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Abstract. Pulsed electron nuclear double resonance (ENDOR) spectra have been obtained for the ex- 
changeable Mo-OH proton of the low-pH form of native chicken liver sulfite oxidase (SO) and recom- 
binant human SO for the first time. The spectra of the two enzymes are very similar, indicating a simi- 
lar binding geometry of the hydroxyl ligand to the Mo center. The isotropic hyperfine interaction (hfi) 
constant for the proton of the OH ligand in both enzymes is about 26 MHz. The anisotropic compo- 
nents of the hfi obtained from the pulsed ENDOR spectra are about 1.6-1.8 times larger than those 
obtained by continuous-wave electron paramagnetic resonance and electron spin echo envelope modula- 
tion. These hfi differences are explained by a rotational disorder of the Mo-OH group. A similar rota- 
tional disorder of the coordinated exchangeable ligand has been found previously for the high-pH and 
phosphate-inhibited forms of SO. 

1 I n t r o d u c t i o n  

Sulf i te  ox idase  (SO) is a phys io log i ca l l y  v i ta l  e n z y m e  that ca ta lyzes  the ox ida -  
t ion o f  sulf i te  to sulfate,  the f inal  step in sul fur  me t abo l i sm  in ver tebra tes .  The  
crystal  s t ructure o f  ox id ized  SO shows  a f i ve -coo rd ina t ed  dis tor ted square  pyra-  
mida l  m o l y b d e n u m  center  wi th  a te rmina l  oxo  group in the apical  pos i t ion  and 
th iola te  S a toms  in three o f  the equator ia l  pos i t ions .  The  four th  equator ia l  pos i -  
t ion is occup ied  by  an O a tom that appears  to be  an O H -  or  H 2 0  l igand  on the 
basis  o f  the long M o - O  bond dis tance  [1]. H o w e v e r ,  s tudies on po lyc rys t a l l i ne  
ox id i zed  SO by  X-ray  absorpt ion spec t roscopy  show a M o ( V I )  cen ter  wi th  two  
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terminal oxo groups [2]. These combined results suggest that during the X-ray 
crystal structure determination the Mo center of  SO may have become reduced 
to Mo(V) or Mo(IV) in the intense synchrotron radiation beam. The proposed 
mechanism for SO involves a transfer of  the equato¡ oxygen atom, followed 
by successive coupled electron/proton transfers, with Mo passing through the 
Mo(V) oxidation state [3-5]. Thus, the number of  exchangeable protons on the 
equatorial oxygen atom plays a central role in understanding the catalytic mecha- 
nism of  SO. The term "exchangeable protons" defines those protons that are 
readily replaced by deuterons in D20 solution. 

Recently we used pulsed electron paramagnetic resonance (EPR) spectroscopy 
to investigate the nearby exchangeable protons of  the low-pH (lpH) and high- 
pH (hpH) forms of the Mo(V) center of  chicken liver SO in H20 and D20 so- 
lutions in order to establish their hydroxyl/water coordination structures [5, 6]. 
Electron spin echo envelope modulation (ESEEM) studies confirmed that the lpH 
form has a single hydroxyl (Mo-OH) proton lying in the equatorial plane, with 
a strong isotropic hyperfine interaction (hfi), and which is presumed to be weakly 
hydrogen-bonded to the S atom of the coordinated cysteine residue (Fig. 1) [6]. 
The development and application of refocused primary (RP) ESEEM to hpH SO 
unexpectedly revealed two nearby exchangeable protons in this form [5]. 

Electron nuclear double resonance (ENDOR) is a complementary technique 
for directly detecting nearby protons. However, all previous attempts to observe 
the exchangeable protons of  SO by continuous-wave (CW) ENDOR were unsuc- 
cessful because of the large linewidths of  their ENDOR features (R. LoBrutto et 
al., Arizona State University, Tempe, AZ, unpubl.). Here we report the first di- 
rect detection of  the very broad spectrum of  the exchangeable proton of  lpH SO 
by pulsed ENDOR, taking advantage of  recent improvements in our ENDOR 
hardware, including a new resonator design and the use of  the pulsed mode of 
the radio-frequency (RF) amplifier. The results for chicken liver SO are com- 
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Fig. 1. Structure of the Mo(V) center of lpH SO. The dashed line between the cysteine sulfur ligand 
and the proton of the OH ligand denotes a suggested weak hydrogen bond. The up and down ar- 
rows at the OH ligand hydrogen denote a certain degree of positional disorder for this proton. Most 
likely, this disorder is associated with a dist¡ of the OH bond orientations due to restricted 

rotation of the OH group about the Mo-OH bond. 
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pared to those for recombinant human SO. We have atso used this instrumenta- 
tion to detect nonexchangeable protons near the Mo(V) active site o f  SO, in 
particular, the ct-proton of the coordinated cysteinyl residue (Fig. 1), and thereby 
confirmed that the overall stmcture of  the transient Mo(V) center is similar to 
that found from X-ray crystatlography [7]. 

2 Experimental  

Highly purified chicken liver SO in the lpH form was prepared as previously 
described [6, 8]. His-tagged recombinant human SO was purified from TP1000 
cells containing pTG718 [9]. After harvest, the cells were broken in the pres- 
ence of  a mixture of  protease inhibitors supplied as EDTA-free protease inhibi- 
tor cocktail tablets (Roche Diagnostics). Chromatography on the NiNTA resin was 
carried out as described [9] and was fotlowed by a final purification step on DE- 
52 with a gradient of  sodium phosphate buffer, pH 7.8, from 50-350 mM con- 
taining 0.1 mM EDTA. The EPR spectrum of the IpH form of  His-tagged hu- 
man SO was obtained in a buffered solution containing I00 mM Tris and 100 
mM NaCI. The pH was adjusted to 7.0 by adding 6 M HC1. The protein was 
reduced anaerobically with a 20-fold excess of  sodium sulfite and immediately 
frozen in liquid nitrogen. 

The experiments have been performed on a modified homebuilt X/Ku-band 
pulsed EPR spectrometer [I0] equipped with the cryogenic flow system a n d a  
pulsed ENDOR accessory. In the pulsed ENDOR experiments, the Davies tech- 
nique [11] was employed. The measurement temperature was about 20 K. 

3 Results and Discussion 

3.1 E P R  Spec tra  

The CW-EPR spectra of lpH SO in H20 are shown in Fig. 2 (trace 1, chicken 
SO and trace 4, human SO). The spectra are very similar and show a 7.5 G 
splitting at the low-field turning point due to the hfi interaction of the hydroxyl 
ligand (Mo-OH) proton [12]. The splitting of  about 11.5 G at the high-field side 
of  the spectra is contributed by both the g-anisotropy and the hfi of  the hydroxyl 
(Mo-OH) proton [12]. From the CW-EPR measurements of  chicken lpH SO in 
D20 the p¡ g-values were determined to be g x  ~ 1.966, gr  ~ 1.972 and 
gz  ~ 2.004 [6, 12] (X, Y and Z are the principal axes of  the g-tensor, and gx, 
g r  and gz  correspond, respectively, to g3, g2 and gl in ref. 12). 

The isotropic hfi constant (aiso) and the principal components Tk, o f  the aniso- 
tropic hfi tensor of  the hydroxyl proton in the chicken lpH SO were determined 
from the CW-EPR simulations (a~s o = 27.5 MHz, TI~ = - 3 . 7  MHz, 7"22 = - 5 . 1  
MHz, T33-'~ --8.8 MHz [11]) and from ESEEM measurements (als o = 26 MHz, 
T~I = T22 = -5 .12  MHz, T33 = 10.24 MHz [6] One can see that the hfi param- 
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eters obtained by these methods are very similar, although the orientations of  the 
hfi tensor axes 1, 2 and 3 with respect to the g-frame axes were not specified 
in the CW-EPR work [12]. In the ESEEM work, the main axis (3) of  the axial 
hfi tensor was found to be oriented in the XYZ g-frame at the polar angle 
�91 ~ 82 ~ and the azimuthal angle r ~ 8 o, i.e., virtually along the g-tensor axis 
X. The CW-EPR spectrum simulated with the ESEEM parameters (not shown) 
is in almost perfect agreement with the experimental CW-EPR spectra. 

In this work we used a pulsed ENDOR technique to see if there is any sig- 
nificant difference between the hyperfine interactions of Mo(V) with the hydroxyl 
proton in the chicken and human lpH SO. Performing an ENDOR experiment at 
different magnetic fields B 0 allows one to selectively observe spectra from the 
Mo complexes oriented in different ways with respect to the B 0 vector. From such 
ENDOR spectra the hfi tensor can be determined and its orientation with respect 
to the g-frame can be established. 

3.2 ENDOR Spectra 

Traces 1, 4 and 7 in Fig. 3 show the Davies ENDOR spectra of chicken lpH 
SO obtained, respectively, near gz, gr and gx- The lines in the range between 
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Fig. 2. CW-EPR spectra of chicken (traces 1-3) and human (traces 4-6) lpH SO. Traces 1 and 4, 
experimental. Experimental conditions: mw frequency, 9.434 GHz; modulation amplitude, 1 G; modu- 
lation frequency, 100 kHz; measurement temperature, 77 K. Trace 2, simulated with a~~ o = 26.5 MHz, 
T~~=-9.2 MHz, T22=-7 MHz, 7'33= 16.2 MHz, ~/=90 ~ , 0=80 ~ , and q,=0 o. Trace 5, simu- 
lated with ais o = 26.2 MHz, Ti1 = -7.9 MHz, T2z = -6.7 MHz, T33 = 14.6 MHz, ~=  90 o, 8 = 80 o, 
and ~p = 0 o. Traces 3 and 6 are the same as, respectively, traces 2 and 5, but with ~ being uni- 

formly distributed within the limits from 40 ~ to 120 o. 
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Fig. 3. Davies ENDOR spectra of chicken lpH SO. Traces 1-3, B o = 3375 G (~gz). Traces 4-6, 
B 0 = 3418 G (~gr). Traces 7-9, B 0 = 3439 G (~gx). Traces 1, 4 and 7 are the experimental ones. 
Experimental conditions: mw frequency, 9.446 GHz; mw pulse durations, 40 laS (180~ 20 ns (90 o) 
and 40 ns (180~ time interval between the first and second mw pulses, 40 gs; time interval (r) 
between the second and third mw pulses, 400 ns; RF pulse duration, 5 ~ts; measurement tempera- 
ture, 20 K. Traces 2, 5 and 8, simulated with a~~o = 26.5 MHz, T N = -9.2 MHz, T22 = - 7  MHz, 
T33= 16.2 MHz, ~ =  90 ~ , O= 80 ~ , and co= 0 o. Traces 3, 6 and 9 are the same as, respectively, 

traces 2, 5 and 8, but with VI being uniformly distributed within the limits from 40 ~ to 120 o. 

about  12 and about  17 M H z  are mos t ly  due  to nonexchangeab le  protons  that have  
been discussed in a separate w o r k  [7]. The  s t rongly coupled  hydroxyl  pro ton  g ives  
a h i g h - f r e q u e n c y  line (v~) b e t w e e n  20 and 40 M H z .  The  l o w - f r e q u e n c y  l ine (va) 
was  not  obse rved  in our  X-band  expe r imen t s  because ,  for  this line, a v e r y  m u c h  
longer  RF  pulse  w o u l d  be r equ i red  to obtain  an o p t i m u m  E N D O R  e n h a n c e m e n t  
factor  [13] a n d a  detectable  intensi ty.  

Traces  1, 4 and 7 in Fig. 4 s h o w  the Dav ies  E N D O R  spectra o f  h u m a n  lpH 
SO ob ta ined  at gz, gr and gx, respec t ive ly .  One  can see that the E N D O R  spectra  
o f  ch icken  and human SO are v e r y  similar.  The  s imi la r i ty  o f  the spec t ra  o f  the 
n o n e x c h a n g e a b l e  protons was  a l ready  no ted  in our  p rev ious  w o r k  [7]. H e r e  we  
discuss  the spectra o f  the e x c h a n g e a b l e  hydroxy l  proton.  

D a v i e s  E N D O R  m e a s u r e m e n t s  at va r ious  B 0 se t t ings  have  s h o w n  that  the 
spectra  in Figs.  3 and 4 e n c o m p a s s  the who le  range o f  the f r equency  var ia t ion  
for the hyd roxy l  proton transi t ion,  n b. S ince  ais o and T33 ate o f  the s a m e  s ign  [6, 
12], the fact  that the largest  hfi cons tan t  cor responds  to gx shows  that  the g-  
tensor  axis X is approx ima te ly  para l le l  to the main  hfi axis 3, in a g r e e m e n t  wi th  
the E S E E M  results  [6]. Accord ing ly ,  the spectra  at gy and gz show the  l ine po-  
si t ions co r respond ing  to m in ima l  spli t t ings.  

The  s imula t ion  o f  the spectra  in Figs.  3 and 4 a l lows  one to ob ta in  the hfi 
parameters  for the hydroxyl  pro ton  in ch icken  and human  lpH SO. The  param-  
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Fig. 4. Davies ENDOR spectra of human IpH SO. Traces 1-3, B 0 = 3375 G (~gz). Traces 4-6, 
B 0 = 3418 G (~gr). Traces 7-9, B 0 = 3439 G (~gx). Traces 1, 4 and 7 are the experimental ones. 
Experimental conditions: mw frequency, 9.446 GHz; mw pulse durations, 40 ns (180~ 20 ns (90 o) 
and 40 ns (180~ time interval between the first and second mw pulses, 40 laS; time interval (r) 
between the second and third mw pulses, 400 ns; RF pulse duration, 5 p.s; measurement tempera- 
ture, 20 K. Traces 2, 5 and 8, simulated with a~~o = 26.2 MHz, TII = -7.9 MHz, T22 = -6.7 MHz, 
7"33= 14.6 MHz, ~/=90 ~ , 0=  80 ~ , and ~o=0% Traces 3, 6 and 9 are the same as, respectively, 

traces 2, 5 and 8, but with g/being uniformly distributed within the limits from 40 ~ to 120 o. 

eters are as fo l lows.  In  ch icken  lpH SO, als o = 26.5 MHz,  T n = - 9 . 2  MHz,  
7"_, 2 = - 7  MHz,  T33 = 16.2 MHz.  The or ien ta t ion  o f  the hfi f rame in the g - f rame 
is g iven  by  the Euler  angles ~ = 90 o, 0 = 80 ~ and  ~o = 0 ~ (~', O and ~o are, re- 
spect ively,  the angles  o f  three consecu t ive  rotat ions:  a round  3, a round  the ob-  
ta ined  1 and  a round  the obta ined  3; wi th  ~ = 0 = ~o = 0 cor responding  to the 
s i tua t ion o f  1 II X, 2 II Y and 3 II Z). For  h u m a n  lpH SO als o = 26.2 MHz,  T~~ = 
- 7 . 9  MHz,  T22=-6.7 MHz,  T33= 14.6 MHz,  ~ = 9 0  ~ , 0 = 8 0  ~ , and  ~ o = 0  ~ 
Thus ,  the parameters  for the chicken and  h u m a n  SO are very  similar,  and  their  
s l ight  d i f fe rence  might  s imply  reflect  m i n o r  exper imen ta l  var ia t ions  in sample  
prepara t ion .  

Compar ing  the hfi parameters obta ined  in this work for chicken SO with those 
ob ta ined  by  C W - E P R  [12] and E S E E M  [6] (see above) ,  we f ind that whi le  all 
the t echn iques  agree on  the isotropic hfi cons tan t  o f  2 6 - 2 7  MHz,  the anisotro-  
pic hfi c o m p o n e n t s  obta ined by  E N D O R  are, on  average,  1.6-1.8 t imes  greater  
than those ob ta ined  by  C W - E P R  and  E S E E M .  Correspondingly ,  the s imula t ion  
that reproduces  the exper imenta l  E N D O R  spectra  (see traces 2, 5 and  8 in Figs.  
3 and  4) fails to reproduce the C W - E P R  spectra  with correct  peak pos i t ions  at 
the h igh-f ie ld  side (see traces 2 and 5 in Fig. 3). For  example ,  the spl i t t ing be-  
tween  the h igh-f ie ld  turn ing  points  o f  the s imula ted  spectra is no t iceab ly  greater  
than  that obse rved  in the exper iment ,  14.4 G versus  11.5 G. Converse ly ,  the 
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Fig. 5. Davies ENDOR spectra of chicken lpH SO. Traces 1 and 2, B o = 3375 G (~gz)- Traces 3 
and 4, B o = 3418 G (~gr). Traces 5 and 6, B o = 3439 G (~gx). Traces 1, 3 and 5 are the experi- 
mental ones, reproduced from Fig. 2. Traces 2, 4 and 6, simulated with a~~o = 26 MHz, T H = T22 = 
-5.12 MHz, T33 = 10.24 MHz, with the orientation of the main hfi axis (3) in the XYZ g-frame 

given by the polar angle 0 ~ 82 ~ and the azimuthal angle ~o ~ 8 o. 

parameters  est imated by ESEEM [6] result in a good simulat ion o f  the C W - E P R  
spectrum, but in a very poor s imulat ion o f  the E N D O R  spectra o f  the chicken 
lpH SO (see Fig. 5). 

The only way to explain the discrepancy between the hfi parameters  o f  the 
hydroxyl  proton obtained by pulsed E N D O R  in this work and the previous  CW- 
EPR and ESEEM results is to suggest  that the hfi parameters  may be statisti-  
cal ly distributed within some limits.  This d is t ¡  may  be related to a cer- 
tain degree o f  structural d isorder  in the M o - O H  group (Fig. 1). Thus, the hfi 
parameters  determined by CW-EPR represent average values with all o f  the va ¡  
tion being included into the individual  l inewidth (about 5 G). The ESEEM studies 
[6] were performed on SO in DzO, and the M o - O D  deuteron spectral  l ine posi-  
tions were corrupted by the nuclear  quadrupole  interaction (nqi). In addit ion,  the 
ESEEM ampli tude is zero at the canonical  orientations,  when B 0 is paral le l  to 
the principal  axes of  the hfi tensor, [14] and this remains approximate ly  true in 
the presence o f  weak nqi. Therefore,  those studies rel ied heavi ly  on intensit ies 
rather than the posit ions o f  the ESEEM spectral lines. With distr ibuted hfi, the 
observed average intensity has resulted in average hfi parameters  close to those 
determined by CW-EPR.  

Unlike ESEEM, ENDOR shows the full extent  o f  nuclear  t ransi t ion lines, 
including the lines at canonical orientat ions o f  B 0. In the E N D O R  spectra,  the 
hfi distribution contributes to the line broadening and to the dependence  o f  the 
line posit ion on the observation point  in the C W - E P R  spectrum. General ly,  with 
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the hfi distribution involved, the observable CW-EPR splitting will correspond 
to the center of  gravity of the ENDOR line and should not necessarily coincide 
with the splitting calculated from the ENDOR line maximum. 

The properties of the distribution of  the hfi values and the related distribu- 
tion of  orientations of the hfi tensor can, in p¡ be established from simu- 
lations of  ENDOR, CW-EPR and ESEEM spectra. However, the detailed imple- 
mentation of  this analysis is extremely time-consuming, and little additional 
chemical information is expected in this case. Therefore, we restrict ourselves to 
simulations aimed at qualitatively verifying the trends in the EPR splitting at gx 
if  the model with a distribution of the hfi parameters is used. 

Two types of  simulations have been performed. In the first simulation the 
values of  the hfi parameters were fixed, while the orientation of the hfi tensor 
was varied. It tumed out that averaging over the Euler angle q/uniformly dis- 
tributed within the limits from 40 ~ to 120 ~ (the average value of 80 ~ is close to 
g/~ 90 ~ found for a fixed hfi tensor) allows one to noticeably reduce the CW- 
EPR splitting at gx without significantly affecting the quality of  the ENDOR 
spectra (traces 3 and 6 in Fig. 2, and traces 3, 6 and 9 in Figs. 3 and 4). 

In the second simulation, the orientation of the hfi tensor was fixed, while 
the isotropic and anisotropic hfi values were varied. To ensure the agreement 
between the experimental and simulated ENDOR spectra at gr and gz, the prin- 
cipal hfi values A H = ais o d- T H and A22 - a~s o + T:2 were kept constant (i.e., the 
variation of als o was compensated for by the variation of T~~ and T22 ). At gx, on 
the other hand, the variation of  the hfi constant (A33) was maximal, which pro- 
vided for the average A33 value (observed by CW-EPR) being significantly smalter 
than the maximal A33 value (observed by ENDOR). A reasonable fit to the CW- 
EPR spectrum of the chicken SO (not shown) was obtained for als o, Tlt, 7"22 and 
T33 uniformly distributed within the limits [22, 28] MHz, [ -4 .7 ,  -10 .7]  MHz, 
[ -2 .5 ,  -8 .5]  MHz and [7.2, 19.2] MHz, respectively (the greater absolute val- 
ues of  ais o correspond to the greater absolute values of Tkk ). The agreement be- 
tween the ENDOR spectra was also satisfactory (not shown). For human SO, the 
"best" dist¡ values of aiso, Tll , T22 and T33 are within the limits [21.7, 27.7] 
MHz, [ -3 .4 ,  -9 .4 ]  MHz, [ -2 .2 ,  -8 .2]  MHz and [5.6, 17.6] MHz, respectively. 

The two limiting descriptions of  the distributed hfi parameters discussed 
above, i.e., structural variations without changes in hfi parameters or hfi param- 
eters that vary in a fixed structure, serve to demonstrate the maximum possible 
ranges for the variations of  structural and hfi parameters. However, these limit- 
ing descriptions are clearly simplifications because in reality the changes of  the 
hfi values are caused by changes in the Mo-OH proton location. More precise 
determination of the parameter distributions would require a model that explic- 
itly relates the structural and hfi parameters. Such a modet should be based on 
extensive quantum chemical calculations and should consider the effects of  ori- 
entation-dependent spin polarization of the OH oxygen orbitals, including the OH 
bond orbital, the effects of spin polarization of  the sulfur atom of  the coordi- 
nated cysteine residue, etc. Such a detailed analysis is beyond the scope of  this 
work, although this problem may be addressed in our future publications. Con- 
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sequently, it is impossible to present a traditional simple estimate for the accu- 
racy of  the structural and hfi parameters obtained here, including their distribu- 
tion widths. 

4 Conclusion 

In this work we have recorded the pulsed (Davies) ENDOR spectra of  the pro- 
ton of  the hydroxyl ligand to the Mo center of  the lpH SO. For chicken and 
human lpH SO, the spectra, and the hfi parameters obtained from them, were 
very similar. This result is in agreement with our ENDOR study of  the nonex- 
changeable protons and indicates a conservation of structure of  the Mo pocket 
in SO. The hfi parameters determined from the ENDOR spectra were signifi- 
cantly different from those found previously from the CW-EPR and ESEEM 
spectra. This discrepancy is shown to be related to the fact that the hfi tensor 
principal values and orientations are statistically distributed. Previously we dem- 
onstrated that the positions of nearby protons in the hpH SO, as well as the 
orientation of  the monodentate phosphate ligand in the phosphate-inhibited (Pi) 
form of SO are statistically distributed. In contrast, such a distribution did not 
follow from the analysis of CW-EPR [12] and ESEEM [6] data for lpH SO. This 
result was confusing because it suggested a substantial increase in structural order 
in the vicinity of Mo(V) at pH 7. The data obtained here with pulsed ENDOR 
show that the coordination of the exchangeable ligand to the Mo(V) site in SO 
remains disordered at any pH, and the CW-EPR and ESEEM techniques simply 
were not quite adequate to observe this phenomenon in the case of  lpH SO. The 
positions of the hydroxyl protons in lpH SO and hpH SO, although disordered 
within certain limits, are still substantially different from one another. In the lpH 
case, as discussed in reŸ 6, the Mo-OH fragment is approximately coplanar with 
the dxy orbital, which leads to a large isotropic hfi constant for the hydroxyl 
proton (Fig. 1). In the hpH case, the two nearby exchangeable protons are most 
probably situated noticeably out of the dxy plane, which leads to practically zero 
isotropic hfi. 
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