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ABSTRACT: The proton homonuclear nuclear Overhauser effect, NOE,  in conjunction with paramagnet- 
ic-induced dipolar relaxation, is utilized to assign resonances and to probe the molecular and electronic 
structures of the heme cavity in the low-spin cyanide complex of resting-state bovine lactoperoxidase, 
LPO-CN. Predominantly primary NOES were detected in spite of the large molecular weight (-78 X 
1 03) of the enzyme, which demonstrates again the advantage of paramagnetism suppressing spin diffusion 
in large proteins. Both of the nonlabile ring protons of a coordinated histidine are located a t  resonance 
positions consistent with a deprotonated imidazole. Several methylene proton pairs are identified, of which 
the most strongly hyperfine-shifted pair is assigned to the unusual chemically functionalized 8-(mercap- 
tomethylene) group of the prosthetic group [Nichol, A. W., Angel, L. A., Moon, T., & Clezy, P. S .  (1987) 
Biochem. J. 247, 147-1501, The large 8-(mercaptomethylene) proton contact shifts relative to that of the 
only resolved heme methyl signal are rationalized by the additive perturbations on the rhombic asymmetry 
of the functionalization of the 8-position and the alignment of the axial histidyl imidazole projection along 
a vector passing through pyrrole A and C of the prosthetic group. Such a stereochemistry is consistent with 
the resolution of only a single heme methyl group, 3-CH3, as observed. A pair of hyperfine-shifted methylene 
protons, as well as a low-field hyperfine-shifted labile proton signal, exhibit dipolar connectivities similar 
to those previously reported for the distal arginine and histidine, respectively, of horseradish peroxidase 
[Thanabal, V., de  Ropp, J. S., & La Mar,  G. N.  (1988) J. A m .  Chem. SOC. 110, 3027-30351, suggesting 
that these catalytically relevant residues may also exist in LPO. 

H e m e  peroxidases share the common property of reaction 
with peroxides to yield a pair of reactive intermediates 1 and 
2 oxidizing equiv above the high-spin ferric resting state 
(Dunford & Stillman, 1976; Morrison & Schonbaum, 1979; 
Dunford, 1982). These oxidizing equivalents are stored on 
the iron (Fe*”=O for compound 11), with the second one 
residing largely as a cation radical [porphyrin for horseradish 
peroxidase, HRP,’ (Dolphin et al., 1971); amino acid side 
chain in cytochrome c peroxidase, CcP (Yonetani & Ray, 
1965)]. On the basis of the detailed X-ray structural features 
determined for the various derivatives of CcP (Poulos & Kraut, 
1980; Finzel et al., 1984; Edwards et al., 1987), it has been 
proposed that a general feature of the catalytic site of heme 
peroxidase would include a distal His to act as a base to 
transfer a proton and a distal Arg to provide stabilization for 
the heterolytic cleavage of the 0-0 bond. While similar 
crystallographic data are not yet available for HRP, partial 
sequence homology (Welinder, 1979; Takio et al., 1980) and 
computer modeling (Sakurada et al., 1986) have indicated the 

This research was supported by a grant from the National Institutes 
of Health (GM 26226). 

presence of these catalytically relevant residues, and detailed 
solution ‘H NMR studies of HRP-CN have unequivocally 
established not only the presence of both distal His and Arg 
but with detailed stereochemistry virtually identical with that 
of CcP (Thanabal et al., 1987a,b, 1988a,b). 

Lactoperoxidase, LPO, present in mammalian milk, saliva, 
and tears, is involved in bacterial defense through the oxidation 
of thiocyanate ion (Hamon & Klebanoff, 1973). The glyco- 
protein possesses a heme which is extraordinarily tightly bound 
to a single polypeptide chain with M,  -78 X lo3 (10% car- 
bohydrate) (Carlstrom, 1969; Sievers, 198 1). Originally, 
partial extraction led to small yields of a porphyrin which 
appeared to be normal, noncovalently bound protoporphyrin, 
suggesting that the heme resides in a buried pocket (Sievers, 
1979, 1980). More recent work based on reductive cleavage 
with mercaptoethanol has resulted in a structure for the ex- 
tracted heme prosthetic group as shown in Figure lA, where 

I Abbreviations: CcP, cytochrome c peroxidase; HRP, horseradish 
peroxidase; LPO, lactoperoxidase; NMR, nuclear magnetic resonance: 
NOE, nuclear Overhauser effect; ppm, parts per million; DSS, 2,2-di- 
methyl-2-silapentane-5-sulfonate. 
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FIGURE 1 : (A) Structure and numbering system for the hemin in LPO-CN. The methyl group at the 8-position of the protohemin IX is replaced 
by a mercapto methylene group (Nichol et al., 1987). The two likely orientations of the proximal histidyl imidazole plane are shown as shaded 
and open rectangles along the N-Fe-N vectors. The shaded orientation along the pyrroles I and 111 is consistent with the observed dipolar 
shifts of the pyrrole substituents (see text). (B) Schematic representation of the proposed active site in LPO-CN. The hemin plane is shown 
as a horizontal line, and the proximal and the distal histidines are also shown along with their numbering system. The proximity of a possible 
arginine residue is also indicated in the distal side. (C) Projection of the 8-CH2 group relative to the heme plane. The view shown is looking 
directly at the heme edge (the horizontal line) along the 8-CH2 group. The vertical dashed line is the normal to the heme plane (along the 
carbon pz orbital). The protons with solid lines represent the orientation for an usual CH2 group, while the protons with dotted lines denote 
a rotated methylene group with respect to the normal. In the latter case, the protons make a dihedral angle of 30' to the normal of the heme 
plane resulting in an increased contact shift (see text). 

the hemin skeleton is modified only by sulfur insertion at the 
8-CH3 (Nichol et al., 1987). Thus, Nichol et al. (1987) 
proposed that the inability to reversibly remove the heme from 
lactoperoxidase is due to the formation of a covalent disulfide 
link with a polypeptide cysteine side chain. 

A number of spectroscopic studies have provided evidence 
that the two vinyls of the prosthetic group are unaltered 
(Manthey et al., 1986) and that the most probable axial protein 
ligand is His (Sievers et al., 1983, 1984; Kitagawa et al., 1983; 
Shiro & Morishima, 1986; Behere et al., 1985), as found in 
both CcP and HRP. 'H N M R  studies have yielded well-re- 
solved spectra for the low-spin ferric cyanide derivative, 
LPO-CN (Goff et al., 1985; Shiro & Morishima, 1986). 
However, beside noting that the chemical shifts are unusual 
for a low-spin ferric hemoprotein and that the protein prep- 
aration appears heterogeneous by NMR, few structural details 
could be discerned. 

The major problem, as is generally the case in structural 
analysis of paramagnetic proteins by NMR (Morrow & Gurd, 
1975; La Mar, 1979; Satterlee, 1986), is resonance assignment, 
which is complicated for LPO by the inability to reconstitute 
the protein with isotope-labeled or modified hemins (Sievers, 
1979; Nichol et al., 1987). We have shown elsewhere not only 
that the nuclear Overhauser effect, NOE, is of considerable 
utility in resonance assignments in paramagnetic proteins 
(Thanabal et al., 1987a,b, 1988a,b) but that the paramag- 
netism allows successful detection of primary NOES in much 
larger proteins than for diamagnetic systems because of the 
reduced importance of spin diffusion (Kalk & Berendson, 
1976). 

We report herein on a NOE and relaxation study of LPO- 
C N  that attempts to assign the hyperfine-shifted resonances 
to individual heme side chains and to establish the likely 
presence of the proposed essential catalytic residues, His and 
Arg (Poulos & Kraut, 1980; Finzel et al., 1984), in the distal 
pocket (Figure 1B). The anomalous N M R  properties (Goff 
et al., 1985; Shiro & Morishima, 1986) which must be rec- 
onciled with the prevailing interpretation of the NMR spectral 
properties of low-spin hemes are as follows: Why is there but 
a single contact-shifted heme methyl resolved when in other 
such systems at least two, and often three, methyl peaks are 

resolved from the diamagnetic envelope? Why are the 
strongest contact-shifted resonances single proton peaks, and 
why are these shifts so much larger than those in other he- 
moproteins in the same oxidation/spin state? The apparent 
contact shift pattern for heme substituents is interpreted in 
terms of a combination of electronic perturbations arising from 
the unusual heme peripheral substitution (Nichol et al., 1987) 
and the axial interaction with a deprotonated histidine. 

EXPERIMENTAL PROCEDURES 
Sample Preparation. Lactoperoxidase, LPO, was purchased 

from Sigma as a lyophilized salt-free powder. The protein was 
further purified by passage through a Sephadex G-200 column 
(50 cm X 2 cm) equilibrated with 25 mM phosphate buffer, 
pH 7.0 (Manthey et al., 1986). The protein was collected as 
a major single band. The resulting elute was concentrated in 
an Amicon ultrafiltration cell with a YM 10 membrane to give 
a 21.5 mM protein solution. The ' H 2 0  solvent was exchanged 
several times with 2Hz0 containing 25 mM phosphate buffer 
to give a >99% 2 H 2 0  sample for NOE measurements. A 
mixture of 90% 'H20/10% *H20 was used to observe the labile 
protons resonances. A 42-fold excess of solid KCN was added 
to generate the cyanide-ligated lactoperoxidase, LPO-CN. 
The solution pH, adjusted with 0.2 M *HCl or 0.2 M NaO*H, 
was measured with a Beckman Model 3550 pH meter 
equipped with an Ingold microcombination electrode; pH 
values are not corrected for the isotope effect. 

' H  N M R  Spectra. Nonselective T,s were determined by 
a variation of the standard inversion-recovery sequence to 
include a composite 180' pulse. The 'H NMR spectra with 
fast pulse repetition rates were recorded with the WEFT or 
super-WEFT methods (Gupta, 1976). A repetition time as 
low as 10 ms was used to observe very rapidly relaxing proton 
resonances. Since large sweep widths (-40 kHz) are nec- 
essary to cover the -30 to 80 ppm region, the spectrum was 
collected with less data points (512) in order to get the recycle 
time of < 10 ms. Consequently, the FID was zero filled three 
times before Fourier transform to obtain good digital resolu- 
tion. 

The steady-state NOE for an isolated two-spin system is 
given by (Noggle & Shirmer, 1971) 



7040 Biochemistry, Vol. 28, No. 17, 1989 

vi-j = a i j /P j  

Thanabal and La Mar 

where pj-I is the selective spin-lattice relaxation time of Hj 
and aij is the cross-relaxation between Hi and Hj; aV = rij%, 
where rV is the interproton separation and 7 is the molecular 
tumbling time. For larger proteins (M,  > 40 X lo3), it is found 
that an irradiation time of 25-30 ms is close to the steady-state 
condition without significant spin diffusion (Thanabal et al., 
1987a,b, 1988a,b). 

Proton NOE measurements were performed on a Nicolet 
NT-360 FT NMR spectrometer operating at 360 MHz in the 
quadrature mode. A total of 16 384 data points were collected 
in double precision over a 40-kHz band width. The NOE 
experiments were performed according to the pulse sequence 
(A[t,-to,-P-Acq], B[tl-tof,-P-Acq],),, where A and B des- 
ignate two different data files, t l  is a preparation time to allow 
the relaxation of the resonances (400 ms), ton is the time during 
which the resonance is kept saturated (25 ms), and torr is an 
equal time (25 ms) during which the decoupler is set off- 
resonance. The observed pulse, P, was either a 90' hard pulse 
(NOEs in ZHzO) or a Redfield 2-1-4-1-2 (Redfield et al., 
1975) excitation (for H 2 0  NOE measurements). In the case 
of Redfield excitation, some attenuation of the transmitter 
power was applied to obtain a 90° pulse at the carrier; n was 
set to 96, and the total number of scans in each file ( n  X m )  
was (3-4) X lo3. The NOE difference spectrum was obtained 
by subtracting B from A. 

Primary NOES are differentiated from off-resonance effects 
by their independence of the decoupler power or degree of 
saturation. Off-resonance saturation is approximately inverse 
quadratically dependent on decoupler power, and NOES from 
off-resonance saturated peaks can be easily established by 
saturating the peak on-resonance (Thanabal et al., 1987a,b, 
1988a,b). Each of these controls was executed in the inter- 
pretation of each NOE difference spectrum. In the case of 
closely resonating peaks (peaks x and y in the Figure 4), the 
off-resonance perturbation was minimized by collecting two 
spectra with the decoupler frequency on the peak being sat- 
urated (on-resonance) and two more spectra with the decoupler 
frequency being symmetrically off-set by -500 Hz about the 
irradiated peak (off-resonance) and then by subtracting the 
sum of the off-resonance spectra from the sum of the on- 
resonance spectra. It is noted, however, that significant off- 
resonance of the diamagnetic envelope is observed in any case 
(Figure 4). However, the two peaks s and t superimposed on 
the off-resonance excited envelope exhibit intensities in the 
difference trace which are independent of the degrees of the 
off-resonance saturation of the envelope, and hence can be 
attributed to primary NOEs. 

In all of the above 'H N M R  measurements, the signal-to- 
noise ratio was improved by exponential apodization of the 
free-induction decay which introduced 20-50-Hz line broad- 
ening. Peak shifts were referenced to the residual water signal, 
which in turn was calibrated against internal 2,2-dimethyl- 
2-silapentane-5-sulfonate, DSS. Chemical shifts are reported 
in parts per million, ppm, with downfield shifts taken as 
positive. 

RESULTS 
The identification of nonlabile hyperfine-shifted and para- 

magnetically relaxed resonances in 2Hz0 solution is pursued 
by utilization of a variety of different pulse repetition rates 
which discriminate between slowly and rapidly relaxing pro- 
tons, as illustrated in Figure 2. For slow repetition rates (trace 
A), we observed signals a-d, x, and y with comparable (one 
proton; see below) intensities, peak f with three-proton (methyl) 
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FIGURE 2: 360-MHz 'H NMR spectrum of 1.5 mM LPOCN in 99% 
2H20 at 25 OC, pH 7.0, as a function of the pulse repetition time. 
(A) Pulse repetition time of 0.5 s-I; this ensures complete relaxation 
of the hyperfine-shifted peaks. (B) Pulse repetition time of 2 s-I 
showing reduced intensity for peaks b, d, x, and y. (C) Pulse repetition 
time of 100 s-' where only the fast-relaxing protons e and z show up 
with full intensity and most of the other peaks are strongly saturated. 
In all spectra the resolved peaks are labeled a-i and x-z. 

Table I: Chemical Shifts and Proposed Assignments for Heme 
Cavity Resonances in the Cyanide Complex of Resting-State 
Lactoperoxidase 
peak label proposed assignment chemical shift' TI (ms)* 

a 8-CH 68.7 11.6 
b proximal His 6-CH (?) 48.7 58  
C 8-CH 36.6 17.4 
d (impurity?) 29.9 2 x 102 
e proximal His C6H 26.6 <2 
f 3-CH3 24.6 50 
i? 12.6 
h distal His C,H 12.1 
i proximal His j3-CH 10.7 
j 7-C,H (?) 9.4 
S distal Arg (?) 0.90 
t distal Arg (?) -1.78 
U -1.37 
V -1.86 
W composite -4.2 
X distal Arg (?) -7.4 - 102 
Y distal Arg (?) -10.7 -102 
Z proximal His C,H -27.5 <2 
a* distal His N,H 26.0 
b* distal His N6H 16.4 

'Shifts in ppm from DSS at 25 O C  for sample at pH 7.0. bFor 
resolved resonances only in 2Hz0. 

intensity, and composite peaks h (4-5 protons) and w (10-12 
protons). The low signal-to-noise is due to the inefficient rate 
of data collection. Previous reports had identified the same 
resonances (Goff et al., 1985; Shiro & Morishima, 1986), 
although reduced intensities suggested peaks b, d, x, and y to 
originate from a minor protein form. A determination of the 
nonselective relaxation times for the resolved resonances was 
carried out under slow pulsing conditions, leading to the TI  
values listed in Table I. It is noted that the relaxation times 
are typical for a large low-spin ferric hemoprotein (Cutnell 
et al., 1981; Thanabal et al., 1987a,b, 1988a,b), with the peaks 
b, d, x, and y exhibiting the longer T,s; peak d is anomalous 
in displaying a TI  unusually long for a strongly shifted proton. 
Upon increasing the pulse repetition rate, the signal-to-noise 

per unit time increases significantly (trace B in Figure 2), 
revealing the previously reported broad upfield peak z, which 
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FIGURE 3: 360-MHz 'H NMR spectrum of (A) 1.5 mM LPO-CN 
in 99.8% ZH20 at 25 OC, pH 7.0, collected at a pulse repetition rate 
of 2 s-I. The peaks are labeled as in Figure 2. Traces B-D are the 
NOE difference spectra generated by subtracting the reference 
spectrum with the decoupler off-resonance from a similar spectrum 
of the same sample in which the desired resonance was saturated. In 
each of the traces B-D a downward arrow indicates the peak being 
saturated. (B) Saturation of peak a shows a strong (-50%) NOE 
to peak c and a smaller (- 20%) NOE to a nonresolved peak des- 
ignated j. (C) Saturation of peak c; note the strong reciprocal NOE 
to peak a and a smaller NOE to peak j. The proximity of the decoupler 
causes weak off-resonance of the diamagnetic envelope. (D) Saturation 
of peak f; only weak NOEs to peaks u and v and peaks w' and w" 
under the composite peak w, together with very weak off-resonance 
excitation of the diamagnetic envelope are observed. 
we determine to have one-proton intensity; a suggestion of a 
second such broad peak, peak e, is observed in the low-field 
region between peaks d and f. The intensities of the slowly 
relaxing protons, b, d, x, and y, are suppressed, as is the in- 
tensity of the diamagnetic envelope, which reveals two addi- 
tional resonances, g and i with indeterminate intensity although 
g is likely a single proton. The extremely rapid relaxation rates 
of peaks z and e are emphasized in the super-WEFT trace (C) 
of Figure 2, for which only e and z have completely relaxed 
and exhibit the same (single proton) intensity. The importance 
of the differential Tis and pulse repetition rates on the relative 
intensities of the various resonances is noted. 

The results of NOE studies are presented in Figures 3-5. 
In each case, the saturation of a hyperfine-shifted resonance 
had two effects. Clear evidence for primary NOEs was ob- 
tained where the intensity of a discernible peak (whether 
resolved or in the diamagnetic envelope) in the NOE difference 
traces was linear in the degree of saturation of the irradiated 
peak (Thanabal et al., 1987a,b, 1988a). However, the large 
decoupler power needed to effectively saturate resonances, 
together with the extremely large intensity of the diamagnetic 
protein envelope (containing -4 X IO3 protons), always leads 
to off-resonance saturation of the diamagnetic envelope and 

A 

Is 
I " ' /  ' ' I  i " ' / ' ' ' I ' '  

60 90 20 0 -20 PPM 

FIGURE 4: 360-MHz 'H NMR spectrum of (A) 1.5 mM LPO-CN 
in 99.8% 2H20 at 25 O C ,  pH 7.0, collected with a pulse repetition 
rate of 2 s-l. The peaks are labeled as in the trace A of Figure 2. 
Traces B-E are the NOE difference spectra generated as described 
in Figure 3. In each of the traces B-E, a downward arrow indicates 
the peak being saturated. (B) Saturation of peak b shows a strong 
(40%) NOE to partially resolved peak i. (C) Saturation of peak d; 
note the absence of NOES to any of the resolved peaks. Saturation 
of peaks x and y; traces D and E are effected as described under 
Experimental Procedures. (D) Saturation of peak y; note a strong 
NOE to peak x and also likely smaller NOEs to peaks s and t su- 
perimposed on the off-resonance excited envelope. (E) Saturation 
of peak x; note the reciprocal NOE to peak y and also smaller NOES 
to peaks s and t, again superimposed on the necessarily stronger 
off-resonance saturation of the diamagnetic envelope. 
residual solvent line even when the reference spectrum has the 
decoupler symmetric to the envelope (Thanabal, 1987b). This 
effect is particularly acute when peaks close to the diamagnetic 
envelopes are saturated. The off-resonance effect, however, 
can be identified by noting the very dramatic drop with de- 
coupler power and the fact that it is similarly observed when 
the decoupler is placed near a peak rather than precisely 
on-resonance. 

Saturating peak a yields a large (-50%) NOE to peak c 
and a smaller (-20%) NOE to an unresolved peak we label 
j (spectrum B in Figure 3). The reciprocal NOE to peak a 
( -25%)  is observed when saturating peak c (spectrum C in 
Figure 3), as well as a smaller NOE (10-15%) to the same 
peak j .  The irradiation of methyl peak f yields small NOEs 
to upfield unresolved peaks u and v and to two peaks, w' and 
w", with shifts indicating that they are components of the 
composite peak w (Figure 3D). The saturation of peak b leads 
primarily to a large (-40%) NOE to a peak (spectrum B in 
Figure 4) with chemical shift identical with that of the partially 
resolved peak i identified in spectrum B of Figure 2. The line 
width of peak i, together with its intensity in the reference 
spectrum, argues for peak i arising from a single proton. 
Irradiation of peak d exhibits only small apparent NOEs to 
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FIGURE 5 :  360-MHz 'H NMR spectrum of 1.5 mM LPO-CN in 
99.8% 2H20 (A) and in 90% H20/10% 'H20 (B) at 25 O C ,  pH 7.0, 
with pulse repetition rate of 2 s-'. The spectrum in 90% H20/10% 
2H20 was collected with the use of a Redfield 2-1-4-1-2 pulse 
sequence optimized for the window 10-70 ppm. The resolved nonlabile 
proton peaks in both the spectra are labeled as in Figure 2. Trace 
B shows two additional peaks, a* and b*, that arise from labile protons. 
Trace C shows the NOE difference spectrum upon saturation of peak 
a*; note a NOE to peak h or a component of peak h. Saturation of 
peak a* is also performed as described for peaks x and y in Figure 
4. 

an unresolved resonance (spectrum C in Figure 4). Saturation 
of the upfield peaks x and y always caused large off-resonance 
effects because of the proximity of these peaks to the envelope. 
However, saturating peak y (spectrum D of Figure 4) yields 
an obvious large (- 50%) N O E  to peak x (which is linear in 
the degree of saturation of peak y, and hence definitely not 
an off-resonance effect). Moreover, superimposed on the 
off-resonance excited diamagnetic envelope, we note additional 
likely NOEs to peaks labeled s and t. The NOEs to peaks s 
and t are also (and more clearly) observed when peak x is 
saturated (spectrum E of Figure 4), which also yields a re- 
ciprocal large N O E  to peak y. The broad and fast-relaxing 
resonances e and z could not be saturated sufficiently to allow 
detection of any NOEs. 

The traces of LPO-CN in 2H20 and 'H2O are compared 
in spectra A and B of Figure 5 and clearly identify ex- 
changeable proton resonances a*  (broad like peak a) and b* 
(narrow, like peaks x and y) a t  26.0 and 16.45 ppm, respec- 
tively; the former peak had been previously reported and 
proposed to arise from the proximal His ring proton (Shiro 
& Morishima, 1986). Peak a*  could be effectively saturated 
and leads to an NOE to a very narrow peak (-50 Hz) which 
is not clearly resolved (spectrum C in Figure 5) but whose shift 
is coincident with that of composite peak h in spectrum B of 
Figure 2. The labile proton peak b* is on the edge of both 
the envelope and the intense solvent resonance and could not 

60 LiO 20 0 - 2 0  PPM 

be effectively saturated without inducing strong artifacts in 
the region 0-10 ppm. 

DISCUSSION 
Protein Heterogeneity. It has been suggested that peaks 

b, d, x, and y exhibit less than one-proton intensity in various 
LPO preparations and that peak z may contain more than one 
proton. In our preparations, we note that all five of these peaks 
exhibit single-proton intensity when observed under nonsatu- 
rating conditions. It is particularly noted that rapid pulsing 
tends to decrease the intensity primarily for peak d ( T I  - 200 
ms) and next for peaks b, x, and y (which have the next longest 
T,s ) .  NOE connectivities discussed below argue for a t  least 
peaks b, x, and y arising from the major protein component. 

Identification of Functional Groups. The large (-50%) 
NOEs observed between peaks a and c, and peaks x and y 
argue strongly for their origin in two pairs of geminal meth- 
ylene protons. Similarly large NOEs have been observed for 
pairs of single protons in paramagnetic derivatives of both 
HRP ( M ,  42 X lo3) (Thanabal et al., 1987a,b, 1988a,b) and 
hemoglobin (M,  -65 X lo3) (M. J. Chatfield and G. N .  La 
Mar, unpublished observation), where the identity of the pairs 
of protons as arising from a methylene group could be inde- 
pendently established. The large NOE from peak b to peak 
i also argues that peak i must be a single proton, and hence 
peaks b and i represent a third methylene group. The intensity 
of peak f is consistent with it arising from a heme methyl, as 
observed in every other low-spin hemoprotein (Morrow & 
Gurd, 1975; La Mar, 1979; Satterlee, 1986). The likely origin 
of peaks x and y as arising from the major component has 
support from two observations. Under nonsaturating condi- 
tions, they exhibit the correct intensities expected for their 
likely methylene origin. Second, if they arise from a second 
component, this component would exhibit solely a hyperfine- 
shifted methylene group which is unprecedented for a heme 
protein. The reduced intensities reported previously may have 
arisen due to partial saturation of these slow-relaxing peaks 
(as well as peak b). 

Proximal Histidine Resonances. The upfield broad sin- 
gle-proton peak z had been previously attributed (Shiro & 
Morishima, 1986) to the axial His nonlabile Cf-H (Figure 1B) 
on the basis of similar observations in HRP-CN (La Mar et 
al., 1982), where its assignment could be definitely established 
by NOEs (Thanabal et al., 1987b). The detection of the 
second, similarly relaxed, broad resonance e, again a t  essen- 
tially the same position as in HRP-CN (with similar relaxation 
times), provides strong support for the assignment of both 
peaks e and z to the proximal His C8-H and Cf-H and a bound 
His environment very similar to that of HRP-CN, Le., a 
deprotonated imidazolate (Thanabal et al., 1987b, 1988a). 
The imidazolate character of the proximal His argues against 
the previous assignment of labile proton a* to N6H (Shiro & 
Morishima, 1986). 

The axial His @-CH2 signals are observed in HRP-CN and 
CcP-CN with mean shifts of -15 ppm and exhibit -50% 
NOEs between them (Thanabal et al., 1987b). Even smaller 
@CH2 shifts are found in the appropriate imidazolate model 
compound (Chacko & La Mar, 1982). The very similar axial 
imidazolate ring shifts for peaks e and z as the same assigned 
peaks in HRP-CN (Thanabal et al., 1987b) make significant 
changes in this mean @CH2 shift extremely unlikely. Hence, 
peaks b and i could arise from the His P-CH2, while the large 
mean shift of -50 ppm makes the peaks a and c CH2 group 
a very unlikely candidate. 

Heme Resonances. A distinctive feature of low-spin ferric 
heme proteins is that a combination of the asymmetric pe- 
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ripheral substituents and protein-based contacts exerts a strong 
rhombic perturbation on the heme electronic structure which 
can be correlated primarily with the orientation of the pro- 
jection of the axial His imidazole plane relative to individual 
pyrroles (Shulman et al., 1971; Traylor & Berzinis, 1980; La 
Mar, 1979; Satterlee, 1986). This results in large contact shifts 
for the substituents on opposite pyrroles, i.e., pyrroles I and 
I11 or pyrroles I1 and IV, depending on whether the axial 
imidazole orientation is as depicted by the open or shaded 
rectangle in A of Figure 1. The former axial His imidazole 
orientation would predict large low-field contact shifts for two 
methyls ( 1-CH, and 5-CH,) (as well as possibly 4-Ha shifts), 
as observed in metcyano complexes of Mb (Mayer et al., 1974) 
and HbA (La Mar et al., 1988), while the latter orientation 
would predict large low-field contact shifts for one methyl 
group [3-CH3; as found in cytochrome c peroxidase (Satterlee 
et al., 1983)] and possibly the anomalous 8-SCH2 group and 
the 4-vinyl Ha. The observation of only a single low-field 
methyl for LPO-CN thus favors the latter orientation, with 
peak f due to 3-CH3. The large contact shift for the methylene 
group giving rise to peaks a and c would thus arise either from 
the unusual 8-SCH2 group or from the adjacent 7a-CH2. 

The unprecedented large contact shifts for peaks a and c 
support their origin as 8-SCH2 rather than 7a-CH2 for the 
following reason. The heme a-methylene protons experience 
contact shifts, a,,, related to the adjacent pyrrole carbon x 
spin density, pr, via (La Mar, 1973) 

(2) 
where 4s is the dihedral angle between the C-C-H plane and 
the aromatic carbon pz axis (Figure 1C) and B is a constant. 
In a rotating methyl group, (cos2 4 )  = 0.50. In a usual 
methylene group, as found for hemin propionate or ethyl 
groups, 4 - 60 (Figure lC, dark lines), leading to cos2 4 - 
0.25 and accounting for the much smaller a-CH2 relative to 
CH3 contact shifts observed in low-spin ferric hemes [La Mar 
& Walker (Jensen), 19781. The covalent link to the protein, 
however, could lead to a 8-SCH2 orientation as in Figure 1C 
(dotted lines) for which 4 - 30' and cos2 4 = 0.75, leading 
to -50% larger contact shifts for an a-CH2 than a CH, group 
for the same A spin density and a 3 times larger shift than that 
for the usual unconstrained orientation of an a-CH2 group. 
This effect can therefore account for the large contact shifts 
for the methylene protons a and c. Thus, the assignment of 
peak f to 3-CH3 and peaks a and c to 8-SCH2 is consistent 
with both the unusual heme contact shift pattern and the 
previously proposed functionalization of the 8-methyl group 
via a constrained disulfide link to the protein matrix. Other 
NMR spectral features are less distinct. The NOE for peaks 
a and c to peak j suggests peak j arises from an adjacent 
7a-CH. The small upfield NOES to peaks labeled u, v, w', 
and wff upon saturating peak f, the likely 3-CH3, suggest two 
of these could arise from the 4-vinyl H p .  

The upfield apparent 
methylene group that gives rise to peaks x and y is also close 
to another pair of protons, s and t. A potential origin for peaks 
x and y and for peaks s and t could be the two methylene 
groups of a heme propionate. However, at least the a-CH2 
shifts of a propionate are generally downfield [La Mar & 
Walker (Jensen), 19781. An alternate interpretation is that 
they arise from an amino acid with at least a CH2-CH2 chain. 
We note that the orientation of the axial His imidazole plane 
deduced above is the same as that found in HRP and CcP, 
leading to the expectation that the dipolar 'shifts are similar 
in these three systems (Thanabal et al., 1987a,b, 1988a,b). 
HRP-CN exhibited two sets of upfield-coupled CH2 signals 

a,, = p,B cos2 4 
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which could be demonstrated to arise from Arg 38 in contact 
with pyrrole I11 (Thanabal et al., 1987b). The upfield dipolar 
shifts of peaks x, y, s, and t suggest the possibility that these 
signals arise from a similarly situated amino acid, and the 
dipolar connectivities are consistent with, but not proof for, 
an Arg residue. The slower relaxation of peaks x and y relative 
to that of the heme methyl peak f would argue that this residue 
is further from the iron in LPO than in HRP. 

Two hyperfine-shifted labile proton signals are resolved, a* 
(broad, -200 Hz) and b* (narrow, 80 Hz) at  26 and 16.4 
ppm, respectively, which must arise from one or more amino 
acids. HRP-CN exhibits two labile proton signals with very 
similar hyperfine shifts and relative line width, and we dem- 
onstrated that both arise from the ring of the distal His 42 
by observing NOES from both labile protons to the mutually 
neighboring C,H (Thanabal et al., 1988a,b). In the present 
case of LPO-CN, no narrow nonlabile proton is resolved from 
the diamagnetic envelope. However, as in the case for 
HRP-CN (Thanabal et al., 1988a,b), saturating peak a* leads 
to a NOE for a narrow peak (-60 Hz) on the edge of the 
intense diamagnetic envelope (Figure 5C), supporting the 
assignment of peak a* and a component of peak h to the N,H 
and C,H, respectively, of a distal His with stereochemistry 
similar to that found for the distal His in CcP (Poulos & 
Kraut, 1980) and HRP (Figure 1B) (Thanabal et al., 1987b, 
1988a,b). The second labile proton (b*) resonates on the 
shoulder of the diamagnetic envelope and intense ' H 2 0  signal, 
as well as close to peak h, and does not allow us to establish 
its identity using NOES. However, its shift and line-width 
similarity to those in HRP-CN suggest peak b* arises from 
the other ring labile proton (NsH) of a protonated distal His 
(Thanabal et al., 1988a). 

CONCLUSIONS 

The nuclear Overhauser effect provides a valuable tool for 
resonance assignment and the investigataon of the molecular 
structure of large paramagnetic proteins. This is the largest 
protein for which successful NOE studies have been reported. 
Clearly primary NOES as observed in all cases indicate that 
spin diffusion to the diamagnetic matrix is significantly reduced 
as compared to the expectations for an analogous diamagnetic 
protein. 

The proposed assignments based on NOE connectivities 
yield a contact shift pattern that is consistent with the structure 
of the derivatized heme as shown in Figure lA, with an axial 
imidazolate plane oriented primarily along the N-Fe-N axis 
of pyrroles I and 111, as shown by the shaded rectangle in 
Figure 1A. The upfield-shifted nonlabile narrow signals and 
low-field-shifted labile proton signals are shown to have NOE 
connectivities consistent with, but not proof for, a distal Arg 
and His with stereocehmistry in the distal pocket qualitatively 
similar to that in CcP and HRP. 
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