for 
some of the intermediate line width peaks. Nevertheless, the 
observation of clear COSY cross peaks in unusual spectral 
windows in *H20  (i.e., peaks 66* and 112*) not common to 
diamagnetic systems demonstrates that spin connectivities can 
be followed even for strongly hyperfine-shifted resonances 
provided they experience only weak paramagnetic relaxation. 
It is also obvious that, due to variable relaxation contributions 
from the iron, a number of sophisticated 2D experiments that 
can be routinely implemented for an analogous diamagnetic 
complex (Le., MbCO), such as RELAY or spin filtering 
(Dalvit & Wright, 1987), may not provide the definitive in- 
formation desired for hyperfine-shifted peaks of a paramag- 
netic derivative. Hence, it is likely that 2D methods cannot 
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provide the complete solution structure of a paramagnetic 
protein by sequence-specific assignments in a fashion now 
attainable for diamagnetic molecules (Wiithrich, 1986). On 
the other hand, the distance dependence from the iron for the 
paramagnetic relaxivity ( T ,  0: provides an additional 
structural probe invaluable for identifying precisely those 
resonances least likely to benefit from the 2D NMR metho- 
dologies (Ramaprasad et al., 1984b; Lecomte & La Mar, 1986; 
Emerson et al., 1988). The present work clearly demonstrates 
that, at least in principle, complete assignment of resonances 
of a paramagnetic protein is possible with 2D NMR metho- 
dologies, particularly when supplemented by 1D NOE and 
paramagnetic relaxivity data, providing good X-ray structural 
data are available to identify the expected dipolar contacts. 
Hence we consider the prospects for resonance assignments 
and structure determination of at least low-spin ferric hemo- 
proteins very encouraging. 

Status of Assignments. Fifty new resonances have been 
assigned to add to the 28 previously identified peaks; 22 of 
the total are the complete assignment of the heme, with dis- 
tances from the iron ranging from -4.5 (meso-Hs) to -7.5 
A (vinyl HBs). There are a total of 3 1 nonequivalent amino 
acid proton sets 57.0 A from the iron, with -90% clearly 
assigned, 25 of the 27 nonlabile and 3 of the 4 labile protons, 
leaving only His E7 C,H (4.8 A), Ile G8 CsH3 (6.2 A), and 
the labile His FG3 N,H (5.4 A) mising. The labile His FG3 
proton likely is exchanging with the solvent. Extending the 
sphere to 7.5 A adds 9 protons, 6 of which are assigned (85% 
assigned with RFc C 7.5 A); among the missing 3 is another 
labile proton, Val E l l  N,H, and two Leu F4 signals. 
Moreover, 20 signals from protons >7.5 A have also been 
identified. It is clear that even the present 2D map may 
provide additional assignments, although better digitized maps, 
particularly as a function of temperature, are required for an 
optimal assignment strategy. The available assignments, 
however, emphasize the desired proximity to the iron and 
provide the necessary input data for developing a quantitative 
understanding of the shifts in terms of detailed electronic 
(contact shift) and magnetic (dipolar shift) properties of the 
active site. 

Active Site MolecularlElectronic Structure. The detection 
of strong NOESY cross peaks only between the methyl and 
the adjacent vinyl H# and not H, on the same pyrrole establish 
largely cis configurations for the two vinyls, as found both in 
the crystal structures (Takano, 1977; Phillips, 1980; Kuriyan 
et al., 1986) and by NMR in MbCO (Mabbutt & Wright, 
1985). The hyperfine shift pattern for the heme, which is 
known to be largely contact in nature, is similar to that in 
related model compounds except for the larger asymmetry 
(Shulman et al., 1971; La Mar, 1979; La Mar & Walker, 
1979; Satterlee, 1985). The last heme substituent assignments 
confirm that the shifts are larger for all substituents on pyrroles 
I and I11 than pyrroles I1 and IV. The meseH hyperfine shifts 
are all very similar, 4.1 f 2.0 ppm, and do not show strong 
alternate biases upfield and downfield for adjacent positions 
as found, for example, in ferricytochrome b5 (McLachlan et 
al., 1988). This small spread of the meso-H hyperfine shifts 
is consistent with either negligible rhombic dipolar shifts or 
an in-plane magnetic axis which passes close to N-Fe-N 
vectors (Thanabal et al., 1987a). We show in our companion 
report that the latter is clearly the case (Emerson & La Mar, 
1990). 

The present assignment by 1D NOEs of the two His F8 
nonlabile ring protons contradicts earlier ones based on models 
(La Mar et al.. 1982). The axial imidazole shifts in the ap- 
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propriate monoimidazole, monocyano heme model complex 
have been unequivocally established by isotope labeling, with 
C,H at 2 ppm and CdH at 14 ppm (Chacko & La Mar, 1982). 
MetMbCN exhibits two His F8 ring signals with shifts similar 
to those in the model but with interchanged assignments. Thus 
the similarity in shifts is fortuitous. Such a discrepancy in 
hyperfine shift pattern between model and protein is un- 
precedented and suggests much greater caution in using models 
for such assignments in proteins without some confirmatory 
experiments (La Mar & Walker, 1979; La Mar, 1979). The 
pattern of the coordinated His ring proton hyperfine shift has 
been proposed to serve as a useful indicator of the degree of 
imidazolate character (La Mar et al., 1982; Thanabal et al., 
1987b). The similarity of the His F8 ring shifts in model and 
protein was used to infer the absence of significant hydro- 
gen-bond donation by the His F8 imidazole side chain to a 
backbone carbonyl in Mb (La Mar et al., 1982). The present 
reassignments clearly negate such simple conclusions. This 
interpretation may still be valid for the low-spin ferric hor- 
seradish peroxidase complex, where 1D NOE studies une- 
quivocally established the individual proximal His ring proton 
assignments (Thanabal et al., 1987b). The significant changes 
in His F8 hyperfine shift between model and metMbCN are 
obviously an indicator of protein-induced perturbation(s) on 
the heme electronic/magnetic/molecular structure and provide 
important information on the influence of protein constraints 
on ligation. In our companion report (Emerson & La Mar, 
1990), we utilize the presently determined assignments to 
develop a quantitative understanding of the hyperfine shifts 
in metMbCN which resolves the difference between protein 
and model in terms of distal steric tilting of the bound cyanide 
ligand. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Figures 1-4, showing 1D NOE difference traces upon 

saturating all resolved resonances of metMbCN in 2H20, with 
NOES labeled by the corresponding cross peak number in the 
text, and providing the improved resolution that allows 
characterization of individual peaks found degenerate in the 
2D NOESY map, Figure 5 ,  giving a schematic representation 
identifying intra- and interresidue cross peaks, and Table I, 
giving a sequential identification of cross peak numbers by 
contributing residues (6 pages). Ordering information is given 
on any current masthead page. 
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NMR Determination of the Orientation of the Magnetic Susceptibility Tensor in 
Cyanometmyoglobin: A New Probe of Steric Tilt of Bound Ligand? 
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ABSTRACT: The experimentally determined paramagnetic dipolar shifts for noncoordinated amino acid 
side-chain protons in the heme pocket of sperm whale cyanometmyoglobin [Emerson, S. D., & La Mar, 
G. N. (1990) Biochemistry (preceding paper in this issue)] were used to determine in solution the orientation 
of the principal axes for the paramagnetic susceptibility tensor relative to the heme iron molecular coordinates. 
The determination was made by a least-squares search for the unique Euler rotation angles which convert 
the geometric factors in the molecular (crystal) coordinates to ones that correctly predict each of 41 known 
dipolar shifts by using the magnetic anisotropies computed previously [Horrocks, W. D., Jr., & Greenberg, 
E. S .  (1973) Biochim. Biophys. Acta 322, 38-44]. An excellent fit to experimental shifts was obtained, 
which also provided predictions that allowed subsequent new assignments to be made. The magnetic axes 
are oriented so that the z axis is tipped - 15' from the heme normal toward the heme 6-meso-H and coincides 
approximately with the characterized FeCO tilt axis in the isostructural MbCO complex [Kuriyan, J., Wilz, 
S., Karplus, M., & Petsko, G. A. (1986) J. Mol. Biol. 192, 133-1541, Since the FeCO and FeCN units 
are isostructural, we propose that the dominant protein constraint that tips the magnetic z axis from the 
heme normal is the tilt of the FeCN by steric interactions with the distal residues. The rhombic magnetic 
axes were found to align closely with the projection of the proximal His imidazole plane on the heme, 
confirming that the His-Fe bonding provides the protein constraint that orients the in-plane anisotropy. 
The tipped magnetic z axis is shown to account quantitatively for the previously noted major discrepancy 
between the hyperfine shift patterns for the bound imidazole side chain in models and protein. Moreover, 
it is shown that the proximal His ring nonlabile proton hyperfine shifts provide direct and exquisitely sensitive 
indicators of the degree of the z axis tilt that may serve as a valuable probe for characterizing variable steric 
interactions in the distal pocket of both point mutants and natural genetic variants of myoglobin. 

x e  inherently high information content of the hyperfine- 
shifted resonances of low-spin ferric hemoproteins has long 
been recognized, and extensive NMR studies of both model 
compounds and various hemoproteins have been reported 
(Wuthrich, 1970; Shulman et al., 1971; La Mar, 1979; La Mar 
& Walker, 1979; Satterlee, 1985). These hyperfine shift 
patterns are highly sensitive to systematic perturbations as 
found in closely related natural genetic variants and synthetic 
point mutants of myoglobin (Mb)' and contain key information 
on the modulation of chemical reactivity by the nature of the 

polypeptide chain (Wuthrich et al., 1970; Krishnamoorthi et 
al., 1984; Satterlee, 1985; Springer et al., 1989). The full 
exploitation of this information, however, has to date been 
prevented because of the inability to unambiguously assign 
the heme pocket residue peaks and to quantitatively separate 
the dipolar and contact contributions to the observed hyperfine 
shift (Jesson, 1973; Horrocks, 1973; Bertini & Luchinat, 
1986): 

8hf = + 8dip (1)  
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Abbreviations: Mb, myoglobin; Hb, hemoglobin; metMbCN, 
cyanide-complexed ferric Mb; NMR, nuclear magnetic resonance; DSS, 
2,2-dimethyl-2-silapentane-5-sulfonate; ESR, electron spin resonance. 
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