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SUMMARY 

Fluorescence spec t roscopy was used to examine  the in te rac t ion  between gluta-  
ma te  dehydrogenase  (EC 1.4.1.3) and  N A D H .  The b ina ry  complex of enzyme and 
coenzyme showed enhanced emission at  465 nm with  exci ta t ion  at  295 nm, as com- 
pared  to the free components .  This behavior  was concluded to arise from a non- 
rad ia t ive  t ransfer  of exci ta t ion  energy between g lu t ama te  dehydrogenase  and  N A D H .  
The  in t ens i ty  of the  t r ans fe rwas  used to quan t i t a t e  the b inding of N A D H  to g lu t ama te  
dehydrogenase .  I t  was found tha t  a Kdiss from 2" IO a to I '  IO ~ could be measured ,  
depending on the exper imenta l  condit ions.  Those condit ions closest to the  composi t ion 
of kinet ic  assays gave a Kmss for t i le g lu t ama te  d e h y d r o g e n a s e - N A D H  b ina ry  com- 
plex of I - I O  4. The fact t ha t  g lu t ama te  dehydrogenase  m a y  conta in  as m a n y  as four 
t r y p t o p h a n y l  residues per  mole makes  dis tance calculat ions based on the efficiency 
of the energy t ransfer  qui te  hazardous.  If only  one of the  t r y p t o p h a n y l  residues were 
shown to be the  energy donor,  then  this t ransfer  could prove a useful probe of the 
N A D H  binding site on g lu t ama te  dehydrogenase.  

INTRODUCTION 

Glu tama te  dehydrogenase  (EC 1.4.1.3) has been used f requent ly  as a model  
prote in  for the s t u d y  of the  regula t ion of enzymat ic  ac t iv i ty  b y  non-cova len t ly  bound 
small  molecules. As a result ,  a great  deal  is known about  tile re la t ion between changes 
in this  enzyme 's  t e r t i a ry  s t ruc ture  and its ca ta ly t ic  ac t iv i ty .  Al though tl/e identifi-  
cat ion of the  p r ima ry  s t ruc tura l  features  essential  to i ts ca ta ly t i c  ac t iv i ty  has also 
been a t t emp ted ,  this  aspect  of g lu t ama te  dehydrogenase  is not  so well unders tood.  

Several  reports  have appeared  which suggest  t ha t  a t r y p t o p h a n y l  residue m a y  be 
of some impor tance  to the  enzymat ic  ac t iv i ty  of g lu t ama te  dehydrogenase.  CHEN ~ 
descr ibed a s imul taneous  decay  in both  fluorescent qua n tmn  yield and enzymat ic  
ac t i v i t y  when g lu t ama te  dehydrogenase  was cont inuous ly  i r r ad ia ted  with  290 mn 

* A preliminary report of this work has already been put~lished Fedcratio~ Proc., 28 (1969) 
9oo). 

** Taken in part from a dissertation submitted to the graduate school of the Unixersity of 
Alabama in l~irmingham, as partial requirement for the l'h.D, degree in l~iochemistry. (Preseut 
address: l~uihling ~o, l<ooln 9N-119, Laboratories of lliochemistry and Metabolism, National 
Institute of Arthritis ltll(1 Metabolic Diseases, National Institutes of Health, Bcthcsda, Md., 
2ooi 4, U.S.A.). 
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light, presumably due to the photooxidation of tryptophan. FISHER AND CROSS 2, 

showed that  the formation of the glutamate dehydrogenase-NADH-L-glu tamate  
ternary eonlplex generated a difference spectrum which was qualitatively similar to 
that  observed when N-acetyl t ryptophanamide was perturbed with 2H20. They postu- 
lated that  this difference spectrum reflected the change in enviromnent of a trypto- 
phanyl residue located in the glutamate binding site of glutamate dehydrogenase. 
BROCKLEHURST el al. 3a noted a decrease in the intrinsic fluorescence of glutamate 
dehydrogenase, modified with 4-iodoacetamido salicylic acid. They concluded that  
tlfis arose from quenching of an active site t ryptophanyl  residue. 

In light of these findings, and of the proposals of CHAN .aND SCHELLENBERG 3 
and SCHELLENBER(; 4, al,  32 regarding the function of t ryptophanyl  residues in various 
other dehydrogenases, the properties of t ryptophan in native glutamate dehydro- 
genase were examined in relation to the binding of cofactor. 

MATERIALS AND METHODS 

The chemicals used in these studies were of the highest purity commercially 
available, and underwent no further purification. Glutamate dehydrogenase was pur- 
chased as an ammonium sulfate suspension from Boehringer Mannheim. The enzyme 
crystals were pelleted by centrifugation, and resuspended three times in one-half the 
original volume of o.o5 M phosphate buffer (pH 7.39) containing o.o5 M NaC1 and 
I - IO a M EDTA. Finally, the enzyme pellet was dissolved in about 1/3 the original 
volume of phosphate buffer. Approximately half of the enzyme was lost due to its 
solubility in the buffer used to resuspend the pellet, nevertheless, this procedure gave 
a stock glutamate dehydrogenase preparation with a concentration of about 2o-3o 
mg/ml, as determined by a molar absorbance at 280 nm of 5.24" lO 4, based on a chain 
molecular weight of 535oo (ref. 5). 

Stock solutions of NADH (Sigma) were prepared fresh daily by dissolving an 
appropriate amount in o.ooi M NaOH and chilling in an ice bath. A molar absorbanee 
of 6.22. io a at 340 nm was used to determine concentrations of NADH, as recom- 
mended by P and L Laboratories*. 

An Amineo Bowman Spectrophotofluorometer, equipped with an RCA IP28 
phototube and a linear X - Y  recorder, was used throughout these studies. All spectra 
are reported without correction for phototube response and with scatter peaks 
omitted. The cuvette block on this instrmnent was maintained at 21 ° by means of 
a Lo-Temptrol 154 circulating water bath  from Precision Scientific Company. 

For those experiments in which the concentrations of NADH were varied, #1 
aliquots of a stock NADH solution were added directly to the cuvette by means of 
a syringe mieroburette and an appropriate length of small diameter polyethylene 
tubing. The contents of the cuvette were continuously mixed with a micro stirring 
bar, actuated by a stir plate placed directly under the cuvette housing. In all cases, 
the exciting beam of light was at tenuated until spectra were actually being taken, 
to eliminate any photooxidation of the sample. Final concentrations were not cor- 
rected for dilution due to t i t rant  addition since this would only involve a maximum 
correction of < 3 %. The A excitation at 295 nm was calculated by subtracting the 

* Ultraviolet Absorption Spectra of Pyridine Nucleotide Coenzymes and Coenzyme Analogs, 
Circular OR-IS,  P - L  Biochemicals,  Inc.,  lO37 "vV. MeKinely Ave., Milwaukee, Wise. 532o 5, U.S.A. 
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intensity at that excitation wavelength for NADH in buffer with all components but 
glutamate dehydrogenase, from the intensity obtained by adding an equal amount 
of NADH to an identical curet containing glutamate dehydrogenase. This treatment 
presumably eliminated the contribution of any free NADH. These data were then 
treated similarly to those of TOMKINS et al. 6 and ADELSTEIN 7. 

The fluorescence lifetime measurements were done using the TRW Instrument 
described by CHEN et al. s who generously provided his facilities for these experiments. 

Ultraviolet spectra were recorded with a Cary 15 spectrophotometer. Both the 
o-o.I  and o-I.O A slidewire were used in conjunction with these studies. 

In spite of several attempts to standardize both the excitation and emission 
monochromators on the Aminco instrument used in these studies, the measured 2max 
for protein absorption and emission, as well as NADH absorption and emission were 
consistently lO-i 5 nm higher than expected. Since the wavelengths of maximum 
absorption or emission were always higher than the reported values for glutamate 
dehydrogenase and NADH, it was felt that the possibility of exciting tyrosyl residues 
in glutamate dehydrogenase by setting the excitation monochromator on 295 nm 
was quite small. For simplicity, the actual uncorrected readings from the two mono- 
chromators will be used in this paper. 

RESULTS 

Spectral properties of glutamate dehydrogenase, N A D H  and their complex 
The effect of binary complex formation on glutamate dehydrogenase fluores- 

cence is presented in Fig. i. As the intrinsic protein fluorescence at 350 nm was 
quenched by the presence of the NADH, there was a simultaneous emergence of 
NADH fluorescence at 465 nm. 

This suggested that the interaction between glutamate dehydrogenase and 
NADH led to a non-radiative transfer of the protein excitation energy, causing NADH 
emission at 465 nm. An alternate, trivial, explanation is that NADH simply absorbed 
the protein emission at 350 nm and re-emitted at 465 nm; however, the low chromo- 
phore concentration, as well as the poor quantum yield of NADH 13 make this most 
unlikely. Several experiments were done on NADH alone, as described in the following 
sections, to be certain of the cause of the enhanced emission at 465 nm seen in the 
presence of enzyme. 

Effect of solvents on N A D H  emission 
It is possible that the NADH which was bound to glutamate dehydrogenase 

might show increased absorption of 295 nm exciting light, due to its environment, 
resulting in a higher quantum yield for these bound NADH molecules. To test this, 
the effects of increasing concentrations of methanol (dielectric constant = 33) and 
ethylene glycol (dielectric constant ~ 38) on the emission of NADH dissolved in water 
(dielectric constant = 78) were examined. The use of these two solvents would show 
the effects of both polarityandviscosity on NADH fluorescence, in a manner analogous 
to the effects of a protein binding site. These results, shown in Fig. 2, confirmed that 
the 350 nm excited NADH fluorescence was dependent on solvent character while 
that excited at 295 nm was not. 

Biochim. Biophys. Acta, 223 (197 o) 374-382 
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E#ect of binding of NADH absorption 
Increased emission of bound NADH at 465 nm might also result from a red 

shift in the 260 nm absorption peak of the coenzyme; the absorption spectra of several 
different NADH-glutamate dehydrogenase mixtures were measured and show no 
indication of such a shift. In fact, extensive binding of NADH to glutamate dehydro- 
genase causes a slight decrease in the 2max for bound NADH. 

These results are emphasized by comparing the molar absorbance of NADH in 
various mixtures of enzyme as shown in Table I. Extensive binding of NADH to 
glutamate dehydrogenase caused e (260 nm) to increase from i i - lO 2 to 16. lO 3. The 
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Fig. i .  Effect  of complex  fo rmat ion  w i t h  NADFI on g l u t a m a t e  dehydrogenase  emiss ion s p e c t r u m .  
N A D H  was added  to  a c u v e t t e  con ta in ing  2.0 ml  of o . i  m g / m l  g l u t a m a t e  dehydrogenase  in 
0.05 M Tris-HC1 buffer (pFI 8.2) w i th  0.o5 M NaC1 and  I • lO -3 M EDTA,  so t h a t  the  final NADFI 
concen t r a t i on  was 6.2.10 -5 M. E x c i t a t i o n  was c o n s t a n t  a t  295 nm. The th in  l ine shows the  emiss ion  
s p e c t r u m  of an equa l  a m o u n t  of NADH,  in the  absence of g l u t a m a t e  dehydrogenase ,  exc i t ed  
a t  295 nm. The mos t  in tense  s p e c t r u m  is t h a t  for g l u t a m a t e  dehydrogenase  only,  while  the  p a r t i a l l y  
quenched  curve  wi th  two m a x i m a  is the  m i x t u r e  of g l u t a m a t e  dehydrogenase  wi th  N A D H .  

Fig. 2. Effect  of so lven t  p o l a r i t y  on N A D H  emission.  Serial  d i lu t ions  of e i the r  m e t h a n o l  or e thy lene  
glycol  were p repa red  in water .  To 2.0 ml  of each so lu t ion  was added  an  a l iquo t  of NADFI to give 
a final concen t ra t ion  of 2.8. lO -5 M and  each solu t ion  t h u s  p repa red  was i r r ad i a t ed  a t  e i the r  
35 ° nm or a t  295 nm, as no ted  below. The area  unde r  each emiss ion  peak  was  measu red  w i t h  
a p l a n i m e t e r  and  re la t ive  q u a n t a  were ca lcu la ted  by  d iv id ing  the  area  under  each curve  for the  
different  so lven t  concent ra t ions ,  by  the  area  under  the  curve  for pure water .  O,  me thano l ,  exc i ted  
a t  35 ° n m ;  O,  me thano l ,  exc i ted  a t  295 nm ;  [] ,  e thy lene  glycol,  exc i ted  a t  350 nm;  I ,  e thy l ene  
glycol,  exc i ted  a t  295 nm. 

T A B L E  I 

MOLAR ABSORBANCE OF GLUTAMATE DEHYDROGENAsE--NADH MIXTURES AT 295 AND 26O nm 

The  va lues  for the  mola r  absorbance  in each e x p e r i m e n t  were ca lcu la ted  on the  basis  of the  
N A D H  concent ra t ion .  The numbers  l i s ted  under  N A D H / g l u t a m a t e  dehydrogenase  are mola r  
ra t ios ,  ca lcu la ted  from the  d i lu t ion  of s tock  solut ions.  For  the  l a s t  two va lues  ( N A D H / g l u t a m a t e  
dehydrogenase  = 0.30 and  o.o7), an equa l  a m o u n t  of g l u t a m a t e  dehydrogenase  was presen t  in  
t he  reference cuve t t e ,  to  b l a n k  ou t  the  v e r y  s t rong  p ro te in  absorp t ion .  

N A D H / e n z y m e  e × z o  -a e × z o  -3 

at  2 6 0  n m  at 2 9 5  n m  

5.3 I I  1.2 
2.5 i i  1.6 
o.30 15 i . I  
0.07 16 i . i  
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molar absorbance of the mixture at 295 nm remained essentially unchanged at about 
I . I  • I o  a. 

The data therefore, were indicative of energy transfer between glutamate de- 
hydrogenase and bound NADH. To support this argument, the fluorescence lifetimes 
of the complex and the NADH alone were examined, since the observed lifetime of 
a given fluorescent species is often a characteristic of that species. If the excitation 
of bound NADH does, in fact, come from excited protein chromophore residues the 
lifetime measured by exciting the complex at 295 nm might be different from that 
obtained by exciting the complex at 35o nm. 

l:or determining the lifetime of the excited state of the isolated coenzyme, the 
activating bealn was passed through a grating blazed for light at 35o nm. These results 
were compared with experiments using a filter transmitting the band between 28o nm 
and 36o nm to excite the glutamate dehydrogenase NADH complex. In each instance, 
emission was measured at 465 nm. 

The results of these experiments, shown in Table II, indicated that the lifetime 
of the NADH excited by 35o nm irradiation was increased approx. 3-fold on binding 
to glutamate dehydrogenase whereas that excited by 28o-36o nm irradiation was 
increased 5-6 fold. These results provided strong exidence for the energy transfer 
mechanism. 

"FABLt¢  11 

L I F E T I M E S  OF T H E  C O M P O N E N T S  OF T H E  G L U T A M A T E  D E I t Y D R O G E N A S E  N . \ I ) I [  C O M P L E X  

T h e s e  e x p e r i m e n t s  w e r e  ( !one  as  d e s c r i b e d  in t h e  t e x t .  

5y.,tem 1~.~ ).~,,.t T (nsec)* 

E n z y m e  295 35 ° 4 .4  • .  
N A D H  34 ° 465  o. 4 
N A D H  ~- e n z y m e  34 ° 465 L o  
N A D H  + e n z y m e  2 8 0 -  465  2.2 

360  

± 0. 5 n s e c  (ref. 8).  
• * T h i s  v a l u e  is c o n s i d e r a b l y  s m a l l e r  t h a n  t h a t  o r i g i n a l l y  r e p o r t e d  b y  CHEN el al. 8, h o w e v e r ,  

i t s  a g r e e m e n t  w i t h  t h a t  of SPENCER AND \ ¥ E B E R  21, "ogho u s e d  a m u c h  m o r e  s e n s i t i v e  i n s t r u n l e n t  
is c o m p e l l i n g .  

N A D H  binding co~zstants 
The quantitative relationship between the binding of NADH to glutamate de- 

hydrogenase and the intensity of the energy transfer emission was examined in the 
following set of experiments. The peak height at 295 nm was corrected for free NADH 
and then plotted against tile NADH final concentration, both as reciprocals, shown 
in Fig. 3. The control titration gave K d i s s  of 2" 10-5-3 . I0 s. L-Glutamate (2.5" lO -2 M) 
which is known to increase the strength of NADH binding*, 11, a~, 14, causes the constant 
to decrease to a value of about 3" lO-6-5 . lO-8. An increase in ionic strength alone, 
in contrast, causes the Kaiss to increase slightly, an effect also noted by others 15,16 
The interesting effect of Z n C I  2 o n  tile NADH binding is not understood, but must re- 
late to the extensive conformational change that Zn 2+ is known to cause in glutamate 
dehydrogenasOL 

13iochim. Biophys. Acta, 223 (197 o) 3 7 4 - 3 8 2  
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A similar experiment, with NADH being added to varying amounts of glutamate 
dehydrogenase is shown in Fig. 4. In these experiments, the buffer system was changed 
from Tris-HC1 to phosphate, and in addition, (NH4)2SO 4 was added to the cuvette. 
As one would expect, the maximum amount of energy transfer is dependent on the 
amount  of energy donor present, over the range of glutamate dehydrogenase concen- 
trations examined. In spite of a Io-fold increase in the glutamate dehydrogenase 
concentration, however, the extrapolated Kmss for the binary complex remains the 

o.60 / / / ~  ~ ,  

"•0.40 

io. o / / /  

0 . 5 0  1 .0  1.5 2 . 0  2.5. 3 . 0  3 . 5  4 . 0  4 . 5  
( N A D H )  I . 10 S 

Fig. 3. Effect o~ Zn ~+, L-glutamate and ionic s t reng th  on N A D H  binding. Sequential  addi t ion 
of N A D H  were made to a cu re t  with 0.26 mg/ml g lu tamate  dehydrogenase dissolved in 0.05 M 
Tris (pH 8.2), o.05 M NaC1, and containing the following addit ional solutes: @, o. io M NaC1; 
4), none; ~ ,  6.2. IO -3 ),'I L-glutamate; ( ) ,  1.2' lO _2 hi L-glutamate; @, 2.5" to -2 M L-glutamate; 
• ,  5" IO-5 M ZnC12. The .1 excitat ion at 295 nm was calculated from an excitat ion spect rum of 
the mixtures  described above, wi th  emission wavelength cons tan t  at 465 nnl. 

o 

3.$(  

3,0C 

2.511 

i 2.01 

1.$© 

o.G ,!o ,Is 2!o 21s ~Io 3!5 do d5 

Fig. 4. Effect of g lutamate  dehydrogenase on N A D H  binding. To 2.00 ml of 0.05 5i phosphate  
buffer (pH 7.43) containing o.o 5 M NaCI, I • io -a hi EDTA,  5" lO-2 M (NH4)2SO 4 and glu tamate  
dehydrogenase at a concentrat ion of: (2), I-6"IO-6~I;  v], 3.5"1o ~M; ( ) ,  6.2.IO-6M, or ~ ,  
1.3" lo 5 .Xl, were added sequential  ,ul increments  of 9.8. lo 4 5I NADH.  Emission wavelength 
was cons tant  at 465 nnl. 

Biochim. Biophys. Acta, 223 (I97 c) 374-382 
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same, at about I .  Io -a. It  is noteworthy that the curves for both Figs. 3 and 4 appear 
to be linear throughout the entire titration range and give no indication of two com- 
peting sites for NADH, as proposed previously 9,34. 

DISCUSSION 

The fluorescence studies reported here have shown that excitation of the binary 
NADH-glutamate dehydrogenase mixture at a wavelength where only tryptophan 
absorbs appreciably, results in fluorescence at a wavelength characteristic of NADH. 
Observations of this type have been interpreted to mean that the energy of excitation 
is transferred from the excited state of the donor molecule to the unexcited acceptor 
nlolecule18,1". This interpretation is of particular interest, since it implies a special 
relationship between NADH and tryptophan in the binary complex. Because of this 
important implication, alternate explanations must be examined carefully. 

It  has been demonstrated that in solution, NADH exists in two general confor- 
mations18,20-22. These two orientations, referred to as closed and extended, result in 
the planes of the nicotinamide and adenine rings being parallel and perpendicular, 
respectively. It has also been shown that a rather efficient intramolecular energy 
transfer occurs in the isolated NADH molecule 2°.21, causing the 275-nm maximunl 
in its excitation spectrum. This process has been investigated by FREED el al. 2a, among 
others, who found that the intramolecular transfer was considerably affected by the 
chemical character of the solvent, presumably by altering the distribution between 
closed and extended structures. 

Although VELICK is showed that lactate dehydrogenase binds "extended" 
NADH, it is conceivable that when NADH is bound to glutamate dehydrogenase, it 
is bound only in the closed form, causing an increase in the observed emission at 
465 nm. However, the data of Table II  show that there is not a remarkable alteration 
in either the position or the intensity of the NADH-adenine absorption band on 
binding to glutamate dehydrogenase. Thus, an alteration in the NADH structure on 
binding resulting in a more efficient adenine-nicotinamide intramolecular interaction, 
is not sufficient to explain the observations. 

The rate of transfer of energy from tryptophan to NADH is not known, but 
must be no slower than the lifetime of the excited tryptophan residue in glutamate 
dehydrogenase, or about 4.4 nsec. Since the lifetime of excited NADH is only 0. 4 nsec, 
as measured by SPENCER AND WEBER g4 and confirmed by the data shown here, if the 
rate of transfer is not appreciably different from the rate of tryptophan emission, 
the energy transfer step should be rate limiting to the overall process of tryptophan 
absorption--> NADH emission. This can be tested by measuring the lifetime of the 
465-nm emitting species, in tim presence of glutamate dehydrogenase, first by exciting 
the nicotinamide and then by exciting at the protein. When the NADH-glutamate 
dehydrogenase mixture was excited at 34 ° rim, the fluorescent lifetime was I.O nsec 
This lifetime of bound NADH is exactly what one would predict from the data of 
WIXER AND SCHWERT ~1, who found that the intrinsic fluorescence of NADH was en- 
hanced by a factor of about 2 upon binding to glutamate dehydrogenase. If excitation 
of bound NADH by 295 nm light were occurring by the same mechanism as excitation 
by 34 ° n m  light, one would expect to measure an identical lifetime by exciting at 
295 nm. This is clearly not the case. The lifetime obtained by exciting the glutamate 

Biochim. Biophys. dcta, 223 (197 o) 374-382 
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dehydrogenase-NADH mixture at 295 nm is over twice as long as that  from 34 ° n m  
excitation. This is the most compelling evidence to favor energy transfer. 

The utility of this energy transfer in studying the binding of NADH to glutamate 
dehydrogenase is shown by the experiments in Figs. 3 and 4- I t  is clear that  the 
measured value for the dissociation of NADH from the glutamate dehydrogenase- 
NADH binary complex is determined by the ionic milieu of the experiment, a fact 
previously noted 16, 25, 20. Note that  a change in the experimental conditions to approxi- 
mate more closely the ionic environment of the enzyme during kinetic assays, as 
shown in Fig. 4, generates Kdiss values completely compatible with those obtained 
from a Lineweaver-Burke plot of the initial velocity data. This is the first demon- 
stration of a fluorimetrically determined NADH Ktllss which is essentially identical 
with the Michaelis constant for NADH of about I .  IO -~. 

The t ryptophan content of glutamate dehydrogenase has been reported as being 
2.4 (ref. 27), 4 (ref. 28), and 4.7 (ref. 29) moles per mole of glutamate dehydrogenase 
(mol. wt. 53500). Since there is obviously more than one t ryptophanyl  residue in 
glutamate dehydrogenase, it becomes important  to consider which of these might be 
responsible for the donation of its 295-nm excitation energy to bound NADH. The 
fact that  the NADH binding curves shown in Figs. 3 and 4 are linear may give an 
important  clue to this question. 

There seem to be three appropriate explanations for this failure to observe a 
second NADH binding site: (I) The energy transfer method is not a valid NADH 
binding monitor. (2) The tryptophanyl  residue(s) involved in the transfer are so 
specifically located that  they transfer preferentially to NADH bound at tile catalytic 
site, and do not interact at all with NADH bound to the second site. (3) There is no 
second NADH binding site. 

The first of these tentative explanations can be effectively ruled out by the 
good agreement between previously observed effects on the NADH binding be- 
havio#, 11,1~, 1,-16, 2~, 26 and those reported here. 

There is no good theoretical or experimental basis for selecting between the 
two remaining alternatives, although there has been substantial difficulty in showing 
conclusive evidence of a second NADH binding site. Based on the extreme dependence 
of the measured Kdiss values for the NADH-glu tamate  dehydrogenase binary com- 
plex on the experimental conditions, as shown here and elsewhere25, z6, one might 
speculate that  the variation in these values could represent the weighted average of 
identical NADH binding sites on a multitude of conformations of glutamate dehydro- 
genase rather than two separate sites on the same molecule. In either event, one is 
still faced with the problem of deciding which, and how many tryptophanyl  residues 
in glutamate dehydrogenase might be involved in transferring energy to bound 
NADH. If it could be established that  a single t ryptophanyl  residue is involved in 
the energy transfer, then the use of the relationship of ~'/3RSTER 3° to calculate distances 
and orientations for the two chromophores might give some indication of the di- 
mensions of the catalytic site on glutamate dehydrogenase. 
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