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Summary 

The electron spin resonance spectrum of rabbit  muscle D-glyceraldehyde- 
3-phosphate dehydrogenase spin-labelled with 4-(2-iodoacetamido)-2,2,6,6-te- 
t ramethylpiperidinooxyl  has two components .  One component  is due to a spin 
label highly immobilized on the enzyme surface and the other to a nitroxyl 
group able to tumble  more rapidly. The spin-labelled enzyme is inactive. Selec- 
tive modification of  the active site cysteine residue (149) and determinations 
of  total  sulphydryl  content  implicate this residue as the site of  the immobile 
spin-label. The mobile spin label is at tached to another sulphydryl group. 

Crystallographic studies on the human muscle enzyme (Watson, H.C., 
Duee, E. and Mercer, W.D. (1972) Nat. New Biol., 240, 130) have located a 
binding site for samarium ion in the active centre. Addition of the paramag- 
netic gadolinium ion to spin-labelled enzyme reduces the intensity of  both  the 
spin label signals (by 72% for the mobile and by 11% for the immobile com- 
ponent).  This indicates that  the metal ion site (K d = 0.7 mM) is close to both 
types of spin label. Measurements of  the effect  of  gadolinium--protein binding 
on the relaxation rate of  solvent water protons enable the enzyme--bound spin 
label--metal ion distances to be tentatively estimated as 15 A. 

In t roduct ion 

The interaction between paramagnetic centres on an enzyme molecule can 
be quantitatively evaluated by magnetic resonance techniques [ 1].  Such mea- 
surements provide a potentially useful means of  defining relations between 
specific sites on enzymes in solution and of  mapping out  active site regions and 
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ligand orientations on enzymes. Paramagnetic centres may be introduced into 
an enzyme in the form of covalently linked nitroxide radicals (spin labels) and 
by metal ion substi tution [2] .  In recent years it has become increasingly clear 
that  there are both  experimental and theoretical difficulties in using dipolar 
interactions for measuring distances in enzymes. It is therefore essential to 
design experiments where there is a possibility of  comparing the structural 
information derived from magnetic resonance with that obtainable from crys- 
tallographic data. 

In view of the use of  the lanthanide samarium as a heavy a tom derivative 
in crystallographic work on human muscle D-glyceraldehyde-3-phosphate dehy- 
drogenase [3] and the known similarities in the binding properties of different 
lanthanides we studied the effect  of  the paramagnetic gadolinium ion on the 
nitroxide electron spin resonance signal of  spin-labelled D-glyceraldehyde-3- 
phosphate dehydrogenase (EC 1.2.1.12). 

Materials and Methods 

Glyceraldehyde-3-phosphate dehydrogenase was isolated from rabbit  
skeletal muscle by a slight modification of  the procedure of  Ferdinand [4] and 
had a specific activity of  210 units • mg-' using Ferdinand's assay conditions. 
The human muscle enzyme was a gift from Dr H.C. Watson, Bristol University, 
England. Substrates and coenzymes were purchased from the Sigma Chemical 
Co., St. Louis, Mo., U.S.A. and the Boehringer Corporation, London.  The spin 
labels were obtained from Synvar, Palo Alto, Calif., U.S.A., lanthanides from 
Koch-Light, Colnbrook,  England, iodoacetate  and 5,5'-dithiobis-(2-nitroben- 
zoic acid) f rom Sigma Chemical Co., tetrathionate from K and K Laboratories 
Ltd., Plainview, N.Y., U.S.A. 

Electron spin resonance (ESR) spectra were recorded on either a Varian 
E4 or on a JEOL JES-PE-1X X-band spectrometer.  Proton relaxation enhance- 
ment  measurements were carried ou t  at 20 MHz on a spin-echo machine built 
in the depar tment  [ 5].  

The enzyme was spin-labelled in 100 mM triethanolamine hydrochloride 
at pH 7.6. A 6 mM solution of  spin label 4-(2-iodoacetamido)-2,2,6,6-tetra- 
methyl  piperidinooxyl ( iodoacetamide spin label) in ethanol--water (10 : 90, 
v/v) was added to a solution of  enzyme in buffer  so as to give a mole ratio of  
spin label to subunits of  I : 1. The reaction was allowed to run from 6 to 22 h 
at 0°C. Unreacted spin label was removed by dialysis into 50 mM imidazole 
hydrochloride,  pH 6.0. The final dialysate was checked for unreacted spin label 
by ESR. 

Iodoacetate  reactions were carried ou t  in 100 mM triethanolamine hydro- 
chloride, pH 7.6 and involved incubation of enzyme with a stoichiometric 
amount  of  iodoacetate  for 1 h at 0°C. Tetrathionate experiments involved a 15 
min preincubation with the reagent at 0°C before addition of  spin label. The 
inhibition by  tetrathionate was reversed by  adding 180 mM 2-mercaptoethanol 
and 2 mM NAD (the 2-mercaptoethanol did not  reduce enzyme-bound spin 
label). 

Sulphydryl  determinations were carried out  according to Habeeb ' s  [6] 
modification of  the Ellman procedure [7] .  
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Fig .  1. S p e c t r u m  o f  i o d o a c e t a m i d e  s p i n - l a b e l l e d  r a b b i t  m u s c l e  g l y c e r a l d e h y d e - 3 - p h o s p h a t e  d e h y d r o -  
g e n a s e .  T h e  e n z y m e  w a s  s p i n - l a b e l l e d  in  1 0 0  m M  t r i e t h a n o l a m i n e - - h y d r o c b l o r i d e  a t  p H  7 .6  b y  a d d i n g  a 6 

m M  s o l u t i o n  o f  i o d o a c e t a m i d e  s p i n  l abe l  e t h a n o l - - w a t e r ,  ( 1 0  : 9 0 ,  v / v )  t o  e n z y m e  in  b u f f e r .  T h e  m o l e  

r a t i o  o f  s p i n  l abe l  t o  s u b u n i t s  w a s  1 : 1 a n d  t h e  p r o t e i n  c o n c e n t r a t i o n  d u r i n g  l a b e l l i n g  w a s  0 . 7 7  m M  in 
s u b u n i t s .  R e a c t i o n  t o o k  p l a c e  o v e r  21  h a t  0 ° C .  T h e  e n z y m e  a f t e r  l a b e l l i n g  h a d  1 3 %  o f  i t s  o r i g i n a l  
a c t i v i t y .  E x c e s s  i o d o a c e t a m i d e  s p i n  l abe l  w a s  r e m o v e d  b y  d i a l y s i s  i n t o  5 0  m M  i m i d a z o l e - - h y d r o c h l o r i d e ,  
p H  6 .0 .  T h e  i n n e r  s p e c t r a ,  u n c o r r e c t e d  f o r  d i l u t i o n ,  r e p r e s e n t  s t a g e s  in  a G d  3+ t i t r a t i o n  o f  t h e  sp in-  
l a b e l l e d  e n z y m e ;  t h e  f i n a l  G d  3+ c o n c e n t r a t i o n  w a s  3 m M .  

Results 

Fig. I depicts the ESR spectrum of rabbit muscle glyceraldehyde-3-phos- 
phate dehydrogenase labelled with iodoacetamide spin label. Two distinct spec- 
tral components (A,B) are present, one of which (A) results from a more 
immobilised spin label than the other (B). Approximately 4 SH-groups per 
tetramer were modified by the spin label (Table I) (in agreement with studies in 
this laboratory using a radioactive spin label [8] ). The effect of blocking spe- 
cific SH-groups on the enzyme prior to spin-labelling with iodoacetamide spin 
label was examined in two experiments. In the first, the enzyme was pre- 
treated with tetrathionate by the procedure of Moore and Fenselau [9]. After 
reacting this inactivated enzyme with iodoacetamide spin label, the protecting 
group was removed, giving partial restoration of enzymic activity. In the second 
experiment, iodoacetate treatment, leading to complete and irreversible inac- 
tivation of the enzyme, preceded iodoacetamide spin labelling. Both iodo- 
acetate and tetrathionate are known to react with cysteine 149 in rabbit muscle 
glyceraldehyde-3-phosphate dehydrogenase [10] and in both experiments 
sulphydryl titrations showed that approximately four SH-groups per tetramer 
had reacted. When the enzyme was reacted with iodoacetamide spin label after 

T A B L E  I 

S U L P H Y D R Y L  D E T E R M I N A T I O N S  B Y  T H E  E L L M A N  M E T H O D  

S ample  A b s o r b a n c e  [ S H  ] / [ e n z y m e  
a t  4 1 2  n m  t e t r a m e r s ]  

N a t i v e  e n z y m e  0 . 3 8 3  _+ 0 . 0 0 3  1 4 . 6  
+ i o d o a c e t a m i d e  s p i n  l a b e l  0 . 2 8 7  1 0 . 9  
+ i o d o a c e t a m i d e  0 . 2 7 8  10 .  6 
+ i o d o a c e t a m i d e  + i o d o a c e t a m i d e  spin label  0 . 2 0 2  7 .7  
+ i o d o a c e t a m i d e  s p i n  label  (a f ter  t e t r a t h i o n a t e  t r e a t m e n t )  0 . 2 9 4  1 1 . 2  
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blocking with either iodoacetamide or tetrathionate in the ESR spectrum the 
proport ion of  the immobile componen t  was greatly reduced. In the absence 
of blocking of  the cysteine 149 residue the ratio of  immobile to mobile com- 
ponents was also dependent  on the amount  of  spin label used in the reaction 
mixture. These results, together with parallel studies by Price [8] ,  imply that 
the immobile component  results from reaction with cysteine 149 while the 
mobile componen t  results from reaction with other SH-groups in agreement with 
Elek et al. [11] .  

"Fig. 2 shows the ESR spectrum of  human muscle glyceraldehyde-3-phos- 
phate dehydrogenase labelled with iodoacetamide spin label. It is broadly simi- 
lar to the spectrum in Fig. 1, but  the mobile component  (B) is now only a very 
small proport ion of  the total and the spectrum is that  of  a highly immobilised 
nitroxide radical. It is perhaps relevant that  the human muscle enzyme has one 
less SH-group per monomer  than the enzyme from rabbit muscle. Spin-labelling 
of both rabbit  muscle and human muscle enzyme leads to inactivation which 
again suggests that cysteine 149 is reacting. 

The addition of  gadolinium ion (Gd 3÷) to spin-labelled enzyme results in a 
marked decrease in the height of  the spectral lines without  appreciable broad- 
ening, subsequently referred to as 'quenching' {Fig. 1). Measurements of the 
peak heights in the rabbit  muscle enzyme for one of the peaks (+1) are shown 
in Fig. 3a and the corresponding linear plot  of Gd 3÷ free VS Gd 3÷ ~ree/Gd 3+ 
h o u n d  in Fig. 3b. Values for the limiting quenching at infinite Gd 3÷ concentra- 
tions were derived from the weighted double-reciprocal plots (quenching -1 vs 
(Gd3+)t -1) from the reciprocal of the intercept on the Q-1 axis. These Qlim 
values were used to calculate the linear plots like Fig. 3b, thus providing a 
refined estimate of  the dissociation constant  for the enzyme--Gd 3÷ complex. 
Derived constants are given in Table II. 

In order to assess the extent  to which the quenching of  the spin signal 
resulted from dipolar interaction between the nitroxide and the paramagnetic 
Gd 3÷, a diamagnetic lanthanide ion (La 3÷) was substi tuted for Gd 3÷ in the 
titrations. As seen in Table II, La 3÷ caused a small change in the height of the 
mobile componen t  of  the spin signal suggesting that binding of  lathanides to 

Modulat i~ Amplitude 1.0 G 

Fig. 2. S p e c t r u m  o f  i o d o a c e t a m i d e  spin label- label led h u m a n  m u s c l e  g l y c e r a l d e h y d e - 3 - p h o s p h a t e  d e h y d r o -  
genase .  E n z y m e  w a s  s p i n - l a b e l l e d  in  1 0 0  m M  t r i e t h a n o l a m i n e - - - h y d r o c h l o r i d e  a t  p H  7 .6  b y  a d d i n g  a 6 m M  
so lu t ion  o f  i o d o a c e t a m i d e  spin label  ( in e t h a n o l - - w a t e r ,  I 0  : 9 0 ,  v / v )  t o  e n z y m e  in buf fer .  The  m o l e  rat io  
o f  spin label  to  subuni t s  w a s  I : 1 and p r o te in  c o n c e n t r a t i o n  during reac t ion  w a s  0 . 3 8  m M  in  s u b u n i t s .  
The  r e a c t i o n  ran for  7 h a t  0 ° C .  A l t e r  labcl i ing th e  e n z y m e  h a d  1 7 %  o f  its origina] act iv i ty .  E x c e s s  spin 
label  w as  r e m o v e d  b y  d i a l y s i s  i n t o  5 0  m M  i m i d a z o l e - - H C l ,  p H  6 .0 .  
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Fig. 3(a).  H e i g h t  o f  the  +1 p e a k  o f  Fig.  1 vs IGd 3÷ I to t a l  Peak  he igh t s  have  been  cor re la t ed  for  d i lu t ion  

us ing  the  k n o w n  p r o p o r t i o n a l i t y  o f  p e a k  h e i g h t  to c o n c e n t r a t i o n  of  spin- label led e n z y m e .  The  three- l ine  
s t r u c t u r e  o f  the  ESR s p e c t r u m  o f  a n i t r o x i d e  spin  label  is caused  by  h y p e r f i n e  i n t e r a c t i o n  of  t he  u n p a i r e d  

e l ec t ron  w i t h  the  nuc lear  sp in  o f  t he  n i t r o g e n - 1 4  nuc leus  in the  N- -O bond .  Since  I N 1 4  = 1 the re  are th ree  
poss ib le  c o m p o n e n t s  of  t he  nucleax sp in  a long  the  s p e c t r o m e t e r  m a g n e t i c  f ie ld:  +1,  0, - -1 ,  c o r r e s p o n d i n g  

to the  th ree  l ines  of  t he  s p e c t r u m  f r o m  lef t  to  r igh t .  T h e  p lo t s  axe s imi lar  for  t he  0 and  --1 peaks .  (b)  Plot  

of  IGdf IvsIGdf  {/iGdb{ O r d i n a t e  and  abscissa  ca lcu la ted  f r o m  a l im i t i ng  q u e n c h i n g  value  (Q l im)  o b t a i n e d  

f r o m  a w e i g h t e d  d o u b l e  r ec ip roca l  p lot  o f  Q-I vs ;Gdt ~-l 

IGdbl= (Q {enzyme i/Qli m )  

IGdfl = {Gdtl - -{Gdbl  

The  d i s so c i a t i o n  c o n s t a n t  is t he  a b s o l u t e  value  of  the  i n t e r c e p t  on  the  o r d i n a t e  axis.  (b = b o u n d ,  f = free,  t 

= to ta l )  

T A B L E  II 

B I N D I N G  C O N S T A N T S  O F  La  3+ A N D  Gd 3+ T O  S P I N - L A B E L L E D  G L Y C E R A L D E H Y D E - 3 - P H O S P H A T E  

D E H Y D R O G E N A S E  A N D  T H E  E X T E N T  O F  Q U E N C H I N G  O F  S P I N  L A B E L  S I G N A L  BY La 3+ A N D  
Gd 3+ 

The  n u m b e r s  in p a r e n t h e s e s  axe the  s t a n d a r d  e r rors  in  the  va lues  above  t h e m .  D a t a  for  +1 and  i m m o b i l e  

peaks .  The  Q values  are  l i m i t i n g  q u e n c h i n g  values.  

K ( m M )  Q1 (%) Qim (%) 

Gd 3+ La 3+ Gd 3+ La  3+ Gd 3+ La ~" 

H u m a n  m u s c l e  0.5 - -  n o t  m e a s u r e d  - -  10  
(0.08) 

R a b b i t  m u s c l e  0 .73  1.4 72 19 11 

(0 .04 )  (0 .2)  ( 2 )  ( 0 . 8 )  ( 0 . 4 )  
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glyceraldehyde-3-phosphate dehydrogenase results in some conformational 
change (at least in the spin-labelled enzyme). Although neither the normal nor 
esterolytic activities of  the enzyme could be studied in the presence of lantha- 
hides (the former because phosphate or arsenate form insoluble precipitates 
with the metal ions and the latter because the metal ion assisted the non- 
enzymic hydrolysis of p-nitrophenylacetate) the diaphorase activity of the 
enzyme was unaffected by 15 mM La 3÷. 

Gd 3. binding to the enzyme could also be followed by studying the longi- 
tudinal relaxation rate of  water protons as there was a significant enhancement 
{with a limiting value, eb of 6 [1])  of the relaxation rates on addition of 
enzyme to a solution of  Gd ~÷. Comparison of Gd 3÷ binding in the presence and 
absence of La ~÷ indicated that  these two lanthanides were competing for the 
same binding sites on the enzyme. 

Titrations with Gd 3÷ for the spin-labelled human muscle enzyme gave 10% 
limiting quenching of the immobile component  (i.e. similar to that  observed for 
the same component  in the rabbit muscle enzyme where La 3+ had no effect on 
this signal) and also gave a similar dissociation constant for the enzyme--metal  
complex. 

Discussion 

Our results, together with those of Elek et al. [11] and Price [8],  show 
that  even for glyceraldehyde-3-phosphate dehydrogenase, where cysteine 149 is 
very reactive towards iodoacetamide, spin-labelling does not  result in a unique- 
ly modified enzyme. In such situations one can only use the dipolar interac- 
tions between the spin label and another paramagnetic centre for mapping out 
relationships if the ESR signal of the label in different positions is clearly 
resolvable. Because of the large differences in mobilities of the iodoacetamide 
spin label label in different positions of the glyceraldehyde-3-phosphate dehy- 
drogenase molecule two different signals are clearly seen. Labelling of the 
human muscle enzyme is more specific than for the rabbit muscle enzyme. 

The paramagnetic Gd 3÷ which bind to the enzyme diminish the line inten- 
sities of both types of  signal but to different extents. The quenching is inverse- 
ly related to the separation of  the paramagnetic centres on the enzyme [12]. 
Assuming that  the Gd 3÷ ion is rigidly fixed with respect to the nitroxide, and 
further that  any spin label is only relaxed by a single Gd 3÷, the separation (r) 
between Gd 3÷ and nitroxide N--O" is given by 

r = [ g [ J 3 p 2 r ~ / C ]  1/6 (1) 

where Vls is the longitudinal relaxation time of the Gd 3÷ electrons, C is a 
measure of the dipolar Gd--N--O coupling and the other symbols represent the 
usual constants. In determining an r value it is important  to separate out  that  
part of  the quenching which is purely dipolar. One advantage in using lantha- 
nides is that  the appropriate diamagnetic blank is readily available in the form 
of La 3÷. In our case La 3÷ itself quenches the nitroxide signal (for the mobile 
label) and therefore the limiting dipolar quenching is the difference between 
the Gd 3÷ and La 3÷ values for a given sample. The diamagnetic La 3÷ effect is 
very likely the result of a metal ion induced structural perturbation in the 
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enzyme. It is not  possible at present to say to what  extent  this occurs in the 
unlabelled enzyme or in the crystalline state {where a samarium derivative is 
being employed in X-ray structure determination).  It is likely, however, that  
the structural change is not  very large since the enzyme catalysed reduct ion of 
1 ,6-dichlorophenolindophenol  by NADH (diaphorase activity) is unaffected by 
15 mM La 3÷. Although partial 'overlap'  of the active sites for diaphorase action 
and oxidative phosphoryla t ion is suggested by the inhibition of diaphorase 
activity by substrates of  oxidative phosphorylat ion it cannot  be inferred that 
La 3÷ does not  interfere with the glycolytic catalysis. 

The limiting dipolar quenching for the +1 peak of  the label on the rabbit 
muscle enzyme is 53 -+ 3%, which using Leigh's data gives a dipolar coupling 
constant  C of 6.8 -+ 0.4 G. The dipolar quenching of the immobilised signal is 
11% in the rabbit muscle and 10% in the human muscle enzyme respectively 
giving the corresponding C values of  0.40 G (+ 0.05). The remaining unknown 
in equation (1) is rls, which may be estimated from the limiting proton relaxa- 
t ion enhancement  value (%)  of  6 f rom the relation: 

e b = q* f(r*c)/qf(Tc) (2) 

where q* and q are the hydra t ion  numbers for  Gd 3+ bound to the enzyme and 
free in solution respectively, To* and Tc are the correlation times for longitudi- 
nal water relaxation in the presence and absence of enzyme,  f{r~*) is the 
correlation funct ion for the f requency of  the pro ton  relaxation determinations.  
Taking the values as r~ = 4.5 • 10 -l ' s, q = 10, q* = 7 and using a graph of  f (r~ ) 
VS V¢ [1] ,  re * = 5.3 • 10 -l 0 S. Assuming that  the relaxation is Ts dominated and 
thus that  Tc* is a valid estimate of  Tls, substi tut ion into equation (1)gives r = 
14.0 + 0.2 h for  the mobile ni t roxide to Gd 3÷ distance and r = 22.9 A for the 
immobile component .  Since Tls /> T2s, a lower limit for  the distance can be 
taken f rom a substi tut ion of  r2 s into equation (1). V2s is obtained from the 
width of  the gadolinium ESR line, which to a first approximat ion is dominated 
by a single +- 1A transition [1] .  The value of  T2s = 1.5 • 10 -~ °S. The correspond- 
ing distances are 11.3 and 18.5 h for  the mobile and immobile components  
respectively. The experimental  error in these numbers is due to the error in the 
limiting quenching. The major problem is no t  this but the uncer ta inty  in the r~ 
values and the assumption that  the dipoles are fixed rigidly with respect to one 
another.  

The assumption of  fixed dipoles is likely to be valid for the immobilised 
label and therefore  we would expect  that  the active site spin label on glyceral- 
dehyde-3-phosphate  dehydrogenase is in the range of  18--23 h from the lantha- 
hide binding site. The mobile spin label appears to be closer and if the theory  
applies to the mobile componen t  the range of  Gd 3÷ to label distance is 11--14 
h .  

In summary,  the observed quenching by Gd 3÷ of  the spin signal from a 
ni t roxide proximately  bound to it on a macromolecule  not  only extends the 
range of  techniques for  monitoring solution conformat ion  and topography but 
also, in the case of  glyceraldehyde-3-phosphate dehydrogenase,  should provide 
a method  for  comparing the results f rom the magnetic resonance experiments 
in solution with those from crystallographic studies. 

In this connect ion it should be noted  that  comparison of  the heavy atom 
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sites of  human and lobster glyceraldehyde-3-phosphate debydrogenase [13] 
shows that the lobster enzyme site for K2 HgI4 is within 0.8 A of the human 
enzyme samarium site. It has been concluded by Buehner et al [13] that  this 
heavy a tom site is "closely related to the cysteine residues 149 and 153 in the 
active centre".  
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