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S U M M A R Y  

T r y p t o p h a n  p o s s e s s e s  t w o  s e t s  o f  e m i s s i o n s ,  e a c h  o n e  o f  w h i c h  h a s  o n e  s h o r t - l i v e d  

e m i s s i o n  a n d  o n e  l o n g - l i v e d  e m i s s i o n .  T h e  e x c i t a t i o n  b y  ; r - a  a b s o r p t i o n  a t  28o  mr*  

g i v e s  u . v .  f l u o r e s c e n c e  a n d  b l u e  p h o s p h o r e s c e n c e  u n d e r  c e r t a i n  c o n d i t i o n s ,  e.g. f r o z e n  

i n  a n  a q u e o u s  s o l u t i o n  c o n t a i n i n g  g l u c o s e  o r  m e t h a n o l .  B o t h  e m i s s i o n s  a r e  s e n s i t i v e  

t o  t h e  p r e s e n c e  o f  a d d e d  s u b s t a n c e s :  i n  a f r o z e n  s o l u t i o n  w i t h o u t  a d d i t i o n ,  t h e  b l u e  

p h o s p h o r e s c e n c e  d i s a p p e a r s ,  w h i l e  w i t h  t h e  d e c r e a s e  i n  t h e  f l u o r e s c e n c e  t h e r e  is  a 

c o n c o m i t a n t  i n c r e a s e  i n  t h e  p h o s p h o r e s c e n c e ,  r e s u l t i n g  f r o m  e n e r g y  t r a n s f e r  b e t w e e n  

t r i p l e t s ,  i n  t h e  p r e s e n c e  o f  a c e t o n e .  T h e  e x c i t a t i o n  b y  a n e a r - u . v ,  a b s o r p t i o n  a t  3 5 o  m/~ 

p r o d u c e s  b l u e  s h o r t - l i v e d  e m i s s i o n  a n d  g r e e n  l o n g - l i v e d  e m i s s i o n ,  w h i c h  a r e  q u e n c h e d  

b y  t h e  a d d i t i o n  o f  s t r o n g  a c i d  o r  t h e  f o r m a t i o n  of  c h a r g e - t r a n s f e r  c o m p l e x  w i t h  

d i n i t r o p h e n o l ,  e t c .  
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INTRODUCTION 

Studies of this laboratory have indicated tha t  t ryptophan plays a special role i;~ 
biological energy transmission. For this reason it seems desirable to have additionaJ 
details concerning the optical properties of this amino acid. Tryp tophan  and proteins, 
containing t ryptophan are known to show two kinds of blue emission;, a, One is a 
long-lived emission (phosphorescence) from a triplet state on excitation at about  
28o mt,. This emission is accompanied by  an n.y. fluorescence from an excited singlet 
state. The other b]ue emission is a short-lived one from an miknown el:ate of the 
molecule when t ryp tophan  is excited at about: 350 m!~.. 

The further a t tempt  presented here to elucidate the nature of the el?err-lived 
emission has revealed that  t ryp tophan  can also emit a green ]o~,!gdived emission 
which seems to be related electronica]ly to the blue short-lived ~;missJon, and that  
the couple, the blue short-lived emission and the green long-lived emissioJ?, i!~ subject 
to changes different: from the other couple, the u.v. fluorescence and ti~e b!ue 
phosphorescence, in the presence of foreign substances. This report will also prescott 
evidence tha t  nitro-compounds,  such as s,4-dinitrophenol and trJnitrobenzer, e, which 
can quench the t ryp tophan  emission, complex with tryptophaJ~. 

EXPERIMENTAL 

Dn-tryptophan (Eastman Organic Chemicals) was recrystallizcd threat times from hot 
m e t h a n o l - w a t e r  (7o:3o), 

Emission spectra at liquid-nitrogen temperatures  were mea.~:nrcd by mea,n~- of 
the Beckman DK-z  spectrophotometer  with an unsiivered Dewar flask containing 
liquid nitrogen in the Jamp-housing compar tment  2. The exciting light wt~s isolated 
from a Hanovia  high-pressure xenon arc (Modei zo-C-y) using a Leiss f!:~sed-quartz 
monochromator .  

Absorption spectra were studied with the Beckman DK-z  recordiJ-~g spectre- 
photometer .  

RESULT~ 

The results of t ryp tophan  emission are summarised in Table ] wit]-~ those of indoie 
and protein emission for comparison. 

In  a frozen aqueous solution, t r yp tophan  excited by  35o mf~, v,:as fonnd to emit 
a weak green long-lived emission at liquid-nitrogen temperature,  as well as the blue 
short-lived emission at about  45o mp~ (Fig. ~). Since protein emit led more strongly, 
the use of a narrow slit enabled two peaks to be shown at 44o mi~ and at about  
5oo m~ (Fig. 2). This indicates tha t  there are two different states excited by near-u v. 
light, which give rise to two kinds of emission: blue short-lived emission and green 
long-lived emission. 

The previous spectral s tudy of a concentrated protein solution suggested the 
possible existence of a long-wave-length shoulder on the 28o mtz peald. Invest igat ion 
of the action spectrum for the short-lived blue emission of t ryp tophan  indicated 
tha t  the emission was excited in the vicinity of 36o m/z a. In  t;~e present study, 
absorption spectra in the near n.y. region were measured for both t ryptophan and 

I3iochi~. Biophys. qcm, 4 ° (~96o) ~5J-756 
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Exciting light 280 ~nt* 35 ° mu 

Emission Short-lived Long-lived Short-lived Long-lived 

T r y p t o p h a n  325 m #  
4 I O  

345 435 ~ 500 45 ° ~ 500 
435 

W a t e r  - -  + - -  + + + 
Glucose  + + - -  + + - -  @ + 
M e t h a n o l  + + -- + + - -  + + 
Ac id  + - -  + - -  - -  - -  
A c e t o n e  - -  - -  + + + + 
C y s t e i n e  . . . .  + + + 
t l i s t i d i n e  + - -  + - -  + + 
D i n i t r o p h e n o l  } 
R i b o f l a v i n  . . . . . .  
Fol ic  ac id  

4o5 
I n d o l e  3 t o 43 ° 43o 5oo 

32o 45 ° 
E P A  + + + + 
A c e t o n e  - -  + + + 

4 I O  

B o v i n e  s e r u m  a l b u m i n  335 435 44 ° 

455 

5o0 

indole in order to detect any absorption maximum in this range. Indole did give 
a clear shoulder at about 36o m/x, but tryptophan did not show any such shoulder. 
It  is probable that a low absorption maximum of tryptophan in this range may be 
covered by the high tail of the main absorption band around 28o nqz. 

On excitation at 28o m~ in a frozen aqueous solution at 7 7  ° K the ~-~  u.v. 
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Fig.  I .  ( ), e m i s s i o n  s p e c t r a  of t r y p t o p h a n  
(IO 2M)  i n w a t e r ;  ( - - . - - ) ,  w i t h  i o  4 M d in i t ro -  
p h e n o l ;  ( . . . .  ), w i t h  8 iV[ HC1. E x c i t a t i o n :  

35o i n # ;  T ~ 77 ° I~; Slit  2 m m .  

b 

4OO 45O 5OO S00 7OO 

X m #  

F ig .  2. E m i s s i o n  spec t ra  o f  b o v i n e  se rum a lbu -  
m i n  ( I O % ) .  E x c i t a t i o n :  35 ° mkt ; T = 77 ° K .  

(a) Sli t  I r a m ;  (b) Sli t  0.5 r a m .  
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fluorescence was observed at 345 natz with a very weak greenish long-liv,;:d emissior,. 
(Fig. 3). I t  should be mentioned that  the blue long-lived emission was not  observed 
at this excitationL 

Fig. 3. ( 
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), emissiol~, spectra of tryptophan (1o -2 M) in wa.te,'; ( ........ ), i,1 t~'~, gluco,~; 
( . . . . . .  ), in ,.to oz, o acctoue. Excita.tion: °_8o rap.; "17 = 77 ° 1{: S'.'i',: ~ m:n. 

Ch.'cose 

When t ryp tophan  was excited at 28o ml,  in a frozen wate ry  solution containing 
o.5 .'-~ IO % glucose, not  only the blue ~-.-r phosphorescence 1 a.ppeared at  about  
44o m~, bu t  also the u.v. fluorescence increased and shifted to 325 rot,, compared 
with the fluorescence of a solution frozen wi thout  glucose (max. 3-¢5 ml*) (Fig. 3). 
The 325-m/~ emission corresponded to the ttuorescence of indole il; a rigid glass medium 
EPA.  On the other  hand, in the short-lived blue emission excited at 35o n-~l~ there 
was no shift in the presence of glucose, and the green long-lived emission was observed 
at  liquid-nitrogen temperature  whether  glucose was present or not.  The green long- 
lived emission had a shorter lifetime than the blue one which also had some structure.  
Methanol, added to water  prior to freezing, had the same effect a~. glucose. 

Acid 

Tryp tophan  solutions were frozen immediately after the addit ion of 8 -]J hydro-  
chloric acid. The u.v. fluorescence and the blue phosphorescence excited at  ago mr* 
remained unchanged.  However,  both the short-lived blue emission and the long-lived 
green emission excited at 35o ml~ disappeared, while a very  faint greenish-yellow 
fluorescence appeared due to a small amount  of a seconda W product  to be described 
below (Fig. x). This fluorescence increased when the solution with acid was allowed 
to s tand at room temperature.  The effect of acid on t l~  absorption spectra in the 
near-u.v, region was also studied. On adding acid, the absorption initially decreased 
and then a new absorption graduaUy developed at 355 my. in t ryp tophan  (in con- 
centrated hydrochloric acid) and at 337 mt~ in indole (in o.x M HCl in metha~;C,). 

Biochi.m. Biophys..4tie, 4o (~96o) 25s-z56 
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This secondary change of absorption and fluorescence was due to an irreversible 
reaction which occurs in an acidic medium. 

Acetone 

At the temperature of liquid nitrogen the short-lived blue emission excited by  
350 m/~ was not greatly changed by acetone. When tryptophan was excited at 280 m/z 
in the presence of acetone, however, the u.v. fluorescence at 345 m/~ was considerably 
quenched without any shift of the maximum, and both blue and green long-lived 
emission were enhanced (Fig. 3). The same change was observed even in indole in a 
rigid glass medium (EPA) containing a small amount of acetone at 77 ° K (Fig. 4). 

The decrease of the t ryptophan fluorescence by acetone can be explained by 
n - a  absorption (singlet-singlet transition) of acetone at 28o m/~, which is the wave- 
length used to excite tryptophan. The energy transfer between n-,n triplet state of 
acetone formed from singlet excited state and triplet state of t ryptophan may  well 
result in the increased tryptophan phosphorescence. Such an energy transfer between 
triplet states was first shown by TEXENiN AND ERMOI,AEV '* in a benzaldehyde (benzo -~ 
phenone)-naphthalene system. 
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Fig .  4. ( - - - - ) ,  e m i s s i o n  s p e c t r a  o f  i n d o l e  ( io  -~ M)  in  E P A ;  ( . . . .  ), in  E P A  w i t h  2 % a c e t o n e .  
E x c i t a t i o n :  28o  m/~; T = 77 ° I~; Sl i t  i r a m .  

Other amino acids 

Of the amino acids so far studied, histidine was particularly active in its ability 
to enhance the blue phosphorescence in a lO -2 M concentration. Cysteine effectively 
quenched the u.v. fluorescence of t ryptophan without any enhancement of blue 
phosphorescence. 

2,4-dinitrophenol 

The absorption spectra of mixed solutions of t ryptophan and dinitrophenol 
indicated a complex formation. The absorption spectrunl of dinitrophenol was found 
to be shifted toward a longer wave-length in the presence of t ryptophan in a neutral 
buffer solution. Spectral changes in low concentrations of dinitrophenol in the presence 
of high concentrations of t ryptophan indicated an association constant of about 
5 1/mole. Trinitrobenzene, which is known to be a good electron-acceptor, was also 
found to complex with tryptophan, indole, and proteins containing tryptophan. 

Biochim. t~iophys, dcla, 4 ° (196o) 2 5 1 - 2 5 6  
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The change of absorption spectrum in the trinitrobenzene complex was even more 
marked. The measurement of difference spectra showcd the absorption maximum of 
the trinitrobenzene-twptophan (or indole) complex to be at about 38o ml~, M~i!e 
that of trinitrobenzene in itself was at 325 rap. In recent studies~., tryptophan has 
been found to act as an electron-donor. The formation of this type of charge-transfcr 
complex of dinitrophenol with tryptophan in proteins may provide some insight 
into the mechanism of the biological action of dinitrophenol. 

In the emission spectra of frozen complexes of tryptophan with nitrocompounds, 
all of the tryptophan emission was quenched. Instead, the complex exhibited a. new 
weak emission at 5xo mlz i~l the dil~trophenol-complex (Fig. I) and at 465 my. in 
the trinitrobenzene-complex at liquid-nitrogcn temperatures. Dinitrophenol itselt 
was found to emit at 557 m~ in the absence of glucose and at 51o m/z in the prcsence 
of glucose. Trinitrobenzene had the same emission at 465 ml.* i1~ a frozen solution 
witk and without glucose. Thus, the emission of the complexes can be secn to cor- 
respond almost exactly to the luminiscenee of the electron-acceptor nitro-compound. 
This indicates that the emission occurs from the mctastable state of the electron- 
acceptor components. It should bc made clear that the luminiscenee of nitro-com- 
pounds was a delayed emission observable only at low temperature. The same 
phenomenon was observed in frozen complexes o1~ tryptophan ~ith riboflavin ~ and 
with folic acid ", where the very weak emission occurred at liquid-nitrogen temperatures 
at 565 m/~ and at 500 my., respectively, which corresponded to the luminiscence of 
riboflavin and of folio acid in a frozen solution without glucose. These emissions in 
the complexes did not change even in the presence of glucose, whiie riboflavin 
fluoresced at 525 mlz with a red pb.osphoresccnce, and folio acid at 425 me. with a 
green phosphorescence at 485 m/~ in the presence of glucose. 

In these complexes the electron-acceptors have a lower exei ted level than trypto- 
phan, and their lowcst metastable state is lower than the excited state of the com- 
plexes'. This would expl,qn the experimental results that the weak cmission from fl~e 
metastable state of electron-acceptors is observed in the complexes at low tem- 
perature, accompanying the quenching of tryptophan emission. 
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