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Summary 

The active site carboxymethyla ted  glyceraldehyde-3-phosphate dehydro- 
genase from B. stearothermophilus when irradiated with ultraviolet light in the 
presence of  NAD gives rise to a fluorescent derivative closely similar to that 
obtained from the muscle enzyme in fluorescence properties. A radiationless 
energy transfer also occurs between the t ryptophan residues of  the enzyme 
protein and the new fluorophore,  as for the muscle enzyme. Quantitative deter- 
minations of  the quantum yields and calculations according to the FSrster 
equation give a distance of  26.36 ~, between the t ryptophan residues and the 
new fluorophore.  In contrast  to the muscle enzyme, the irradiated thermophilic 
enzyme contains four fluorescent NAD derivatives per enzyme tetramer as 
shown by  phosphorus analysis. 

In t roduct ion 

Since the crystallization of  the yeast enzyme 40 years ago by  Warburg and 
Christian [1],  giyceraldehyde-3-phosphate dehydrogenases from different 
sources have been extensively studied. In recent years, the enzymes from 
thermophiles have received much attention due to the extraordinary thermo- 
stability of  both  the holo- and the apoenzymes.  The enzyme, from B. Stearo- 
thermophilus has been crystallized and its amino acid sequence and three- 
dimensional structure as determined by  X-ray crystallography reported [2,3].  
The structure of  this thermophile enzyme as a whole, closely resembles that o f  
the lobster enzyme especially at the NAD and substrate binding sites. However,  
there are some important  differences between the thermophile and the 
mesophile enzymes. For  instance, as far as the primary structure is concerned, 
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the thermophile enzyme has 51% of its sequence identical with the muscle 
enzyme whereas, in the so-called S-loop 24 residues long, only 29% of the 
sequence is identical for these two enzymes including the replacement of 
Trp-193 by Lys in the lobster enzyme. 

It has been found previously that  for the active site carboxymethylated 
enzyme from rabbit and pig muscle, ultraviolet irradiation leads to the forma- 
tion of a fluorescent derivative [4] and a radiationless energy transfer takes 
place between the t ryptophan residues of the muscle enzyme and the newly 
formed fluorophore at the active site [5]. Since the B. stearothermophilus 
enzyme has two t ryptophan residues instead of three as for the muscle 
enzymes, it seems to be of particular interest to study the formation of the new 
fluorophore in the thermophile enzyme and compare the energy transfer 
process between these two classes of  enzyme. 

Materials and Methods 

Chemicals. Dithiothreitol was from Seikagaku Fine Biochemicals (Tokyo) 
and 2-morpholino-ethane sulfonic acid was from Fluka, AG. All the other 
chemical reagents employed were as used before [4,5]. Charcoal, powder form, 
was from E. Merck. It was first boiled with 6 N HC1, thoroughly washed with 
glass redistilled water and then dried at l l 0 ° C  befure use. 

Enzyme preparations. Pure B. stearothermophilus glyceraldehyde-3-phos- 
phate dehydrogenase was kindly provided by Dr. A.J. Wonacott of Imperial 
College, London. It was kept in an 1 : 1 mixture of  glycerol/20 mM phosphate 
buffer, pH 6 .8 /2  mM dithiothreitol/2 mM EDTA at --20°C before use. It had 
a specific activity of 94--107 #mol of NADH/mg protein per min as deter- 
mined by the method of Amelunxen [6]. Carboxymethylat ion of  the holo- 
enzyme and removal of bound NAD from the carboxymethylated enzyme were 
carried out  as before [4,5]. Briefly, a solution of  the holoenzyme approx. 20 
gM was treated with iodoacetate at a final concentration of 6 mM for 10 min 
at 0°C. The loss of  enzyme activity was approx. 98%. The reaction mixture was 
then passed through a Sephadex G-50 column to remove the excess iodo- 
acetate. Determinations of  the sulfhydryl groups reacted with 5,5'<lithiobis- 
(2-nitrobenzoic acid) indicated that  only one per subunit was modified. The 
remaining NAD still bound to the carboxymethylated enzyme was removed by 
stirring with activated charcoal (1 mg per mg of enzyme protein) for 15 min at 
25 °C under constant stirring. The carboxymethylated apoenzyme usually had 
a n  A2ao/A260 ratio of 1.88--1.91. The experimental conditions used to produce 
the maximal fluorescence intensity at 410 nm were irradiation of a solution 
containing 6 gM carboxymethylated enzyme/33 /~M NAD/0.1 M phosphate 
buffer, pH 6.7 in a 3 ml cuvette placed about 8 cm in front of a Xenon lamp, 
150 W, for 10 min. The solution was stirred twice and cooled with an electric 
fan during irradiation. After irradiation, the enzyme solution was treated with 
2 mg activated charcoal per ml of enzyme solution for 15 min at 25°C under 
constant stirring to remove excess NAD. After removal of charcoal with a 
sintered glass funnel, the irradiated enzyme usually had an A28o/A26o ratio of 
1.29.-1.30 which remained unchanged after a second charcoal treatment.  
Protein concentrations were determined by the method of Lowry [7 ]. 



Results 

Other determinations. Phosphorus determinations after ashing of  the enzyme 
protein were as described [8]. Fluorescence measurements were carried out 
with a Hitachi MPF-4 fluorescence spectrophotometer  with constant tempera- 
ture and corrected spectra attachments.  Spectrophotometric determinations 
were made with a Hitachi 556 spectrophotometer.  
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Formation o f  the new fluorophore and its spectral properties 
The carboxymethylated enzyme from B. stearothermophilus when irradiated 

in presence of  NAD gave rise to a new fluorophore with almost the same 
emission and excitation spectra as that  obtained before for the rabbit muscle 
enzyme (Fig. 1). Also, just as for the rabbit muscle enzyme, during the forma- 
tion of the new fluorescence band at 410 nm, the 295 nm excited t ryptophan 
fluorescence at 335 nm was gradually quenched and a new absorption band at 
approx. 325 nm was formed. Fig. 2 shows the overlap of  this new absorption 
band with the intrinsic t ryptophan fluorescence of  the enzyme protein. All 
these observations point to a radiationless energy transfer between the 
t ryptophan residues and the new fluorophore of  the thermophile enzyme and 
this makes possible the determination of  the donor-acceptor distance according 
to the FSrster equation [9,10], as has been carried out previously for the 
muscle enzyme [ 5 ]. 

Quantum yield determinations 
For the determination of  the quantum yields, the corrected emission spectra 

of  the intrinsic t ryptophan fluorescence as well as that  of the new fluorophore 
were determined together with a standard sample of quinine sulfate under the 
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Fig. 1. F l u o r e s c e n c e  spectra  o f  the  irradiated e n z y m e .  E n z y m e  c o n c e n t r a t i o n  was  3 ~M in 0.1 M phos -  
phate  buffer ,  p H  6.7, with  e x c e s s  N A D  r e m o v e d  b y  charcoal .  A. Cor rec ted  (1)  and  u n c o r r e c t e d  (2) exci ta-  
t i on  spectra  w i t h  emiss ion  w a v e l e n g t h  410  n m .  B. Cor rec ted  (1)  and u n c o r r e c t e d  (2 )  emis s ion  spectra  
with  exc i t a t i on  wave l eng th  325  n m .  
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Fig. 2. Overlap of the intrinsic tryptophan fluorescence with the abso]~ption spectrum of the new fluoro- 

phol~e. Curve 2, corrected emission speetmlm of the i]~radiated enzyme with an excitation wavelength at 

295 nm. Curve I, absorption spectrum of the new fluo~ophore obtained as a difference spectrum of the 

izzadiated enzyme with excess NAD removed, against the earboxymethylated apoenzyme at the same eon- 

ee ntration. 

same conditions. The calculation of  the quantum yields was according to the 
equation given by Parker and Rees [11]. 

Q1 _ F1 A2 
Q---2 - F--~" A--~ (1) 

Where Q is the quantum yield, F is the area of  the corrected emission spectrum 
and A is the absorbance of  the solution at the excitation wavelength which in 
our experiments was always kept below 0.01. Subscripts 1 and 2 denote the 
values for the unknown and the standard substances, respectively. Quinine 
sulfate dissolved in 0.1 N sulfuric acid was used as standard and its quantum 
yield was taken as 0.70 at 23°C [12]. The results obtained are listed in Table I. 

Determination of  the amount o f  the fluorescent NAD derivative formed 
This was determined as described for the rabbit muscle enzyme. However, as 

the thermophile enzyme was originally dissolved in phosphate buffer, it had to 
be thoroughly dialyzed first. The results obtained are shown in Table II. In 
contrast to the results obtained for the muscle enzyme, the irradiated thermo- 
phile enzyme contained four fluorescent NAD derivatives per enzyme tetramer. 
Singleton et al. [13] found 12 phosphorus a toms per enzyme tetramer and 
suggested that  the thermophile enzyme contained c0valently bound phosphate. 
However, in our hands, after removal of bound NAD with charcoal the 
carboxymethylated apoenzyme contained only 0.14--{).47 atoms of phos- 
phorus per enzyme tetramer. 
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T A B L E  I 

Q U A N T U M  Y I E L D S  OF T H E  I N T R I N S I C  T R Y P T O P H A N  F L U O R E S C E N C E  A N D  T H E  NEW F L U O -  
R E S C E N C E  A T  410  n m  OF T H E  I R R A D I A T E D  E N Z Y M E  

For  the  d e t e r m i n a t i o n  of  the  q u a n t u m  yield  of  t r y p t o p h a n  f luorescence ,  the  exc i t a t ion  wave l eng th  was 
295  n m  and  for  the  d e t e r m i n a t i o n  of  the  q u a n t u m  yie ld  of  the  n e w  f l u o r o p h o r e  the  exc i t a t ion  wave-  
l eng th  was  325  n m  for  b o t h  qu in ine  sulfa te  and  the  e n z y m e .  All d e t e r m i n a t i o n s  were  car r ied  o u t  a t  a con-  
s tan t  t e m p e r a t u r e  of  23°C  w i t h  sample  a h s o r b a n c e  less t h a n  0.01 at  the  exc i t a t i on  wave l eng th  used.  
Values  Hsted are average  va lues  of  six d e t e r m i n a t i o n s  ± S.D. 

T r y p t o p h a n  F luo rescence  
f luorescence  a t  410  n m  

H o l o e n z y m e  0 .081  ± 0 .009  - -  
C a r b o x y m e t h y l a t e d  

a p o e n z y m e  0 . 135  ± 0 .011  - -  
I r r ad i a t ed  e n z y m e  0 . 070  ± 0 .009  0 . 065  + 0 .003  

Energy transfer 
The calculation of  the donor-acceptor distance according to the Forster 

equation [9,10] was as described in a previous paper [5]. In addition to the 
determination of  the efficiency of  energy transfer E, according to the following 
equation: 

E = 1 FD-*A 
F D  ( 2 )  

where FD-~A and F D are the fluorescence intensities of  the donor in the pres- 
ence and absence of  the acceptor respectively, determined with the irradiated 
enzyme and the carboxymethylated apoenzyme at exactly the same concentra- 
tion. E was also determined from quantum yield measurements: 

E = 1 QD-~A 
(~D (3) 

where QD-~A and QD are the quantum yields of the donor fluorescence in the 
presence and absence of the acceptor respectively. For the determination of the 
corrected emission spectra, 295 nm was used as the excitation wavelength. It is 
known that when proteins are excited at 295 nm or longer wavelengths, trypto- 

T A B L E  II  

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

The  e n z y m e  so lu t ion  was  first  d ia lyzed  against  several  changes  of  0.1 M KC1 fo r  36 h and  t h e n  against  
changes  o f  smal l  v o l u m e s  of  o u t e r  so lu t ions  of  0.1 M m o r p h o l i n o - e t h a n e  su i fona te  b u f f e r  unt i l  the  phos-  
phozus  c o n t e n t  of  the  d ia lyza te  d r o p p e d  to  a c o n s t a n t  va lue  of  0 .08 /~g /ml .  The  d ia lyzed  e n z y m e  so lu t ion  
was  t h e n  ashed  and  a n a l y z e d  for  p h o s p h a t e .  Values  given r ep re sen t  separa te  d e t e r m i n a t i o n s  of  t w o  differ-  
en t  samples .  

A 2 8 0  : A 2 6 0  P pe r  t e t r a m e r  N A D  per  t e t r a m e r  

C a r b o x y m e t h y l a t e d  
a p o e n z y m e  

Irradiated enzyme 

1 .88  0 .47  0 .23  
1.91 0 .14  0 .07  
1 .29  7 .96  3 .98  
1 .30  8 .12  4 .06  
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T A B L E  III 

T H E  E N E R G Y  T R A N S F E R  P A R A M E T E R S  OF T H E  I R R A D I A T E D  E N Z Y M E  

The value of  R 0 was  ca lcu la ted  by  the  F6rs te r  e q u a t i o n  

R 0 = (9 .79  X 103)(JK2QDn-'4)1/6 A 

w h e r e  J is the  spectral  over lap  integral ,  K 2 is the  d ipole  or i en ta t ion  fac tor  t a k e n  as 2]3,  QD is the  quan-  
t u m  yield  of  the  d o n o r  in the  absence  o f  transfer  and n is the  re f rac t ive  index of  so lvent  su r ro u n d in g  the  
f luo rophore ,  the  value for  wa te r ,  1.4 is used.  The  d o n o r - a c c e p t o r  dis tance R,  is given by:  

R = R 0 ( E - I  - -  1) 1/6 

Fo r  details ,  see  the  prev ious  pa pe r  [5 ] .  The  R 0 and  E values are the  average of  th ree  d e t e r m i n a t i o n s  ± 
S.D. 

Critical t r ans fe r  d is tance ,  R 0 '  A 25 .52  + 0 .05  
N u m b e r  of a c c e p t o r s / e n z y m e  t e t r a m e r  4 
Eff ic iency of  energy  t rans fe r  0 .45  ± 0 .05  
R, A,  dis tance b e t w e e n  d o n o r  and 26 .36  

a c c e p t o r  

phan contributes almost exclusively to the emission spectra as has already been 
discussed in a previous paper [5]. Both the above methods gave essentially the 
same E values and an average value was used in the calculation of the donor- 
acceptor distance as given in Table III. 

Discussion 

It is well known that  glyceraldehyde-3-phosphate dehydrogenase is an 'evolu- 
tionary conservative' enzyme [14]. From sequence and especially from X-ray 
crystallographic studies, the prokaryotic thermophilic enzyme has a very 
similar structure in its NAD binding region when compared with the muscle 
enzyme [2,3,14]. Therefore, it is only to be expected that  the same fluoro- 
phore is formed under Similar conditions. 

What is rather unexpected and may be more interesting is the difference 
between these two enzymes. Firstly, the formation of  the new fluorophore is 
an 'all-of-the-sites' reaction for the thermophilic enzyme whereas it is a 'half- 
of-the-sites' reaction for the muscle enzyme. It is known that  the thermophilic 
enzyme, like the muscle enzyme, shows negative cooperativity in NAD binding 
[15,16] and it has also been shown that  its NAD binding sites are close to the 
R-axis-related interface of the subunits as in the case of the muscle enzyme 
[2,3]. However, according to Allen and Harris [16], the negative cooperativity 
in NAD binding is much weaker for the thermophilic enzYme than for the 
muscle enzyme. This seems to suggest that  the inherent asymmetry between 
the two pairs of  subunits is not  so marked as to show 'half , f - the-si tes '  reactiv- 
ity in the photochemical reaction for this prokaryotic enzyme. 

Secondly, the quantum yield of the new fluorophore of the bacterial enzyme 
(0.065) is considerably lower than that  obtained for the muscle enzyme 
(0.100). In contrast, the quantum yield of the two t ryptophan residues of  the 
thermophilic enzyme is higher than that  for the mesophilic enzyme. It is 
possible that  the nicotinamide part of  the NAD molecule is more exposed and 
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the tryptophan residues more buried in the thermophilic enzyme as compared 
to the muscle enzyme.  

Thirdly, in agreement with the above suggestion, the calculated distance 
between the tryptophan residues and the new fluorophore for the bacterial 
enzyme 26.4 J~, is different from that found for the muscle enzyme 15.8 
[5] .  The thermophilic enzyme has two tryptophan residues, at sequence posi- 
tions 84 and 310,  as compared to the three tryptophan residues at 84, 193 and 
310 for the eukaryotic enzymes,  The distances obtained for both enzymes are 
weighted average values. The distances, especially for the thermophilic enzyme,  
appear to be too  great for the tryptophan residues to take a direct part in the 
catalytic process of  the enzyme,  unless of  course, one of  the residues is situated 
much closer to the active site than the other. 
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