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ABSTRACT: The assignment of resolved hyperfine-shifted resonances in high-spin resting state horseradish 
peroxidase (HRP)  and its double-oxidized reactive form, compound I (HRP-I), has been carried out by 
using the nuclear Overhauser effect (NOE) starting with the known heme methyl assignments in each species. 
In spite of the efficient spin-lattice relaxation and very broad resonances, significant NOES were observed 
for all neighboring pyrrole substituents, which allowed the assignment of the elusive propionate a-methylene 
protons. In the resting state HRP,  this leads directly to  the identity of the proximal His-170 H, peaks. 
The determination that one of the most strongly contact-shifted single proton resonances in HRP-I  does 
not arise from the porphyrin dictates that the cation radical must be delocalized to some amino acid residue. 
The relaxation properties of the non-heme contact-shifted signal in HRP-I  support the identity of this 
contributing residue as the proximal His-170. Detailed analysis of changes in both contact shift pattern 
and NOES indicates that compound I formation is accompanied by a - 5' rotation of the 6-propionate group. 
The implication of a porphyrin cation radical delocalized over the proximal histidine for the proposed location 
of the solely amino acid centered radical in compound I of related cytochrome c peroxidase is discussed. 

H o r s e r a d i s h  peroxidase, HRP,' is one of a number of 
functionally related heme enzymes for which the high-spin 
ferric resting state reacts with hydrogen peroxide to yield an 
initially reactive species two oxidizing equivalents above the 
resting state (Dunford, 1982; Dunford & Stillman, 1976; 
Morrison & Schonbaum, 1976). One of these oxidizing 
equivalents is invariably associated with oxidation of the iron 
center to FeIV (usually as the ferry1 ion, FeIV=O) that is 
retained in compound 11, with the second one residing on an 
organic moiety. For HRP compound I, HRP-I, optical spectra 
have been found characteristic for a porphyrin cation radical 
(Dolphin et al., 1971), while yeast cytochrome c peroxidase 

compound I, CcP-I, has been shown to possess a free radical 
on an amino acid side chain removed from the iron (Yonetani 
& Ray, 1965). While there is a paucity of hard structural 
information on HRP, the yeast cytochrome c peroxidase, CcP, 
has yielded to successful X-ray crystallographic structural 
analysis for both its resting-state CcP and compound I, CcP-I 
(Poulos & Kraut, 1980; Finzel et al., 1984; Edwards et al., 
1987). 

Solution NMR studies have been found particularly useful 
for delineating a number of structural features of the heme 
cavity of HRPCN, the cyanide complex of the resting state 
(Thanabal et al., 1987a,b, 1988), which could be interpreted 

This work was supported by a grant from the National Institutes of 
Health, GM 26226. 

*Address correspondence to this author. 
*Department of Chemistry. 
UCD NMR Facility. 

0006-2960188 10427-5400$01.50/0 

Abbreviations: HRP, horseradish peroxidase: HRP-I, compound I 
of horseradish peroxidase; CcP, cytochrome c peroxidase; CcP-I, com- 
pound I of cytochrome c peroxidase; NMR, nuclear magnetic resonance; 
NOE, nuclear Overhauser effect; DSS, 2,2-dimethyl-2-silapentane-5- 
sulfonate. 

0 1988 American Chemical Society 



N M R  O F  H R P  

on the basis of sequencing homology to CcP (Welinder, 1985; 
Sakurada et al., 1986). These studies were based on successful 
extensions to paramagnetic systems of the nuclear Overhauser 
effect, NOE (Noggle & Schirmer, 1971), for both resonance 
assignment and structural determination, relying on previously 
reported assignments of heme methyl peaks on the basis of 
isotope labels (La Mar et al., 1980a; de Ropp et al., 1984). 
More recently, we have shown that such NOE techniques can 
be extended even further to resting-state H R P  and HRP-I, 
allowing the determination of the orientation of vinyl side 
chains (Thanabal et al., 1986). 

In this paper, we explore further the utility of NOES for 
structural determination in strongly paramagnetic derivatives, 
H R P  ( S  = 5/2)  and HRP-I (FerV, S = 1, weakly coupled to 
S = 1 / 2  radical) (Dunford & Stillman, 1976). For the resting 
state HRP, we focus on the location and assignment of the 
a-methylene protons of hemin (I). Isotope labeling has re- 
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dominantly isozyme C. The detailed purification, activity 
assay, and electrophoretic characterization of the protein type 
used in this study have been published (La Mar et al., 1980b). 
Solutions for proton NMR studies were 3 mM in protein in 
99.9% 2H20. The solution pH was adjusted with 0.2 M 2HC1 
or 0.2 M N a 0 2 H  and was measured with a Beckman Model 
3550 pH meter equipped with an Ingold microcombination 
electrode; pH values are not corrected for the isotope effect. 
Compound I was generated by the addition of 2 equiv of H202  
to the resting-state HRP. The green species is stable for -30 
min at 15 'C. The optical spectrum of HRP-I is identical with 
that reported earlier (Dolphin et al., 1971). 

Spin-Lattice Relaxation Time. Nonselective Tls were 
determined by a variation of the standard inversion-recovery 
sequence to include a composite 180' pulse (Freeman et al., 
1976). The transmitter carrier frequency was set at the middle 
of the downfield peaks to effect an efficient inversion of all 
the peaks. The T 1  values were computed by a nonlinear 
least-squares fit to 

( I ,  - Zf)/2Zw = A exp(-t/Tl) (1) 

where Zf and Z, are the intensities of the resonances at t and 
>5 T1 after the 1 80' pulse and t is the delay, in milliseconds, 
between the 180' and 90' pulses. 

Nuclear Overhauser Effect. The NOE, qi-,j, is defined as 
(Noggle & Shirmer, 1971) 

qi-j = ( I j  - $)/e (2) 

where Zj and are intensities of the signal from the detected 
proton Hi with and without saturating the resonance of the 
spin Hi. It is found that an irradiation time of 30 ms is close 
to the steady-state condition (eq 3) without significant spin 
diffusion (Thanabal et al., 1987a; Kalk & Berendsen, 1976). 
The steady-state NOE for an isolated two-spin system is given 
by 

qi+j = U i j T l j  (3) 

where T ,  is the selective spin-lattice relaxation time of Hj and 
aij is the cross-relaxation between Hi and Hj; aij 0: rijT, where 
rV is the interproton separation and 7 is the molecular tumbling 
time. For strongly paramagnetic systems, the selective T ,  may 
be replaced by the nonselective Tl in eq 3 (Lecomte & La 
Mar, 1986). 

Proton NOE measurements were performed on a Nicolet 
NT-360 FT NMR spectrometer operating at 360 MHz in the 
quadrature mode using 16 384 data points collected in double 
precision over a 80-kHz bandwidth. The NOE experiments 
were performed according to the pulse sequence 

[A(  2i-ton-P- Acq) nB(ti-tofTP-Acq) "1 m 
where A and B designate two different data files, t i  is a 
preparation time to allow the relaxation of the resonances (50 
ms), ton is the time during which the resonance is kept satu- 
rated (30 ms), and teff is an equal time (30 ms) during which 
the decoupler is set off-resonance. P, the observe pulse, was 
either a 90' hard pulse (in the case of resting-state HRP) or 
a Redfield 2-1-4-1-2 excitation (Redfield et al., 1975) (in 
the case of HRP-I where the residual HOD signal is too 
intense because of the addition of H202).  In the case of 
Redfield excitation, some attenuation of the transmitter power 
was applied to obtain a a / 2  pulse at the carrier; n was set to 
256, and the total number of scans in each file (nm) was (3-4) 
X lo4. The NOE difference spectrum was obtained by sub- 
tracting B from A .  Use of the Redfield 2-1-4-1-2 pulse 
sequence, however, gives a narrow window of excitation, and 
it was not possible to excite all of the resonances evenly in the 

en2 ' Cn2 
\ I 

c02- c02- 

F H Z  cy2 

I 
vealed (La Mar et al., 1980b) the identity of all but six of the 
low-field single proton resonances, with only the four pro- 
pionate H, peaks of the heme unassigned. Since only the heme 
and the axial histidine (La Mar, 1979; Satterlee, 1986) can 
give rise to large contact shifts from the magnetically isotropic 
high-spin iron(II1) center (La Mar & Walker-Jensen, 1978), 
assignment of the propionate Has will yield the elusive axial 
His-170 H, signals expected to resonate in this window 
(Lauffer et al., 1983). The state of protonation of the axial 
histidyl imidazole (Morrison & Schonbaum, 1976; Nicholls, 
1962) has been implicated in the mechanism of peroxidase 
activity. 

For HRP-I, isotope labeling has similarly identified (La Mar 
et al., 1981) all but the four heme propionate a-methylene 
signals. In this case, since only four strongly contact-shifted 
resonances remained unassigned, it was tacitly assumed (La 
Mar et al., 1981) that these four peaks must originate from 
the propionate Has. Conversely, if it can be established that 
the strongly shifted peaks do not all arise from the heme, then 
the view that the second oxidizing equivalent is localized 
completely on the porphyrin must be reassessed. Lastly, since 
hyperfine shifts in both resting state H R P  and HRP-I are 
largely scalar or contact in origin (La Mar, 1979; Satterlee, 
1986), the pattern of the methylene proton shifts for individual 
propionate groups can be interpreted in terms of their orien- 
tation relative to the heme plane (La Mar, 1973), and their 
orientation can be compared in H R P  and HRP-I to assess 
structural changes that accompany compound I formation. 

EXPERIMENTAL PROCEDURES 
Sample Preparation. HRP, type VI, was purchased from 

Sigma as a lyophilized salt-free powder; the protein is pre- 
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Table I: Chemical Shifts, Assignments, and Relaxation Times for 
Resolved Resonances in HRP and HRP-I 

HRP" HRP-I* peak 

tion assignment (ppm)' TI (ms)d (ppm)' TI (ms)e 
designa- shift shift 

a 
b 
C 

d 
e 
f 
g 
h 

1-CH, 
3-CH3 
5-CH3 
8-CH3 
2-Ha 
4-H, 
7-H, 
7-H', 
6-H, 
6-H', 
His-I70 H, 
His-170 H', 
2-H3c 
2-H,, 
4-Hac 
4-Hdr 
Are-38(?) 

67.69 7.8 5 1.98 9.5 
49.63 8.3 73.85 7.2 
73.73 6.9 60.46 7.5 
64.27 9.8 77.92 7.8 
65.80 9.4 31.42 10.8 
43.65 5.5 50.70 7.5 
48.3 1 9.4 24.13 8.5 
3 1.72 6.2 15.40 
46.07 5.4 44.00 6.5 
41.58 7.4 24.70 8.5 
3 8 .OO 2.0 21.20 2.0 

6.8 -5.77 8.0 -23.34 
-24.22 5.8 
-15.25 1 3  

8.5 -12.10 14 

34.55 2.0 f 

f 
f 

-5.40 
-8.35 1 .o 

"pH 7.0, 55 O C ;  DSS as reference. bpH 7.0, 15 'C; DSS as refer- 
ence. 'Uncertainty in shift, f0.02 ppm. duncertainty in Tls, 110%. 
e Uncertainty in Tls, 120%. /Not resolved from diamagnetic envelope. 

spectral window (-20 to 80 ppm) needed for HRP-I. This 
leads to the situation that more than one experiment is nec- 
essary to obtain quantitative NOE measurements from a single 
peak. 

There are three possible origins for nonzero intensity for 
peaks in an NOE difference trace, beside the one from the 
peak that is being on-resonance saturated (peak 9): those that 
show an NOE to peak q, nearby resonances which are partially 
off-resonance saturated (indicated by the symbol e), and peaks 
which are due to NOEs from the off-resonance saturated peaks 
(which are labeled +). Direct NOEs from peak q are inde- 
pendent of decoupler power or degree of saturation of peak 
q.  Off-resonance saturation is approximately inversely 
quadratically dependent on decoupler power (Slichter, 1978), 
and NOEs from off-resonance saturated peaks can be easily 
established by saturating the peak on-resonance. Each of these 
controls was executed in the interpretation of each NOE 
difference trace. In the case of crowded spectral regions, the 
effects of stepping the decoupler frequency through the spectral 
region allowed clear differentiation between NOEs and off- 
resonance effects (see below). 

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

RESULTS 
Spin-Lattice Relaxation. The T ,  values for HRP at 55 O C  

in 2H20 ,  as determined from a least-squares fit to the relax- 
ation data from a inversion-recovery experiment, are listed 
in Table I. Except for the very short Ti values for peaks 1 
and k ( - 2  ms), the rest of the resolved peaks have values in 
the range 5.5-9.8 ms, which are comparable to the values 
previously reported for high-spin ferric metaquomyoglobin 
(Unger et al., 1985). TI values for the two resolved vinyl H, 
peaks, s and v, were determined from the null point with the 
relation T ,  = ~ ~ ~ ~ ~ / l n  2. The approximate T ,  of peak z is - 1 
ms . 

The stability of HRP-I was insufficient (half-life -30 min) 
to allow determination of TI values by a complete inversion- 

' ! V  

3 

1 " ' I " ' I " ' I " ' I " '  
00 60 q0 20 0 PPM 

FIGURE 1: The 360-MHz 'H NMR spectrum of (A) 3 mM HRP 
in 100% *HzO at 55 "C, pH 7.0. Previously assigned peaks (La Mar 
et ai., 1980) are labeled a (1-CH,), b (3-CH3), c (5-CHJ, d (8-CH3), 
e (2-H,), f (4-H,), v (4-Hpt), and s (2-HBc). (B-G) The NOE 
difference spectra generated by subtracting the reference spectrum 
with decoupler off-resonance from a similar spectrum of the same 
sample in which the desired resonance was saturated for 30 ms with 
a 50-mW decoupler pulse. In each of the difference spectra (B-G), 
a downward arrow indicates the peak being saturated. Difference 
spectra with y-scale expansion are shown as inserts. (B) Saturation 
of peak c (5-CH,) showing NOE to peak j .  (C) Saturation of peak 
j showing the small reciprocal NOE to peak c and a NOE to peak 
1. (D) Saturate peak i; note the reciprocal NOE to peak j and a very 
weak NOE to peak c. (E) Saturate peak d (8-CHJ; note the NOE 
to peak g. (F) Irradiate peak g; note the reciprocal NOE to 8-CH3 
as well as a strong NOE to peak h. (G) Saturate peak h; note the 
strong (32%) reciprocal NOE to peak g and a very weak NOE to 
8-CH3. Off-resonance saturated peaks are marked (a), and NOEs 
from each off-resonance saturated peak is indicated by (+). 

recovery pulse sequence. Instead, data were collected until 
the peak intensities had gone through the null in each case, 
and the T ,  values was estimated from the relation TI = ~ ~ , , ~ ~ / l n  
2 .  An insignificant amount of resting state HRP had regen- 
erated during the time necessary to collect such data. These 
TI estimates for HRP-I a t  15 OC in *H20 are also listed in 
Table I. While the T ,  values for HRP-I therefore have larger 
uncertainties than for HRP, the relative TI values for non- 
equivalent HRP-I peaks should be accurately reflected in the 
relative values of the Tn,,1~ values. It is noteworthy that the TI 
values for a given functional group are very similar in resting 
state HRP at 55 O C  and compound I at 15 OC; even the 
pattern of T ,  among the various substituents is maintained in 
the two states (see Table I). 

H R P  Assignments. The 360-MHz 'H NMR spectrum of 
H R P  in 2 H 2 0  is illustrated in Figure lA ,  with the peaks 
labeled as previously assigned by selective deuteriation (La 
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follows a smooth curve reflecting the known dependency on 
frequency offset, except when a peak is saturated that is dipolar 
coupled. The NOE is the portion above the smooth curve, as 
indicated by the vertical arrow. 

A resolved peak which remains unassigned is peak z in 
Figure 1; its width and proximity to the diamagnetic envelope 
preclude its saturation for NOE studies. Its short TI (- 1 ms) 
suggests a distance 14.5 A from the iron, which, together with 
the upfield axial dipolar shift characteristic of high-spin ferric 
systems with large zero-field splitting (La Mar & Walker- 
Jensen, 1978), suggests one of the distal Arg-38 side-chain 
protons as its origin. 

HRP-I Assignments. Since HRP-I was generated by the 
addition of H,O, in H20 ,  the spectrum contains a very intense 
residual residual H2H0 peak. In a normal 'H NMR spec- 
trum, the solvent line is too large to allow detection of the 
protein peaks, and the use of the decoupler to presaturate the 
water leads to artifacts in a difference spectrum that obscure 
useful NOEs. Thus, all HRP-I spectra had to be recorded 
with a Redfield (Redfield et al., 1975) pulse sequence where 
the solvent line is not excited. 

The reference Redfield spectrum of HRP-I, optimized for 
the spectral window 20-80 ppm, is illustrated in Figure 3A. 
Heme methyl and vinyl peak assignments determined by 
isotope labeling (La Mar et al., 1981) are given. Deuteriation 
of all heme positions except the two propionate a-CH2s has 
demonstrated that the only unassigned resolved contact-shifted 
resonances are the single proton peaks g, i, j ,  and k. The 
upfield region, which contains the assigned vinyl H,+ (La Mar 
et al., 1981; Thanabal et al., 1986), is not observed in this 
excitation window. Saturation of 5-CH, (c) yields a significant 
NOE to peak j (Figure 3B) and a much smaller one to peak 
i, indicating that j is the 6-Ha that is closer to 5-CH, and i 
is its geminal partner. Irradiation of i (Figure 3C) and j 
(Figure 3D) yield large reciprocal NOEs (22 and 28%, re- 
spectively), as well as a 3.9% NOE back to 5-CH3. Thus, i 
and j originate from the 6,-CH2. 

Saturation of 8-CH3 (d) yields a small NOE only to peak 
g (Figure 3E) and identifies it as a 7-H,. Irradiation of peak 
g (Figure 3F) leads to a reciprocal 2.6% NOE to 8-CH3 but 
fails to yield an NOE to any other peak below 15 ppm, spe- 
cifically to peak k (this is better seen in Figure 4B, see below). 
A weak signal is detected at 15 ppm, but the sensitivity is not 
satisfactory for optimal detection for this spectral window (see 
below). However, the absence of an NOE to peak k dictates 
that k cannot arise from a heme proton. Saturation of peak 
k (Figure 3G) leads only to off-resonance effects in the resolved 
portion of the spectrum. 

The dipolar connectivity for the 7,-CH, group is more 
clearly observed for a Redfield spectrum optimized for the 
spectral window 10-40 ppm (Figure 4A). Here it is observed 
that saturation of peak g (7-H,) clearly leads to a large NOE 
to a peak at 15.4 ppm, which we designate h (Figure 4B), with 
the reciprocal NOE detected when h is irradiated (Figure 4C), 
identifying g and h as the two 7-H,s. Saturating peak k again 
demonstrates the absence of NOEs to any peak outside the 
diamagnetic envelope. NOEs to peaks within the diamagnetic 
envelope cannot be detected, in part because of the nature of 
the Redfield pulse profile but also because of artifacts intro- 
duced by the substantial off-resonance saturation of the water 
signals when peaks within -20 ppm of the solvent signal are 
saturated. 

DISCUSSION 
Utility of NOEs. The spectra for both H R P  and HRP-I 

clearly demonstrate that large and highly informative primary 

" I  

k z 2ool 100 \ : \  
n 
0 3000 600G0 3000 6000 

DECOUPLER OFF-SET FREQUENCY (HZ)  

FIGURE 2: Plot of peak intensity (arbitrary units) in the NOE dif- 
ference spectra versus the offset position of the decoupler radiofre- 
quency from the peak whose intensity in the difference trace is being 
monitored in HRP. (A) Peak i; (B) peak j. The data points represent 
the intensity of the peak of interest as a function of decoupler ra- 
diofrequency offset, and the solid line shows the dependency of the 
intensity of the frequency offset. The data point above the smooth 
curve, as indicated by the vertical arrow, results when the offset 
frequency is set on the peak that is dipolar coupled with the peak whose 
intensity is being measured. Thus the enhanced intensity of the data 
point from the smooth curve represents the NOE to the peak of interest. 

Mar et al., 1980b). The six unassigned peaks are g-1. Sat- 
uration of 5-CH3 (c) yields a small NOE only to peak j (Figure 
IB), while saturation of j (Figure IC) gives the reciprocal small 
NOE (1 3%) to c, as well as a larger (-26%) NOE to peak 
i. Peaks marked 0 are due to off-resonance saturation of peaks 
near the desired saturated resonance and decrease strongly in 
intensity when less decoupler power is used (see below). Peak 
i exhibits a recpirocal large (-23%) NOE to j (Figure 1D). 
In this trace, peaks b, g, and f a r e  off-resonance saturated, 
and peaks d and h are due to NOEs from the off-resonance 
saturation of peak g (see Figure 1 F). The unique proximity 
of one 6-Ha to the 5-CH, assigns j to one 6-Ha and i to its 
geminal partner. 

Saturation of 8-CH3 (d) yields a small NOE to peak g 
(Figure lE), identifying g as a 7-H,. Irradiating peak g results 
in a reciprocal 3% NOE to 8-CH3 and a -20% NOE to peak 
h (Figure lF), which, when saturated in turn, yields a recip- 
rocal large (32%) NOE to g (Figure 1G). [In trace F, peak 
f (4-Ha) is due to the expected NOE (Thanabal et. al., 1986) 
from off-resonance saturated b (3-CH,).] This establishes that 
g and h arise from the 7-H,s. The effects of saturating I-CH, 
(a) and 3-CH3 (b), which can be used to assign individual vinyl 
H p  and determine the orientation of each vinyl, have been 
reported previously (Thanabal et a!., 1986). 

The remaining two downfield contact-shifted peaks k and 
1 must therefore arise fom the proximal His-170 H,s (Lauffer 
et al., 1983). Saturation of these peaks proved much more 
difficult because of their shorter Tis, and it was not possible 
to observe NOEs between two such broad and closely spaced 
peaks. The chemical shifts and assignment of the H R P  res- 
onances, together with their T I  values, are given in Table I. 

The ability to differentiate off-resonance saturation of 
nearby peaks from true NOEs rests on proper controls. 
Off-resonance saturation is quadratic in rf decoupler power 
(Slichter, 1978), while NOEs are independent of such power. 
More directly, off-resonance effects fall off strongly with 
resonance position from the desired saturated peaks. Thus, 
a plot of peak intensity in the difference trace versus off- 
resonance position for 6-H, peaks i (Figure 2A) and j (Figure 
2B) reveals that their intensity due to off-resonance effects 
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FIGURE 3: (A) The hyperfine-shifted portions of the 360-MHz 'H 
spectrum of 3 mM HRP-I in 99.8% 2 H z 0  at 15 OC, pH 7.0. The 
spectrum was collected with a Redfield 2-1-4-1-2 pulse sequence 
(Redfield et al., 1975) with the spectral window optimized in the region 
20-80 ppm. Previously assigned peaks (La Mar et al., 1981) are 
labeled so that the signals from the same functional groups in HRP 
and HRP-I are given the same letter, Le., a (l-CH3), b (3-CH3)., c 
(5-CH3), d (8-CH3), e (2-H,), and f (4-H,). Note that the relative 
intensities do not correspond to the relative number of protons in some 
cases because of the excitation profile of the Redfield pulse train 
(Redfield et al., 1975) centered at 45 ppm. Thus d (8-CH3) appears 
to have much less intensity than c (5-CH3) and k less intensity than 
i. In an ordinary hard pulse experiment (La Mar et al., 1981), d and 
c, as well as i and k, have the same intensities. The NOE difference 
spectra (B-G) are generated as described in Figure 1. The downward 
arrow shows the peak being saturated; a filled circle (0) denotes 
off-resonance saturation, and NOEs from peaks off-resonance satu- 
rated are marked (+). (B) Saturate peak c (5-CH,); note the strong 
NOE to peak j and a weak NOE to peak i. (C) Irradiation of peak 
i showing a large (22%) NOE to peak j and a weak NOE to 5-CH,. 
(D) Saturate peak j ;  note the large reciprocal NOE (28%) to peak 
i and also relatively strong NOE to 5-CH3. The partial saturation 
of overlapping peak g results in the NOE to peak h. (E) Saturation 
of peak d (8-CH3) showing NOE to peak g. (F) Saturate peak g; 
note the very weak NOE to 8-CH3 and also an NOE to a peak at 
15.4 ppm which is not resolved in the reference spectrum. The NOEs 
to peaks c and i are due to the partial saturation of the overlapping 
peak j (shown in the insert). (G) Saturation of peak k fails to yield 
any detectable NOE to the resolved signals. The weak NOEs to peaks 
c and i are the result of the off-resonance partial saturation of peak 
j .  

N O E s  are  obtainable even in highly paramagnetic forms of 
HRP with very broad lines. The  broad lines necessitate the 
use of large decoupling power which can lead to complicating 
off-resonance saturation. W e  have shown, however, that  
proper experimental controls clearly can differentiate between 
N O E s  and such off-resonance effects (Figure 2). The  mag- 
nitudes of the N O E s  between heme methyl and neighboring 
protons and between the two methylene protons of each pro- 
pionate are  - 2-3 times larger than those previously reported 

V 
I " ' I " ' l " ' 1 '  

FIGURE 4: (A) Hyperfine-shifted portion of the 360-MHz 'H NMR 
spectrum of 3 mM HRP-1 in 99.8% ZHzO at 15 OC, pH 7.0. The 
spectrum was collected with a Redfield 2-1-4-1-2 pulse sequence 
with the spectral window optimized for the region 10-40 ppm. The 
downfield 40-80 ppm region is the second and third excitation windows 
of the pulse sequence, and the signals in this region have their intensity 
and phases according to the phase modulation of the Redfield pulse 
sequence (Redfield et al., 1975). Peak labeling is the same as in trace 
A of Figure 3. Note that peak i has opposite phase and peaks a, c, 
and f fall near the crossover point of the excitation windows, and hence, 
these resonances are not excited. (B-D) NOE difference spectra 
generated as described in Figure 1. The downward arrow shows the 
peak being saturated; a filled circle (0) denotes off-resonance effects, 
and (+) signifies NOEs from off-resonance saturated peaks. (B) 
Saturation of peak g yielding NOEs to peaks h and d; note the NOE 
to peak i from the partial saturation of peak j .  (C) Saturate peak 
h at 15.4 ppm; note the large reciprocal NOE to peak g and a weak 
NOE to 8-CH3. (D) Saturation of peak k showing the absence of 
any NOE to the resolved signals. 

(Unger et al., 1985) for the same functional groups in high-spin 
ferric metaquomyoglobin. This is due to the fact that the iron 
T I ,  is characteristic primarily of the oxidation/spin state and 
independent of molecular size, while cross-relaxation, ut], is 
linear in size (Noggle & Schirmer, 1971), so that eq 3 is 
quantitatively consistent with the larger NOEs in HRP. Thus 
it can be expected that, for strongly paramagnetic proteins, 
NOEs should get progressively larger as the molecular size 
of a protein in a given iron oxidationlspin state increases. The 
potential problems are  lack of resolution and inability to ef- 
fectively saturate peaks as  they get broader. 

Moreover, the observed N O E  can be interpreted quantita- 
tively. Thus for HRP, the 6,-CH2 NOEs ,  - -0.26 = 
o,,Tl1 and qFt - -0.23 = CT,~T~,, are  consistent with the known 
(Thanabal et al., 1987a) cross-relaxation rate for a methylene 
proton pair (a - -37 Hz) and the Tis in Table I, which predict 

= -0.20. Similarly, the observed 7,-CH2 
N O E s  of Vg-h - -0.20 and Ohdg - -0.32, together with u 
= -37 H z  and Tls for peaks g and h, yield NOEs  of -0.22 and 
-0.35, respectively. It is also noted that for HRP in neat ,HzO 
solution the different N O E  spectra yield a straight base line 
through the diamagnetic envelope, except for the presence of 
selective NOEs such as to the likely propionate H, peaks 
(Figure 1 C,D).  Thus, not surprisingly, spin diffusion to the 

80 60 9 0  20 PPM 

= -0.27 and 
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methylene protons, as found for peaks k and 1 (His- 170 H p )  
in HRP. 

Previous 'H N M R  studies of model compounds (Chin et 
al., 1980a,b; Balch et al., 1985), as well as HRP-I1 and ferry1 
myoglobin (La Mar et al., 1983; Balch et al., 1985) [all 
possessing oxo-bound low-spin iron(IV)], have demonstrated 
that the iron center cannot be responsible for the substantial 
axial His H, contact shift. Our conclusions, therefore, are that 
the cation radical of HRP-I is not localized solely on the 
porphyrin but exhibits significant delocalization to the axial 
histidine. That porphyrin cation radicals can extend to axial 
ligands has support in the literature of model compounds, 
where the addition of pyridine to the zinc porphyrin cation 
radical leads to the appearance of nitrogen hyperfine inter- 
action from the axial base in the radical ESR spectrum (Fujita 
et al., 1983). However, the present NMR data provide the 
first evidence that the radical may be similarly delocalized in 
the protein environment. 

The second oxidizing equivalent in CcP-I is known not to 
be associated with the heme group (Yonetani & Ray, 1965; 
Poulos & Kraut, 1980; Hoffman et al., 1981). The cation 
radical in CcP-I had, at various times, been considered to reside 
on a tryptophan (Yonetani & Ray, 1965) (Trp-51) on the 
distal side of the heme, and on proximal sites involving two 
interacting methionines (Hoffman et al., 1979) (Met-230 and 
-231) or a single methionine (Hoffman et al., 1981) (Met-172). 
The replacement of Trp-51 and Met-172 by site-directed 
mutagenesis (Fishel et al., 1987; Goodin et al., 1986), leaving 
the radical nature unaltered, together with an X-ray crystal 
structure of CcP-I (Edwards et al., 1987) has led to the current 
view that the second oxidizing equivalent resides on the 
proximal side of the heme and may involve two methionine 
(Met-230 and -231) close to Trp-191. It is noteworthy that 
this Trp-191 is parallel to, and exhibits T-T contacts with, the 
proximal His imidazole ring (Finzel et al., 1984). It is thus 
likely that reaction of CcP with peroxide initially also yields 
a porphyrin-centered cation radical as in HRP-I, which by 
virtue of the presently described delocalization to the proximal 
His moves to the more oxidizable pair of methionenes via the 
"conducting" Trp- 19 1. Unfortunately, CcP-I has not yielded 
useful 'H NMR spectra (Satterlee & Erman, 1981) which 
would allow an assessment of whether either the porphyrin 
or the axial histidine participates in any significant extent in 
the delocalized radical. 

Heme Side-Chain Orientation. Our preliminary NOE study 
of H R P  and HRP-I demonstrated that irradiation of the 1- 
CH3 and 3-CH3 signals can lead to the orientation of the 
neighboring vinyl side chains (Thanabal et al., 1986). Thus, 
the resting state H R P  and compound I, as well as the cyan- 
ide-ligated HRP, were shown to possess vinyls which are close 
to coplanar with the heme, with the 2-vinyl in the trans and 
the 4-vinyl in the cis configuration, as shown in structure I. 

The orientation of the heme propionate side chains can be 
determined from a combination of the NOEs to adjacent heme 
methyls, their relaxation properties, and the fact that the 
predominant methylene proton contact shift is strongly de- 
pendent on the rotational position of the side chain (La Mar, 
1973; Pande et al., 1986). Such an a-methylene proton, Hi,  
exhibits a contact shift, (AH/H)kn,  which is given by the 
relation (La Mar, 1973) 

(AH/H)&,  = Q cos2 di  (4) 
where Q is a constant that depends on the amount of spin 
density on the adjacent pyrrole carbon, C,, and di is the angle 
between the C,-CH, plane of the methylene group and the 
z axis of C, (Figure 5). Thus, the ratio of contact shift for 

protein matrix (Kalk & Berendsen, 1976) is suppressed even 
more effectively in high-spin than low-spin femc forms of HRP 
(Thanabal et al., 1987a,b, 1988). 

Proximal His in HRP. The only heme resonances with line 
width < 1 kHz which can be expected (La Mar, 1979; Sat- 
terlee, 1986) to exhibit significant low-field hyperfine shifts 
(>20 ppm) in high-spin ferric hemoproteins are the heme 
methyls, 6- and 7-propionate H 2 ,  and 2- and 4-vinyl Has. The 
meso-Hs are much broader so as to be undetectable and 
resonate upfield of the diamagnetic envelope, as revealed by 
*H N M R  of appropriately labeled hemin (G. N. La Mar, V. 
Thanabal, R. D. Johnson, and K. M. Smith, unpublished 
results). The four propionate H p  resonate in the diamagnetic 
envelope (La Mar, 1979; La Mar et al., 1980b), and the four 
vinyl H,s all resonate upfield of 0 ppm (Thanabal et al., 
1987a). The present demonstration that peaks k and 1 cannot 
arise from the hemin dictates that they must arise from the 
proximal His- 170 P-CH,, inasmuch as the low-field hyperfine 
shifts are necessarily contact in origin (La Mar, 1979) and 
hence must originate from functional groups on residues di- 
rectly bonded to the iron. The His-170 nonlabile ring protons 
are expected to have line widths in excess of 1 kHz. The 
positions of the two signals k and 1 are consistent with those 
found in model compounds (Lauffer et al., 1983). The NOEs 
between k and 1 are too small to establish their geminal re- 
lationship (i.e., 71 = aT1, and u = -37 Hz and TI - 2 ms yield 
71 - 0.06, which is difficult to detect for two such broad and 
closely spaced lines). However, we have shown elsewhere using 
saturation transfer from H R P  to HRPCN (Thanabal et al., 
1987b) and NOES solely within HRPCN that k and 1 are 
indeed geminal partners from the His-170 P-CH2 and that the 
shifts in HRPCN can be used as a probe to establish that the 
axial histidyl imidazole is deprotonated in the cyanide-ligated 
protein. 

Second Oxidizing Equivalent in HRP-I. The NOE con- 
nectivities for compound I dictate that peak k at 21 ppm does 
not originate from the hemin, inasmuch as all side-chain peaks 
are accounted for (La Mar et al., 1981; Thanabal et al., 1986). 
Since all other hyperfine-shifted peaks, both upfield and 
downfield, arise from the hemin and magnetic anisotropy on 
the part of the low-spin Fe(1V) must be small (La Mar et al., 
1983; Balch et al., 1985), peak k must therefore also expe- 
rience primarily a contact s h f t  and hence must arise from 
an amino acid side chain, most likely the axial histidine-170. 
Its 400-Hz line width precludes it from originating from the 
ring side chain, since these protons yield line widths - 10 times 
those of methyls (La Mar, 1979; La Mar et al., 1980~).  The 
similarity of the relaxation properties of peak k relative to that 
of heme methyls in HRP-I at 15 "C and that of the now 
assigned His-170 H p  (peaks k and 1) to that of heme methyls 
in HRP at 55 OC argue that k arises from the same functional 
group in H R P  and HRP-I. Hence we must conclude that it 
originates from a His- 170 P-H. Attempts to detect a geminal 
partner NOE to peak k in the diamagnetic envelope were 
unsuccessful because of the large solvent resonance (see above). 

It is noteworthy that, in spite of the very different electronic 
structures of HRP [Fe(III), S = 5/2] and HRP-I [Fe(IV), S 
= 1 weakly coupled to a S = ' /2  radical], the iron electron 
spin relaxation times of the former at 55 OC and the latter at 
15 OC must be quite similar in order to yield such similar 
nuclear relaxation times (see Table I). In fact, the various 
heme substituents exhibit Tls which are essentially the same 
in HRP and HRP-I, and reflect the distance to the iron center. 
Thus peak k in HRP-I, assigned to the His-170 H,, exhibits 
the same shortened T I ,  relative to that of a heme methyl or 
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mation of compound I are not readily carried out for HRP 
and CcP, since there appears to be little structural homology 
in this region (Welinder, 1985). The significance of the ro- 
tation of the 6-propionate upon formation of HRP-I cannot 
be assessed at this time but may become apparent once an 
X-ray crystal structure of resting-state HRP becomes available. 
Since i t  has been shown that the cofactor, benzhydroxamic 
acid, makes van der Waals contact with the a-methylene 
protons of the 7-propionate group (Thanabal et al., 1987b), 
the complete absence of changes in the orientation of this side 
chain suggests that the substrate binding site is not significantly 
altered upon formation of HRP-I. 
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I I 

A B 
FIGURE 5 :  The 7-propionate (A) and 6-propionate (B) a-methylene 
group orientation in HRP and HRP-I as determined by the pattern 
of contact shifts as reflected by eq 5 .  The view is along the C,-C, 
axis where C, is the appropriate pyrrole carbon for each propionate 
and the z axis is along the p z  axis of each of the Cp, orbitals. The 
heme plane is shown as a horizontal open line. The orientation in 
resting state HRP is given by solid lines, and changes in orientation 
upon formation of compound I are indicated by broken lines. Solely 
the 6-propionate a-CH2 rotates by - 5' counterclockwise upon 
formation of HRP-I. 

the two geminal methylene protons, q and r, of a propionate 
side chain must obey the relation 

(5) z,, = ( A H / H ) , / ( A H / H ) ,  = cos2 $,/cos2 f& 
where, necessarily, @r = 120 - $Jq. 

For the 7-propionate group, the contact shifts for g and h 
are 44.8 and 28.2 ppm, yielding Z,, = 1.6 and $Jg = 56' and 
@,, = 64', as depicted in part A of Figure 5. Upon formation 
of HRP-I, the 20.6 and 12.0 ppm contact shifts* for g and h 
lead to Z = 1.6, which dictates no change in the orientation 
of the 7-propionate group. For the 6-propionate group, the 
contact shifts for peaks i and j in HRP are 42.6 and 38.1 ppm, 
which gives Z = 1.10 and demands that $i = 59 and c$~ = 61'. 
Upon formation of HRP-I, the difference in  contact shifts 
increases, and the relative magnitudes change significantly, 
40.5 (i) and 21.2 (j) ppm, to yield Z = 1.9 so that $i = 54O 
and $j = 66'. Thus, the 6,-methylene group rotates coun- 
terclockwise in Figure 5B by -5" upon formation o f  com- 
pound I. 

The NOE from the methylene proton adjacent to a methyl 
on a pyrrole can lead to an estimate of the mean separation. 
While the absolute value of the distance is not important, the 
relative distances between the methylene proton and the me- 
thyls support the propionate orientation determined from the 
contact shift pattern above. Thus, using eq 3. the -3.0% NOE 
from 7-H, (g) to 8-CH3 in HRP, together with the 8-CH3 T ,  
of -9.8 ms yields oge = -3.0 Hz. In HRP-I, the same data 
yield oge = -3.3 Hz. indicating negligible change in orientation. 
In  the 6,-methylene group, however, the -1.8% NOE from 
6-H, (j) to 5-CH3 (peak c, T ,  - 6.9 ms) yields ujc = -2.6 Hz 
for resting-state HRP, which in HRP-I (-3.9% NOE. T ,  - 
7.5 ms) is increased to -5.2 Hz, indicating a significant (- 
12%) decrease in the 6-H,-5-CH3 distance. Such a decrease 
in distance is consistent with the direction of the rotation 
determined for the ratio of contact shifts (eq 5 ) .  Thus both 
the change in methylene contact shift ratios and the NOES 
to the adjacent methyl group argue that compound I formation 
for HRP is accompanied by a -5' counterclockwise rotation 
of the 6-propionate group, as illustrated schematicallv in Figure 
5. 

In CcP both propionates point toward the protein surface, 
with the 6-propionate hydrogen bonded to a Lys and to several 
water molecules in a surface crevice (Finzel et al,, 1984). 
Comparison of changes in propionate orientation upon for- 

' A diamagnetic reference of 3.5 ppm is used for heme a-methylene 
_ _ _ ~ _ _ _ _ _ _  

groups. 
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ABSTRACT: Porcine adenylate kinase was subjected to one- and two-dimensional proton NMR studies in 
order to identify amino acid spin systems and obtain sequence-specific resonance assignments. With a 
combination of results from a map of side-chain distances resulting from the refined X-ray crystallographic 
data and nuclear Overhauser effect spectroscopy (NOESY), assignments are suggested for all the aromatic 
spin systems. 

Adeny la t e  kinase (ATP:AMP phosphotransferase, AK;' EC 
2.7.4.3) catalyzes the transfer of the terminal phosphoryl group 
from adenosine triphosphate to adenosine monophosphate in 
the presence of a divalent metal ion, physiologically Mg2+, 
according to (Noda, 1973) 

ATP*Mg2+ + AMP c-, ADP.Mg2+ + ADP 

The three-dimensional structure of the substrate-free porcine 
muscle protein (AK1) is well-known from X-ray studies 
(Schulz et al., 1974). The crystal structure of the yeast 
adenylate kinase (AK,) loaded with the presumed bisubstrate 
analogue AP5A was determined only recently (Egner et al., 
1987). 

Although there is plenty of evidence that the AP5A complex 
of pig AK1 mimics the active structure of the enzyme, evidence 
for this property of the corresponding yeast or Escherichia coli 
adenylate kinase (AK,) complex is less clear (Lienhard & 
Secemski, 1973; Feldhaus et al., 1975). NMR studies on the 
location of the nucleotide binding sites in mammalian AKI 
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were performed (Smith & Mildvan, 1982; Fry et al., 1985, 
1987). The nucleotide sites as derived from these NMR 
studies are incompatible with the ones obtained from the X-ray 
studies of the AK,.AP5A.MgZ+ complex crystal structure. 
Thus, the location of the two nucleotide binding sites is still 
under debate. 

The NMR studies suffer from, among other things, the fact 
that only sequence-specific resonance assignments for the im- 
idazole C2 proton of His'89 and the C2 and C4 protons of the 
imidazole ring of His36 were obtained in porcine AK1 
(McDonald et al., 1975; Kalbitzer et al., 1982). Several spin 
systems of aromatic side chains could be identified at 360 MHz 
(Rosch & Gross, 1985). In order to obtain more sequence- 
specific resonance assignments of the porcine AK1 proton 
NMR spectrum in the aromatic region, resolve some ambi- 
guities in earlier work, and get spin system identifications in 
the aliphatic region we undertook two-dimensional NMR 

Abbreviations: AK, adenylate kinase (EC 2.7.4.3.); AP,A, P',Ps- 
diadenosine pentaphosphate; COSY, correlated spectroscopy; DQF, 
double quantum filtered; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; 
NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effect 
spectroscopy; TOCSY, totally correlated spectroscopy; TQF, triple 
quantum filtered. 
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