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EXAMPLES OF THE USE OF FLUORESCENT 

HETEROCYCLES I N  CHEMISTRY AND BIOLOGY+ 

Roger Adams Laboratory, School of Chemical - Sciences, University 

of I l l i no i s ,  Urbana, I l l i no i s  61801 USA 

The application of fluorescent heterocycles to the study 

of chemical and biological systems i s  discussed. The spectroscopic 

properties of coumarins, pyrrol inones derived from f l  uorescamine, 

and nucleic acid base analogs, together with examples of the i r  use, 

are described in deta i l .  

I .  Introduction 

The value of a new heterocyclic compound often l i e s  not with the actual 

synthetic procedures used to prepare i t ,  b u t  with the chemical, physical or  

biological properties possessed by the heterocycle. While most new hetero- 

cycles are characterized by spectral techniques such as infrared, mass 
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spectrometry,  nuc lea r  magnetic resonance and u l t r a v i o l e t  spectroscopy, a 

p roper t y  t h a t  i s  o f t e n  neg lec ted i s  f luorescence spectroscopy. Very b r i e f l y ,  

f luorescence i s  the r a p i d  emission of energy f rom the lowest  e x c i t e d  s i n g l e t  

s t a t e  upon e x c i t a t i o n ,  u s u a l l y  a t  t he  longes t  wavelength absorpt ion band. 

According t o  Stokes law, t h e  emi t ted  f luorescence has a longer  wavelength 

( lower  energy) than the  absorbed r a d i a t i o n .  This i m p l i e s  t h a t  the e lec t ron ,  

a f t e r  be ing r a i s e d  t o  a h igher  energy l e v e l  by absorpt ion o f  r a d i a t i o n ,  f a l l s  

f i r s t  t o  the  lowes t  v i b r a t i o n a l  l e v e l  o f  t he  e x c i t e d  s ta te ,  and so emits 

r a d i a t i o n  o f  lower energy than t h a t  used f o r  e x c i t a t i o n .  The f luorescence of 

a compound i s  expressed i n  terms o f  the  e x c i t a t i o n  and emission wavelength 

(hex and hem), the  quantum y i e l d  o f  emission (0) and the  l i f e t i m e  o f  the  ex- 

c i t e d  s t a t e  (7). P. d e t a i l e d  t reatment  o f  f luorescence theory  and technique 

w i l l  n o t  be at tempted here as adequate re ference works a r e  ava i l ab le .  (1-7) 

Because o t h e r  mechanisms are  access ib le  f o r  r e l a x a t i o n  o f  the  e x c i t e d  t o  the  

ground s ta te ,  such as non- rad ia t i ve  processes and phosphorescence, obv ious ly  

n o t  a l l  compounds are  f l uo rescen t .  Accordingly,  i t  has n o t  been poss ib le  t o  

p r e d i c t ,  a p r i o r i ,  t h a t  a new h e t e r o c y c l i c  system w i l l  e x h i b i t  f luorescence. 

Despi te t h i s  r a t h e r  se r ious  l i m i t a t i o n ,  many d i f f e r e n t  types o f  h e t e r o c y c l i c  

compounds are  f l uo rescen t .  I n  many cases t h i s  p roper t y  has been e x p l o i t e d  

f o r  t h e i r  de tec t ion  i n  n a t u r a l  sources and f o r  s tudy ing  t h e i r  behav ior  i n  

chemical and b i o l o g i c a l  systems. 

Fluorescence spectroscopy has proved t o  be extremely useful i n  the f i e l d s  

of a n a l y t i c a l  chemistry and b iochemis t ry .  (4-9) I n  t h i s  regard, a p p l i c a t i o n s  

t o  p r o t e i n  chemistry have been p a r t i c u l a r l y  successful  and have l e d  t o  t h e  

determinat ion of s t r u c t u r a l  and dynamic p r o p e r t i e s  of macromolecular p r o t e i n s .  

(4-8) The s e n s i t i v i t y  o f  f luorescence techniques ( i n  the pmole range i n  many 

cases) makes them a t t r a c t i v e  t o  a n a l y t i c a l  and c l i n i c a l  chemists. (3-5) 
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The i n i t i a l  r o l e  of t he  s y n t h e t i c  h e t e r o c y c l i c  chemist l i e s  i n  the  design and 

synthes is  o f  new f l uo rescen t  heterocyc les  o r  i n  the  m o d i f i c a t i o n  of e x i s t i n g  

f luorescent  heterocycles.  The approach may f o l l o w  th ree  d i f f e r e n t  routes:  

1 )  m o d i f i c a t i o n  o f  an e x i s t i n g  f l uo rescen t  heterocyc le  e i t h e r  t o  improve i t s  

f luorescence c h a r a c t e r i s t i c s  o r  t o  p rov ide  i t  w i t h  a  r e a c t i v e  f u n c t i o n a l i t y  

s p e c i f i c  f o r  a  p a r t i c u l a r  func t iona l  group on a  biopolymer, drug, etc.; 2 )  

t h e  design o f  a  non-f luorescent reagent which upon r e a c t i o n  w i t h  a  p a r t i c u l a r  

subs t ra te  produces a  f luorophore and thus a  means f o r  s tudy o f  t h a t  substrate;  

and 3) the design o f  a  f l uo rescen t  analog of a  non- f luorescent  compound which 

i s  u s u a l l y  o f  b i o l o g i c a l  s ign i f i cance .  I n  order  t o  i l l u s t r a t e  these th ree  

approaches, we have chosen th ree  d i f f e r e n t  h e t e r o c y c l i c  systems: 1 )  coumarins 

which are  both n a t u r a l l y  occu r r i ng  f luorophores and s y n t h e t i c  f l uo rogen ic  

reagents; 2 )  f luorescamine, which i s  a  r e c e n t l y  developed, non-fl  uorescent 

reagent t h a t  reac ts  w i t h  pr imary  amines t o  generate f luorescent  pyr ro l inones;  

and 3) s y n t h e t i c  analogs o f  the  n i t r o g e n  bases found i n  n u c l e i c  acids.  The 

emphasis of t h i s  rev iew w i l l  be on the  in format ion t h a t  can be obta ined 

through the use o f  these compounds. Syn the t i c  methodology w i l l  n o t  be 

emphasized, s ince  ou r  c h i e f  i n t e n t i o n  i s  t o  i l l u s t r a t e  f o r  the h e t e r o c y c l i c  

chemist the  s o l u t i o n  o f  b i o l o g i c a l  problems by means o f  fluorescence spectro- 

scopy. 

There are, of course, many impor tant  f luorescent  heterocyc les  t h a t  cannot 

be discussed i n  a  b r i e f  review. I n  most cases, adequate reviews of the  

p roper t i es  and app l i ca t i ons  of these compounds are  a v a i l a b l e .  I ndo le  i s  one 

o f  the most w ide ly  s tud ied  f l uo rescen t  heterocycles s ince  i t  i s  found i n  

almost a l l  p r o t e i n s  i n  the  form of t ryptophan. (10, 11) A second b i o l o g i c a l l y  

impor tant  c lass  o f  f l uo rescen t  n i t rogen  heterocyc les  inc ludes the porphyr ins  

and ch lo rophy l l s .  (11, 12) While a  complete l i s t i n g  o f  a l l  f l uo rescen t  



heterocyc les  i s  n o t  f e a s i b l e ,  some of the  more impor tan t  compounds and t h e i r  

emission ranges are  q u i n o l i n e  (385-490 nm), a c r i d i n e  (425-454 nm), methyl - 

a c r i d i n e  (425-454 nm) , xanthone ( u l t r a v i o l e t )  , carbazole (340-420 nm) , 

a l l o x a z i n e  ( v i o l e t ) ,  and qu in ine  s u l f a t e  (410-500 nm). (13) Some organ ic  dyes 

are  h i g h l y  f luorescent ,  e s p e c i a l l y  the  xanthone group ( f l u o r e s c e i n ,  rhodamine, 

eos in)  and the  a c r i d i n e  group (euchrysine, a c r i d i n e  orange, a c r i f l a v i n )  . (14) 

Those t h a t  are  used e x t e n s i v e l y  i n  b iochemis t ry  i n c l u d e  f l u o r e s c e i n  i s o t h i o -  

cyanate, a  l a b e l i n g  reagent fo r  p ro te ins ,  (15) and a c r i d i n e  orange o r  e th id ium 

bromide, which f luoresce s t r o n g l y  on b i n d i n g  t o  n u c l e i c  ac ids .  (16) 

11. Coumarins 

Coumarin (1,2-benzopyran, j,) and i t s  d e r i v a t i v e s  are  d i s t r i b u t e d  w ide ly  

i n  nature  and have a  broad spectrum of b i o l o g i c a l  a c t i v i t y .  Several impor tant  

examples a r e  the  sk in -pho tosens i t i z ing  psoralens ( z ) ,  t he  fungal  metabo l i tes ,  

t he  very t o x i c  a f l a t o x i n s  (z), and war fa r in  ($, a  r o d e n t i c i d e  and a n t i -  

coagulant.  Al though coumarin i t s e l f  has a  very  lo>/! f luorescence quantum 
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y i e l d ,  many d e r i v a t i v e s  are  h i g h l y  f luorescent  and are  acco rd ing ly  useful 

t o t h  commercial ly and i n  research as b i o l o g i c a l  probes. Although the  

f luorescence depends upon the  p o s i t i o n  and type o f  s u b s t i t u t i o n ,  the re  a r e  

some common features.  Most coumarins e x h i b i t  uv absorpt ion above 330 nm, 

which al lows f o r  e x c i t a t i o n  ou ts ide  the range o f  absorpt ion o f  p r o t e i n s  and 

n u c l e i c  acids.  I n  a d d i t i o n  t o  having h igh  quantum y i e l d s  (0.5 and g rea te r ) ,  

t he  f luorescence o f  many s u b s t i t u t e d  coumarins i s  d i r e c t l y  dependent on 

environmental f a c t o r s  such as pH and so lven t  p o l a r i t y .  Since many coumarin 

d e r i v a t i v e s  w i t h  v a r i e d  f luorescence p roper t i es  a r e  r e a d i l y  a v a i l a b l e  e i t h e r  

commercial ly o r  through synthesis,  a  wide range o f  f l uo romet r i c  analyses 

e x i s t s .  

The commercial importance o f  coumarins l i e s  i n  the  dye i n d u s t r y  where they 

have been used ex tens ive ly  as f luorescent  b r i g h t e n i n g  agents. The requ i re -  

ments o f  s t r o n g  u l t r a v i o l e t  absorbance near 350 nm and b lue  f luorescence w i t h  

a  h igh quantum y i e l d  are  met by  d e r i v a t i v e s  o f  the 7-hydroxy- and 7-amino- 

coumarins t h a t  con ta in  an a r y l  o r  heteroaromat ic moiety i n  the  3-pos i t ion.  

(17) F luorescent  b r i g h t e n i n g  agents are  used i n  detergents,  paper and tex-  

t i l e s  t o  mask y e l l o w i n g  i n  wh i te  ma te r ia l s .  A more recent  a p p l i c a t i o n  of 

coumarin f luorescence i s  i n  the  f i e l d  of tunable  dye lase rs .  Among the  

coumarins evaluated as l a s e r  dyes, severa l  are  a v a i l a b l e  commercial ly. (18) 

Exemplary compounds and t h e i r  spec t ra l  p roper t i es  a r e  shown i n  Table 1. 

I n  a  s tudy o f  the photod imer izat ion o f  coumarin, f luorescence a t  357 nm 

was observed from a concentrated e t h a n o l i c  s o l u t i o n  a t  room temperature. (19) 

I n  subsequent work i n  d i l u t e  so lu t i ons ,  t h i s  f luorescence a t  ambient tempera- 

t u r e  cou ld  n o t  be detected i n  e i t h e r  p o l a r  o r  non-polar so lvents ,  and a  

quantum y i e l d  of f luorescence o f  l e s s  than was estimated. (20, 21) I n  

p o l a r  so lvents  a t  77'K, f luorescence can be detected a t  384 nm al though 



Table 1  

Coumarin Laser  Dyes 

Tuning 
Range (nm) 

phosphorescence i s  the dominant process. From low temperature p o l a r i z a t i o n  

s tud ies  and molecu lar  o r b i t a l  c a l c u l a t i o n s ,  i t  was concluded t h a t  f l uo res -  

cence i s  f rom the  ' ( r ,n*)  s t a t e  p a r t i a l l y  l o c a l i z e d  i n  the  pyrone p o r t i o n  o f  

the  molecule. (20, 21) When non-polar so l ven ts  a r e  used, the  f luorescence 

maximum i s  r e d - s h i f t e d  t o  417 nm and becomes more i n t e n s e  i n  r e l a t i o n  t o  

phosphorescence. D ipo le  moments c a l c u l a t e d  by  molecu lar  o r b i t a l  methods are  

i n  the  range o f  2.59-4.37 f o r  the  '(n,n*) s t a t e  o f  coumarin and thus lower  

than the  observed value o f  4.61 f o r  the  ground s t a t e .  (20)  Non-polar so l ven ts  

would be expected t o  s t a b i l i z e  the  e x c i t e d  s t a t e  w i t h  respect  t o  the ground 

s ta te ,  thereby causing a  r e d  s h i f t .  A l t e r n a t i v e l y ,  t h i s  e f f e c t  has been 

exp la ined as f luorescence from an e x i p l e x  formed i n  the non-polar so l ven t .  (21) 

The t r ibof luorescence o f  coumarin (emission from the  s o l i d  s t a t e  caused 

by mechanical s t r e s s )  has been shown t o  o r i g i n a t e  f rom the  '(n,n*) s ta te .  (22) 

Coumarin i s  t h e  f i r s t  example o f  an o rgan ic  molecule from which t r i b o f l u o r e s -  

cence cou ld  be detected. The e x c i t e d  s t a t e s  of furocoumarins such as 
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psoralens (;) have been extensively studied since these compounds are known to  

photosensitize skin cancer in mice and guinea pigs. (23-26) As in the parent 

ccmpound, low temperature luminescence studies showed phosphorescence to be 

the dominant process with a mp/mF r a t io  of 7.1 . (23-25) The skin sensitizinq 

ac t iv i ty  of furocoumarins has been correlated with the i r  photoreactivity toward 

pyrimidine bases of DNA via cycloaddition. The photoreactivity of the C 
3,4 

double bond was shown to  be due to  energy localization in the 3(n,n*) s t a t e .  

(25) Evidence for  th i s  was obtained through luminescence studies on 5- and 

8-hydroxypsoralens which are inactive as skin photosensitizers. In ionizing 

solvents the phosphorescence intensi ty decreases dramatically. This i s  due 

to  dissociation of the hydroxyl in the excited s t a t e  effect ively competing 

with s ingle t  to t r i p l e t  intersystem crossing, thus reducing the photoreactive 

t r i p l e t  population. The t r i p l e t  s t a t e s  of the anions are more delocalized 

than the neutral psoralens so that  they are less reactive towards photo- 

cycloaddition with pyrimidine bases of DNA. (26) 

The fluorescence of certain substituted coumarins, most notably the 7- 

hydroxycoumarins (umbelliferones), i s  markedly dependent on pH. Below pH 2 ,  

the 450 nm emission from the 4-methylumbelliferone anion ( undergoes a 

bathochromic s h i f t  of 30 nm accompanied by a decrease in intensi ty.  (27) I t  

was speculated tha t  the species responsible for  th is  emission i s  $, formed by 

a two step phototautomerization of E, which emits a t  395 nm. (28-32) As the 

acidity increases below pH 1 ,  the intense emission observed a t  415 nm i s  postu- 

lated t o  resul t  from the protonated species ZQ. (28) The nature and formation 

of the excited s t a t e s  &-$ were elucidated by qain spectroscopy in which the 

efficiency of stimulated fluorescence i s  measured rather than the spontaneous 

fluorescence over the wavelength range. (29) A similar excited s t a t e  photo- 

tautomerization has been demonstrated for  warfarin ($ involving an in t ra-  



molecular p ro ton  t rans fe r  i n  the  ca t ion .  (33) A t  h i g h  pH, the f luorescence 

from coumarins s h i f t s  t o  500 nm, caused by  base h y d r o l y s i s  o f  t he  lac tone  t o  

form g-hydroxycinnamic acids.  (27, 34) Since the e x c i t a t i o n  band o f  4-methyl- 

umbe l l i f e rone  s h i f t s  w i t h  change i n  pH i t  has been proposed as a  f l uo rescen t  

pH i n d i c a t o r  hav ing a  mid-po in t  i n  i t s  t r a n s i t i o n  i n t e r v a l  of 7.6 . (35) 

The quantum y i e l d s  and emission maxima of many s u b s t i t u t e d  coumarins a r e  

s t r o n g l y  a f fec ted  by so lven t  p o l a r i t y .  For the 7-hydroxy- and 7-amino- 

coumarins the emission maximum s h i f t s  t o  the  b l u e  as the  p o l a r i t y  o f  t he  s o l -  

vent decreases. (36-38) Th is  t r e n d  i s  i l l u s t r a t e d  f o r  the  7-aminocoumarins i n  

Table 2. The s h i f t  t o  h igher  energy i n  non-po lar  so l ven ts  i s  probably due t o  

s i g n i f i c a n t  p o l a r  cha rac te r  i n  the  e x c i t e d  s t a t e  from a  resonance c o n t r i b u t o r  

such as $. A1 though the  quantum y i e l d s  vary  w i t h  so lven t  p o l a r i t y ,  the de- 

Et. 
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6 

pendence i s  d i f f e r e n t  f o r  each compound. The f luorescence o f  a f l a t o x i n s  

shows a  s i m i l a r  dependence on so lven t  p o l a r i t y .  (40-42) The emission band 

s h i f t s  t o  h igher  energy and the  i n t e n s i t y  decreases as the  p o l a r i t y  decreases, 



Table 2: Fluorescence P r o o e r t i e s  of S u b s t i t u t e d  Coumarins 

Compound 

a. 
Solvent 

EtOH(95%) 
PhH 

Hz0 (pH 7)  
E t O H  
Cycl ohexane 

ti20 (pH 7 )  
E t O H  
Cyclohexane 

t120 (pH 7 )  
E t O t l  
Cycl ohexane 

H20 (pH 7 )  

tI20 (pH 7 )  

0 (pH 7 )  

Rela t ive  
I n t e n s i t y  

- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

1 . 0 0 ~  

0.96 b 

O.lob 
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again i n d i c a t i v e  o f  p o l a r  character  i n  the  e x c i t e d  s ta te .  An increase i n  the  

v i s c o s i t y  of t he  medium was shown t o  increase the quantum y i e l d  o f  a  s e r i e s  of 

7 -d ia l  kylaminocoumarins w i t h o u t  s h i f t i n g  the  emission band. (36, 37) Fluores- 

cence may be quenched by the i n t e r a c t i o n  of surrounding molecules. R e s t r i c t i o n  

o f  i n t e r n a l  r o t a t i o n  o r  v i b r a t i o n  of an e x c i t e d  coumarin molecule may there-  

fore  enhance the  quantum y i e l d  !without changing the energy d i f fe rence between 

ground and e x c i t e d  s ta tes .  (36, 37) 

Ser ies  o f  coumarin d e r i v a t i v e s  have been prepared i n  order  t o  eva luate  the  

e f f e c t  o f  subs t i t uen ts  on the f luorescence p roper t i es .  (36, 38, 43-58) The 

compounds l i s t e d  i n  Tab le  2 demonstrate the  s i g n i f i c a n t  s u b s t i t u e n t  e f fec ts .  

E lec t ron-donat ing groups i n  t h e  4-, 5-, 6- o r  7 -pos i t i on  s h i f t  t he  emission t o  

longer  wavelength and increase t h e  i n t e n s i t y .  The e f f e c t  i s  g rea tes t  a t  t he  

5- o r  7 - p o s i t i o n  where i t  i s  poss ib le  t o  have extended con jugat ion through 

the  molecule as represented by $. This i s  n o t  poss ib le  a t  t h e  6 -pos i t i on  and 

the re fo re  the s h i f t  i s  much l e s s  dramatic. Amino and hydroxy groups are most 

e f fec t i ve ,  fo l lowed by  methoxy and methyl. E l e c t r o n - a t t r a c t i n g  groups such as 

phenyl, cyano o r  ace ty l  i n  the 3 -pos i t i on  a l so  cause a  red  s h i f t  and an i n -  

crease i n  f luorescence i n t e n s i t y .  

llany of the  b i o l o g i c a l l y  impor tant  reac t ions  o f  coumarins are  be l i eved  t o  

occur by a  photocyc loaddi t ion of the 2,3-double bond t o  a pyr imid ine base i n  

DNA. This r e s u l t s  i n  s a t u r a t i o n  of the  pyrone moiety,  and the complete l oss  

of f luorescence provides an easy method fo r  fo l l ow ing  the  progress of these 

react ions.  The photocyc loaddi t ion o f  bis-coumarins l i n k e d  by polymethylene 

chains of var ious lengths,  (59) the photod imer izat ion of furocoumarins, (60) 

and the photobiology o f  benzodipyrones (61) have been s tud ied  us ing  t h i s  tech- 

n ique.  Psoralens ($) and r e l a t e d  furocoumarins have the  p o t e n t i a l  of forming 

c ross - l i nks  between two DNA chains.  Photoreact ion a t  the  furan double bond 



w i l l  n o t  destroy the f luorescence, bu t  a b lue  s h i f t  o f  the emission i s  ob- 

served. (62) The reac t ion  of furocoumarins w i t h  DNA can be monitored by the 

acquired fluorescence o f  DNA, imply ing t h a t  the furan double bond i s  t he  more 

reac t i ve  s i t e .  (63, 64) As the reac t ion  proceeds t o  form a c ross - l i nk ,  the 

acquired fluorescence o f  the DNA i s  l o s t .  (65) 

The f luorescence o f  the h i g h l y  t o x i c  a f l a t ox i ns  has been u t i l i z e d  i n  

studying t h e i r  behavior i n  b i o l og i ca l  systems as we l l  as f o r  t h e i r  quant i ta-  

t i v e  determinat ion. (66) Af la tox ins B1 and GI have been shown t o  be less  

f luorescent though more t o x i c  than 8, and 6 ,  which are formed by reduct ion of 

the terminal furan double bond. (40, 66) As shown i n  Table 2, a f l a t o x i n  Bi 

because o f  t he  alkoxy subs t i tuen t  a t  C-7, i s  f i v e  times more f luorescent  than 

the parent 5-methoxycoumarin. (58) The b ind ing  o f  a f l a t o x i n  B1 t o  DNA has 

been inves t iga ted  us ing fluorescence p o l a r i z a t i o n  and quenching techniques. 

(67) Complete quenching of the a f l a t ox i n  f luorescence was observed when 

bound t o  DNA, a l low ing  the ca l cu l a t i on  o f  1.58 1 mol" f o r  Kn, the product o f  

t he  equ i l i b r i um  constant and the number o f  b ind ing  s i t e s  per  DNA-phosphate. 

The l ack  o f  sens i t i zed  f luorescence o r  phosphorescence from DNA when the 

a f l a t o x i n  i s  exc i ted  and the constancy o f  the phosphorescence l i f e t i m e  of 

a f l a t o x i n  i n  t he  presence and absence o f  DNA l e d  t o  the conclusion t h a t  

quenching by DNA of  the exc i t ed  a f l a t o x i n  s i n g l e t  leads on ly  t o  v i b r a t i o n a l  

e x c i t a t i o n  o f  the DNA and t ha t  there i s  no reac t ion  of an a f l a t o x i n  t r i p l e t  

w i t h  DNA. 

Among the extensive app l i ca t ions  of coumarins i n  enzymology, 7-hydroxy-4- 

methylcoumarin (4-methylumbell i ferone, 4-MU) has been wide ly  used i n  f luoro-  

me t r i c  assays o f  enzyme a c t i v i t y .  These assays r e l y  on the ac t ion  of an 

enzyme on a syn the t i c  f luorogenic  subst ra te  ( usua l l y  an es te r  o r  e ther  of 4- 

NU). By choosing the e x c i t a t i o n  and emission wavelengths so t h a t  the f l uo res -  
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cence i n t e n s i t y  o f  4-MU i s  much g rea te r  than t h a t  of the subst ra tes ,  the en- 

zyme a c t i v i t y  may be monitored by  observing an increase i n  i n t e n s i t y .  An 

example of the assay o f  nuc leo t ide  5'-phosphodiesterase a c t i v i t y  f rom serum 

samples i s  shorvn i n  Scheme 1 .  (68) Other examples are: the assay o f  6-  

Scheme 1 

glucuronidase us ing  4-MU-glucuronide; (69, 70) the assay of a r y l s u l f a t a s e  

us ing  4-MU-sulfate; (71, 72) the  assay o f  a c i d  and a l k a l i n e  phosphatase w i t h  

umbe l l i f e rone  phosphate; (73) the  assay o f  l i p a s e  us ing f a t t y  acy l  es ters  of 

4-MU; (74, 75) and the  assay of su l fo t rans fe rase  by observing the decrease i n  

f luorescence dur ing the s u l f a t i o n  o f  4-MU. (76)  A s i m i l a r  procedure has been 

used t o  assay the  amidase a c t i v i t y  o f  chymotrypsin us ing  7-g lu tary lpheny la lan in-  

amido-4-methylcoumarin as t h e  subst ra te .  (77) Fluorescence from umbel l i fe rone 

has been used t o  assay the a c t i v i t y  o f  r a b b i t  l i v e r  and o the r  t i s s u e  homo- 

genates which hyd roxy la te  coumarin. (78) The inheren t  s e n s i t i v i t y  and speed 

of f luorescence techniques makes these assays e s p e c i a l l y  a t t r a c t i v e .  

The observat ion t h a t  coumarin f luorescence i s  dependent on s o l v e n t  p o l a r i t y ,  

as mentioned e a r l i e r ,  suggested the use o f  coumarins as probes f o r  hydrophobic 

reg ions on p ro te ins .  I n  p a r t i c u l a r ,  the quantum y i e l d  and emission maximum 

of 7-diethylamino-4-methylcoumarin are  very  s e n s i t i v e  t o  so lven t  p o l a r i t y  (see 

Table 2 ) .  A p p l i c a t i o n  o f  t h i s  f l uo rescen t  probe t o  p ro te ins  i n d i c a t e d  the 

presence of a hydrophobic b i n d i n g  s i t e  ( o r  s i t e s )  on the  molecules o f  bovine 



serum albumin, bovine 6-lactalbumin and zinc bovine insulin and the absence 

of such a s i t e  on the molecules of hen egg albumin and hen egg lysozyme. (37) 

From the magnitude of the blue s h i f t  and increase in quantum yield in the 

presence of these proteins, insulin has the most hydrophobic binding s i t e ,  

followed by serum albumin and 6-lactalbumin. A similar probe, 3-benzyl-7- 

diethylamino-4-methylcoumarin, was used to  study the binding s i t e s  of chy- 

motrypsin. (79) A large increase of the quantum yield and a blue s h i f t  in 

the emission maximum were observed on addition of a-chymotrypsi n, while chy- 

motrypsinogen and inactive forms of chymotrypsin had l i t t l e  ef fec t  on the 

fluorescence. The fluorescence of 7-diethylamino-4-methylcoumarin uas l e s s  

affected by chymotrypsin. From these resul ts  i t  was deduced tha t  the probe 

i s  adsorbed on the specificity-determining s i t e  of a-chymotrypsin which i s  

aromatic i n  nature. 

Fluorescent reagents speci f ic  for  functional groups in proteins have 

yielded much information on the structure and mode of action of proteins. 

N-(7-Diniethylamino-4-methylcoumarinyl)maleimides (;I) have been synthesized 

as potential fluorescent thiol reagents. (80) 3-Phenylcoumarin-7-isocyanate 

was proposed as a reagent for  use in  fluorescence depolarization studies of 

spherical molecules in the 1,000-60,000 Dalton ranpe. (81) 

The observation that  4-bromomethyl-7-methoxycoumarin ( B I I R ,  2 )  will 
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r e a c t  w i t h  4 - t h i o u r i d i n e  (2) t o  produce 12 suggested t h a t  i t  would be a  v a l -  

uable probe f o r  RNAs. (82) The r e a c t i o n  o f  BMB w i t h  E. coli tRNA fMet 

s p e c i f i c a l l y  modi f ies  the 4 - t h i o u r i d i n e  w i thou t  a f fec t i ng  the methionine 

acceptor a c t i v i t y .  (83) A  s i m i l a r  r e a c t i o n  was demonstrated f o r  5-N-methyl- 

aminomethyl-2-thiouridine i n  i. c o l i  ~ R N A ~ " ,  and a  much slower r e a c t i o n  was 

observed a t  N-1 o f  pseudour id ine i n  E. coli ~ R N A ~ ~ ~ ~  t o  produce l& and 

Ila I lb 

respec t i ve l y .  (84) Combining the BMB r e a c t i o n  w i t h  chemical methods fo r  r e -  

p l a c i n g  d ihyd rou r id ine  and f o r  s p e c i f i c a l l y  l a b e l i n g  the  3 ' -end and 5'-end 

w i t h  f l uo rescen t  l abe ls ,  f i v e  t W A s  bear ing two d i f f e r e n t  f l uo rescen t  probes 

were prepared f o r  use i n  s i n g l e t - s i n g l e t  energy t r a n s f e r  determinat ion o f  

i n t ramo lecu la r  distances i n  the  tRNAs i n  aqueous s o l u t i o n .  Values cou ld  then 
0 

be c a l c u l a t e d  f o r  the  apparent distances between the 3 ' -  and 5'-end (24 A), 



0 

4 - t h i o u r i d i n e  t o  3 ' -end (38 i), pseudour id ine t o  3 ' -end (55 A) and pseudo- 

u r i d i n e  t o  d ihyd rou r id ine  (36 ;) i n  E. c o l i  ~ R N A ~ ~ ~  and between 5-N-methyl- 
0 

aminomethyl-2-thiouridine i n  the  ant icodon and the  3 ' -end (>  65 A) o f  - -  E. c o l i  

~ R N A ~ " .  (85) As w i t h  most d is tances obta ined us ing f luorescence energy 

t r a n s f e r  methods, i t  was assumed t h a t  both  donor and acceptor are  f r e e  t o  

r o t a t e  r a p i d l y  and randomly. I f  t h i s  i s  n o t  the case, considerable v a r i a t i o n  

i n  t h e  c a l c u l a t i o n  w i l l  occur and cau t ion  i s  therefore  advised i n  the i n t e r -  

p r e t a t i o n  o f  t h i s  type of measurement. (86) 

Coumarins have proven t o  be v e r s a t i l e  f luorophores fo r  the  i n v e s t i g a t i o n  

of b i o l o g i c a l  systems. The i n t r i n s i c  f luorescence o f  some of the n a t u r a l l y  

occur ing coumarins has a l s o  prov ided a means f o r  s tudy ing  the  b i o l o g i c a l  

a c t i v i t y  of these compounds. As f l u o r e s c e n t  probes, t h e i r  a p p l i c a t i o n  t o  

p r o t e i n  s t r u c t u r e  and f u n c t i o n  and t o  n u c l e i c  a c i d  conformat ion has been 

demonstrated by  numerous examples . 
111. F l  uorescamine 

The r e a c t i o n  o f  n i n h y d r i n  w i t h  pheny la lan ine produces a f l uo rescen t  

compound t h a t  forms the  bas is  o f  an assay f o r  serum pheny la lan ine used i n  the  

d iagnos is  of pheny lketonur ia .  (87) I t  was found t h a t  the  f l u o r e s c e n t  

n i n h y d r i n  r e a c t i o n  i s  general ,  so t h a t  i n  the  presence o f  c e r t a i n  aldehydes 

such as phenylacetaldehyde (formed from phenylalanine i n  the  o r i g i n a l l y  ob- 

served r e a c t i o n ) ,  pr imary  amines r e a c t  w i t h  n inhydr in  t o  form t e r n a r y  prod- 

uc ts  which emi t  a t  475 nm when e x c i t e d  a t  390 nm. (88) A procedure was 

developed t o  assay pept ides and amino ac ids  which i s  10-100 t imes more sensi-  

t i v e  than the  convent ional  c o l o r i m e t r i c  assay. (89) The major f luorescent  

product  from the condensation o f  ethylamine, phenylacetaldehyde and n i n h y d r i n  

was shown t o  be the  py r ro l i none ,  i'&, by  chemical and spect roscop ic  methods. 

(90) Add i t i ona l  s t r u c t u r a l  evidence was secured through independent synthes is  
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of the  s i m p l i f i e d  analogs % and @ by t reatment  o f  the dimethylaminomethylene 

d e r i v a t i v e  w i t h  e i t h e r  ethylamine o r  p-bromobenzyl amine. The spec t ra l  

p roper t i es  o f  and 12 are q u i t e  s i m i l a r  t o  those of Jg, and the s t r u c t u r e  

o f  j,$ was conf i rmed by  X-ray c r y s t a l l o g r a p h i c  ana lys is .  These r e s u l t s  were 

u t i l i z e d  t o  synthes ize two new reagents which rep lace the  f l uo rescen t  ninhy- 

d r i n  r e a c t i o n  f o r  the  assay o f  pr imary amines. These reagents, 4-phenyl- 

spiro[furan-2(3H),l'-phthalan]-3,3'-dione (f luorescamine, lg) and 2-methoxy- 

2,4-diphenyl-3(2H)-furanone (MDPF, 12), r e a c t  w i t h  pr imary amines t o  form the 

f luorescent  pyr ro l inones and d. (91) The syntheses of f luorescamine and 

MDPF have r e c e n t l y  been descr ibed i n  d e t a i l .  (92) 

Fluorescamine i s  o n l y  spa r ing ly  so lub le  i n  water so i t  i s  u s u a l l y  added 

t o  the  assay sample d i sso lved  i n  a  water -misc ib le  so lven t  such as acetone 

o r  dioxane. Hydroxy l i c  so lvents  are  n o t  s u i t a b l e  s ince  they can form 

a d d i t i o n  products w i t h  the  reagents. The DH o f  the  medium i s  c r i t i c a l  t o  the 

e x t e n t  o f  t he  f l uo rogen ic  reac t ion .  The amine reac ts  as the  f r e e  base; 

accord ing ly  the  pH must be h igh  enough t h a t  the  amine w i l l  n o t  be protonated. 



I f  the  pH i s  too  high, h y d r o l y s i s  of the reagents t o  nonf luorescent  8 and a 
w i l l  predominate. A study of a v a r i e t y  o f  amines ( a l i p h a t i c  amines, pept ides 

and amino ac ids )  showed t h a t  a r e l a t i v e l y  narrow pH range of 8.0-9.5 i s  r e -  

qu i red.  (93) Both h y d r o l y s i s  of t he  reagents and t h e i r  r e a c t i o n  w i t h  amines 

are  r a p i d  and depend on many fac to rs  such as pH, amine used, and the  organ ic  

co-so lvent  used. (94) A t  pH 9.0, the  ha1 f - t i m e  f o r  r e a c t i o n  o f  f luorescamine 

w i t h  a lan ine  us ing acetone as the co-so lvent  i s  about 1 sec, which i s  22 t imes 

f a s t e r  than the  h y d r o l y s i s  reac t ion .  A t  pH 10, both  r a t e s  increase, b u t  the 

r a t i o  of t he  r a t e  o f  r e a c t i o n  t o  r a t e  o f  h y d r o l y s i s  drops t o  15. Acetone and 

a c e t o n i t r i l e  were shown t o  have the bes t  p r o p e r t i e s  as co-so lvents .  From the  

k i n e t i c  r e s u l t s  obta ined by stopped-f low fluorometry, a mechanism was proposed 

i n v o l v i n g  the  rap id ,  r e v e r s i b l e  a d d i t i o n  of a pr imary  amine across t h e  double 

bond o f  f luorescamine t o  form an in te rmed ia te  z;, which subsequently r e -  

arranges i n  a m u l t i s t e p  sequence t o  the  f i n a l  f luorophore.  (94) 

22 
The f luorophore i s  a s t r o n g  e m i t t e r  a t  475-490 nm when e x c i t e d  a t  375 

nm. While the f l uo rogen ic  r e a c t i o n  i t s e l f  i s  r a t h e r  s e n s i t i v e  t o  pH, the  

f luorescence i n t e n s i t i e s  of t he  products are  no t ,  remaining f a i r l y  constant  
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i n  the  range between pli 4.5 and 10.5 . (93) The presence o f  two d i ssoc iab le  

a c i d i c  func t ions  w i t h  pKa values o f  3.8 and 11.6 are  shown by the  decrease i n  

f luorescence i n t e n s i t y  i n  two d i s t i n c t  steps. The i n i t i a l l y  h iah  f luorescence 

i n t e n s i t y  o f  t he  f luorescamine product  i n  a c i d i c  s o l u t i o n  i s  r a p i d l y  l o s t  as 

the f luorophore undergoes s t r u c t u r a l  rearrangements t o  nonf luorescent  lac tones 

2 and f i n a l l y  te t ramic  acids a. (90) ,A s h o r t  l i v e d ,  h i g h l y  i n tense  emission 

23 24 

a t  520 nm i n  s t rong  a c i d  has been observed from the f luorescamine adduct w i t h  

c e r t a i n  i ndo les  having aminoethyl s i d e  chains.  (95) The species respons ib le  

f o r  t h i s  emission was n o t  determined. XDPF (8) has been proposed as super io r  

t o  f luorescamine f o r  the  l a b e l i n g  o f  p ro te ins  s ince the f luorophore produced 

i s  s t a b l e  over  a  wider  pH range. (96) Varying the amine does n o t  have a  marked 

e f f e c t  on the  quantum y i e l d  o r  emission maximum o f  f luorescence. The quantum 

y i e l d s  f o r  the  f luorophores f rom a s e r i e s  of pept ides and amines i n  ethanol  

ranged from G.21 f o r  ethylamine t o  0.34 f o r  l eucy la lan ine .  (93) The quantum 

y i e l d s  o f  the  f luorescamine adducts w i t h  p r o t e i n s  are  genera l l y  h igher  than 

those from pept ides which a r e  h igher  than those from amino ac ids .  So lvent  

p o l a r i t y  e x h i b i t s  an e f f e c t  on f luorescence l i f e t i m e ,  quantum y i e l d ,  and 

emission maximum. As the p o l a r i t y  decreases, the emission shows a s l i g h t  

b lue  s h i f t  a long w i t h  a  small increase i n  quantum y i e l d .  ( 97 )  The change i n  

l i f e t i m e  i s  more dramat ic,  rang ing from 1.7 nsec i n  water t o  11.7 nsec i n  

a c e t o n i t r i l e  f o r  the benzylamine adduct. (93 )  

Two f luorescent  reagents commonly used f o r  the l a b e l i n g  o f  amine groups 



on p r o t e i n s  a r e  dansyl c h l o r i d e  and f l uo resce in  i so th iocyana te  (FITC). FITC 

and dansyl c h l o r i d e  a t tached t o  bovine gammaglobulin have quantum y i e l d s  of 

0.51 and 0.22 and f luorescence l i f e t i m e s  o f  4.2 nsec and 11.5 nsec respec- 

t i v e l y .  (98) A1 though f luorescamine a t tached t o  var ious p r o t e i n s  has a  lower  

quantum y i e l d  (0.09 - 0.125) than FITC and dansyl c h l o r i d e  and f l uo rescen t  

l i f e t i m e s  in te rmed ia te  between the  two (7.5 - 10.3 nsec), i t  appears t o  o f fe r  

some d i s t i n c t  advantages. (97) The r e a c t i o n  w i t h  amines i s  r a p i d  and n e a r l y  

q u a n t i t a t i v e .  Even when the reagent i s  n o t  present  i n  l a r g e  excess, the  

r e a c t i o n  proceeds t o  80-95 percent  of t h e o r e t i c a l  y i e l d .  Since f luorescamine 

o r  MDPF and t h e i r  h y d r o l y s i s  products a r e  non- f luorescent ,  u n l i k e  f l uo resce in  

i so th iocyana te  o r  dansyl ch lo r ide ,  p u r i f i c a t i o n  procedures a r e  u s u a l l y  n o t  r e -  

qu i red .  L i k e  the  o t h e r  reagents, the f luorescamine and llDPF f luorophores 

have e x c i t a t i o n  maxima ou ts ide  the  normal range o f  absorpt ion o f  p r o t e i n s .  

I n  the  severa l  years  s ince  i t s  i n t r o d u c t i o n ,  f luorescamine has been used 

e x t e n s i v e l y  i n  p r o t e i n  chemistry.  App l i ca t i ons  t o  automated amino a c i d  

ana lys i s ,  determinat ion of pept ides i n  t r y p t i c  d iges ts ,  p r o t e i n  assays, 

p r o t e i n  l a b e l i n g  f o r  conformat ional  and immunological s tud ies ,  l a b e l i n g  sur -  

face p r o t e i n s  o f  membranes, and as a  spray reagent f o r  t h i n  l a y e r  chromato- 

graphy have been descr ibed. (99) 

The speed o f  the  f luorescamine reac t ion ,  the  s t a b i l i t y  of t he  f luorophore,  

the  l a c k  o f  f l uo rescen t  i m p u r i t i e s  and the  a b i l i t y  t o  q u a n t i t a t e  the amine 

concent ra t ion by  f luorescence i n t e n s i t y  d i r e c t  i t s  a p p l i c a t i o n  t o  automated 

amino a c i d  ana lys i s .  (99, 100) Because f luorescamine reac ts  o n l y  w i t h  pr imary 

amines t o  g i v e  the  f luorophore,  secondary amino ac ids  such as p r o l i n e  and 

hydroxypro l ine cannot be measured d i r e c t l y .  I t  was found, however, t h a t  

t reatment o f  p r o l i n e  w i t h  N-chlorosuccinimide caused an o x i d a t i v e  decarboxyla- 

t i o n  fo l l owed  by r i n g  opening t o  4-aminobutyraldehyde which then reac ts  w i t h  
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fluorescamine. (101) Inco rpo ra t ion  o f  t h i s  procedure al lowed f o r  automated 

ana lys is  o f  a l l  of t he  na tu ra l  amino acids.  As l i t t l e  as 1  ug o f  p r o t e i n  

has been analyzed w i t h  a  lower l i m i t  of 50 pmole f o r  each amino ac id .  (102, 

103) Tn is  g ives a  s e n s i t i v i t y  two orders o f  magnitude b e t t e r  than machines 

us ing  c o l o r i m e t r i c  de tec t ion .  

Fluorescamine has been used f o r  p r o t e i n  determinat ions by a  semi-automated 

procedure w i t h  s e n s i t i v i t i e s  o f  10 ng. (104) The observat ion t h a t  p r o t e i n s  

l abe led  w i t h  f luorescamine may be q u a n t i t a t i v e l y  c o l l e c t e d  on membrane f i l t e r s  

t h a t  pass f luorescamine- labeled low molecu lar  weight  compounds forms the 

bas is  o f  an assay i n  which as l i t t l e  as 0.3 up o f  p r o t e i n  can be detected. 

(105) A major i n t e r e s t  i n  f luorescent  p r o t e i n  conjugates stems from the 

d iagnos t i c  usefulness of l abe led  ant ibod ies  f o r  the  i d e n t i f i c a t i o n  o f  ant igens.  

MDPF was shown t o  be w e l l  s u i t e d  t o  the  f l uo rescen t  l a b e l i n g  of ant igens.  (96, 

106, 107) Gammaglobulin f rom several  sources has been successfu l ly  l abe led  

w i t h  both  f luorescamine and I4DPF t o  a f ford  i n tense  immunofluorescent s t a i n i n g .  

The f luorophore t o  p r o t e i n  r a t i o  was normal ly  between 4 and 14 b u t  cou ld  go 

as h igh  as 20 w i t h o u t  l o s s  of a c t i v i t y .  A nomograph was const ruc ted f o r  the 

spectroscopic determinat ion of f luorophore and p r o t e i n  concent ra t ions and 

f l uo rophore - to -p ro te in  r a t i o  i n  gammaglobulin con,jugates. (106) A spect ro-  

f l u o r o m e t r i c  method has been developed t o  determine the a c c e s s i b i l i t y  o f  

amino groups i n  i n s u l i n ,  lysozyme and asparaginase a t  var ious pH values us ing  

f luorescamine. (108) The compound has a l s o  been used t o  l a b e l  p ro te ins  o f  

plasma membranes (109) and e ry th rocy te  membranes. (110) Only surface p r o t e i n s  

are  l abe led  as the  reagent i s  hydrolyzed before pene t ra t i ng  the membrane. I n  

order  t o  so lub i  1  i z e  the reagent, a  complex w i t h  cycloheptaamylose was prepared 

before t r e a t i n g  the  membranes. (110) The labe led p r o t e i n s  were subsequently 

separated and i d e n t i f i e d  by SDS gel e lec t rophores is .  Fluorescamine has been 



employed as a histochemical reagent for  t issue proteins, (111, 112) for  the 

analysis of zonal centrifuge fractions and ce l l  homogenates a f t e r  treatment 

with SDS to  disrupt ce l l s  and organelles (1  13) and to  identify peptide frag- 

ments and amino acids during the sequencing of bacteriophage MS2 protein on 

a 1 mmol scale. (114) Proteolytic enzyme act iv i ty  on protein substrates can 

be measured by following the,increase in primary amine groups available to 

fluorescamine as the protein i s  cleaved. (115) The a-amino groups must f i r s t  

be blocked by succinoylation to prevent t h e i r  reaction with the reagent which 

would produce a high fluorescence background. A spray reagent containing 

fluorescamine and triethylamine to  s t ab i l i ze  the fluorophore has a lower 

l imi t  of detection of 500 pmoles of amino acids or peptides (116) and can be 

quantitated by fluorodensitometry. (117) Using th is  spray to  develop the 

peptide map of fragment D of fibrinogen showed 35 spots whereas the conven- 

tional ninhydrin spray showed only 20. (118) Fluorescamine provides a rapid 

and sensit ive t e s t  for  the detection of uncoupled products in solid phase 

peptide synthesis, being used to  monitor the coupling reactions for  the syn- 

thesis  of the C-terminal hexadecapeptide of secret in.  (119, 120) The reac- 

t i v i t y  of the a-amino groups of basic proteins i s  essent ia l ly  abolished i f  

s a l t  linkages with DNA-phosphate groups a re  formed. (121) This observation 

prompted the elaboration of a general assay for  the detection of binding 

parameters for  the interaction of proteins and nucleic acids. 

The fluorescamine reaction i s  not limited to  protein and i t s  constituents 

since any primary amine group i s  potential ly reactive. The reagent has been 

used in cl inical  toxicology for  the rapid detection of drugs of abuse such 

as amphetamines in biological f luids.  (122) A systematic study of the 

reaction of f l  uorescamine with a ser ies  of drugs containing aromatic and 

a l iphat ic  amines showed the pH optimum fo r  reaction i n  the aromatic 
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s e r i e s  t o  be 3-4 w h i l e  i t  i s  pH 9.0 i n  the  a l i p h a t i c  se r ies .  (123) Th is  

d i f f e rence  makes i t  poss ib le  t o  d e t e c t  aromat ic amines such as procainamide 

o r  su l fad iaz ine  i n  the presence o f  a l i p h a t i c  amines such as histamine o r  dopa. 

(124) The s e n s i t i v i t y  o f  t he  assays cou ld  be improved by e x t r a c t i o n  o f  the  

f luorophore a t  pH 5.0-5.5 i n t o  e t h y l  acetate.  (123) 

P, r a p i d  method has been descr ibed fo r  determining sphingosine i n  the  

1-100 mmol range. (125, 126) The long  cha in  amino a l coho ls  are  released from 

the l i p i d  by a c i d  h y d r o l y s i s  and then al lowed t o  r e a c t  w i t h  f luorescamine. 

L i v i n g  mouse L - c e l l s  have been labe led  w i t h  f luorescamine f o r  ana lys i s  by 

f luorescence microscopy. (127) 

Hydrazines r e a c t  w i t h  f luorescamine t o  produce the  c h a r a c t e r i s t i c  f l u o r o -  

phore which had a  s u b s t a n t i a l l y  lower l i m i t  o f  de tec t ion  than the f luorophore 

obtained from isomer ic  phthalaldehydes. (128) h inophosphon ic  ac ids  such as 

the n a t u r a l  product  c i l i a t i n e  (2-aminoethylphosphonic ac id )  r e a c t  i n  the  same 

fash ion as the  analogous amino ca rboxy l i c  acids b u t  w i t h  a  much lower r e a c t i -  

v i t y  toward the  reacjent. (129) The determinat ion of amino groups on so lub le  

s y n t h e t i c  polymers us ing  f luorescamine has been descr ibed f o r  two copolymers 

of 1 -v iny l -2 -py r ro l i d inone  w i t h  a lan ine  v i n y l  e s t e r  o r  a1 ly lamine.  (130) The 

procedure i s  l i m i t e d  s ince  a  c a l i b r a t i o n  curve must be made f o r  each polymer 

b u t  would be useful i n  a  s e r i e s  ana lys i s  where o n l y  one c a l i b r a t i o n  i s  r e -  

qu i red .  

The numerous examples o f  the  a p p l i c a t i o n  o f  f luorescamine and l4DPF t o  

biochemical problems demonstrate t h e i r  usefulness and v e r s a t i l i t y  as f l u o r e s -  

cent  probes. Because o f  t h e i r  r e a c t i v i t y ,  s e n s i t i v i t y  t o  de tec t ion  and 

amenab i l i t y  t o  automation, they w i l l  c e r t a i n l y  become ind ispens ib le  reagents 

f o r  both researcher and c l i n i c i a n .  



I V .  Nuc le i c  Ac id  Base Analogs 

A c lass  o f  f l uo rescen t  n i t r o g e n  heterocyc les  t h a t  has proven useful  i n  

prob ing biochemical systems i s  t h a t  o f  im idazo I2 , l - i l pu r ines  (2.9. 1 ,E6- 
ethenoadenosine,  ado, 2). Close ly  r e l a t e d  al though much l e s s  f luorescent  

are  the  imidazo[l,2-&]pyrimidines ( e  . g .  3,L4-ethenocytidine, ~ C y d ,  3).  

25 26 

These etheno-bridged compounds a r e  e a s i l y  prepared i n  h igh  y i e l d  i n  aqueous 

s o l u t i o n  a t  room temperature by the r e a c t i o n  of an a-halocarbonyl compound 

such as chloroacetaldehyde w i t h  6-aminopurines and 4-amino-1 ,2-dihydropyr imi-  

din-2-ones. (131-133) The useful  f luorescence p r o p e r t i e s  o f  1  ,lj6-etheno- 

adenosine have been summarized as: 1 )  l o n g  wavelength UV absorpt ion which 

a l lows e x c i t a t i o n  ou ts ide  t h e  range of absorpt ion o f  p r o t e i n s  and n u c l e i c  

acids;  2) i n t e n s e  f luorescence a t  415 nm which a l lows i t s  de tec t ion  i n  the  

presence o f  p ro te ins ;  3)  quantum y i e l d  o f  about 0.6 which a l lows ready de- 

t e c t i o n  a t  concent ra t ions below M; 4) l ong  f luorescence l i f e t i m e  (23 

nsec f o r  CAMP) which a l l ows  f o r  d e p o l a r i z a t i o n  s tud ies  o f   ado f luorescence 

from n u c l e o t i d e  d e r i v a t i v e s  bound t o  molecules as l a r g e  as 250,000 Daltons; 

and 5) smal l  s t r u c t u r a l  change i n  adenosine which a l l ows  the  b i o l o g i c a l  

a c t i v i t y  o f  mod i f i ed  co-enzymes t o  be preserved t o  a  cons iderab le  e x t e n t  w i t h  

some enzymes. (1  33) 

Any r e t e n t i o n  o f  b i o l o g i c a l  a c t i v i t y  imp l ies  t h a t  the o r i g i n a l  1,!6 reg ion  

of the  adenine nucleus i s  n o t  r e q u i r e d  f o r  b i n d i n g  w i t h  t h e  enzyme. Where 
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a c t i v i t y  i s  absent, the 1 ,K6 reg ion  may be requ i red  f o r  b ind ing.  Care must 

be exerc ised t o  ensure t h a t  the E-co fac to r  i s  very pure so t h a t  the a c t i v i t y  

o f  a t race  amount of unmodif ied cofactor  w i l l  n o t  be mistaken f o r  the  a c t i v -  

i t y  o f  t he  E-cofactor.  To i l l u s t r a t e  t h i s  necess i ty ,  the repor ted (134) 

i nco rpo ra t ion  o f  EAEIP i n t o  yeas t  ~ R N A ~ ~ ~  and ~ R N A ~ ~ ~  us ing  CCA t rans fe rase  

was found t o  be an a r t i f a c t  caused by smal l  amounts o f  ATP i n  the  EATP prep- 

a ra t i on .  (135) A s tudy o f  the f luorescence l i f e t i m e s  and emission spect ra  of 

CAMP i n  aqueous s o l u t i o n  over  the  pH range 1.5-12.0 showed t h a t  o n l y  one 

e m i t t i n g  species e x i s t s ,  namely, t he  unprotonated form. (136) 

I n  marked c o n t r a s t  t o  the imidazo[2, l -L lpur ines,  the  5,6-dihydro-5-0x0- 

imidazo[l,2-~Jpyrimidines a r e  moderately f l uo rescen t  o n l y  i n  a c i d i c  media. 

Protonated 3,14-ethenocyt id ine i s  a poor e m i t t e r  (a  = 0.003, T = 30 psec) and 

thus may n o t  become as useful a f luorescent  probe as €-adenosine types. (137) 

The f luorescence p r o p e r t i e s  are  enhanced, however, due t o  acetylamino ( m  = 

0.8, T = 4.0 nsec) o r  phenyl s u b s t i t u t i o n  (a  = 0.6, T = 3.2 nsec) a t  C-2 

o f  5,6-dihydro-6-alkyl-5-oxoimidazo[1,2-~]pyrimidine. (137-1 39) A r e l a t e d  

compound, i m i d a z o [ l , 2 - ~ I p y r i d i n e  (a) e x h i b i t s  i n tense  f luorescence ( m  = 0.98, 

27 

T = 17.2 nsec) . (1 37) The 1 ack o f  f luorescence from the  unprotonated imidazo- 

[1,2-clpyrimidin-5-ones - i s  a t t r i b u t e d  t o  the  lowest  energy t r a n s i t i o n  be ing 

the  n-n* of t he  carbonyl .  Upon pro tonat ion,  the  n+n* l e v e l  s h i f t s  t o  lower 

energy w i t h  respect  t o  the n-,f l e v e l  so t h a t  f luorescence i s  observed. 

Phenyl o r  acetylamino s u b s t i t u t i o n  f u r t h e r  s h i f t s  the n-n* t r a n s i t i o n ,  thereby 

passing the n+n* t r a n s i t i o n  and p e r m i t t i n g  n*-n f luorescence emission t o  



occur. (137) 

The 1  $6-ethenoadenosine nuc leo t ides  (CAMP, EADP, EATP, €-CAMP) (133), 

etheno d e r i v a t i v e s  a t  the  o l i go - ,  po ly - ,  (140-142) and d i n u c l e o t i d e  (143-146) 

l e v e l s  and chloroacetaldehyde-modified d inuc leos ide phosphates (147) have been 

synthesized and character ized.  The a p p l i c a t i o n s  o f  these f l uo rescen t  probes 

t o  b i o l o g i c a l  systems were r e c e n t l y  reviewed and, very b r i e f l y ,  were as 

fo l lows (148): 1 )  the  a b i l i t y  o f  the 1,16-ethenoadenosine nuc leo t ides  t o  a c t  

as subst ra tes  i n  enzyme systems was found t o  depend on the  s p e c i f i c i t y  o f  the 

enzyme-binding s i t e  and v a r i e d  from no a c t i v i t y  i n  some cases (cATP w i t h  

f i r e f l y  l u c i f e r a s e )  t o  f u l l  a c t i v i t y  i n  o the rs  (EATP w i t h  myosin ATPase); 2) 

b i n d i n g  s tud ies  o f  EADP t o  pyruvate k inase, H-meromyosin , and m i  t ochondr ia l  

ATPase and o f  EATP t o  pyruvate  k inase, H-meromyosin and aspar ta te  t ranscar-  

bamylase have e x p l o i t e d  the  use fu l  f luorescent  p r o p e r t i e s  o f  t he  1,E6-etheno- 

adenosine nuc leo t ides  i n  ga in ing  more d e t a i l e d  in fo rmat ion  concerning these 

enzyme systems; 3) the  chloroacetaldehyde-modified d inuc leos ide  phosphates 

proved t o  be r e s i s t a n t  t o  the  a c t i o n  o f  the endonucleases pancreat ic  r i b o -  

nuclease A and ri bonuclease T2; 4) the  po lynuc l  eo t ides  poly(l,K6-etheno- 

adeny l i c  a c i d )  and p0ly(3,~~-ethenocytidylic a c i d )  have been synthes ized from 

EADP and ECDP, r e s p e c t i v e l y ,  us ing  po lynuc leo t ide  phosphorylase and bo th  

polymers were more r e s i s t a n t  t o  nuclease a c t i o n  than t h e i r  unmodif ied counter-  

p a r t s ;  5 )  f l a v i n  1  ,K6-ethenoadenine d i n u c l e o t i d e  (EFAD) and n icot inamide 

l,L6-ethenoadenine d i n u c l e o t i d e  (ENAD') have been t e s t e d  i n  enzyme systems and 

show a reasonable range o f  a c t i v i t y ;  6) determinat ion of f luorescence l i f e -  

t imes and quantum y i e l d s  p rov ide  data  t h a t  can be used t o  c a l c u l a t e  the r e l a -  

t i v e  p ropor t i ons  of open and i n t r a m o l e c u l a r l y  complexed conformat ions,  and i n  

t h e  case of cFAD i n  n e u t r a l  aqueous s o l u t i o n  i t  was found t o  e x i s t  z. 90% 

as an i n t e r n a l l y  complexed o r  stacked form; and 7) a  s i m i l a r  s tudy examined 
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the  degree of i n t e r n a l  assoc ia t i on  f o r  a  s e r i e s  of the  chloroacetaldehyde- 

modif ied d inuc leos ide phosphates, E A ~ E A  (68% complexat ion),  E A ~ G  (62$), GPEA 

(7221, EAPEC (58X), ECPFA (15%), E A ~ U  (442) and U ~ E A  (28%). 

EADP, EATP and E-adenylimidodiphosphate (EADP-PNP) have been used t o  he lp  

charac te r i ze  the  nuc leo t ide  b i n d i n g  s i t e s  on spinach c h l o r o p l a s t  coup1 i n g  

f a c t o r  1  (CF1). (149-154) The f luorescence i s  quenched on b ind ing,  which 

a l lows f o r  determinat ion o f  the  ra tes  of assoc ia t ion.  A l l  t h ree  nuc leot ides 

b i n d  t o  two i d e n t i c a l  s i t e s  on CF1 w i t h  eADP-PNP b ind ing  t o  a  t h i r d  s i t e  as 

w e l l .  The method o f  f luorescence s i n g l e t - s i n g l e t  energy t r a n s f e r  was used 

t o  measure the d is tance from the nuc leo t ide  b ind ing  s i t e s  t o  the 7-chloro-4- 

ni t robenzo-2-oxadiazole (NBD-C1, $) s i t e s .  (152) With EADP and EADP-PNP used 

as donors and NBD-C1 s p e c i f i c a l l y  bound t o  e i t h e r  a  t y r o s i n e  o r  an amino group 
., 

o f  t he  p r o t e i n  used as the acceptor, a  d i s tance  o f  40 A from the  nuc leo t ide  

s i t e s  t o  the  NBD-Cl s i t e s  was determined. The drug querce t in  (£2) binds t o  
0 

CF1 a t  a  s i t e  which i s  40-48 A from the  nuc leo t ide  s i t e s .  (153) EADP and 

EADP-PNP were the donors and querce t in  the  acceptor i n  t h i s  energy t rans fe r  

experiment. Heat a c t i v a t i o n  o f  CF1 exposes two s u l f h y d r y l  groups i n  the  y- 

subuni t .  When l a b e l e d  w i t h  N-(4-dimethyl amino-3,5-dinitropheny1)maleimide a 
0 

dis tance of g rea te r  than 40 A was est imated from the  nuc leo t ide  s i t e s  l abe led  

w i t h  EADP t o  the s u l f h y d r y l  s i t e s .  (154) 

EATP can be used as a  probe o f  the  s t r u c t u r e  and f u n c t i o n  of F- and G- 

a c t i n .  G-Actin binds EATP t o  about the same e x t e n t  as i t  does ATP and w i l l  



polymerize t o  form an F-actin-EADP complex. (155) The s t r u c t u r e  and f u n c t i o n  

of t h i s  complex i s  n e a r l y  the same as the  F-actin-ADP complex as shown by the 

Mg-act ivated ATPase a c t i v i t y  o f  heavy meromyosin. The f luorescence l i f e t i m e  

o f  the  G-actin-EATP complex i s  36 nsec w i t h  a  r o t a t i o n a l  r e l a x a t i o n  t ime of 

60 nsec a t  20". (156, 157) The e f f e c t  of cat' and ATP on the  r a t e  of d isso-  

c i a t i o n  of the  G-actin-EATP complex cou ld  be s tud ied  by observing t h e  i n -  

crease i n  i n t e n s i t y  o f  f luorescence as t h e  EATP was released. (158, 159) Tlbe 

+2 t 2  nuc leo t ide  d i ssoc ia tes  much more e a s i l y  from Ca - f r e e  than from Ca -bound 

a c t i n .  

E. c o l i  g lutamine synthetase can be enzymat i ca l l y  adenylated w i t h  EATP. - -  
(160) The E-adenylated glutamine synthetase e x h i b i t s  s i m i l a r  c a t a l y t i c  and 

i n h i b i t o r  p r o p e r t i e s  t o  those o f  the  n a t u r a l l y  adenylated enzyme. The 

f luorescence o f  EATP and tryptophan was used t o  s tudy l igand- induced conforma- 

t i o n a l  changes. I t  was found t h a t  Plgt2 and ~ n "  s t a b i l i z e  d i f f e r e n t  con- 

format iona l  s t a t e s  o f  the  enzyme. S i m i l a r l y ,  t h e  ATPase s i t e  of a  n i t roqenase 

can be labe led  w i t h  EATP. (161) Distances from t h e  ATPase s i t e  t o  the i r o n -  
0 

s u l f u r  c l u s t e r  o f  the i r o n  con ta in ing  p r o t e i n  (30 A) and the molybdenum-iron 
0 

p r o t e i n  (10 A )  could  be est imated by the  resonance energy t rans fe r  technique. 

Also,  E-2',3'-CAMP, E A ~ o ,  E A ~ U  and ~ C y d  were shown t o  serve as subst ra tes  

f o r  h y d r o l y t i c  and s y n t h e t i c  r e a c t i o n s  cata lyzed by r ibonuc lease from 

P e n i c i l l u m  brevicompactum. (162) The d i v a l e n t  metal  ions,  cut', CO", Mn +2 

and znt2 form complexes w i t h  the  etheno nuc leo t ides  accompanied by a  decrease 

i n  f luorescence i n t e n s i t y .  (163) The b i n d i n ?  i s  s t ronges t  t o  EATP fo l l owed  

by EADP and EAMP and t h e r e f o r e  the  quenching o f  f luorescence i s  g rea tes t  f o r  

EATP. Th is  d i f f e r e n c e  a l l ows  d i r e c t  f l uo romet r i c  measurement o f  enzymatic 

reac t ions  i n  which the E-nuc leot ides a r e  a c t i v e  subst ra tes .  The method has 

been t e s t e d  f o r  pyruvate  kinase, phosphofructokinase and a l k a l i n e  phosphatase. 
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I n  a model s tudy o f  p r o t e i n - n u c l e i c  a c i d  i n t e r a c t i o n s  i t  was found t h a t  i n -  

t ramolecu lar  complexation i n  1 ,N6-etheno-9-[(3-indol-3-y1)propylladenine - r e -  

s u l t e d  i n  complete quenching of f luorescence. (164) I t  i s  the re fo re  p r e d i c t -  

ab le  t h a t  p o s i t i o n i n g  o f  the  ado moiety i n  c lose  p r o x i m i t y  t o  a t ryptophan 

i n  a p r o t e i n  w i l l  r e s u l t  i n  complete quenching of t h e   ado f luorescence. 

Nicot inamide 1 ,x6-ethenoadenine d i n u c l e o t i d e  (ENAD', .p) was shown t o  be 

R 

a use fu l  probe f o r  s tudy ing the  i n t e r a c t i o n  o f  enzymes w i t h  PIAD'. I n  n e u t r a l ,  

aqueous s o l u t i o n  a t  25', t he  quantum e f f i c i e n c y  of ENAD' i s  0.028 and the 

l i f e t i m e  i s  2.1 nsec. (164) A simultaneous determinat ion o f  quantum y i e l d  

and l i f e t i m e  f o r  EAMP and ENAD' al lows the  c a l c u l a t i o n  o f  the  percentage o f  

stacked and open conformations o f  the d inuc leo t ide .  A t  2 5 O  i n  n e u t r a l  aqueous 

s o l u t i o n  ENAD' e x i s t s  45t5% i n  stacked conformations. (164) The b ind ing  o f  

t 
ENAD t o  a se r ies  of dehydrogenases was studied, and w h i l e  the a f f i n i t y  i s  

lower  than fo r  NAD', the  b ind ing  c h a r a c t e r i s t i c s  are  maintained. I n  a d d i t i o n  

t o  quenching the p r o t e i n  fluorescence, a l a r g e  enhancement of the ENAD' 

f luorescence and b lue  s h i f t  o f  the emission are  observed, i n d i c a t i n g  t h a t  the 

open conformat ion of the d i n u c l e o t i d e  i s  bound. (165-167) The molecular bas is  



of negat ive  c o o p e r a t i v i t y  i n  r a b b i t  muscle glyceraldehyde-3-phosphate dehydro- 
t 

genase was s tud ied  by the c i r c u l a r  p o l a r i z a t i o n  o f  f luorescence of ENAD . 
(168) Th is  technique y i e l d s  i n f o r n a t i o n  about the  conformation and environ- 

ment of a molecule i n  the  e x c i t e d  s t a t e  i n  much the same way t h a t  c i r c u l a r  

d i ch ro l sm does i n  the  ground s t a t e .  The g rea tes t  change i n  the  p r o t e i n  

te t ramer  occurs w i t h  t h e  b i n d i n g  o f  the  f i r s t  ENAD', w i t h  a s i m i l a r  s t r u c t u r a l  

change be ing observed i n  each n i co t inamide  subs i te .  C i r c u l a r  p o l a r i z a t i o n  of 

+ 
f luorescence o f  ENAD was a l s o  used t o  s tudy the  n icot inamide b i n d i n a  s i t e s  

of a l a r g e  number o f  dehydrogenases. (169) A s t r u c t u r a l  d i f f e r e n c e  was found 

f o r  the  adenine subs i tes  i n  cooperat ive  dehydrogenases as opposed t o  those i n  

non-cooperat ive dehydrogenases. 

N icot inamide 3,y4-ethenocytosine d i n u c l e o t i d e  (EFICD+, 21) was prepared and 

s tud ied  i n  severa l  dehydrogenase systems. (170) Al though i t  proved t o  be a 

+ 
b e t t e r  subs t ra te  than ENAD and comparable i n  many ins tances w i t h  the  n a t u r a l  

c o f a c t o r  NAD', i t s  f luorescence p r o p e r t i e s  a r e  poor, l i m i t i n g  i t s  u t i l i t y  as 

a f l uo rescen t  probe f o r  the  s tudy OF enzyme b i n d i n g  and molecu lar  dynamics. 

Po lyadeny l ic  a c i d  has been modi f ied by chloroacetaldehyde. (171) The 

modif ied polymer i s  i n h i b i t o r y  when unprimed 705 av ian myelob las tos is  (AWV) 

RNA i s  used as the  subst ra te .  I t  i s  p o s s i b l e  t h a t  t h e  p o l y  (1,N"etheno- - 

adeny l i c  a c i d )  may be use fu l  as an i n h i b i t o r  o f  oncogenic v i r a l  polymerases. 

The chloroacetaldehyde r e a c t i o n  has been extended t o  n a t u r a l l y  occu r r i ng  705 

AMV RNA. (172) I n  a d d i t i o n  t o  be ing an analog i n h i b i t o r  of 70s RNA the modi- 

f i e d  RNA i s  p o t e n t i a l l y  an impor tan t  probe f o r  s tudy ing i n t e r a c t i o n s  w i t h  the  

cognate DNA polymerase. 

A r e l a t e d  g r o w  o f  t r i c y c l i c  n i t r o g e n  heterocyc les  has been found t o  ex- 

h i b i t  f luorescence and t o  show p o t e n t i a l  as probes o f  b i o l o g i c a l  s y s t e m .  

The n a t u r a l l y  occu r r i ng  " Y  bases" . ) are  h i g h l y  s u b s t i t u t e d  guanosine 
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d e r i v a t i v e s  which, upon e x c i t a t i o n  a t  315 nm, show s t rong f luorescence 

emission a t  450 nm w i t h  a quantum e f f i c i e n c y  o f  7%.(9) As a r e s u l t  o f  these 

f luorescence p roper t i es ,  Y base, which i s  found i n  phenylalanine s p e c i f i c  

tRNAs from severa l  sources, has been e x p l o i t e d  i n  a v a r i e t y  of experiments 

designed t o  ga in  in format ion concerning tRNA t e r t i a r y  s t r u c t u r e .  For ex- 

ample, us ing  Y base loca ted  i n  the ant icodon loop  of yeas t  ~ R N A ' ~ ~  as an 

energy donor and a c r i f l a v i n  l i n k e d  t o  the per iodate-ox id ized 3'- terminus of 

yeas t  ~ R N A ' ~ ~  as the  energy acceptor, a d is tance of from 34 t o  61 between 

the  f luorophores was est imated by  resonant energy t rans fe r  techniques. (173, 

174) S t r u c t u r a l  e l u c i d a t i o n  o f  the  Y bases (imidazo[l,Z-a-]purines) l e d  t o  the 

synthes is  o f  o t h e r  f luorescent  t r i c y c l i c  nucleosides having r e l a t e d  s t ruc tu res .  

From 1-aminoguanosine, 3 and 3 were prepared us ing POC1 3/DMF and b i a c e t y l  



respec t i ve l y .  (175) The r e a c t i o n  of guanosine o r  2'-deoxyguanosine w i t h  

g lyc ida ldehyde produces & i n  which the  p o s i t i o n  o f  the  hydroxymethyl group 

was n o t  es tab l ished.  (176) S u b s t i t u t e d  malondialdehydes have been shown t o  

g i ve  w e l l  character ized,  f luorescent  products when al lowed t o  r e a c t  w i t h  

guanine. (177) The product  o f  the r e a c t i o n  of p-methoxyphenylmalondialdehyde 

) and guanine (a) i s  t he  t r i c y c l i c  2: which emits a t  510 nm w i t h  a  quantum 

y i e l d  o f  0.004 and a  l i f e t i m e  o f  0.7 nsec when e x c i t e d  a t  320 nm i n  aqueous 

s o l u t i o n  (pH 6.8). Both the quantum y i e l d  and l i f e t i m e  increase i n  goinq 

from p r o t i c  t o  non-p ro t i c  so lvents .  For example, 3 has an emission maximum 

a t  500 nm, a  quantum y i e l d  o f  0.031 and a  l i f e t i m e  o f  3.6 nsec i n  e t h y l  

acetate.  (177) The f luorescence p r o p e r t i e s  o f  t he  products o f  t he  r e a c t i o n  

o f  severa l  s u b s t i t u t e d  malondialdehydes w i t h  guanine were shown t o  be q u i t e  

s i m i l a r ,  regard less o f  s u b s t i t u t i o n .  The r e a c t i o n  o f  w i t h  guanosine, 7- 

methylguanosine, i socy tos ine ,  and 5-hydroxyisocytosine has been s tud ied  and 

the products have been i d e n t i f i e d  as $?-$, r e s p e c t i v e l y .  (178) The quantum 
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y i e l d  dependence on s o l v e n t  p o l a r i t y  was found t o  f o l l o w  t h a t  of t h e  pa ren t  

compound, %. 
A se r ies  of "s t re tched-out "  analogs o f  adenine have been prepared i n  which 

the pu r ine  r i n g  has been extended by the  formal i n s e r t i o n  of a  benzene r i n g  

between the py r im id ine  and imidazo le  r i n a s .  (179, 180) The l i n e a r  vers ion o f  

t h i s  s e r i e s  ( g  $-k) was found t o  possess useful f luorescence p roper t i es ,  

e m i t t i n g  a t  372 nm w i t h  quantum y i e l d s  i n  the range o f  0.44 and l i f e t i m e s  near 

3.7 nsec when e x c i t e d  a t  330 nm. (181, 182) The value o f  these f luorescence 

p roper t i es  i s  c l o s e l y  t i e d  t o  the  b i o l o g i c a l  a c t i v i t y  o f  t he  compounds. Com- 

pounds g k  and $& a r e  a c t i v e  cy tok in ins  making them p o t e n t i a l l y  use fu l  as 

probes fo r  d e t e c t i n g  s i t e s  and modes o f  c y t o k i n i n  ac t i on .  (182) Tests w i t h  

adenosine deaminase show both  t& and $;$ t o  be subst ra tes  w i t h  Km and Vmax 

values c lose  t o  those o f  the na tu ra l  subst ra te .  (181) The "s t re tched-out "  

versions of the adenine nuc leot ides ~ - k  were tes ted  w i t h  a  rep resen ta t i ve  

C Ra.CeH,CH, R.H 
p R'. H 

d R'=H 

R.H0Y2 HO OH 



group of k inases which e x h i b i t  broad t o  moderate nuc leo t ide  s p e c i f i c i t y .  (183) 

These n u c l e o t i d e  analogs i n  general b i n d  s t r o n g l y  and slow somewhat the  enzy- 

mat ic  ra tes .  The useful f luorescence p r o p e r t i e s  o f  t he  1 - b e n z o a d e n i n e  

nuc leo t ides  and t h e i r  increased n i n t e r a c t i o n s  can be d i r e c t e d  t o  a  v a r i e t y  

o f  s tud ies  o f  s t a t i c  and dynamic i n t e r a c t i o n s  w i t h  d i f f e r e n t  moie t ies ,  com- 

p lexa t ion ,  the  nature  of enzyme b i n d i n g  s i t e s ,  and conformat ional  changes i n -  

duced by sur rogate  coenzyme/enzyrne b ind ing .  Moreover, the def ined dimensional 

change, i .e . ,  a  l a t e r a l  s t r e t c h i n g  o f  the normal subst ra tes  o r  co fac to rs  by 
0 

2.4 A i n  compounds 8-k, prov ides new in fo rmat ion  concerning the  space a v a i l -  

ab le  a t  t h e i r  b i n d i n g  s i t e s  w i t h  var ious enzymes. 

I n  conclusion, the many b i o l o g i c a l  and chemical a p p l i c a t i o n s  of these 

rep resen ta t i ve  f luorophores deffonstrate a  use fu l  m o t i v a t i o n  f o r  the  synthes is  

of f l uo rescen t  h e t e r o c y c l i c  compounds. 
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