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ABSTRACT: Electron nuclear double resonance (ENDOR) and the related pulse technique of pulse field 
sweep EPR (PFSEPR) were used to probe the site I environment of Mnz+ in the oxalateATP complex 
of pyruvate kinase. Assignment of features and an estimate of hyperfine couplings have shown proximity 
of protons to the metal ions through their dipolar interaction and proximity of 31P and 170 because of a 
contact interaction from direct Mnz+-ligand covalent spin transfer. Since Mnz+ is a spin 5/z ion whose Ms 
= &'/z, k 3 / 2 ,  and electron spin states can all contribute to EPR and ENDOR, we have developed 
experimental and theoretical strategies for elucidating hyperfine couplings to the Mn2+ electron spin states. 
Solvent-exchangeable proton ENDOR features were evident with couplings very similar to the hyperfine 
couplings of HzO in [Mn(HzO)#+. ENDOR of exchangeable, more distant protons originated from a 
dipolar coupling such as could be expected from protons residing 5.5 A from Mnz+ and hydrogen-bonded 
to a nonliganding oxygen or nitrogen. Nonexchangeable proton ENDOR features indicated dipolar coupling 
to proton(s) from the protein residing at -4.5 A from the Mnz+. The -4-MHz 31P phosphate hyperfine 
couplings in Mn(I1)-nucleotide models and in pyruvate kinase were similar, but a detailed ENDOR and 
PFSEPR comparison revealed that the hyperfine coupling to the ATP y-phosphate in pyruvtae kinase was - 10% less than coupling to phosphates of Mn(I1)-nucleotides. [In pyruvate kinase only the y-phosphate 
has been shown to bind to Mnz+ at site I (Lodato & Reed, 1987).] Well-resolved ENDOR features from 
31P y-phosphate of pyruvate kinase and Mn(I1)-nucleotide models were observed at a low field, 11 50 G 
below g = 2.00, where they showed coupling to the electron MS = -"/z state. The excellent resolution of 
31P phosphate ENDOR at this low field was attributed to angle selection due to the proximity of a zero-field 
splitting axis and a 31P hyperfine axis. 170 couplings from isotopically enriched [y-"O]ATP and [170]- 
oxalate were particularly evident in the outlying wings of the EPR line - 1000 G above and 1000 G below 
g = 2.00. The intrinsic hyperfine couplings to [y-l'O]ATP and [170]oxalate were in the 8-10-MHz range 
and somewhat larger than couplings previously observed from Hz170 of [Mn(Hz0)6Iz+. This work has 
established conditions for resolving 170 ENDOR features from oxygen ligands which are the most prevalent 
ligands of Mn2+ in biological systems. The spectroscopic resolution and assignments are at a stage of 
refinement where proton, 31P, and (especially) 170 features can be used as probes for small electronic and 
structural changes at  site I. 

The purpose of this work was to probe the vicinity of the 
enzyme-bound MnZ+ which is intimately involved in activating 
enzyme-catalyzed phosphoryl transfer. In pyruvate kinase 
the metal sites form the nucleus of a scaffold upon which 
substrates (ADP and phosphoenolpyruvate) are aligned. 
Phospho bonds are labilized so that the substrates are in the 
right proximity for reforming an ATP product and for 
tautomerizing the pyruvate product from its enol to its keto 
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form. NMR and EPR' have given information on exchange- 
ability (Mildvan & Cohn, 1970;Sloan & Mildvan, 1976) and 
identity (Lodato & Reed, 1987; Buchbinder & Reed, 1990) 
of metal ligands, and the X-ray structure at 2.6-A resolution 
is available for the apo protein (Stuart et al., 1979; Muirhead 
et al., 1986). The binuclear metal center at the active site of 
pyruvate kinase offers a good opportunity to examine inter- 
actions of the inorganic cations with ligands from the substrate 
molecules through superhyperfine couplings between para- 
magnetic metal ions and ligand nuclei. Using ENDOR and 

Abbreviations: CW, continuous wave; ptp, peak to peak G, gauss; 
kG, kilogauss; ENDOR, electron nuclear double resonance; EPR, electron 
paramagnetic resonance; PFSEPR, pulse field sweep EPR, i.d., inside 
diameter; o.d., outside diameter; RF, radio frequency; up free proton 
NMR frequency; 31v, NMR frequency of free 31& 17v, NMR frequency 
of free 1 7 0  ve, microwave resonance frequency. 
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PFSEPR, we have probed the superhyperfine couplings which 
characterize ligand nuclei and are sensitive to Mn2+-ligand 
distances. 

The picture of the pyruvate kinase active site which is 
presently available is one where there are two nearby divalent 
metals (Gupta et al., 1976; Gupta & Mildvan, 1977; Baek & 
Nowak, 1982; Muirhead et al., 1986; Lodato & Reed, 1987; 
Buchbinder & Reed, 1990). We refer to the binding sites for 
the two nearby divalent metals as site I and site 11. Metal ions 
with larger ionic radii like Mn2+ bind at protein-based site I 
even in the absence of substrate; smaller metals like Mg2+ 
bind to the enzyme at site I1 as a complex with nucleotide 
substrate. Site I and site I1 metals are so close that they can 
magnetically interact (Gupta, 1977; Lodato & Reed, 1987). 
A monovalent cation is an important cofactor for pyruvate 
kinase; the enzyme in the presence of K+ has a - 12-fold 
higher V,,, than when Na+ is present (Nowak & Suelter, 
198 1). NMR relaxivity of monovalent metal nuclei (Raushel 
& Villafranca, 1980), EPR of thallium(1) superhyperfine 
couplings (Lord & Reed, 1987), and ESEEM measurements 
(Tipton et al., 1989) have indicated physical proximity of the 
monovalent metal ion binding site to Mn2+ at site I. 

This study is aimed at the ATP-oxalate complex. Oxalyl 
phosphate is a substrate for pyruvate kinase, reacting with 
ADP at the active site to produce oxalate and ATP (Kofron 
& Reed, 1990). A previous EPR study with 170-ligated 
substrate has shown that in this complex ATP's y-phosphate 
is simultaneously ligated to both site I and site I1 metals, and 
the oxalate is bound through two carboxylic acid oxygens of 
oxalatetoMn2+at site1 (Lodato &Reed, 1987). Thecomplex 
is thus an enzym-xalate-Mn(I1)-ATP-Mg(I1) complex. 
Besides the two oxalate oxygens and the y-phosphate oxygen, 
the other Mn2+ligands at site I area water oxygen and probably 
two oxygens contributed by protein moieties such as the 
carboxylate of Glu-27 1 and the main-chain carbonyl groups 
of Ala-292 or Arg-293 (Muirhead et al., 1986). A schematic 
of the local environment of Mn2+ at site I and of its ENDOR- 
detected nuclei is shown in Figure 1. 

Because S = 5/2 Mn2+ has long relaxation times in 
comparison to other metals like iron, the paramagnetic Mn2+ 
gives an EPR spectrum even at room temperature, from which 
Mn2+ hyperfine couplings and the magnitude of zero-field 
splittings can be determined (Reed & Markham, 1984; 
Markham et al., 1979). Considerableinformation on theMn2+ 
site in pyruvate kinase and other kinases has emerged from 
EPR studies, especially those at Q-band where line broadening 
from zero-field splittings is diminished (Reed & Markham, 
1984). The identity of phosphate, oxalate, and water oxygen 
ligands to site I has been determined from EPR line broadening 
brought on by specific 170 isotopic labeling (Lodato & Reed, 
1987; Buchbinder & Reed, 1990). There is a perturbation 
to the zero-field splittings from Mn2+ at site I when one changes 
the metal at site 11, and also a perturbation to the zero-field 
splittings at site I from altering the monovalent cation 
(Buchbinder & Reed, 1990). In most cases EPR cannot 
resolve detailed hyperfine couplings of ligand nuclei like I7O, 
31P, or 'H2O at Mn2+, and the explanation for Mn2+ zero- 
field splittings is complex (Blume & Orbach, 1961; Sharma 
et al., 1966). Thus, there is reason for turning to magnetic 
resonance techniques like ENDOR (Scholes, 1979), PFSEPR 
(Falkowski et al., 1986), or ESEEM (LoBrutto et al., 1986; 
Tipton et al., 1989; Larsen et al., 1992) with higher spectral 
resolution if we want explicit information on electronic 
structure, ligand identity, or the position of protons which are 
not resolvable by X-ray and which may not exchange on a 
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FIGURE 1: A schematic of the Mn2+ environs in pyruvate kinase as 
determined by a combination of information from Lodato and Reed 
(1987), Buchbinder and Reed (1990), and Muirhead et al. (1986). 
For this sample, metal I is MnZ+ and metal I1 is Mg2+. The nuclei 
with asterisks are the ones probed and observed by ENDOR. The 
exact identity and position of distant, non-water protons with asterisks 
are somewhat speculative. An exchangeable distant proton, whose 
ENDOR frequency implied a 5.5-A distance from Mn*+, is shown 
as hydrogen-bonded to oxalate; a non-exchangeable roton, whose 
ENDOR frequency implied a 4.5-A distant from MnE, is shown as 
part of the liganding protein side chain. 

time scale amenable to NMR relaxation measurements. 
The technique of electron nuclear double resonance (EN- 

DOR) gives great sensitivity in detecting and resolving electron 
nuclear superhyperfine coupling frequencies to metal ligands 
(Scholes, 1979). One observes nuclear transitions from their 
perturbation to the electron spin because RF-induced tran- 
sitions of those nuclei that are hyperfine coupled to the electron 
spin alter effective electron spin relaxation rates and lead to 
an ENDOR-induced change in the EPR signal. The primary 
information from ENDOR is the ENDOR frequencies; 
ENDOR intensities can depend in an involved way upon such 
parameters as temperature, microwave and RF power, and 
field modulation. The ENDOR technique is more sensitive 
to large hyperfine couplings and gives the best spectral 
resolution when first-order hyperfine or Zeeman terms 
predominate. The complementary technique of ESEEM is 
most sensitive for detecting weak hyperfine interactions, 
particularly if hyperfine, quadrupolar, and nuclear Zeeman 
terms are comparable in magnitude and cause considerable 
forbidden character in underlying EPR transitions. 

At first glance, Mn2+ systems with their long relaxation 
times would seem easy candidates for ENDOR. However, 
the frozen solution ENDOR spectra can be made complex by 
couplings to the various MS electron spin states of the electron 
spin 5 / 2  manifold and in some cases (such as with water 
protons) by the anisotropic electron-nuclear hyperfine in- 
teraction. A spin 5 / 2  Mn2+ ion having magnetic quantum 
numbers MS = f 1 / 2 ,  f3 /2 ,  and f 5 / 2  and small zero-field 
splittings has overlapping electron spin EPR transitions. Even 
in so simple a system as [Mn(H20)a12+, which yields only 
proton ENDOR, the result is a set of overlapping ENDOR 
patterns from proton nuclear coupling to each MS state. In 
anticipation of such complexity in enzyme systems, we have 
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experimentally obtained and theoretically explained frozen 
solution ENDOR patterns from 'H (Tan et al., 1993) and 1 7 0  
(Tan, 1993; X. Tan, M. Bernardo, H. Thomann, and C. P. 
Scholes, unpublished data, 1993) of HzO bound to [Mn- 
(HzO)~] 2+. Our preliminary work provided underpinnings 
for understanding frozen solution ENDOR patterns from 
ligands toS = 5 / 2  MnZ+, and it has alerted us to complications 
that we may expect from other types of nuclei coupled to the 
various electron spin states of Mn2+. 

EXPERIMENTAL PROCEDURES 
Methods. In doing CW EPR and ENDOR at liquid helium 

temperatures, we typically monitored the 100-kHz field- 
modulated dispersion (x') EPR signal under conditions of 
adiabatic rapid passage (Portis, 1955; Hyde, 1960). Standard 
absorption derivative EPR (dx"/dH) yields well-resolved 
features where the EPR intensity is changing rapidly with the 
magnetic field, for example, 55Mn hyperfine features from 
MnZ+ systems near g = 2.00. On the other hand, dispersion 
adiabatic rapid passage yields a spectrum having the a p  
pearanceof an inverted absorption pattern (not its derivative). 
The rapid passage signal continues to be found well out in the 
wings of the MnZ+ signal in those regions lacking obvious 
EPR-detectable hyperfine detail. However, there is consid- 
erable hyperfine detail beneath such a rapid passage signal 
which ENDOR carried out under conditions of rapid passage 
will resolve. In doing ENDOR, we monitored the RF-induced 
change in the 100-kHz field-modulated adiabatic rapid passage 
EPR signal as we swept the frequency of the ENDOR RF 
field (Tan et al., 1993). Observation of most ENDOR features 
was done with a 100-kHz modulation of 1-3 G ptp, which we 
consider as a relatively large modulation field that will enhance 
larger hyperfine couplings.2 

For doing PFSEPR, saturating microwave pulses were 
followed by a field sweep at low monitoring microwave powers, 
and systematic patterns of transferred saturation, which we 
have identified with forbidden AMs = 1, AMI # 0 EPR 
transitions, were monitored (Falkowski et al., 1986). PFSEPR 
is a technically straightforward, low-power pulse technique 
that uses only the microwave power output of the klystron in 
our Bruker EPR spectrometer, low-power switching diodes, 
a simple home-built pulse programmer, and the rapid scan 
coils that are standard with a Bruker commercial EPR 
spectrometer. 

Muteriuls. Small Mn2+ complexes were prepared as frozen 
glasses in a 1:l mixture of 50 mM pH 7 Hepes buffer and 
glycerol (Tan et al., 1993). The deuterated solvent used for 
thesestudies was a 1:l mixtureof buffer prepared with 99.9% 
D2O and with glycerol-d3 (where exchangeable OH protons 
but not the CH protons were deuterated by repeated exchange 
with DzO). The glycerol performed as a glass former to prevent 
aggregation of paramagnetic centers upon freezing and to 
prevent subsequent unwanted spin-spin interactions between 
paramagnetic species. In the absence of glycerol there was 
evidence for aggregation of these small complexes; notably, 
there was a significant g = 4 signal, no rapid passage EPR 
signals could be obtained, and no CW ENDOR spectra under 
conditions of rapid passage could be observed. 
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FIGURE 2: A comparison of absorption derivative spectra (dx" JdH) 
for pyruvate kinase samples prepared with (A) and without (B) 
glycerol. The temperature was 4.2 K and the microwave frequency 
9.1928 GHz for (A) and 9.2122 GHz for (B). The 100-kHz 
modulation was 3 G ptp and microwave power 1 pW. Each spectrum 
represents four sweeps of 100-s duration over a l-kG range. 

Mn(I1)-nucleotide complexes (ATP, CTP, ADP) were 
prepared in the above solvent and were 1 mM in MnCl2 and 
10 mM in nucleotide. In aqueous samples at room temperature 
such a 10-fold ratio of nucleotide to Mn2+ was adequate to 
eliminate the narrow six-line EPR spectrum of freely tumbling 
[Mn(Hz0)6] z+. The purpose of these nucleotide model studies 
was to provide information and conditions about where one 
might expect ENDOR signals from Mnz+-ligated 31P phos- 
phate. 

Pyruvate kinase was prepared from rabbit skeletal muscle 
according to the method of Tietz and Ochoa (1958). [170]- 
Oxalate was prepared by acidic exchange as described 
previously (Ash, 1982; Lodato & Reed, 1987) and was enriched 
to 50 f 2 atom '5% in l7O. Samples of [y-170]ATP were 
prepared as described by Leyh and Reed (1 985) and were 
enriched to 45 f 4 atom '5% in 1 7 0 .  Lodato and Reed (1987) 
have shown that additions of MgClz to solutions of enzyme, 
MnClz, oxalate, and ATP resulted in formation of a dominant 
complex of the form enzyme-oxalateMn(I1)-ATP-Mg(I1). 
In our samples the solution contained 50 mM Hepes/KOH, 
pH 7.5, 55 mM KC1,2.3 mM enzyme sites, 5.5 mM oxalate, 
2.8 mM ATP, 0.82 mM MnClz, and 6.3 mM MgC12. These 
concentrations had previously been determined to result in 
the formation of a dominant complex of the form enzyme 
oxalateMn(I1)-ATP-Mg(I1). Although it was possible to 
obtain an EPR signal from pyruvate kinase in the absence of 
glycerol cryoprotectant, the ENDOR signals were much 
weaker and the EPR lines were slightly broader, indicating 
aggregation upon f r ~ z i n g . ~  Standard absorption EPR spectra 
with and without glycerol are shown in parts A and B, 
respectively, of Figure 2. These spectra are similar, although 
the narrower EPR lines and slightly greater detail show that 
cryoprotectant eliminates protein aggregation and freezing- 
induced distortion of the MnZ+ active site. 

Samples prepared with [170]oxalate or with [yJ70]ATP 

A peculiarity of CW ENDOR on the Mn2+ samples and on [Mn- 
(H20),#+ (Tan et al., 1993; Tan, 1993; X. Tan, M. Bemardo, H. 
Thomann, and C. P. Scholes, unpublished data, 1993) was that they 
showed a large upward drift in the baseline below about 3 MHz 80 that 
we have not shown CW ENDOR spectra below 3 MHz. This upward 
drift did not appear in the pulsed ENDOR spectra (Tan et al., 1993; Tan, 
1993; X. Tan, M. Bemardo, H. Thomann, and C. P. Scholea, unpublished 
data, 1993). 

Many paramagnetic systems aggregate upon freezing, and the spin- 
spin interactions between paramagnetic centers broaden EPR signals 
(Leigh & Reed, 1971). In this work such interactions eliminate rapid 
passage EPR and ENDOR signals. The freezing process in the absence 
of cryoprotectants may lead to ice crystals and to phases in the immediate 
protein vicinity where salts are in high concentration (Yang & Brill, 
1991). Ice crystals and regions of high ionic strength tend to distort 
protein structure. 
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were prepared with deuterated solvent containing 99.9% ’H20 
and glyceroLd3 to diminish spectral overlap of 170 ENDOR 
with exchangeable proton ENDOR, although there was still 
overlap of nonexchanged protons and 170 ENDOR features. 
Solutions of the protein were concentrated by vacuum dialysis, 
diluted 4-fold with buffer in 99% 2H20 (pD 7.5) and 
reconcentrated. This process was repeated four times. Q-band 
EPR spectra of the samples were identical to those reported 
previously, including inhomogeneous broadening from [y- 70]- 
ATP and [170]oxalate (Lodato & Reed, 1987). 

RESULTS AND DISCUSSION 

EPR Results. Because of zero-field splittings, the EPR 
spectrum of an S = 5 / 2  Mn2+ system like pyruvate kinase will 
be broadened, and the EPR intensity away from g = 2.00 will 
contain significant contributions from MS = f5/2 and f 3 / 2  

electron spin states. Intense and well-resolved central EPR 
featuresasin Figure2fromthel-l/’) EPRtransition 
as observed by first-derivative absorption (dx”/dH) have 
shown ”Mn hyperfine structure, higher order effects of zero- 
field splittings, and at Q-band even broadening from 170- 
containing ligands (Lodato & Reed, 1987; Buchbinder & 
Reed, 1990). However, other EPR transitions of the S = 5 /2  

manifold contribute significantly to the ENDOR spectrum as 
carried out with adiabatic rapid passage. It is highly significnat 
for this work that ENDOR, when carried out under conditions 
of adiabatic rapid passage, samples contributions from these 
other transitions. 

The adiabatic rapid passage signal from [Mn(Hzo)~j]~+ is 
compared in Figure 3A to that of Mn2+ from pyruvate kinase 
in Figure 3B; the pyruvate kinase spectrum is broader because 
of larger zero-field splittings. Because of its dependence on 
relaxation times, microwave power, and field modulation 
frequency and amplitude, an adiabatic rapid passage signal 
might not be precisely similar to an absorption spectrum such 
as is measured by spin-echo detection (Tan et al., 1993). 
However, for [Mn(H20)6]’+ there was striking similarity 
between the spin-echo-detected absorption and the CW- 
detected dispersion adiabatic rapid passage line shapes. 

EPR Theory and Discussion. For [Mn(Hzo)~j]’+ Tan et 
al. (1993) obtained the contributions to the EPR line shape 
from AMs = 1 EPR transitions. These are the EPR transitions 
that contribute to the ENDOR features that arise from 
different Ms spin states. We have done likewise here for 
Mn2+ in pyruvate kinase. The spin Hamiltonian, 7fc, which 
we have used is 

%, = gJ3,H-S + D[S,Z - 1/3S(S + l)] + E[S,Z - S:] + 
A1.S (1) 

where the first term is the dominant electron Zeeman 
interaction with an isotropic g-factor of 2.00. The “z” axis 
is the direction of axial distortion, and the “x” and “y” axes 
are the directions of rhombic distortion. Thus, the second 
and third D and E terms in the spin Hamiltonian are, 
respectively, the tetragonal and rhombic zero-field splitting 
terms. (A suggestion for the direction of axial distortion could 
be the pseudo-3-fold axis of symmetry triangulated by the 
three negative 0 ligands from oxalate and y-phosphate of 
ATP.) The fourth term is an essentially isotropic electron- 
nuclear hyperfine coupling (of order -90 G) with the Z = 5/2 

nucleus of ”Mn. When the electronic Zeeman term is 
dominant and zero-field splitting and ”Mn nuclear hyperfine 
terms provide first-order perturbation, AMs = 1 EPR 
transitions occur at the magnetic fields, given by eqs 2-6, 
within theS = 5 / 2  manifold (Reed & Markham, 1984). B and 
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H = Ho + Am, + 2[D(3 cos’ 8 - 1) + 3E sin’ 8 cos 241 

I+~/’, m I )  - I+’/’, m,) (3) 

H = Ho + A m , -  2[D(3 cos’8- 1) + 3E sin’8 cos 241 

k3/’* m,) - kl/’, 111,) (4) 

H = Ho + Am, + [0(3 cos2 B - 1) + 3E sin2 8 cos 241 

I+’/’, m,) - I+~/’, m,> ( 5 )  

H = Ho + Am,- [D(3 cos’ 8 -  1) + 3E sin2 8 cos 241 

4 denote the polar and the azimuthal angles that the applied 
magnetic field makes with respect to the zero-field splitting 
axes. The 55Mn nuclear quantum numbers are m1 = &/2, 

f3/’, and f1/2. HO is the resonant field at the g 3 2.00 center 
of the EPR pattern; HO is approximately 3.25 kG for our 
work. Powder patterns computed for each of the transitions 
of eqs 2-6, where the magnitudes of D and E were, respectively, 
300 and 60 G (Buchbinder & Reed, 1990), are shown in Figure 
3C. These simulations were performed for an S = 5/2 spin 
system at T = 1.8 K, where the MS quantum states with the 
more negative quantum numbers (notably, MS = -3/2 and 
-5/2) are the more highly populated and contribute greater 
integrated EPR intensity. 

The purpose of these simulations was to estimate the spread 
of the overall EPR spectrum and estimate where particular 
EPR transitions and MS spin states would predominate. First- 
order theory was used since the spread of the overall EPR 
spectrum is predominated by first-order zero-field splitting 
contributions. We point out that this first-order treatment 
would be inadequate to predict the exact position of each 
”Mn hyperfine line within the set of b1/2) - I+*/’) transitions 
that predominate in the absorption derivative spectra near g 
= 2.00 as shown in Figure 2. In predicting such fine detail, 
even third-order theory which works well for Q-band spectra 
(Reed & Markham, 1984) is inadequate for X-band spectra. 

The outlying features away from g = 2.00 can be effective 
at selecting subsets of molecules near principle zero-field 
splitting axes. Regardless of the signs of D and E, the outlying 
features will be from the t S / 2 )  - t 3 / 2 )  and the 13/2) - 15/2) 

transitions. On the other hand, near g = 2.00 all transitions 
will contribute, and in particular for the F1/2) - 1+1/2) 
transition, all orientations of axes with respect to the static 
field will be observed. The sign of D in [Mn(HzO)a12+ 
complexes is negative (Tan et al., 1993), and for the simulation 
of Figure 3C we took both D and E negative (although only 
the magnitudes of D and E have been determined for pyruvate 
kinase; Buchbinder & Reed, 1990). In the case of both D and 
E negative, the EPR intensity at the low end of the spectrum 
near 2.0 kG predominantly arises from the k5/2) - k3/2) 
transition, where the magnetic field is near the z axis of the 
zero-field splitting tensor; the EPR intensity from the +5/2) - k3/2) transition at the high-field end of the spectrum above 
-4.2 kG would come from sites where the magnetic field is 
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FIGURE 3: (A) Adiabatic rapid passage dispersion signal from 
[Mn(H20)6IZt in 1:1 glycerol buffer a t  2.0 K. Experimental 
conditions for this measurement were the following: v, = 9.132 GHz; 
field a t  g = 2.00, 3.26 kG; magnetic field modulation, -3.0 G ptp; 
microwave power, - 1 pW. The spectrum is the result of four sweeps 
of 100-9 duration over a 5-kG range. (B) Adiabatic rapid passage 
dispersion signal from Mn2+ in pyruvate kinase from the complex 
detailed in the Materials as prepared in deuterated solvent. Ex- 
perimental conditions for this measurement were the following: v, 
= 9.129 GHz; field at g = 2.00,3.26 kG; magnetic field modulation, 
-3.0 G ptp; microwave power, - 1 pW;.T = 2.0 K. The spectrum 
is the result of two sweeps of 200-9 duration over a 5-kG range. (C) 
Simulations of the individual contributions from each AMs = 1 EPR 
transition where the first-order formulas of eqs 2-6 were used. 
Parameters used were D = -300 G, E = -60 G, A = -90 G, and HO 
= 3.25 kG after those of Buchbinder and Reed (1990). 

near they axis of the zero-field splitting tensor. If the signs 
of both D and E were to change, the computed powder patterns 
for each transition of eqs 2-6 would be reflected through the 
magnetic field where g = 2.00. 

Proton ENDOR Results. In our preliminary study on 
[Mn(H20)6I2+ (Tan et al., 1993), a group of exchangeable 
water proton ENDOR signals was centered at the free proton 
frequency (vp) when the magnetic field was near g = 2.00. In 
Figure 4A from [Mn(H20)612+ these are labeled I, 1’; 11,II’; 
and 111,111’. In Figure 4A-C, we compare the [MnH20)612+ 
spectrum (A) to the pyruvate kinase spectra for protonated 
(B) and deuterated (C) samples. There is ENDOR evidence 
for exchangeable water protons in pyruvate kinase consistent 
with that observed from water of [Mn(H20)a12+, albeit not 
as intense. 31P and nonexchangeable proton features discussed 
below became more obvious in the deuterated pyruvate kinase 
when the overlying exchangeable proton ENDOR signal was 
eliminated. At a higher field of 3.7 kG outlying exchangeable 

5.0 10.0 15.0 20.0 

ENDOR FREQUENCY ( MHz ) 
FIGURE 4: Spectra taken to show proton adiabatic rapid passage 
dispersion ENDOR, primarily from strongly coupled exchangeable 
water protons. (A) Proton ENDOR spectrum taken from [Mn- 
(H20)6I2+ in protonated buffer near g = 2.00. Features labeled 1, 
1’; 11,II’; and 111,111’ were shown to be exchangeable features from 
liganding water protons. Conditions for detection of strongly coupled 
protons were the following: 100-kHz modulation, 1.5 G ptp; H = 
3.29 k G  ye = 9.153 GHz; microwave power, - 1 pW; T = 1.95 K. 
This spectrum represents 16 sweeps of 10-s duration into 1024 
addresses over a frequency range of approximately 25 MHz. The 
approximate RF field was 1 G ptp. (B, C) ENDOR spectra from 
pyruvate kinase in protonated solvent (B) and deuterated solvent 
(C). These spectra were taken within 250 G of g = 2.00 where all 
EPR transitions contribute to the ENDOR spectra. Features labeled 
I, I’ and 11,II’ are exchangeable and have the same splitting9 as the 
corresponding exchangeable features from [Mn(H20)6]Z+. Condi- 
tions were the following: 100-kHz modulation, 1 .O G ptp; H = 3.49 
kG; v, = 9.160 GHz; microwave power, -3 pW; T = 2.1 K. These 
spectra represent 500 sweeps of 10-9 duration into 1024 addresses 
over a frequency range of approximately 25 MHz. The approximate 
R F  field was 0.5 G ptp. (D, E) ENDOR spectra from pyruvate 
kinase in protonated solvent (D) and deuterated solvent (E). These 
spectra were taken at 3.70 kG where contributions of and f 3 / 2  
electron spin states become more significant. Conditions used were 
the same as for spectra B and C except the microwave power was - 10 pW, and the spectra represented 128 sweeps of 10-9 duration. 

proton features were again observed with somewhat higher 
intensity relative to the features near the free proton frequency, 
as shown in the comparison of protonated (Figure 4D) and 
deuterated pyruvate kinase (Figure 4E) at -3.7 kG. 

We made an effort to discover couplings to nonexchangeable 
protons and exchangeable protons having couplings less than 
those of Mn2+-liganded water protons. Such features could 
be useful in probing regions of the active site more distant 
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FIGURE 5: Spectra taken to show proton adiabatic rapid passage 
dispersion ENDOR primarily from weakly coupled protons, both 
exchangeable and nonexchangeable. These spectra were taken near 
the free proton frequency at g = 2.00, H = 3.28 kG, and v. = 9.13 
GHz, and with small field modulation to bring out weaker couplings. 
(A, B) These spectra compare weakly coupled proton spectra from 
samples prepared in protonated (A) and deuterated (B) solution. 
The field modulation was -0.15 G ptp, the microwave power was 
10 pW, and T = 2.1 K. Each spectrum represents 96 sweeps of 10-s 
duration over a 3-MHz range about the free proton NMR frequency. 
The exchangeable feature in spectrum A, whose splitting is much 
less than that of exchangeable water, has a coupling of 0.45 * 0.05 
MHz. The major nonexchangeable feature had a splitting of 0.85 
f 0.05 MHz. For the deuterated sample of (B) a derivative 
presentation, denoted as B’, is shown to enhance resolution of features 
near the free proton frequency. (C) The spectrum from pyruvate 
kinase in protonated solvent was taken with a field modulation of 
-0.6 G ptp. Its purpose is to show both the shoulders from the 
exchangeable water protons (split by 2.7 MHz) as well as the more 
weakly coupled exchangeable feature with a splitting of 0.45 MHz. 
This spectrum represents 96 sweeps of 5-s duration over an 8-MHz 
range. 

than the immediate metal ligands. A comparison of weakly 
coupled proton ENDOR signals, which are best obtained with 
small magnetic field modulation, is given in parts A (proto- 
nated) and B (deuterated) of Figure 5. The feature in Figure 
5B with a splitting of 0.85 f 0.05 MHz which persisted in the 
deuterated pyruvate kinase (and was enhanced by taking a 
derivative as shown in the inset) was clearly from nonex- 
changeable proton(s). An outer shell exchangeable feature 
with a coupling of 0.45 f 0.05 MHz is shown in Figure 5A,C. 

Proton ENDOR Discussion. The Mn2+ water proton spin 
Hamiltonian, HnUc, has the form 

dicular components of the proton-lectron hyperfine tensor, 
and the spin operators refer to the principal axis direction of 
this tensor. g n  = 5.58 for protons and vp = &H. In frozen 
solution ENDOR studies on [Mn(H2O)6I2+, values of A l  = 
-2.39 MHz and of ,411 = 7.41 MHz were experimentally 
determined from the overall liganding water proton powder 
ENDOR pattern (Tan et al., 1993). For Mn2+-ligated water 
the hyperfine tensor largely reflects a proton-Mn2+ dipolar 
interaction whose principal axis directions are parallel and 
perpendicular to the Mn2+-proton vector (DeBeer et al., 1973). 
The experimental anisotropic contributions to A 1 and All were, 
respectively, -3.27 and +6.54 MHz; the contact contribution 
was 0.88 MHz (Tan et al., 1993). Standard frequency- 
modulated absorption ENDOR of MnZ+ frozen in pH 0.07 
perchloric acid has recently provided comparable couplings 
measured near g = 2.00, where water proton couplings to the 
MS = f 1 / 2  electron spin states predominate (Sivaraja et al., 
1992). A simple point dipolar coupling (discussed below for 
31P) between a proton and a paramagnetic MnZ+ 2.8 A from 
each other would have predicted respective anisotropic 
contributions of -3.6 and +7.2 MHz to A 1  and All. 

In frozen solution one obtains a powder ENDOR pattem 
whose details we have experimentally measured and theo- 
retically simulated for [Mn(H20)6]2+ (Tan et al., 1993). In 
that work we determined that each Ms electron spin state 
would have effective parallel and perpendicular couplings of 
MsAll and MsAL, In the powder pattem well-resolved extrema 
occurred with ENDOR frequencies of VENDOR = Ivp - MsAlI, 
and these extrema accounted for features like those in Figure 
4A which were assigned as I, I’ (from Ms = -l/z, +‘/z); 11, 
11’ (from MS = -3/2, +3/2); and 111, 111’ (from Ms = - 5 / ~ ,  

+5/z). These features came from orientations where the 
magnetic field is perpendicular to a water proton-Mn2+ 
direction, and with six water molecules octahedrally arranged 
in [Mn(H20)612+ there was ample opportunity for such 
directions to be sampled in frozen solution, especially near g 
= 2.00. Other weaker shoulders occurred with frequencies 
given by VENDOR = IvP - MsAilI. 

With pyruvate kinase, proton features having couplings 
similar to those of water protons of [Mn(H~0)6]~+ were 
observed in Figure 4B,D, and these were similarly labeled. At 
fields away from g = 2.00 there were relatively more intense 
contributions from f 3 / 2  and f 5 / 2  electron spin states whose 
features are shifted away from vP; such features are particularly 
noticeably from pyruvate kinase in Figure 4D. It is clear that 
in comparison to [ Mn(H20)6]2+ the outlying exchangeable 
proton features are reduced several-fold in intensity in 
agreement with the smaller number of water ligands for site 
I Mn2+ in pyruvate kinase, but the couplings to the existent 
liganding water protons are the same as in [Mn(HzO)aI2+. 

Figure 5 was presented with the purpose of showing weakly 
coupling protons not attached to liganding water. Such 
protons, occurring 2 4  A away from MnZ+, would typically be 
coupled to the electron spin by distance-dependent dipolar 
coupling having very little covalent contact interaction, and 
their ENDOR signals may be good probes for small pertur- 
bations brought on by substrate, cofactor, inhibitor, or 
mutagenesis. In a >30 000 molecular weight protein, espe- 
cially in the vicinity of a paramagnetic metal ion, such protons 
would not be good candidates for NMR, and if these protons 
are exchangeable, it is unclear that their exchange rates with 
bulk water would lead to proton relaxivity (Cohn & Reed, 
1982). At g = 2.00 where most orientations of a proton 
hyperfine tensor can be sampled, the largest contribution to 
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ENDOR of a particular weakly coupled proton will typically 
come from the A1 component of its hyperfine tensor as coupled 
to the MS = f 1 / 2  electron spin states. (The perpendicular 
component can be found in an entire plane of orientations 
rather than along a single direction like the parallel compo- 
nent.) A 1  would be given by the simple dipolar formula A 1  
= -Adip = -g,j3,g&/R3h, where R is the Mn2+-proton 
distance. Therefore, we suspect that the 0.85-MHz coupling 
to the nonexchangeable proton in Figure 5B would be from 
a proton -4.5 A distant from Mn2+. This proton would be 
three or four bonds removed from the Mn2+, and it would 
plausibly be a -CH2 or -CH proton whose carbon was in turn 
attached to a Mn2+-liganding COOH or backbone carbonyl, 
respectively, of Glu-271 or Ala-292 or -293 (Muirhead et al., 
1986). 

The exchangeable proton indicated as the “outer shell” in 
Figure 5A,C will be at a distance of about 5.5 A from the 
Mn2+ ion if its hyperfine coupling of -0.45 MHz = A l .  Such 
a distance would be consistent with a proton hydrogen-bonded 
to a carboxyl oxygen four bonds removed from ligation with 
Mn2+. It has been noted that the amino group of Lys-265 is 
sufficiently close to the active site to be involved in the catalytic 
ketonization of bound enolpyruvate (Muirhead et al., 1986). 
Such a lysine has been suggested by Tipton et al. (1989) as 
the group having pK = 8.3 (Dougherty & Cleland, 1985) that 
is responsible for the stereospecific ketonization of enolpyruvate 
(Kuo & Rose, 1978). An intruiguing hypothesis is that the 
observed weakly coupled outer shell proton may originate from 
Lys-265 and be hydrogen bonded to the oxalate inhibitor in 
the location which it occupies when it provides a proton to 
enolpyruvate. 

31P Phosphate ENDOR and Pulse Field Sweep EPR 
Results. Mn(I1)-nucleotide complexes were first studied to 
help us in identifying features arising from 31P phosphate. 
NMR relaxation studies have indicated a, 8, and y coordi- 
nation of nucleotide phosphates to Mn2+ plus three waters of 
coordination (Sternlicht et al., 1965). On the other hand, a 
crystal structure has been presented having Mn2+ with two 
liganding ATP’s and thus six phosphate ligands (Sabat et al., 
1985). It is very likely that in our model nucleotide complexes 
there will be more than one phosphate ligand per Mn2+. Near 
g = 2.00 a feature in the 8-MHz region and a partner near 
4 MHz were observed from Mn2+-nucleotide complexes in 
both protonated and deuterated buffer. They were observed 
in CTP, ATP, and ADP complexes. These features had a 
splitting of 4.7 f 0.3 MHz, they were centered at the free 31P 
NMR frequency ( 3 1 ~  = 6.03 MHz at 3.5 kG), and they were 
observed to shift with the field as if centered at 3 1 ~ .  A shoulder 
somewhat obscured by protons also was evident near 12 MHz. 
The features are shown for Mn(II)-CTP in Figure 6 and 
Mn(I1)-ATP in Figure 7B. In Figure 6A the ENDOR 
spectrum from Mn(II)-CTP prepared in protonated solvent 
also gave evidence for exchangeable protons of water ligated 
to Mn(II)-CTP, and such protons were similar in their 
hyperfine couplings to those of [Mn(HzO)a] 2+. 

The pyruvate kinase had a feature near 8 MHz in the same 
general region as found with the nucleotide models. Figure 
7A shows this feature labeled 31P as obtained at a magnetic 
field of 3.2 kG where it had a frequency of 7.4 f 0.2 MHz. 
The corresponding feature in Figure 4C was obtained at 3.5 
kG, and it had a frequency of 8.2 f 0.2 MHz. These features 
did not move with the field like a proton, and they remained 
even after deuteration. (Because of the sloping baseline at 
frequencies below 5 MHz, it was difficult to observe any lower 
frequency partner to this feature in pyruvate kinase.) This 
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FIGURE 6: A comparison of ENDOR s p t r a  from Mn(II)-CTP 
model complexes prepared in protonated (A) and deuterated (B) 
solvent. Conditions were the following: (A) protonated solvent; H 
= 3.49 kG; 3 1 ~  = 5.99 MHz; 100-kHz modulation, 1.5 G ptp; 
microwaver power, 1 pW; RF intensity, 1 G ptp; us = 9.138 GHz; 
32 sweeps of 10-s duration; (B) deuterated solvent; H = 3.33 kG; 3 1 ~  
= 5.73 MHz; 100-kHz modulation, 1.0 G ptp; microwave power, 1 
p W ,  RF intensity, 0.5 G ptp; vS = 9.128 GHz; 64 sweeps of 5-s 
duration; T = 2.1 K. - 8-MHz signal from pyruvate kinase occurred in a frequency 
region where 31P features had been seen from nucleotide 
models. It was weaker than the 31P features of the Mn(I1)- 
nucleotide complexes, and from numerous measurements we 
estimated it to be -0.3 MHz lower in frequency than the 31P 
feature found from nucleotide models. 

At low fields where the proton NMR frequency was well 
removed and where the k5/2> - k3/2> EPR transition (see 
Figure 3C) was likely to predominate, we discovered additional 
features assignable to 31P. At an outlying field of 2.1 kG a 
nicely resolved, intense non-proton feature appeared from 
pyruvate kinase in deuterated solvent at 15.3 f 0.3 MHz, as 
shown in Figure 7C. Figure 7D showed no such features for 
[Mn(D20)6I2+, and Figure 7E showed that with a Mn(I1)- 
ATP complex in perdeuterated solvent (containing D20 and, 
for this one case, perdeuterated glycerol) there was an ENDOR 
signal in roughly the same region where the signal from 
pyruvate kinase was observed, but it was a considerably broader 
signal. The ENDOR signal at 2.1 kG from the Mn(I1)-ATP 
complex gave the appearance of a powder ENDOR pattern 
extending from about 14 to 20 MHz. 

We used PFSEPR for additional determination of 31P 
phosphate hyperfine coupling. PFSEPR features arise from 
forbidden transitions which, as noted by ESEEM researchers, 
will be particularly prominent if the effective nuclear Zeeman 
and the hyperfine couplings cancel (Larsen et al., 1992) and 
will be enhanced by state mixing due to zero-field splittings 
(Bleaney & Rubins, 1964; Coffin0 et al., 1992). Near g = 
2.00 we observed the PFSEPR features shown in Figure 8 
whose splittings, when converted to megahertz, were consistent 
with the 31P hyperfine couplings determined by ENDOR. 
The splitting (a - b or a’ - b’) as measured for the Mn(I1)- 
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FIGURE 7: Adiabatic rapid passage dispersion ENDOR evidence for IlP coupling in pyruvate kinase and in a Mn(I1)-ATP complex. (A) 
This spectrum was taken from pyruvate kinase in deuterated solvent. It shows IIP features as obtained at fields near g = 2.00. Conditions 
were the following: 100-kHz modulation, 1.0 G ptp; H = 3.23 kG; vc = 9.1 15 GHz; microwave power, -10 pW; T = 2.1 K. These spectra 
represent 128 sweeps of 10-s duration into 1024 addresses over a frequency range of approximately 16 MHz. The approximate R F  field was 
0.5 G ptp. (B) This spectrum shows 31P phosphate coupling from the Mn(I1)-ATP complex in deuterated buffer. Conditions were the 
following: 100-kHz modulation, 1.0 G ptp; H = 3.50 kG; vc = 9.167 GHz; microwave power, - 1  pW, T = 1.95 K approximate R F  field, 
1 G ptp. This spectrum represents 64 sweeps of 5-s duration over a frequency range of 25 MHz. (C) This figure was taken at  2.1 kG from 
pyruvate kinase in deuterated buffer with the purpose of showing a distinct 31P feature involving coupling to the MS = -5/2 state. Conditions 
were the following: 100 kHz modulation, 1.2 G ptp; vc = 9.124 GHz; microwave power, 10 p W  256 sweeps of 10-s duration over a 25-MHz 
range. (D) This figure was taken at 2.1 kG from [Mn(Dz0)6]2+ in deuterated buffer for comparison to spectrum C. Conditions are similar 
to those of spectrum C. (E) This spectrum was taken at 2.1 kG from Mn(I1)-ATP in perdeuterated buffer (DzO and perdeuterated glycerol) 
with the purpose of showing a distinct 31P feature involving 31P coupling to the -'/z = Ms state. Conditions were the following: 100-kHz 
modulation, 1.2 G ptp; vc = 9.124 GHz; microwave power, 10 pW; 512 sweeps of 10-s duration over a 25-MHz range. 

nucleotide models was 4.2 f 0.3 MHz. Adjacent PFSEPR 
features overlapped more than ENDOR features, and this 
overlap made their splittings appear to be slightly less than 
those measured by ENDOR. A detailed study (see Figure 9) 
of the splitting of these features from Mn(I1)-nucleotide 
complexes showed that their average frequency undoubtedly 
tracked the 31PNMR frequency as a function of the magnetic 
field where they were obtained. The PFSEPR features from 
pyruvate kinase had less intensity than those from the 31P in 
the nucleotide models. In the supplementary Figure 1 s  we 
show that the resolution of 31P PFSEPR spectral features 
from pyruvate kinase could be improved by Fourier filtering 
of the low-frequency components of the spectrum, and the 
resultant 31Psplittingsasdetermined by PFSEPR were - 10% 
less than the splittings from the 31P phosphate of the nucleotide 
models. The outcome of the PFSEPR studies is that we 
confirmed through a technically much simpler method than 
ENDOR or ESEEM 31P hyperfine couplings that are most 
certainly unresolved by direct EPR. 

31P Phosphate ENDOR and PFSEPR Discussion. 31P is 
a spin l / 2  nucleus, and in line with our previous work on protons 
(which are also spin '/2 nuclei) one expects 31P to have first- 
order ENDOR frequencies given by 

VENDOR = 131y - (8) 
PFSEPR splittings, 6 ~ ,  away from the position of the initial 
pulse, are similarly related: 

6, = *i3lP - MsAI/(gge) (9) 
Near g = 2.00, MS = f 1 / 2  electron spin states dominate the 

EPR spectra. We aim this part of the discussion at 31P 
couplings to the MS = f 1 /2 electron spin states, although the 
feature near 12 MHz may arise from 31P coupling to the Ms 
= -3/2 electron spin state. According to eq 8, when there is 
coupling to the MS = f 1 / 2  spin states, one may expect to see 
31P features centered at the 31P NMR frequency and split 
from each other by the hyperfine coupling A .  The ENDOR 
features from the nucleotide model complexes were split by 
A = 4.7 f 0.3 MHz; we take the sign of A as positive in accord 
with Stemlicht et al. (1965) and Larsen et al. (1992). Since 
the ATP in frozen solution probably provided a multidentate 
ligand for Mn(I1)-ATP, this coupling may be the average 
coupling for a-, 8-, and y-phosphates, or it may be dominated 
by whichever of a, j3, or y more strongly binds to the Mn2+. 
Because the lower frequency partner predicted at I3lv - l/2AJ 
by eq 8 is obscured by the baseline in pyruvate kinase, we have 
taken the feature observed in the 8-MHz region to be the 
higher frequency Zeeman partner at I3lv + '/AI, and so we 
obtained a coupling of A = 4.2 f 0.5 MHz for the phosphate 
of pyruvate kinase. (Taking only the higher frequency Zeeman 
partner in computing the hyperfine coupling for the Mn(I1)- 
nucleotide model complexes continued to give A = 4.7 MHz 
for them.) In either pyruvate kinase or the Mn(I1)-nucleotide 
models the 31P hyperfine couplings are of the same order as 
those determined near g = 2.00 by ESEEM measurements of 
pyruvate kinase (Tipton et al., 1989) and other Mn2+ proteins 
(LoBrutto et al., 1986; Larsen et al., 1992). By comparing 
couplings measured by ENDOR with each other and by 
comparing couplings measured by PFSEPR with each other, 
we determined that 31P couplings measured near g = 2.00 
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by eq 8 as I3lu + 5/2Al.4 Since 3 1 ~  is 3.6 MHz at 2.1 kG, the 
intrinsic hyperfine coupling of this feature is A = 4.7 f 0.1 
MHz, in comparison with the A = 4.2 f 0.5 MHz coupling 
to 31P measured in pyruvate kinase near g = 2.00. The 
implication is that we have observed the 15.3-MHz ENDOR 
feature from 31P because we have monitored the k5/2) - 
k3/2) electron spin transiti~n.~ The narrowness of the 
ENDOR transition near 15.3 MHz, which was obtained far 
out on the wings of the Mn2+ EPR line, revealed that this 
transition arose from a well-ordered subset of molecules having 
the magnetic field near an axis of the zero-field splitting tensor 
and also near a principle 31P hyperfine coupling axis? (If D 
were negative, that zero-field tensor axis would be the z axis 
as in Figure 3C.) Given its high resolution, this spectral feature 
will be a good candidate for future study of perturbation to 
the phosphate binding site in pyruvate kinase. 

The ENDOR pattern was broader near 2.1 kG with the 
nucleotide models than with the pyruvate kinase, as might be 
expected if there were several liganding 31P's arranged more 
randomly in the models. If Figure 7E reflects anisotropy in 
the 31P hyperfine tensor, then the 31P spectrum stretches from 
a broad maximum at l3'v + 5 / 2 A ~ l  = 13.65 f 0.5 MHz to a 
shoulder at I3lu + S/2Alll = 19.1 i 1.0 MHz. Thus, intrinsic 
31P couplings of AL = 4.0 f 0.2 and All = 6.2 f 0.4 can be 
computed. This AI-A1l anisotropy is consistent with a 31P- 
Mn2+ dipolar coupling of Ad = 0.73 f 0.15 MHz and an 
isotropiccoupling of 4.7 f 0.3 MHz. Such a 'IP-Mn2+ dipolar 
coupling translates into a 31P-Mn2+ distance of 3.5 f 0.2 A, 
a distance consistent with the average 31P-Mn2+ distance of 
3.30 A reported from the crystal structure of manganese- 
ATP (Sabat et al., 1985). Even though the 31P of phosphate 
is farther from Mn2+ than the proton of liganding water, its 
isotropic coupling is much larger than the -0.8-MHz coupling 
to water protons (Tan et al., 1993). The implication is that 
electron spin density is covalently transferred from Mn2+ to 
31P in a molecular orbital which includes 31P and which 
interacts through its oxygen with Mn2+ in both the Mn(I1)- 
nucleotide models and in pyruvate kinase. 
170 ENDOR Results. From recent frozen solution efforts 

on [Mn(H2l70)6I2+ (Tan, 1993; X. Tan, M. Bemardo, H. 
Thomann, and C. P. Scholes, unpublished data, 1993) and 
from previous single crystal ENDOR on this complex doped 
into a diamagnetic environment (Glotfelty, 1978), we were 
aware that 170 hyperfine tensor elements for liganding H2l7O 
were in the (-)6 to (-)9 MHz range. We knew that the 
ENDOR frequencies for 170 coupled to various MS electron 
spin states would be given by an equation like eq 10 (below) 
where the hyperfine term would be the largest, and we had 
seen that the CW ENDOR frozen solution features of [Mn- 
(H2l70)bl2+ were dominated by the A i  component of the 
hyperfine tensor. On the basis of Q-band EPR line widths, 
we expected that the hyperfine coupling to [yJ70]phosphate 
or [170]carboxylate ligands would be somewhat (-30%) 
larger than to an H2l70 ligand (Reed & Leyh, 1980). In the 
previous [Mn(H2160)6]2+ and [Mn(H2170)6]2+ studies EN- 
DOR features coupled to electron spin states with higher MS 
values gave larger effective couplings and larger ENDOR 
intensities (Tan et al., 1993; Tan, 1993; X. Tan, M. Bemardo, 
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FIGURE 8: Comparison of pulse field sweep EPR spectral evidence 
for 31P of phosphate hyperfine coupled to Mn2+ in complexes of CTP, 
ATP, and pyruvate kinase in spectra A, B, and C, respectively. These 
spectra were obtained over a sweep range of *6  G, sweep time of 20 
ms, and 2048 accumulations. Conditions were the following: 
magnetic field, 3.70 kG; modulation, -0.1 G ptp; pulse power, - 1 
mW; pulse time, 1-ms duration; monitoring power, - 1 pW. The 
complexes were prepared in protonated media. Feature a is at -% + "A/2, a' is a t  31v - 31A/2, b is a t  - 3 1 ~  - 31A/2, and b' is at 31v + 
"A/Z. Because there is considerably morespectral overlapof features 
in the PFSEPR spectra, the splitting of PFSEPR 31P features appear 
to be slightly smaller than those measured by ENDOR. 
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FIGURE 9: Average frequency of PFSEPR features b + a and b' + 
a' plotted as a function of the magnetic field, Ho, where they were 
obtained. Equation 9 predicts that if these features are from 31P, 
then this average frequency should be 3 1 ~  = 31gB+0 (where the nuclear 
g-value of is 2.24). The theoretical plot is simply a plot of 31v 
vs Ho. Experimental points were from field sweeps of h6.5 G ptp 
(+) and f13 G ptp (*). The solid line gives theoretical values. 

were smaller for the phosphate of ATP in pyruvate kinase 
than for the phosphate(s) in the Mn(I1)-ATP model. 

As pointed out in Figure 3C, EPR features observed at 
fields well removed from g = 2.00 reflect couplings to electron 
spin states having lM4 > l /2 .  Our experience with protons 
and 170 in [Mn(H20)6I2+ was that there is increased 
enhancement of ENDOR transition probability proportional 
to ( 3 1 ~  - which can be particularly significant for MS 
= -5/2 (Tan et al., 1993; Tan, 1993; X. Tan, M. Bernardo, 
H. Thomann, and C. P. Scholes, unpublished data, 1993). 
The feature near 15.3 MHz from pyruvate kinase was the 
clearest and most intense feature that we can assign to 31P, 
especially since it occurred in a frequency region not overlapped 
with protons. If the feature at 15.3 f 0.3 MHz from pyruvate 
kinase is the result of electron-nuclear coupling to the MS = 
- 5 / 2  electron spin state, its ENDOR frequency would be given 

In Figure 7C we have indicated the IIP feature as arising from 31v 
+ s/Ya (rather than $/2A* or 5/y411) and 90 have left uncertain for the 
present which principle hyperfine axis lies near the zero-field splitting 
axis. Because of the similarity of this value of A and of the A* determined 
below from the powder-broadened ENDOR of the nucleotide model, we 
suspect that the A determined from Figure 7C is in fact an A l .  

Thefeature from theMs=-3/2statewouldbeexpected tobeweaker, 
and being closer to the free proton frequency, it is apparently obscured. 
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FIGURE 10: Adiabatic rapid passage dispersion ENDOR spectra 
taken near 2.1 kG to show coupling to I7O in pyruvate kinase prepared 
either with [y-170]ATP or with [L70]oxalate as ligands at site I. 
Conditions were the following: 100-kHz modulation, - 1.2 G ptp; 
H = 2.09 kG; v, = 9.124 GHz; microwave power, 10 p W  T = 2.1 
K. These spectra were taken with sweeps of 10-s duration into 1024 
addresses over a frequency range of approximately 25 MHz. The 
solvent in all cases was DzO and glycerol-& (A) This is the ENDOR 
spectrum of pyruvate kinase having no I7O ligands and is identical 
to Figure 7C; the spectrum was taken with 256 sweeps. (B) This 
ENDOR spectrum is from pyruvate kinase prepared with [y170]ATP; 
the spectrum was taken with 256 sweeps. (C) This ENDORspectrum 
is from pyruvate kinase prepared with [170]oxalate; the spectrum 
was taken with 250 sweeps. 

H. Thomann, and C. P. Scholes, unpublished data, 1993). 
Experience told us that we would find better resolution and 
more interpretable information if we looked at outlying EPR 
features where fewer EPR transitions were present and where 
the ever-present proton ENDOR might be shifted out of the 
frequencyregion of interest. 170 ENDOR in the g = 2 region 
where electron spins with Ms = f 1 / 2  predominate was not 
easily observed. 

When the magnetic field was near 2.1 kG (1.15 kG below 
g= 2.00), weidentified170featuresasshownin thecomparison 
ofpartA (havingno 1701igands) with parts B (having [y-170]- 
ATP) and C (having [170]oxalate) of Figure 10. From the 
[y-170]ATP complex there was a peak near 13.1 f 0.5 MHz 
(possibly a double peak) and another weaker shoulder centered 
at 22 f 1 MHz. The [170]oxalate sample gave a peak 
stretching from 14.7 to 17.7 MHz, appearing to contain several 
features. These latter features did somewhat overlap with 
that previously assigned to the 31P feature, but clearly they 
were not that 31P feature. As shown in Figure 11, taken at 
the high-field part of the Mn2+ adiabatic rapid passage EPR 
spectrum at 4.4 kG (1.15 kG aboue g = 2), there was an 
obvious peak in Figure 11B from the [y-I70]ATP at 16.6 f 
0.3 MHz, and [170]oxalate features in Figure 11C stretched 
from 15 to 23 MHz. The relative positions of frequencies 
from the [y-170]ATP feature and the [170]oxalate features 
were different from those in Figure 10. There was spectral 
overlap of 170 and proton features, but there were undoubtedly 
additional 170 features from both [y-I70]ATP and [170]- 
oxalate. 

170 ENDOR Discussion. The I7O hyperfine coupling in 
[Mn(H2l70)aI2+ was dominated by a Fermi interaction (Aiso) 
of order -7.7 MHz resulting from direct transfer of electron 
spin to the liganding 1 7 0  in the u Mn2+-0 bond. The sign 
of the 170 hyperfine coupling is negative because of the negative 
nuclear g-value of 170, and the A tensor from the single crystal 

N I  \ I I \  I 

I I 

10 20 30 
ENDOR FREQUENCY ( MHz ) 

FIGURE 11: Adiabatic rapid passage dispersion ENDOR spectra 
taken near 4.4 kG to show coupling to I7O in pyruvate kinase prepared 
either with [y170]ATP or with [170]oxalate as ligands at site I. 
Conditions were the following: 100 kHz modulation, -1.2 G ptp; 
H = 4.37 kG; v, = 9.124 GHz; microwave power, 10 pW; T = 2.1 
K. These spectra were taken with sweeps of 10-s duration into 1024 
addresses over a frequency range of approximately 35 MHz. The 
solvent in all cases was DzO and glycerol-d3. (A) This is the ENDOR 
spectrum of pyruvate kinase having no I7O ligands; the spectrum was 
taken with 1OOOsweeps. (B)ThisENDORspectrumisfrompyruvate 
kinase prepared with [y-I70]ATP; the spectrum was taken with 300 
sweeps. (C) This ENDOR spectrum is from pyruvate kinase prepared 
with [170]oxalate; the spectrum was taken with 686 sweeps. 

study (Glotfelty, 1978) and from our frozen solution (Tan, 
1993; X. Tan, M. Bernardo, H. Thomann, and C. P. Scholes, 
unpublished data, 1993) ENDOR is in the range A 1  = -6.5 
MHz to All = -9.5 MHz. A recent unrestricted Hartree- 
Fock calculation on [Mn(H20)6I2+ predicted 0.21 9% unpaired 
electron spin per water oxygen and an isotropic coupling of 
-6.1 MHz (Sahoo & Das, 1989). 

The first-order ENDOR frequencies which include the large 
hyperfine term and progressively smaller nuclear Zeeman and 
quadrupolar terms are 

where A is an effective hyperfine coupling and Q an effective 
quadrupolar coupling. The 1 7 0  nuclear Zeeman interaction 
is of order 2 MHz, and in single crystals where it could be 
measured, the quadrupolar splittings were of order 1 MHz 
(Glotfelty, 1978). In frozen solutions of [Mn(H2l70)6I2+ the 
quadrupolar couplings were not resolved; the prominent 
ENDOR features were primarily indicative of A 1  = -6.5 
MHz. 

We have given complete first-order expressions in eqs 1 Oa-c 
that show quadrupolar couplings, but for initially estimating 
large hyperfine couplings, eq 10a suffices. As may sometimes 
be the case with ENDOR, not all the predicted spectral features 
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are seen? However, the evidence which we have gathered is 
sufficient for us to point out features that originate from I7O 
and to estimate the hyperfine couplings. Our observations at 
different magnetic fields give us results whose couplings are 
consistent with one another and with previous EPR and 
ENDOR inf~rmation.~ 

At the field of 2.1 kG the populated spin levels that 
contribute to the EPR spectrum are MS = -3/2 and -5/2, as 
indicated in Figure 3C and as discussed previously with 
reference to 31P ENDOR. At this field these transitions are 
from molecules near a principle zero-field tensor axis, possibly 
the z direction of the zero-field tensor. In Figure 10B we 
assign the feature from [y-170]ATP at 13.1 MHz to coupling 
to the MS = -3/2 electron spin state and the feature at 22 
MHz to coupling to theMs = -5/2 spin state. Upon application 
of eq 10a with 17v = 1.2 MHz, the result is A = -8.0 f 0.4 
MHz. Latwesen et al. (1992) reported from liquid-state 
Q-band EPR a value of 8.1 MHz for (Ai,( of Mn-ligated I7O 
for the yphosphate oxygen of GDP in res p21-Mn(II)GDP. 
That there is agreement with Ai, obtained from liquid solution 
EPR is encouraging, but since our work was carried out in 
frozen solution where angle selection due to zero-field splitting 
and hyperfine anisotropy is important, it is not obvious that 
our measured value of A is in fact Ais0 (or A L  or All). The 
[170]oxalate feature between 14.7 and 17.7 MHz showed 
more evidence of splitting than the [y-170]ATP. Although 
quadrupolar coupling could be contributing to that splitting, 
there are not the five quadrupolar features predicted by eqs 
10a-c. More straightforward explanations for the splitting 
are that there is an inequivalence of hyperfine couplings 
between the two liganding oxalate oxygens or that because of 
noncolinearity of zero-field tensor axes and [ 170]oxalate 
hyperfine axes, there is still powder averaging. These 
[170]oxalate features are most likely also coupled to the MS 
= -3/2 electron spin state so that the [170]oxalate hyperfine 
coupling is in the range -9.0 to -1 1 .O MHz8 

At 4.4 kG as shown in Figure 11 the relative position of the 
[y-170]ATP features and the [170]oxalate features differed 
from those in Figure 7 at 2.1 kG. The straightforward 
explanation is that at 4.4 kG we are probing a set of molecules 
having a different orientation with respect to the zero-field 
axis system than the features observed at 2.1 kG. (The 
interpretation of hyperfine couplings at 4.4 kG is more 
complicated by spectral overlap of proton and I7O features.) 
If coupled to the -3/2 electron spin state, the 7J70 feature 
would have a hyperfine coupling of -9.4 f 0.4 MHz. If coupled 
to the MS = -3/2 spin state, the [170]oxalate feature b has 
anintrinsiccoupling of-8.3 MHz,and the [170]oxalatefeature 
c, if coupled to the MS = -5/2, has an intrinsic coupling of -8.2 
MHz. 

170 ENDOR features can be uniquely assigned to 
[y-l70]ATP and to [170]oxalate. The I7O couplings are 
generally in the 8-1 1-MHz range, which puts them higher 
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than the couplings previously measured for H2170 ligated to 
Mn2+ in [Mn(H2O)aI2+ (Glotfelty, 1978; Tan, 1993; X. Tan, 
M. Bernardo, H. Thomann, and C. P. Scholes, unpublished 
data, 1993) and dominated by covalent spin transfer. It is 
clear that both [yl70]ATP and [170]oxalate ENDOR 
features are sufficiently narrow that small changes in them 
can be identified in future experiments aimed at perturbing 
the active site I of pyruvate kinase by a change in pH, change 
in the monovalent activating cation, and change in the site I1 
metal. 

CONCLUSIONS 

This has been a comprehensive ENDOR study of the 
liganding environment of Mn2+ at site I of pyruvate kinase. 
It has probed couplings to 'H, 31P, and 170 of immediate 
Mn2+ligands and distancedependent couplings to more distant 
'H. Because a majority of ligands to biological Mn2+ are 0, 
this work is significant for having provided for the first time 
ENDOR hyperfine information on I7O ligands of Mn2+ in a 
protein. The underpinnings are provided here for future study 
of large classes of kinases where Mn2+ at the active site is 
intimately involved with phosphoryl transfer. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Figure lS, showing how better resolution of 31P phosphate 
PFSEPR features can be obtained by Fourier filtering of the 
low-frequency components (2 pages). Ordering information 
is given on any current masthead page. 
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