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S U M M A R Y  

Two-dimensional sequence-specific JH NMR resonance assignment methodology (W/ithrich, 1986) has 
been applied for the first time to a 18-kDa paramagnetic hemoprotein (cyano-met Aplysia Mb) to identify all 
the hyperfine-shifted residues. The assignment was greatly facilitated by the fact that hyperfine shifts of resi- 
dues impart a strong temperature dependence to the cross peaks, which aids location and identification, and 
provides improved spectral dispersion, particularly in the fingerpriflt region. 2D COSY and TOCSY were 
found to be surprisingly effective in locating the complete spin connectivities of all of  the hyperfine-shifted 
residues, with the exception of the axially coordinated His 95 imidazole ring, whose proton resonances were 
found to exhibit severe line broadening (> 400 Hz). Conventional ID NOE and NOESY with short mixing 
times, combined with paramagnetic-induced relaxation effects, led to the successful assignment ofeven extre- 
mely broad proton signals. Three helical stretches and two loop regions were identified as the source of all 
hyperfine-shifted residues: the F helical residues 3-9, the E-helix residues 6-14, the G-helix residues 5-9, the 
FG-Ioop residues 1--4 and the CD-loop residues 1-4. These segments comprise all the residues that make 
contact with the heme and modulate the reactivity of the prosthetic group. The sequence-specific identifica- 
tions of the active-site residues revealed that the solution structure of  Aplysia metMbCN is fully consistent 
with that observed by X-ray diffraction in single crystals for a variety of other derivatives, except for the dis- 
tal Arg 66 (El0), which is turned into the heme pocket, as found only in the metMbF crystal structure (Bolog- 
nesi et al., 1990). The ready identification, by their temperature sensitivity, and the complete assignments of 
all hyperfine-shifted residues of Aplysia metMbCN demonstrate that sequence-specific assignment can be 
profitably applied to paramagnetic proteins, and that it should be possible to determine the solution struc- 
tures of paramagnetic proteins, at least for low-spin complexes, by using NMR techniques used for diamag- 
netic proteins. 

* To whom the correspondence should be addressed. 
Abbreviations: Mb, myoglobin; NM R, nuclear magentic resonance; metMb, metmyoglobin (ferric); 2D, two dimensional; 
ID, one dimensional; COSY, two-dimensional correlated spectroscopy; MCOSY, conventional magnitude two- 
dimensional correlated spectroscopy; TOCSY, two-dimensional total correlation spectroscopy; NOE, nuclear Overhauser 
Effect; NOESY, two-dimensional nuclear Overhauser effect spectroscopy; ppm, parts per million. 
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INTRODUCTION 

The solution-structure determination of a diamagnetic protein by using t H NMR spectroscopy 
relies on the sequence-specific assignment of all amino acid residues (Wfithrich, 1986; Clore and 
Gronenborn, 1987). This procedure involves identification of the spin-coupling networks, includ- 
ing the backbone CaH:NH, of the individual residues in a bond correlation experiment, followed 
by sequential placement of these residues along the backbone, using characteristic dipolar connec- 
tivities provided by NOESY experiments. Spectral congestion tends to limit 2D IH NMR appro- 
aches to proteins of ~ I00 residues; larger proteins generally require isotopic labeling (13C/15N) of 
amino acids for use with 2D and/or higher dimensional NMR methods (Clore and Gronenborn, 
1989, 1991; Wagner, 1990). For paramagnetic metalloproteins, the unpaired electron spins of the 
metal ions lead to line broadening and enhanced spin-lattice relaxation, especially for active-site 
reisudes that can obscure spin coupling and undermine the development of NOEs (Ernst et al., 
1987; Neuhaus and Williamson, 1989). Indeed, 2D I H NMR sequence-specific assignments in pa- 
ra/nagnetic proteins to date have been restricted to the main chain and side chains remote from 
the metal center of proteins of maximally --, 100 residues (Feng et al., 1989). 

The unique and valuable information provided by a I H NMR spectrum of a paramagnetic pro- 
tein, however, resides primarily in the activeZsite residues that experience hyperfine shifts (Satter- 
lee, 1985; Emerson and La Mar, 1990b), and many such proteins are large by current 2D NMR 
standards (Emerson and La Mar, 1990a; de Ropp and La Mar, 1991). A particularly important 
subclass of paramagnetic metalloproteins are the low-spin ferric hemoproteins, as represented by 
ferricytochromes c (Feng et al., 1989) and b (McLachlan et al., 1988; Wu et al., 1991), and the cya- 
no complexes of ferric myoglobin, Mb (Emerson and La Mar, 1990a), hemoglobin, Hb (Peyton 
et al., 1988; Sylvia and La Mar, unpublished results), and heme peroxidases (Thanabal et al., 
1987; Thanabal and La Mar, 1989; Dugad et al., 1990; de Ropp and La Mar, 1991). These pro- 
teins range in size from 12 kDa to over 100 kDa. Most of these proteins display ~H NMR spectra 
for which the hyperfine-shifted active-site signals are very sensitive to the genetic origin of the pro- 
tein, and several of the proteins are very sensitive to synthetic point mutation (Satterlee, 1985; Ra- 
jarathnam et al., 1992). Understanding of the functional properties of these proteins requires the 
assignment of the hyperfine-shif.ted residues and detailed molecular structural determination of 
the active site. 

Recently, we demonstrated that the majority of the active-site side-chain residues of sperm 
whale metMbCN (~  17 kDa) could be assigned by using 2D IH NMR methods, where extensive 
reliance was placed on the availability of a crystal structure to interpret NOESY data (Emerson 
and La Mar, 1990a). Subsequently, we showed~hat the bond connectivity of most of the side 
chains could be detected in spite of linewidths up to ~ 100 Hz (Yu et al., 1990). It was noted that 
while paramagnetic relaxation rendered the 2D-b.ond correlation experiments less effective than 
with a diamagnetic protein, the unique temperature dependence of the hyperfine shifts for active- 
site residues compensated for this by providing increased spectral resolution and a method for dif- 
ferentiating cross peaks involving active-site residues from those remote from the metal center. In 
order to put the solution structure determination of paramagnetic proteins on a basis comparable 
to that of diamagnetic proteins, it is clearly necessary to investigate the feasibility of carrying out 
sequence-specific assignments, particularly for the active site. For this purpose, we selected a 146- 
residue (~  18 kDa) myoglobin from the sea hare, Aplysia limacina, which we investigated in the 
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S = 1/2 metMbCN state. This Mb lacks the conserved distal His of mammalian systems (replaced 
by Val) (Tentori et al., 1973) and can unfold reversibly under a variety of conditions in solution 
(Brunori et al., 1972). Hence, it serves as a prototype for characterized Mbs for elucidation of the 
detaiied distal control of ligand binding to the iron (Wittenberg et al., 1965; Antonini and Bruno- 
ri, 1971; Brunori et al., 1986) and of the nature of protein folding (Giacometti et al., 1979; Janes 
et al., 1987). Moreover, X-ray crystal structures of three paramagnetic forms, unligated metMb, 
metMbF, and metMbN3, exhibit important differences with regard to the structure of the distal 
pocket (Bolognesi et al., 1989, 1990; Mattevi et al., 1991). Hence, not only does this protein serve 
as an important test case for sequence-specific assignment strategies but the results of such assign- 
ments should shed light on the structure of the active site. 

Our goal was to develop a strategy for sequentially assigning the residues in the heme pocket of 
Aplysia metMbCN, whose relaxation rates and chemical shifts are influenced by the paramagnet- 
ism of the low-spin iron. Our emphasis on hyperfine-shifted paramagnetically relaxed residues has 
two bases. Firstly, residues inconsequentially influenced by paramagnetism can be studied by con- 
ventional 2D and/or higher dimensional NMR methodology and are of no interest in this report. 
Hence, we targeted the residues for which any proton exhibits a significant hyperfine shift; other 
residues or portions thereof (backbone) were assigned only when necessary to effect the sequence- 
specific assignment of the target residue. Secondly, an additional goal of the study was not only 
to assign the paramagnetically influenced residues, but to do so in a manner that can be used for 
proteins larger than those normally studied by 2D NMR. In order to achieve these goals, we fo- 
cused on the temperature sensitivity of peak positions detected in a 2D experiment. Si.nce hyper- 
fine-shifted resonances exhibit a characteristic inverse (Curie) temperature dependence (Emerson 
and La Mar, 1990b), the variable temperature characteristic uniquely identifies such resonances. 
Problems anticipated in a 2D sequence-specific assignment in a paramagnetic protein include 
missing bond correlation cross peaks due to broad lines, wzak NOESY cross peaks due to short 
TI, and the absence of the usual diamagnetic chemical-shift correlation that is important for de- 
fining the functionality of a proton set. 

Our strategy for effecting sequence-specific assignments was to: (1) identify all hyperfine-shifted 
(temperature-sensitive) resonances which exhibit COSY cross peaks in 2H20, and use COSY and 
TOCSY to locate all remaining protons for each spin-coupling network which can identify the re- 
sidues; (2) search for additional hyperfine-shifted temperature-sensitive proton signals which ex- 
hibit only NOESY cross peaks (or 1D NOEs) in 2H20; (3) connect the spin systems for the hyper- 
fine-shifted residues to the backbone with COSY and TOCSY in tH20 solution to locate the NHs 
(fingerprint region); and (4) utilize NOESY in ~H20 to locate sequentially the residues with hyper- 
fine-shifted protons. As a convenient standard for strongly hyperfine-shifted peaks, We set a lower 
limit for the slope of a plot of shift versus reciprocal temperature at I1.11 x 103 ppm • K for non- 
exchangeable protons. For labile protons which exhibit some temperature sensitivity even in dia- 
magnetic systems, we set a lower limit for the slope at 11.31 × 10 3 ppm • K. Protons with such 
slopes have been shown to exhibit > 1.5 ppm hyperfine shifts in sperm whale metMbCN 
(Emerson and La Mar, 1990b; Rajarathnam et al., 1992). 

Specific questions we addressed are: (1) Can all hyperfine-shifted signals be efficiently located 
by their temperature sensitivity?; (2) How effective are 2D methods for locating the complete spin- 
systems of such signals?; (3) Can hyperfine-shifted residues be assigned by sequential backbone 
NOEs?; (4) Do the located residues account for all of the heme cavity side chains expected on the 
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basis of the Mb fold?; and (5) How well does the NOESY cross-peak pattern and paramagnetic- 
induced relaxivity reflect the qualitative structural features of the crystal structures of the various 
Aplysia Mb-derivatives? 

EXPERIMENTAL PROCEDURES 

Sample preparation 
The native Aplysia Mb used was the same sample described in detail previously (Peyton et al., 

1989). The sample concentrations were --, 3 mM in 2H20 and ~ 4 mM in IH20 at pH 8.9 and 5.3. 

t H NMR measurements 
All tH NMR experiments were carried out in a GE Omega 500 MHz spectrometer. The 1D 

NOE spectra, SUPERWEFT spectra, and the nonselective spin-lattice paramagentic relaxation 
times for the resolved peaks were obtained as described previously (Emerson and La Mar, 1990a). 
Foi" phase-sensitive TOCSY (Braunschweiler and Ernst, 1983; Bax and Davis, 1985; Davis and 
Bax, 1985), NOESY (States et al., 1982), and conventional n-type COSY (MCOSY) (Bax et al., 
1981; Bax, 1984), the method described by States et al. (1982) was used to provide quadrature de- 
tection in the t l dimension. The MLEV-17 mixing scheme (Bax and Davis, 1985) was used in the 
TOCSY experiments, and the MLEV-17 pulse was written in such a way that the magnetization 
was aligned along the effective axis of rotation of the 180 ° composite pulse to obtain optimal sen- 
sitivity (Rance, 1987). Solvent suppression, when required, was achieved by direct saturation in 
the relaxation delay period. Blocks (512) were collected with two different spectral widths for all 
the 2D experiments (15 500 Hz to cover all the proton resonances and 8000 Hz to emphasize the 
amino acid resonances for better resolution). Scans (96-512) were accumulated for each block 
with a free induction decay of 2048 complex data points. The 90°-pulse width was 21 ~ts for TOC- 
SY and 13 I~s for the other 2D experiments. Thirty-two dummy scans were used, and two repeti- 
tion rates were used for all 2D experiments: 3 s - i  to emphasize broad cross peaks (512 scans per 
block), and 0.7 s-  i to emphasize weakly relaxed cross peaks (96 scans per block). 

NMR data processing 
Datasets were processed on a Silicon Graphics work station, using FELIX software. Phase-sen- 

sitive NOESY and TOCSY were processed with 30°-shifted sine-bell-squared apodization in both 
dimensions. MCOSY data were processed with an unshifted sine-bell-squared apodization in 
both dimensions. The apodization function over different complex points in t l and t2 dimensions 
was used: apodization over 256, 512, 1024 points)to emphasize fast-relaxing broad cross peaks at 
the expense of resolution; apodization over 2048 points to emphasize slowly relaxing cross peaks. 
All 2D spectra were zero-filled to 2048 points in th.e t l dimension, with a final data size of 2048 x 
2048 points. 

RESULTS 

Location of strongly hyperfine-shifted resonances 
The resolved portions of the 500-MHz IH NMR spectrum for Aplysia metMbCN in IH20 and 

2H20 at 25 °C are illustrated in Figs. 1A and 1 B, respectively. Some 31 nonlabile proton resonan- 
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Fig. 1. Hyperfine-shifted portions of the 500-MHz JH NMR spectra of Apl.vsia metMbCN, pH 8.9. (A) In'tH20, 25 °C, 
repetition rate ls-L Three resolved labile protons are labeled x, y, z. (B) In ZH20, 25 °C, the repetition rate was Is -t. The 
inset indicates two broad signals revealed by ID SUPERWEFT spectra collected at a 15-s - t  repetition rate. (C) In 2H20, 
25 °C, the I D steady-state NOE difference spectrum upon irradiation of the low-field broad His 95 C4H signal is shown in 
the inset of Fig. lB. The NOEs are all assigned and labeled (see text). (D) In 2H20, 25 °C, the I D steady-state NOE differ- 
ence spectrum upon irradiation of the minor heine 8-CH3. The NOE pattern to amino acids is the same as that for irradia- 
tion of the major heme 5-CHj (Peyton et al., 1989). The peaks labeled with * were due to off resonance effects. 

ces could be resolved outside the 0-8  ppm range at some temperatures  (Fig. 1 B); three addit ional  

labile p ro ton  signals (labeled x, y, and z in Fig. IA)  were resolved in the low-field region. The pro-  

tein exhibited a dynamic  equil ibrium between two forms, with an interconversion rate o f  1.85 x 
10 -4  s - i  (Beilelli et al., 1987), and an equil ibrium has been proposed  to involve alternate orienta- 

t ions o f  the heme abou t  the ct, 7-meso axis in a ratio o f 5 : l  (Peyton et al., 1989). In this report  we 

emphasize complete  assignments  o f  the hyperfine-shifted resonances solely in the ma jo r  form; li- 

mited assignments in the minor  form are also considered. A nonselective T1 determinat ion o f  the 

resolved resonances yielded TI values for  s trongly relaxed pro tons  as listed in Tables 1 and 2. Two 

very b road  (,-, 400 Hz) signals, which must  have been f rom the imidazole ring o f  the axial His 95, 

are emphasized in a S U P E R W E F T  trace, as illustrated in the inset o f  Fig. 1B (Peyton et al., 1989; 

Emerson  and La Mar ,  1990a). 

Magni tude  C O S Y  spectra with a repetit ion rate 3 s-~ in 2H20 in 10 ° intervals over the tempera-  

ture range 25 to 45 °C located 38 strongly temperature-sensit ive resonances (slope > I1.11 × 103 

ppm • K) involved in 35 cross peaks in 2H20. These signals are labeled with an asterisk and their 
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TABLE I 
IH NMR SPECTRAL PARAMETERS FOR HEME RESONANCES 

Heme peaks Spin system a ~o~ b (ppm) Slope c (X 10 3) Ttd(X 10) (ms) 

I-CH; 
3-CH~ 
5-CHj 
8-CH3 
2-H* 
2-H~ 
2.Hl~t 
4-H * 
4-H~" 
4-HtBt 
6_H,~ 
6.H o'. 
6-H~ 
6-H~' 
7-H* - -  
7_H o' 
7-H~ 
7-H~' 
a-meso-H 
I~-meso-H 
"/-meso-H 
fi-meso-H 

11.78 1.4* 17 
17.80 (19.34) 4.9* 14 
15.61 ( 9.64) 0.9 *.¢ 15 
9.95 (17.44) -1.3" 27 

16.42 (13.94) 2.5* 18 
-4.39 (-5.59) 8.8* 16 
-4.78 (-5.30) -4.8* 19 

5.17 ( 4.89) -3.1" 
-0.63 ( -  1.20) -3.1" 16 
-0.48 (-0.85) -1.8" 17 
18.05 ( 4.13) -1.8" 15 
14.93 ( 4.53) 7.1" 14 

-1.34 (-2.65) 10.5" 18 
1.57 (-2.21) -0.4 *.e - 
4.05 (14.56) - I .5"  - 
4.55 (. 12.62) -1.5" - 

-2.84 ( -  1.12) -3.7* 15 
-2.11 ( 1.18) -3.7* 18 

0.98 -2.4* 
5.96 - 1.5" 

-0.42 -4.9* 
5.01 - 1.9" 

• The hyperfine-shifted spin systems labeled.I--4 correspond to those in text and Fig. 2A. 
b Chemical shift for the major isomer in ppm from DSS at pH 8.9, 25 °C; the shifts of minor component are given in paren- 

theses. 
¢ Slope is ASo~, A(I/T) in ppm- K; * indicates slopes > 1.3 x 103. 
d At 25 °C, pH 8.9; uncertainty + 15%. 
¢ Although the slope < 1.3 x 103, the chemical shifts showed strong hyperfine shifts. 

25 °C-shifts are listed in Tables 1 and 2. Two o f  the 35 cross peaks involved extremely b r o a d  (,-, 

150 Hz) resonances and could only be observed when the Unshifted sine-bell-squared apodiza t ion  

funct ion was used over  256 points  in bo th  tl and t2 dimensions (see Fig. 4A').  Ten s t rongly tempe- 

rature-sensitive nonlabile p ro ton  peaks were locatgd which did not  exhibit COSY,  but  which dis- 

played N O E S Y  cross peaks or  I D NOEs .  These peaks are also labeled with asterisks in Tables 1 

and 2. Extension o f  the variable temperature  C O S Y  experiments to IH20  solution revealed 

strongly temperature-sensit ive cross peaks involving four  hyperfine-shifted labile p ro tons  (slope 

> 11.31 x 103 ppm-K).  Three o f  the hyperfine-shifted labile p ro tons  spin coupled to the three dif- 

ferent hyperfine-shifted nonlabile p ro tons  identified above. Variable temperature  N O E S Y  and 

1D N O E  in IH20  located two strongly hyperfine-shifted labile p ro tons  (labeled x, y in Fig. IA)  

which did not  exhibit C O S Y  peaks. In all, the variable temperature  experiments located a total  o f  

54 strongly tempera ture-dependent  signals (labeled with asterisks in Tables 1 and 2), o f  which 42 
exhibited C O S Y  peaks and 12 only exhibited NOEs .  
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Fig. 2. (A) MCOSY and (B) NOESY (mixing time 50 ms) spectra of  Aplysia m e t M b C N  in -'H20 at 45 °C, pH 8.9, and a 

repetition rate 2 s -I. Two A M X s  (I and 2) and two-CH2-CH2-s (3 and 4) spin systems are indicated in (A). All the heme 

proton resonances are labeled in the ID reference trace. 

Identification of side chains 
The spin-coupling networks of the 42 strongly hyperfine-shifted protons (4 labile peptide NHs) 

were defined by a combination of variable temperature COSY and TOCSY spectra over a series 
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TABLE 2 
tH NMR SPECTRAL PARAMETERS FOR HYPERFINE-SHIFTED AMINO-ACID RESIDUES 

Residue Spin system a Peak ~5o~ b (ppm) Slope': ( x 10 s) TI d (ms) RFg (,g,) 

Ph¢ 43/CD 1 

Arg 66/E I 0 

lte 67/EI 1 

Phe 91/F4 

10 

Ala 92/F5 

His 95/F8 

14 

12 

17 

Va163/E7 

11 

NpH 7.41 f 0.4 
Call 4.42 ( 4 . 4 3 )  0.1 
Call 3.41 ( 3 . 3 5 )  0.7 
CI3H ' 3.91 ( 3.83) 1.0 
C6H 8.87 ( 8.63) 1.3" 
O H  I 1.42 ( 11.0 I) 3.4" 25 

- - C ; H  6.19 ( 6.41) -0 .8  
NPH 9.60 ( 9.52) 1.5" 
O H  7.67 ( 7.76) 2.5* 
CPH 4.83 ( 4.69) 1.9" 
OtH3 8.63 ( 8.41) 4.9* 

- - O a H 3  3.50 ( 3 . 9 6 )  0.6 
NpH 8.94 t .0 
C*H 4.26 0. l 
CPH 2.27 0. I 
CBH ' 3.26. 0.5 
O H  6.05 3.5* 
.OH' 2.95 1.8" 
CSH 3.41 0.4 

- -  C6H ' 5.80 1.3" 
N~H 16.20 8. I * 12 
N'IH 7.19 1.1 
N'lH 6.80 0.6 
N'IH 6.44 0.9 
NpH 9.76 ( 9.81) 1.4" 
C°H 2.54 ( 2.61) - 0 . 6  
C~H 3.04 ( 3.14) 0.5 
O H  9.49 ( 9.01) 4.7* 21 
O H '  3.61 ( 3.81) 1.6" 
"O'H3 -0 .35  ( -0 .28)  0.3 

- -  C~lq3 1.30 ( 1.79) 1.3" 
NPH 9.12 ( 9.02) 1.0 
C'~H 6.02 ( 5.94) 1.2" 
C~H 4.55 0.8 
C~H ' 4.45 0.6 
C6H 8.63' 0.4 
O H  8.87 ( ~.57) 1.9" 
C;H 10.73 (10.53) 4.7* 25 
NPH 10.01 ( 9.93) 1.I 
C"H 6.44 ( 6 . 2 3 )  1.4" 
CBH3 2.52 ( 2.55) 0.7 
NPH 11.32 (11.28) 2.3* 
C*H 7.62 ( 7.99) 1.8" 
CI~H 10.55 (10.38) 4.3* 
C~H ' 10.72 (10.57) 4.7* 
C4H 18.35 11.0" ~ 3 
C2H -2 .35  - 1.8" ~ 3  

8.9 
7.6 
8.9 
8.4 
6.4, 7.6 
4.3, 6.2 
4.2 

10.0 
7.3 
8.7 
6.5 
8.6 
8.7 (8 .8)  
8.8 (9 .0)  
7.5 (7.1) 
8.2 (7 .1)  
5.4 (9 .4 )  
6.3 (9 .6)  
5.8 (8.8) 
6.5 (8.3) 
3.7 (11.1) 

7.0 
5.5 
6.7 
4.7 
3.7 
6.6 
5.0 

10.5 
7 .8  
9.2 
8.9 
6.6, 
4.8, 
4.8 

10.1 
8.9 

11.3 
6.8 
5.6 
6.5 
6.1 
3.5 
3.2 

8.1 
6.6 



TABLE 2 (continued) 

Residue Spin system" Peak ~o~ (ppm) Slope ~ ( x l0 ~) Ti d (ms) RF~" (/k) 
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Va196/F9 

Phe 98/FG2 

Val 100/FG4 

Phe 105/G5 

Val 108/G8 

16 

15 

13 

NtH 

NPH 
- -  C*H 

CBH 
Cyril3 

_ _  C't2H3 

NpH 
C*H 
C~H 
CI~H' 
C~H 
C~ H 
CCH 
NPH 
C°H 

I C~H 
CY'H3 
Cv2H 3 

NPH 
C-H 
COH 
CI~H' 
CSH 
C~ H 
C;H 
NPH 
C"H 
C~H 
CrIH~. 
C~2H3 

14.30 
10.77 
5.21 
2.91 
1.58 
2.01 
7.70 r 

4.12 
2.36 
2.40 
5.78 
3.96 
4.93 
8.50 f 

3.76 
3.60 
0.86 

-0.35 
7.34 
3.22 
2.79 
2.98 
7.18 
7.94 

10.54 
6.10 
2.50 
0.94 

-0.51 
-0.96 

10.81) 
5.21) 

2.42) 
2.54) 

( 3 . 7 2 )  
( 3 . 6 8 )  
(0.82) 
(-0.37) 

7.24) 
3.23) 
2.72) 

7.18) 
7.81) 

10.75) 
6.28) 
2.54) 
0.98) 

(-0.71) 

2.4* 33 5.1 
1.3" 8.8 
0.8 9.8 
0.5 10.9 
0.2 12.7 
0.7 11.3 
0.5 8.4 
0.1 9.5 

-0 .2  7.3 
- 1.0 6.7 
- 0.9 5.3, 9.1 
- 2.9* 5.8, 9.4 
- 1.9" 8.0 

0.9 8.2 
0.6 8.5 
1.5" 6.3 
0.5 6.4 

-0 .6  6.1 
0.5 10.1 

-0 .3  9.1 
0.1 10.1 
0.2 10.0 
0.3 8.3, 7.9 
1.6" 6.0, 5.6 
4.9* 15 4.2 

-0 .6  10.8 
-0 .9  I 1.0 
~0.7 9.8 
-1.1 9.8 
- 1.6" 8.4 

"The hyperfine-shifted spin systems labeled 5--17 correspond to those described in the text and labeled in Figs. 3 and 4. 
b Chemical shifts for the major isomer, in ppm from DSS at 25 °C, pH 8.9 (unless noted otherwise); the available minor 

component shifts are given in parentheses. 
c Slope is A6ob~; A(I/T) in ppm. K; resonances with slope > ~ 1.1 x 103 ppm. K (for labile proton > 1.3 x 10. 3 ppm. K) 

are labeled with an asterisk. 
d Uncertainty __+ 15%. 
c Distance of protons to heme iron based on Aplysia metMbF crystal structure (Bolognesi et al., 1990). The numbers in the 

parentheses for Arg ~ (El0) are distances of protons to iron based on ferric Aplysia Mb crystal structure (Bolognesi et al. 
1989). 

f Chemical shifts in ppm from DSS at 25 °C, pH 5.3. 

of mixing times to detect remote as well as primary connectivities. These 42 resonances factored 
into 17 spin systems (labeled 1-17 in Figs. 2A, 3A, 3B and 4A) and encompassed an additional 30 
resonances with moderate-to-weak temperature sensitivity for a total of 72 signals (note, an 
amino acid side chain may contain two separate spin systems, e.g., CaH-CI3H2 and aromatic ring 
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Fig. 3. (A) Low-field portion of MCOSY at 25 °C, (B) MCOSY at 45 °C, and (C) TOCSY spectra (mixing time 30 ms) 
at 45 °C for Aplysia metMbCN in 2H20, 15H 8.9, showing 5--8: Phe ring spin systems; 9-10: AMX spin systems; 11: Ala 
spin system; 12: part of Arg/Lys spin system showing newly assigned C6H ' (refer to Qin et al,, 1992); 14: Val/lle spin sys- 
tem. The peaks in square boxes in (C) indicate remote cross peaks. The NH.-C*H cross peaks for the spin systems 9-12 and 
14 were detected by COSY in JH20. 

spin systems for one Phe). Five of the 30 weakly'~emperature-sensitive signals were from labile 
protons. These five NHs, together with the above identified four strongly temperature-sensitive la- 
bile protons provided the backbone NH peaks for a~total of nine residues (labeled 9-17), of which 
some protons showed strong hyperfine shifts. Eight spin systems (labeled 1--8) did not exhibit any 
cross peaks to labile protons. The nature of these eight spin systems that excluded labile protons 
was readily identified. Two AMX systems, 1 and 2, exhibited coupling patterns diagnostic of 
heme vinyl groups, while another two involved CH2-CH2 fragments, 3 and 4 (Fig. 2A), which 
must have originated from the heme propionates (see below). The remaining four spin systems, 5-- 
8, that did not have labile protons had the characteristics of a 'linear' three-spin system (see Figs. 
3B and 3C) of which one of the terminal resonances exhibited negligible temperature sensitivity 



607 

A' 

COSY 

~t 

c H3(~  

A 

COSY 

15'(' 

! 

l?f! 

IIo'. 

d 

','"i/° 

I, 0 

O 

CH3 "jC H3' 
"-I¢-- . " .I~-~-B 7 "t 

TOCS'~ 

6 

r~ 
~C3 

P4 

-" ~ Or+ ° • g ~cH3' 

B . 5  3 . 0  2 . 0  I . . 0  0 . 0  
( p p m  ) 

Fig. 4. High-field portions of (A') MCOSY, and (A) MCOSY,. and (B) TOCSY (mixing time 30 ms) for Aplysia 
metMbCN in 2H20 at 45 °C, pH 8.9, showing 13: Val; 15--16:Val/Ile: 17: lie spin systems. The peaks in a square box in 
(B) indicate remote cross peaks. MCOSY data in (A') and (A) were processed differently. 1024 points for (A) and 256 
points were apodized by a zero-shifted sine-square window function in both dimensions. The latter emphasized the extre- 
mely broad cross peaks. The NH-C"H cross peaks for the spin systems 13 and 15-17 were detected by COSY in tH20. (The 
COSY peak between C"H and C~H and the remote peaks between C*H and CrH3s for 16 are not shown). 

and resonated in the narrow range (~  6-7 ppm) typical of aromatic side chains. These spin sys- 
tems could thus be unambiguously assigned to the rapidly reorientating aromatic rings of four 

Phe residues. 
The nine spin systems, each of which encompassed a labile proton, 9-17, included two with 

AMX side chains, 9 and 10, of which 10 showed medium (C~H) and strong (CI3Hs) NOESY cross 
peaks to the CSHs of one of the aromatic side chains (6) identified above. Thus 6 and 10 encom- 
passed a complete Phe. The three-spin system including the labile NH, 11, exhibited shifts only 
consistent with an Ala (Figs. 3B and 3C). One extended spin system, 12, which included a comple- 
te seven-proton side chain (Fig. 3A), was due to an Arg/Lys previously partly identified (Qin et 
al., 1992). The previously undetected CSH ' signal was located in the COSY map at 25 ° (Fig. 3A). 
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For one spin system, 13, identification of a four-spin side chain and detection of two resolved ter- 
minal methyl groups uniquely identified a complete Val (Fig. 4). Three four-spin side-chain sys- 
tems, 14-16, exhibited the spin connectivity of a complete Val. They could also represent the spin 
connectivity of an incomplete Ile, even though no additional COSY or TOCSY peaks were ob- 
ser,~ed with severe apodization of the 2D spectra emphasizing broad lines (i.e., apodization over 
fewer points than collected, such as 256 of 2048 points, in both tl and t2 dimensions). Hence 14- 
16 can be described as Val/Ile (Figs. 3 and 4). The remaining six-spin side chain, 17, was uniquely 
identified as a lie (Fig. 4) with a resolved low-field single proton peak (CrH) and an upfield methyl 
peak (CVH3); the spin connectivity of the Ile-CH2-CH3 fragment was not observed in COSY until 
unshifted sine-bell-squared apodization was used over 256 points in both tl and t2 dimensions. 
This completely accounted for the 17 spin systems and the encompassing 72 resonances (42 
strongly hyperfine-shifted) involved in the spin-coupling networks. 

Assignments of heme 
The above-described spin systems, two vinyl AMX, 1 and 2, and the probable propionates 

CH2-CH2, 3 and 4, exhibited NOESY cross peaks which confirmed their functional group origin 
and located the remaining heme signals. NOESY cross peaks (Fig. 2B) to two resolved signals 
with no COSY peaks identified the methyl groups adjacent to the two vinyl groups, 1-CH3/2-vinyl 
and 3-CH3/4-vinyl, but did not differentiate between the two. Similarly, NOESY cross peaks, 
from the CH2-CH2 systems to the other two resolved methyl signals without COSY peaks identi- 
fied the undifferentiated 8-CH3/7-propionate and 5-CH3/6-propionate pairs (Fig. 2B). The NOE- 
SY cross peaks between one methyl from each of these pair, however, uniquely identified I-CH3 
and 8-CH3 (Fig. 2B), and hence uniquely assigned all pyrrole substituents. The more rapidly re- 
laxed meso-Hs between each pyrrole were identified in the NOESY map by signals with no COSY 
cross peaks but with NOESY cross peaks to both of the assigned adjacent pyrrole substituents. 
The 22 complete heme assignments are listed in Table 1. The heme accounted for 14 of 42 strongly 
hyperfine-shifted signals exhibiting COSY peaks (i.e., 4 of the 17 spin-coupling networks de- 
tected) and 8 of 12 strongly hyperfine-shifted signals only exhibiting NOEs. In all, the heme ac- 
counted for 22 of the 54 strongly hyperfine-shifted signals. The other 32 signals must have been 
from amino acids, with 4 only exhibiting NOEs. 

Sequential assignment of amino acids in helices 
Inspection of the low-field NOESY map in IHzO (Fig. 5B) reveals a series of sequential cross 

2 peaks not observed in H20 which must have arise)n from the NiH:Ni+ iH connectivities charac- 
teristic of a-helices. Three such sequences were cle" arly identified and encompassed seven (H0-, 
nine (H2)- and five (H3)-membered helical segments, of which Hi and H2 axhibited large chemical- 
shift dispersions for both backbone NHs and Calls: Each of these NH segments revealed at least 
two NiH-CaH cross peaks to hyperfine-shifted residues in the expanded 'fingerprint' region of the 
IHzO COSY map (Fig. 5A). The helical segment Ht exhibited the connectivity Xi-Phe (6,10)i+ l- 
Ala(1 l)i + 2-Yi + 3-Zi + 4-AMX (9)i + 5-Ile/Val(15)i + 6, which the available protein sequence (Tentori 
et al., 1973) uniquely identifies as residues 90-96. This assigns Phe 91, Ala 92, part of His 95, and dict- 
ates that the detected spin system 15 is complete as Va196. The shifts of the main-chain signals of 
residues 90, 93, and 94 (as well as limited side-chain signals of little interest to the study) are listed 
in Table 3. 
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Fig. 5. Finger-print regions of(A) COSY and (B) NOESY spectra (with mixing time 100 ms) in IH20 at 45 ~C, pH 5.3. 
Three helical NiH-Ni+ jH NOE sequences (Ht 90-96, Hz 62-70, and H3105-109) are indicated. All the assigned NiH-C°H 
COSY peaks from three helical segments and two corners are labeled. The NiH-C*H COSY peaks of hyperfine-shifted 
amino acids from three helical segments are connected by vertical lines to the finger print region of the NOESY map in 
Fig. 5B to show the wide dispersion of the chemical shift for the backbone NH (over 6 ppm) and C°H (over 5 ppm) im- 
parted by paramagnetism. 

The  n ine -membered  helical segment ,  H2, is descr ibed  by Xj - I l e /Va l (14) j+ rYj+2-Z j+3-Arg /  

Lys(12)j+a-IIe(17)j+5-X'j+6-Y'j+7-Z' j+8.  A p o r t i o n  ( j + l  --* j + 5 )  o f  this segment  has  been de- 

scr ibed before  and  shown to ident i fy residues 63-67 (Qin et al. ,  1992). W e  ex tended  the segment  
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TABLE 3 
CHEMICAL SHIFT DATA FOR WEAKLY OR NON-HYPERFINE-SHIFTED RESIDUES ~ 

Residue NPH C*H CI~Hs Others 

Ala .~/CD2 b 9.68 3.87 1.40 
Lys 45/CD3~ 8.22 3.79 
Phe ~/CD4 b 7.46 3.80 3.23; 3.38 CSH 7.44; C~H 7.99; CCH 7.89 
Asp 62/E6 8.95 5.32 
Ser U/E8 10.63 5.41 4.17 
Ser 6~/E9 9.41 4.85 
Phe 68/E12 9.27 4.50 4.27 
Thr 69/E 13 8.94 4.08 4.4 
ArgT°/E14 7.04 3.95 1.19;0.96 (?tH 0.74 
Gin 9°/F3 8.06 4.60 2.23; 2.4 I 
Lys93/F6 8.68 3.71 2.35; 2.41 CvH 1.74 
GluO~/F7 9.12 3.90 3.09; 1.38 CvH 1.90 
Gly 97/FG I b 8.21 3.87; 4.02 
Gly 99/FG3b 8.48 4.38; 4.44 
GIu t°~/G6b 7.77 4.09 2.83; 3.02 
Asn t°7/G7 b 6.65 3.71 1.80; 2.00 
Arg t°9/G9b 7.83 3.02 1.76; 2.38 
Trp t4/A12 c N~H 10.05; C2H 7.14; C4H 7.18 

CSH 5.48; C6H 6.12; CTH 7.03 
Trp 13°/H8 c NtH 10.01; C-'H 7.27; C4H 7.04 

CSH 5.90; C6H 6.20; C7H 7.43 
.Phe 29/B9~ CSH 5.55; C~H 6.22; C;H7.16 
Leu 3Z/B13¢ CVH 0.72; C6~H.~ 0.02; 

C62H~ -0.74 
Phe ~3/B14c C6H 6.60; C~H 6.66; C;H 6.88 

a Chemical shift, in ppm from DSS, at pH 8.9, 45 "~C. 
b Chemical shifts (ppm) at pH 5.3, 45 °C. 
c Assigned based on crystal structure. 

f rom residues 62 to 70 and further  confirmed the assignment  o f  this segment by complete  spin-sys- 

tem identification o f  Ile 67. The Ile/Val 14 obviously cor responded  to the complete  spin-system for 
Va163. The shifts in the identified ma in -cha in  signals f rom the nonhyperf ine-shif ted residues on 

this helix, as well as partial side-chain assignment~, are listed in Table  3. The resolved five-mem- 

bered por t ion  o f  the remaining helical section, H3, is described as: (AMX)k-Xk+rYk+2-  

Val(13)k+3-Zk+4. N O E S Y  cross peaks f rom the above  identified hyperfine-shifted a romat ic  side 

chain 8 to the CI~Hs peaks o f  (AMX)k dictate that  residue k was a Phe, and the sequence thus un- 

iquely identified the segment as compris ing residues 105-109, and assigned Phe 1°5 and Val I°s. The 

backbone  peak shifts f rom residues 106, 107 and 109 are listed in Table  3. Extension o f  the back- 
bone assignments o f  this helix was precluded by degeneracy.  The identification o f  Calls ,  CI3Hs 

(Fig. 6) for the residues o f  the three described helical segments showed that  not  only the helical 

characterist ic NiH-Ni+ tH, but  also the expected CiHILNi+ IH (strong), CiHQ-Ni+3 H (weak or  me- 
dium), and  CiHa-Ci+3 HI~ (weak or  medium) cross peaks were observed. The three helical segments 
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Fig. 6. Finger-print region of the TOCSY (mixing time 38 ms) spectrum in IH,O at 45 °C, pH 5.3, showing NH-CaH-CI~H- 
spin systems of some hyperfine-shifted amino acids. Notice some NoH-C*H remote peaks were also observed, such as 
Val J°°/FG4 with a mixing time of 38 ms. 

accounted for 23 of 42 strongly hyperfine-shifted signals exhibiting COSY peaks (9 of the 17 hy- 
perfine-shifted spin-coupling networks) and 23 of the total 54 strongly hyperfine-shifted signals. 

Sequential assignment on loop signals 
The NiH-Ni+ iH NOEs were disrupted after residue Va196 at pH 8.9 but exhibited medium in- 

tensity at pH 5.3 and traced the backbone through residues 97-99. TOCSY (Fig. 6) and COSY in 
IH20 identified an AMX side chain predicted to arise from Phe98; indeed, NOESY cross peaks 
connected the hyperfine-shifted phenyl group (7) to this AMX system. The spin systems of Gly 97 
and Gly 99 were readily identified. The backbone NHs of residues 99 and 100 resonated very close- 
ly to each other, but the NOEs from His 95, Va196, and Phe 98 to the above-defined Ile/Val (16) iden- 
tified the spin system of Vall°°; TOCSY in IH20 (Fig. 6) mapped the complete spin coupling of 
Val ]°°. The medium-intensity NOESY cross peak between the Va196 CQH and the Val 1°° NpH and 
the weak NOESY cross peak between the Va196 NpH and the Val ~°° NpH confirmed the non-heli- 
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cal structure for this segment. The observation of medium-intensity NiH-Ni+ iH NOEs for this 
segment at low pH indicated that this corner is not very flexible (Chiu, M., 1992) as compared to 
segment 43-46 (see below). 

The only remaining hyperfine-shifted spin system was the phenyl group 5. COSY identified an 
AMX spin system which yielded strong NOESY cross peaks from CI~Hs to the C~Hs of ring 5. The 
NiH-CaHi cross peak is missing from the pH 8.9 COSY map, but was clearly observed at pH 5.3 
(Fig. 5B). The absence of NiH-Ni+ iH NOESY cross peaks indicated that this residue was in a 
flexible nonhelical segment. However, medium-intensity CaHi - Ni+ iH cross peaks made it possi- 
ble to trace the backbone for four residues, with the fourth residue exhibiting an AMX side chain 
in the COSY map, for which the CI~Hs exhibited a NOESY cross peak to a paramagnetically mini- 
mally perturbed phenyl ring. Thus the located fragment Phe(5)h - X h +l - Yh + 2 - Pheh + 3 could only 
be assigned to residues 43(Phe)-46(Phe). The Ala 44 spin system was also identified and confirmed 
the loop assignment. The nonhelical segments accounted for the remaining 5 of 42 strongly hy- 
perfine-shifted signals exhibiting COSY peaks (3 of 17 hyperfine-shifted spin-coupling networks) 
and 5 of the total 54 strongly hyperfine-shifted signals. 

Assignment of severely relaxed signals 
Four (two nonlabile and two labile) out of ~i total of 54 strongly hyperfine-shifted signals exhi- 

biting only NOEs remained unassigned. Conversly, two side chains of the above identified 12 hy- 
perfine-shifted amino acid residues were not identified completely, namely, the Arg 66 guanidyl 
group (4 or 5 labile protons depending on the state of protonation) and the imidazole group of the 
axially coordinated His 95 (two nonlabile and one labile). 

The effectively relaxed l~rbile proton signal, y, at 14.3 ppm (Fig. IA) yielded NOESY cross 
peaks to both NpH (label z in Fig. 1A) and CI3Hs of the identified His 95 (mixing time 25 ms; not 
shown), and hence must have arisen from the labile NtH of the His 95 ring. The two very broad (~  
400 Hz), rapidly relaxing (TI ~ 3 ms) signals at 18.35 and -2 .35  ppm, readily detected in SUPER- 
WEFT (inset of Fig. 1B), must have arisen from the nonlabile protons, C2H and C4H, of the 
axial His 95 ring. Neither exhibited NOESY cross peaks even under rapid pulsing conditions, large 
numbers of scans, and an optimal mixing time (.-. 3 ms). Both signals, however, exhibited 1D 
steady-state NOEs to the residues'assigned above which made it possible to identify them. Satura- 
tion of the low-field broad peak in 2H20 (Fig. 1C) yielded NOEs to His 95 CI3HS and Vall°°. The 
former contact identified this signal as Call. Saturation of'the upfield broad signal in IH20 (not 
shown) yielded a NOE to the above identified N tH of His 95, assigning it to the ring C2H. 

The very broad, rapidly relaxing (--. 12 ms) labile proton, x, (Fig. IA) at 16.2 ppm had been 
previously assigned to the N~H of Arg 66 (El0), based on its NOEs to CrH and CsH (Qin et al., 
1992), and this was further confirmed by the additional NOE to the newly assigned C~H'. The 
chemical shift of N~H was found to be insensitive to pH (5 to 9), which is consistent with the pK 
of the guanidyl group of Arg (> 10). Three other weakly temperature-sensitive labile protons 
from the guanidyl group of Arg 66 were also located on the basis of the 1D NOE intensity depend- 
ence on the composition of the solvent isotope (Qin et al., 1992). This completed the assignment 
of all 54 strongly hyperfine-shifted signals. 

Non-hyperfine-shifted aromatic residues 
Here we assigned other aromatic side chains of interest which are remote from the iron and do 



613 

not exhibit hyperfine shifts. For these residues, assignments were made on the basis of informa- 
tion deduced from the crystal structures (Bolognesi et al., 1989, 1990; Mattevi et al., 1991). There 
are on!y two Trp in the protein sequence, namely at positions 14 and 130. The unique spin systems 
were identified by a combination of COSY, TOCSY and NOESY cross peaks in both IH20 and 
2H20. The specific assignments were made on the basis of an inter-Trp NOE between C4H of one 
Trp and C6H of the Trp, namely that predicted for Trp t4 and Trp 130, respectively. Phe 28 was as- 
signed by NOESY cross peaks of C~H to heme 2-vinyl and C~,2H 3 of Val 1°8, and Phe 33 was as- 
signed by NOESY cross peaks from C~Hs to Phe 43 C~H and C~Hs to Va163 Cv2H 3. The aromatic 
ring spin-systems for both residues 28 and 33 were identified by COSY and TOCSY cross peaks. 
Some resonances of Phe residues at positions 28 and 33 were weakly temperature sensitive (Curie 
slope < 0.6 x 103 ppm-k), showing that the residues were paramagnetically minimally per- 
turbed, as expected from the crystal structures. The chemical shifts for the assigned non-hyper- 
fine-shifted residues are listed in Table 3. 

Tertiary contacts and paramagnetic relaxation 
The protein fold was qualitatively revealed by heme-polypeptide and some interresidue NOE- 

SY cross peaks, important contacts between heme and amino acids observed included I-CH 3 to 
Ile 67, Arg 7° and Phe9J; 2-Ha to Phe 1°5 and Vail°a; 2-Hi3s to Ile 67 and Vall°8; a-meso-H to Phe 1°5 and 
Vap°8; 3-CH 3 to Phe 1°5 and Val~°8; 4-Ha to Phe 43 and Vail°°; 13-meso-H to Vall°°; 5-CH3 to Phe 43, 
Phe 98 and ValJ°°; 3~-meso-H to Phe98; 8-CH3 to Arg 7° and Phe91; and ~5-meso-H to Phe 91. Key terti- 
ary interresidue dipolar contact involving the hyperfine-shifted residues observed were for the side 
chains (on proximal side) from His 95 to Phe 91, Ala 92, Phe 98, Vall°° and Phe 1°5, between Phe 91 and 
Phe 1°5, and between PhO °5 and Val 1°8. For the distal side, observed contacts were from Phe 43 to 
Va163 and Arg 66, between Va163 and Arg 66, and between Ile 67 and Arg 66. 

The strongly relaxed protons for which Tls could be determined (Table 2) allowed a more quan- 
titative determination of structure, tracing the distance to the iron, ROb as reflected in the differen- 
tial relaxivity TIj/Tij = R(i)6/R(j) 6 (Cutnell et al., 1981). Using the NIH of His 95 with T1 = 33 ms 
and RFe-i = 5.1 + 0.1 A, as dictated solely by the geometry of a coordinated imidazole ring, the 
estimated distance to the iron of three signals was determined as Phe 43, R(C~H) .,- 5.0 _ 0.2 A; 
Phe 91, R(CcH) = 5.0 -I- 0.2 A,; and Phe 1°5 R(C;H) = 4.4 + 0.2 ]k. 

Minor component 
The sequential assignment of hyperfine-shifted residues of the minor component was restricted 

by its low concentration. However, some COSY peaks for the minor component were readily re- 
cognized since they were always paired with much weaker intensities with the corresponding 
COSY peaks of the major component, such as Phe 43 and Val 1°° (spin system 5' in Fig. 3B and spin 
system 15' in Fig. 4A, respectively). Saturation of the minor component heine 8-CH3 (Fig. IF), 
previously identified by deuteration (Peyton et al., 1989), gave a NOE pattern very similar to that 
for saturation of the major isomer heine 5-CH3 (Peyton et al., 1989). The NOEs from the minor 
8-CH3 to the neighboring amino acids were assigned to minor form Phe 43, Phe 98, and Vall°°, 
which were identified by MCOSY on the basis of their paired COSY peaks and same temperature- 
sensitivities as the major form. The limited assignments of minor component are listed in Tables 
1 and 2. 
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DISCUSSION 

Evaluation of assignment strategy 
The use of variable temperature 2D to selectively identify strongly hyperfine-shifted signals can 

be judged highly successful: 54 signals (22 signals from the heme, 26 nonlabile and 6 labile amino 
acid peaks) were located, several of them within the intense diamagnetic envelope where their 
cross peaks at a single temperature would not have given evidence of their origin. The spin cor- 
relation experiments were remarkably effective in identifying the complete spin system from hy- 
perfine-shifted residues in spite of lines as broad as 150 Hz and Tis as short as 15 ms. COSY peaks 
involving strongly relaxed and broadened resonances were always weak, and hence a combination 
of a fast repetition rate for COSY with more scans and severe truncation of FIDs by apodizing 
fewer than the points collected in both the tl and t2 dimensions (see Fig. 4A') was found to be ef- 
fective in identifying those broad cross peaks necessary to complete the assignment of side-chain 
spin ~ystems. These nonlabile side-chain systems were then connected to NH by transferring in- 
formation to IH20 COSY and TOCSY maps over a range of mixing times. All spin-coupled 
protons exhibited both COSY and TOCSY cross peaks. However, the broader lines yielded only 
primary TOCSY connectivity and failed to display any remote cross peaks. This can be attributed 
directly to the expected effective relaxation in the rotating frame (Tip "-- T2) during the longer mix- 
ing time. For these resonances, t.he variable temperature COSY provided the crucial definition of 
the complete spin system. For any of the less strongly relaxed lines (<  80 Hz), both primary and 
remote TOCSY peaks were observed. 

The 17 spin systems identified by their temperature sensitivity were shown to be the complete 
spin systems for each fragment, i.e., no COSY cross peaks were lost due to extreme broadening 
except for the imidazole ring of His 95. Thus variable temperature 2D experiments are surprisingly 
effective in completely defining all but the coordinated residues in the active site. Note that the 
failure to completely define one (or even several) spin system in the active site, due to paramag- 
netic relaxation, does not interfere with the complete and unique sequence-specific assignment of 
all residues giving rise to hyperfine-shifted signals. Such assignments, moreover, were facilitated 
by the significant improvement in resolution in the fingerprint region due to the hyperfine interac- 
tion. The NH dispersion was over 6 ppm, and that for the Call was over 5 ppm. Degeneracy prob- 
lems that interfere with further assignments arise as one moves away from the iron center. When 
strongly relaxed proton signals are resolved, I D NOEs provide crucial assignments. This was de- 
monstrated by the assignment of proton signals in the His 95 ring (Fig. I C). Such I D NOE experi- 
ments will probably continue to serve as limited but crucial adjuncts to complete sequence-specific 
assignment in paramagnetic proteins. For Arg66,Ponly one guanidyl labile proton exhibited a 
strong hyperfine shift, and this was assigned to the N~H, based on NOESY cross peaks to both the 
CVHs and CSHs of the same residue. Three other labile protons of the Arg 66 guanidyl group had 
been identified previously by 1D NOEs from the N~H, leaving one labile proton unidentified, 
since this guanidyl group is expected to be protonated at pH 8.9 (pK > 10). The shifts of the three 
labile protons of the Arg 66 guanidyl group in addition to N~H were weakly temperature sensitive 
in the crowded 5.8-7.5 ppm window, and the signals were not sufficiently well resolved to allow 
further stereospecific assignments by either COSY or NOESY. 

The 2D methods allowed the complete assignment of the heme protons, including the elusive 
meso protons under the diamagnetic envelope. These assignments were identical to those resonan- 
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ces previously assigned by isotopic labeling of the heme moiety (Peyton et al., 1989). The present 
study demonstrates that isotopic labeling is not necessary if good 2D data can be obtained. Con- 
versely, for minor components present only in ,-, 15 % of the population, the insufficient intensity 
of the 2D cross peak precludes the unambigous assignment of the heme signals and hence isotopic 
labeling is still necessary. 

The three stretches of helical segments encompassing residues 62-76, 90-96, and 105-109, and 
the two nonhelical sections for residues 43-46 and 98-100 correspond to the portions of the pro- 
tein expected to serve as the active site, on the basis of the Mb fold (Kovac et al., 1976; Lesk et al., 
1980), the E-helix (residues 62-70, E6-E 14), the F-helix (residues 90-96, F3-F9), the G-helix (resi- 
dues 105-109, G5-G9), the CD corner (residues 43-46, CD1-CD4) and the FG corner (residues 
97-100, FG 1-FG4), as clearly demonstrated in the three crystal structures of Aplysia Mb (Bolog- 
nesi et al., 1989, 1990; Mattevi et al., 1991). The residues of these helices and corners make all of 
the contacts to the heme and provide most of the residues implicated in the mechanism controlling 
ligand binding in Mb and Hb. Thus the strategy leads to the assignment of all target residues with 
hyperfine-shifted protons. One section of the proteins not addressed by our strategy is the B-helix, 
which, although it has no protons close to the iron, provides three residues, B9, B10 and B14, that 
line the ligand-binding cavity on the distal side. The reason that these resonances were not ad- 
dressed in our assignment strategy is that they have only weak hyperfine shifts. We assigned Phe 28 
(B9), Leu 29 (BI0), Phe 33 (B14) by using crystal coordinates as a guide just to demonstrate that the- 
se side chains have their signals minimally shifted from those in a diamagnetic analog (Table 3). 
Thus the B-helix can be studied by methodology applicable to the diamagnetic system, but was 
not of explicit interest in this report. 

The above strategy, applied with surprising success to Aplysia metMbCN, should be able to 
make significant contributions to the assignment of larger low-spin ferric hemoproteins. The size 
of the diamagnetic envelope will make the identification of temperature-sensitive cross peaks 
within the diamagnetic envelope more difficult, but not impossible. Moreover, if the magnetic 
properties remain unaltered, which appears to be the case formany low-spin ferric hemoproteins, 
the shift dispersion should facilitate identification of .the backbone of the critical proximal and 
distal helices, and hence permit limited sequence-specific assignments of the active site. Prelimin- 
ary research suggest that the strategy can be used for the 42-kDa cyanide complex of horseradish 
peroxidase. 

Active-site structural properties of the major isomer 
The three crystal structures of Aplysia Mb reveal a structurally highly conserved proximal side 

of the heme (Bolognesi et al., 1989, 1990; Mattevi et al., 1991). The present NOESY cross-peak 
pattern between the assigned hyperfine-shifted residues and specific portions of the heme, as well 
as that between side chains of these residues, is consistent with that expected from the crystal 
structure. The Tt determination of the distance to the iron for two protons in Phe 91 (F4) and 
Phe 1°5 (G5) is the same as that obtained from crystal coordinates, providing a more quantitative 
confirmation for a conserved proximal pocket in Aplysia metMbCN. 

On the distal side, the three Aplysia metMb studies reveal strongly conserved structural ele- 
ments for all residues except Arg 66 (El0), which is extended into solution in metMb (Bolognesi et 
al., 1989), turns into the heme pocket in metMbF (Bolognesi et al., 1990), and is intermediate in 
metMbN3 (Mattevi et al., 1991). The remainder of the distal pocket, however, appears to be large- 
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ly unperturbed. The NOESY contact between the heme and Phe 43 (CD1), Ile 67 (El 1), between 
mrg 66 (El0) and Phe 43 (CD1), Va163 (E7), Ile 67 (El 1), and between Phe 43 (CD1) and Va163 (E7) 
confirms a similarly conserved portion of the distal pocket. The distances from the iron of all pro- 
tons of residues of interest are listed in Table 2. For all cases except Arg 66 (El0), the distances are 
essentially identical in the various crystal structures (Bolognesi et al., 1989, 1990; Mattevi et al., 
199i). Arg 66 (El0), found with variable orientations in the three crystal structures, is clearly 
oriented in the heme pocket of metMbCN, as evidenced by the strong paramagnetic relaxation for 
the labile proton of its terminal guanidyl group, large hyperfine shifts for some side-chain reso- 
nances, and NOESY cross peaks to other distal residue protons. The distances to the iron given 
in Table 2 show that the 'in' orientation of metMbF (RFe 4-8 A) could give rise to the observed 
hyperfine shifts, in contrast to that of the 'out' orientation in metMb (RFe > 8 .~), where protons 
are too remote from iron to exhibit strong hyperfine shifts. The NOEs from Arg 66 (El0) to Va163 
(E7) and Ile 67 (El 1) and Phe 43 (CD1) provide additional evidence for the 'in' orientation. A more 
quantitative description of the distal pocket could be achieved if the observed dipolar shifts are in- 
terpreted in terms of the geometric factor. Such an analysis requires the location of the magnetic 
axis of the iron center and the magnetic anisotropy. Such studies are in progress. 

Active-site structure of the minor isomer 
The assignments of hyperfine-shifted amino acids of minor components and their very similar 

chemical shifts (Table 2) show that the heme pocket structure of the minor component is very si- 
milar to that for the major component. The similar NOE pattern for Phe 43 (CD1), Phe 98 (FG2), 
and Val 1°° (FG4) protons upon saturation of the major isomer 5-CH3 and minor isomer 8-CH3 
eonfirms the earlier proposal that the two isomers differ by a 180°-rotation about the ct-y meso 
axis (Peyton et al., 1989), as previously established in other myoglobins and hemoglobins (Leco- 
mete et al., 1987; Peyton et al., 1988). 

CONCLUSION 

All the active-site residues in low-spin cyano-metmyoglobin and monomeric hemoglobin could 
be identified by conventional sequential assignment NMR methodology. The weakness of some 
of the cross peaks for efficiently relaxed signals was largely offset by the significant hyperfine shift 
shown by active-site residues. These hyperfine shifts facilitated the assignments by imparting a 
strong temperature dependence to the cross peaks, which aids location and identification, and 
provides an improved spectral dispersion, particularly in the fingerprint region. The strategy of 
emphasizing cross peaks with strongly temperature-sensitive positions should allow such assign- 
ments to be carried out in larger low-spin ferric hemoproteins. The assignment of all residues in 
contact with the heme revealed a structure fully consistent with that observed by X-ray for other 
derivatives, except for the distal Arg 66 (El0), which was turned into the heme pocket, as found 
only in the metMbF crystal structure. 
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