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Summary 

The dye 2',4',5',7'-tetraiodofluorescein is a potent  inhibitor of creatine kinase 
(ATP:creatine N-phosphotransferase, EC 2.7.3.2) with an apparent competitive 
inhibition constant  with respect to MgATP 2- of  2.6 • 10 -s M. The association of 
the dye with the enzyme elicited a red shift in the dye's  spectrum, indicative of  
a binding site less polar than water. The dye binds to the enzyme with an equi- 
librium constant  of  dissociation of  1.7 • 10 -s M. MgATP or MgADP competes 
for the dye-binding site. Creatine binds to creatine kinase-tetraiodofluorescein 
complex to form a ternm-y complex and further causes a blue-shift in the spec- 
trum of the bound dye. The binding of  the dye to fully active creatine kinase 
causes conformational  change that was monitored by enzyme-bound 2-mercuri- 
4-nitrophenol, a conformation-dependent  "reporter  group". 

Introduct ion 

A number  of  spectroscopic techniques have been utilized to study the 
binding of  substrates to creatine kinase (ATP:creatine N-phosphotransferase, 
EC 2.7.3.2) in solution [1--4]. Very few of these, if any, have been able to 
assess the possible environment of  the various substrate binding sites although a 
number  have detected substrate-induced conformational  changes. Recently,  the 
dye 2',4',5',7'-tetraiodofluorescein has been used to probe the nature of  the 
nucleotide binding site of  two different nucleotide-binding enzymes, namely 
lactate dehydrogenase [5] and aspartate transcarbamylase [6]. X-ray crystallo- 
graphic study of  lactate dehydrogenase has shown unambiguously that the dye 
binds at a site coincident with that  of  the adenosine port ion of the cofactor  
NAD. The dye  has also been shown to be a competit ive inhibitor of  the dehy- 
drogenase. The tetraiodofluorescein activates the allosteric enzyme aspartate 
transcarbamylase, normally activated by the natural effector  ATP [6].  A study 
of  the interaction of  the dye with creatine kinase, a member  of  another general 
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class of nucleotide-binding proteins, was undertaken under the assumption that  
tetraiodofluorescein would mimic the adenosine of substrates ATP and/or 
ADP. Moreover, because the dye is influenced by the environment of its 
binding site, the specific interaction of the dye with creatine kinase has proven 
to be useful in the appraisal of the polarity of the adenosine binding site. The 
enzyme-bound dye also served as a useful spectral probe to study the binding 
of various natural substrates and anion inhibitors. In addition, we have investi- 
gated the possibility that  the dye induces a conformational change by investi- 
gating the binding of the dye to active creatine kinase labeled with 2-mercuri-4- 
nitrophenol [7], an environmentally sensitive chromophoric probe. 

Mainly on the basis of the extreme similarity of the interaction of the dye 
with creatine kinase and with the other aforementioned classes of nucleotide- 
binding enzymes: lactate dehydrogenase and aspartate transcarbamylase, it can 
be concluded that  the adenosine binding sites of these various types of enzymes 
are remarkably alike. 

Materials and Methods 

Materials. Sodium salts of ADP and ATP were obtained from Calbiochem; 
creatine from Fisher Scientific; and sodium salt of 2',4',5',7'-tetraiodofluores- 
cein from Eastman Chemicals. All other chemicals were of reagent grade and 
used without  further purification. 

Enzyme purification and assay. Creatine kinase was isolated from the breast 
muscle of normal, 5-month-old New Hampshire chickens (Line 200) by the 
procedure of Roy et al. [8]. Protein concentration was determined spectro- 
photometrically at 280 nm, with an extinction coefficient of 0.89 (mg/ml) -1 • 
cm -1 [9]. The molecular weight of 80 000 [10] was used to determine molar 
concentration. 

The activity of the enzyme was assayed in the forward reaction at pH 9.00, 
30°C by a pH-stat method [11--12]. Besides the substrates creatine and 
MgATP, the assay mixture contained 0.1 M sodium acetate and 1 mM cysteine 
[12]. Specific activity is defined as pmol H ÷ released/min per mg of enzyme. 

Spectrophotometric measurements. Measurements were performed at 30°C 
using a Cary 118 spectrophotometer and a matched quartz 2.5 ml volume cells 
of 1.0 cm light path. For each visible spectrum obtained, the pen was balanced 
at 650 nm, where all solutions were transparent, and a common baseline was 
recorded. 

Results 

Binding of tetraiodofluorescein to creatine kinase 
The binding of tetraiodofluorescein to creatine kinase in solution elicited a 

pronounced red shift in the visible spectrum (Fig. 1). The maximum absor= 
bance difference is at 543 nm and the minimum at 519 nm. This spectral shift 
was utilized to follow the titration of creatine kinase with the dye (Fig. 2). A 
dissociation constant of  1.7 • 10 -s for the creatine kinase-tetraiodofluorescein 
complex was determined form a 'double-reciprocal' plot (Fig. 2, insert). The 
analysis of the titration data by Scatchard plot [ 13] showed a dissociation con- 
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Fig. 1. D i f f e r e n c e  spec tra  o f  free  versus t e t r a i o d o f l u o r e s c e i n  b o u n d  to  creat ine  k inase ,  a: Base l ine  s c a n  of  
the  s a m p l e  c u v e t t e  w h i c h  c o n t a i n e d  0 .6  m g  e n z y m e  in 2 . 5  ml  0.1  M N - 2 - h y d r o x y e t h y l p i p e r a z i n e  p r o p a n e  
su l fon ic  acid ( E P P S )  b u f f e r  p H  8 . 0 0  against  the  r e f e r e n c e  cel l  w h i c h  c o n t a i n e d  2 .5  m l  buf fer .  Curves b, c, 
d: spec tra  p r o d u c e d  b y  the  a d d i t i o n  o f  smal l  v o l u m e  o f  2 rr, M t e t r a i o d o f l u o r e s c e i n  to  b o t h  cel ls  to  give a 
c o n c e n t r a t i o n  of  3 . 2 0 ,  6 . 3 8 ,  1 9 . 0 2  ~M,  re spec t i ve l y .  

stant  o f  1.5 • 10 -s M and indicated that  the  dye-binding  sites in creatine kinase 
are equal  and i n d e p e n d e n t  and that  one  mole  o f  te tra iodof luoresce in  is b o u n d  
per subuni t  o f  40  0 0 0  daltons.  

A Lineweaver-Burk p lot  of  inhib i t ion  data indicates that  the  dye  is a compe-  
titive inhibi tor  relative to  MgATP 2- (Fig. 3, I). An inhibi t ion  constant  o f  2 .6  • 
10 -5 M was obta ined from the hor izonta l  intercept  of  a replot  of  s lopes versus 
d ye  concentra t ion  (Fig. 3, II). Since creatine kinase conforms  to a rapid equi- 
l ibrium, random mechanism,  this value is an apparent inhibi t ion  constant  [ 14] .  
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Fig. 2. T i t ra t ion  o f  creat ine  kinase  w i t h  t e t r a i o d o f l u o r e s c e i n .  C o n d i t i o n s  as in Fig. 1. Insert:  D o u b l e  reci-  
proca i  p l o t  o f  a b s o r b a n c e  c h a n g e  at 5 4 2  n m  versus  t e t r a i o d o f l u o r e s c e i n  c o n c e n t r a t i o n .  
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Fig. 3. K ine t i c s  of  i n h i b i t i o n  of  c rea t ine  k inase  by  t e t r a i o d o f l u o r e s c e i n .  I:  L i n e w e a v e r - B u r k  plots  o f  ini t ia l  

ra tes  of  the  f o r w a r d  r e a c t i o n  ve rsus  M g A T P  c o n c e n t r a t i o n s  in  the  p resence  of  O, 30,  60 and  80 m M  te t ra-  
i o d o f l u o r e s c e i n  (curves  a t h r o u g h  d). The  c rea t ine  c o n c e n t r a t i o n  was  held  c o n s t a n t  a t  40  m M  and the  
ini t ia l  M g A T P  c o n c e n t r a t i o n  was va r ied  so t h a t  the  free Mg 2+ ion (as m a g n e s i u m  ace t a t e )  was a lways  1 
raM. O t h e r  c o m p o n e n t s  of  the  assay m i x t u r e  are 100  m M  s o d i u m  ace ta t e  and  1 m M  cys te ine .  I I :  R e p l o t  

o f  the  s lopes  o b t a i n e d  f r o m  the  L i n e w e a v e r - B u r k  p lo ts  ve r sus  t e t r a i o d o f l u o r e s c e i n  c o n c e n t r a t i o n .  

Binding of substrates to creatine kinase-tetraiodofluorescein complex 
The effect of  ligands on the creatine kinase-dye complex was examined. 

Each ligand could either displace the bound dye, or form a ternary complex 
concomitant  with perturbation of the bound dye spectrum. To test these two 
possibilties, difference spectrum measurements were conducted on creatine 
kinase: tetraiodofluorescein complex plus added ligand in the sample cuvette 
against creatine kinase:tetraiodofluorescein complex in the reference cell. If in 
the sample cell the tetraiodofluorescein were displaced by the ligand, the differ- 
ence spectrum produced would be a mirror image of that  shown in Fig. 1. It 
can be seen in Fig. 4, curve b, that  MgADP causes the displacement of the 
bound tetraiodofluorescein. MgATP behaves similarly. On the other hand, the 
binding of creatine, a substrate or nitrate, an anion inhibitor [10,12] produced 
varied spectral changes which are not  indicative of a dye displacement but of 
the formation of enzyme-tetraiodofluorescein:ligand ternary complex (Fig. 4). 

Binding of tetraiodofluorescein to active creatine kinase labeled with 2-mercuri- 
4-nitrophenol 

Creatine kinase can be labeled with 2 equivalents of 2-chloromercuri-4-nitro- 
phenol, an environment-sensitive chromophoric probe, with the preservation of 
full activity [4,7]. Moreover, the enzyme-bound "reporter group" has been 
shown to be an effective and sensitive indicator of a variety of substrate-induced 
conformational changes. For instance, the binding of MgADP to the fully active 
creatine kinase labeled with the probe causes a bound nitrophenol spectral 
change that  was best ascribed to a conformational change. The effect of tetra- 
iodofluorescein on the bound 2-mercuri-4-nitrophenol was studied to test for a 
nitrophenol spectral change attributable to a dye-induced conformational rear- 
rangement. From Fig. 5, it can be seen that  the dye elicited a hyperchromic 
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Fig. 4. Binding of  l igands to c rea t ine  k inase - t e t ra iodof luoresce in  complex .  Di f fe rence  spec t ra  p r o d u c e d  by  
the  add i t ion  of  l igands to e n z y m e - t e t r a i o d o f l u o r e s c e i n  complex .  All solut ions  were  bu f f e r ed  in 0.1 M 
EPPS pH 8 .00  ± 0 .005 .  A basel ine scan, typica l ly  s h o w n  in curve  a, was es tabl ished wi th  the  r e fe rence  and 
sample  cells con ta in ing  equal  v o l u m e  of t c t r a i o d o f l u o r e s e e i n - e n z y m e  c o m p l e x .  Ligand or  p e r t u r b a n t  was 
added  to the  sample  cell and  bu f f e r  to re fe rence  cell to c o m p e n s a t e  for  the  increase in vo lume .  Curve b: 
add i t ion  of  MgADP to a final c o n c e n t r a t i o n  of  13.4 mM (the inclusion of  m a g n e s i u m  ace ta te ,  see legend 
to Fig. 3. Curve c: add i t ion  of  c rea t ine  (33 .6  mM final concen t r a t i on ) .  Curve d: add i t ion  of  NaNO 3 (10 .8  
mM final concen t r a t i on ) .  For  curves  b to  d the  final c o n c e n t r a t i o n  of  t e t r a iodof luo resce in  and  enzYme 
were  18.8 #M and  3 .5  #M, respect ive ly .  

Fig. 5. I n t e r ac t i on  of  t e t r a iodof luo resce in  with act ive c rea t ine  kinase labeled  wi th  2 equ iva len t s  of  2-mer-  
cur i -4 -n i t rophenol .  I ( top  panel) .  Abso lu te  spec t ra :  curve  a, 20 #M m e r c u r i n i t r o p h e n o l  and 11.2 #M tetra-  
iodof luoresce in ;  curve  b, 11.2 #M te t r a iodof luo resce in  and  10 #M crea t ine  kinase labeled  wi th  20 #M 
m e r c u r i n i t r o p h e n o l .  - - .  --, 20  #M m e r c u r i n i t r o p h e n o l .  - . . . . .  , 11.2 #M te t t a iodof luoresce in ,  n ( B o t t o m  
panel) .  Di f fe rence  spectra :  curve  c, m e r c u r i n i t r o p h e n o l - c r e a t i n e  kinase labeled  wi th  plus t e t r a lodof luores -  
cein versus  free m e r c u r i n i t r o p h e n o l  and t e t r a lodof luoresce in .  Dif ference  s p e c t r u m  of curve  b against  a, 
top  panel .  Curve d, 20 #M m e r c u r i n i t r o p h e n o l  b o u n d  to 10 #M crea t ine  kinase against  20 #M mercur i -  
n i t ropheno l .  Curve e, 11.2 pM te t r a iodof luo resce in  and 10 pM crea t ine  kinase against  11.2 #M te t r a iodo-  
f luorescein.  All so lu t ions  were  bu f f e r ed  in 0.1 M EPPS pH 8 .00  -+ 0 .005 .  Spec t ra  were  ob ta ined  using 1 
cm,  2 .5-ml  v o l u m e  cuvet tes .  

shift and an increase in ext inct ion of  the bound ni t rophenol  spectrum. Further- 
more,  the binding of the dye to the mercurinitrophenol-labeled creatine kinase 
caused a red shift and an enhancement  of  its visible spectrum relative to that  
observed in the binding of  the dye to native, unlabeled enzyme.  

Discussion 

• The red shift in the spectrum elicited by the binding of  the tetraiodofluores- 
cein to creatine kinase is very similar if not  identical with those previously 
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observed with lactate dehydrogenase [5] and aspartate transcarbamylase [6]. 
The direction of the spectral shift, which is similarly observed when the free 
dye is in a solvent of low dielectric constant, has been attributed to a dye 
binding site less polar than water. The fact that, in these three different 
enzymes, the bound tetraiodofluorescein spectral changes and the dissociation 
constants of the various enzyme:tetraiodofluorescein complexes are nearly 
identical, strongly indicates that  the tetraiodofluorescein binding site of these 
enzymes must be extremely similar. X-ray crystallographic analysis has unambi- 
guously shown that  the dye binds to lactate dehydrogenase at a site coincident 
with the adenosine moiety of the cofactor NAD [5]. Moreover, Rossmann and 
co-workers have recognized, on the basis of available structural data of a num- 
ber of dehydrogenases and kinases, the existence among these enzymes of a 
similar adenosine binding site:the so-called "nucleotide fo ld"  [15]. 

The finding that  tetraiodofluorescein is a competitive inhibitor with respect 
to MgATP and that  the difference spectrum produced by the binding of the 
dye can be completely abolished by MgATP or MgADP further indicates that  
the dye binds at the nucleotide binding site of creatine kinase. However, the 
dye appears to bind more tightly than MgATP since the equilibrium constant of 
dissociation of 3 • 10 .4 M for the enzyme-MgATP complex [16] is about 15 
times greater than the dissociation constant of the enzyme-dye complex. 

Creatine or nitrate, on the other hand, produced bound dye spectral changes 
which indicate that  either ligand is capable of binding to the enzyme-tetraiodo- 
fluorescein complex to form a ternary complex. The formation of an enzyme- 
dye-creatine ternary complex is not  unexpected since creatine appears to bind 
to a site different from the nucleotide binding site. Moreover, creatine caused a 
blue shift in the bound tetraiodofluorescein spectrum (Fig. 4, curve c), indica- 
tire of a change to a more polar dye environment. Nitrate, a potent  inhibitor of 
creatine kinase, has been postulated to bind to a site coincident with the trans- 
ferable ~,-phosphoryl group of ATP [10,12]. The spectral perturbations of the 
bound dye spectrum accompanying the formation of ternary complexes can be 
attributed to changes in the environment of the dye in the active center 
brought about by substrate-induced conformational change or to direct inter- 
action of the dye and substrate. A conformational change induced by creatine, 
in particular, would be in keeping with the observations [1--4,10] that creatine 
causes a structural rearrangement upon binding to enzyme-nucleotide com- 
plexes. 

A pair of cysteine residues of creatine kinase can be labeled stoichiometri- 
cally with two equivalents of 2-chloromercuri-4-nitrophenol, one chromophore 
per subunit, without  the loss of activity [7]. Furthermore, the binding of sub- 
strates and anions, singly or in various combinations, to the labeled enzyme 
elicited varied changes in the bound nitrophenol spectrum that  were best 
ascribed to varied conformational changes in the local environment of the 
reporter group. The perturbation by tetraiodofluorescein of the nitrophenol 
bound to creatine kinase can, likewise, be attributed to a dye-induced confor- 
mational change. Moreover, the nitrophenol attached to the enzyme apparently 
has an influence on the bound tetraiodofluorescein spectrum, causing a red 
shift and an enhancement of the dye spectrum relative to the change observed 
in the binding of  the dye to the native, unlabeled enzyme (Fig. 5). 
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