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Summary 

The tritiated cardiotonic steroids, ouabain, digitoxin, and digitoxigenin are 
shown to photolabel the large polypeptide but not the glycoprotein or proteo- 
lipid component of the (Na÷+ K*)-ATPase when they are bound to the 
inhibitory site and exposed to light of 220 or 254 nm. The extent of photo- 
labeling is low, less than 1%, and is limited by photocross-linking of the enzyme. 
The mechanism of photoincorporation does not appear to be either photolysis 
of the lactone ring in ouabain or photolysis of tryptophan or tyrosine residues 
in the polypeptide. 

Structure activity studies of cardiac glycoside binding to (Na ÷ + K÷)-ATPase 
have led to the conclusion that the binding site has two functionally distinct 
regions [1 ]. A primary region recognizes the lactone ring and steroid portions 
of the inhibitor molecule, the principal determinants of inhibitory potency, 
and a secondary region binds the sugar groups that confer the property of slow 
reversibility on the cardiac glycosides. We have recently shown that a 2-nitro- 
5-azidobenzoyl derivative of ouabain (NAB-ouabain) photolabels both the large 
polypeptide subunit (Mr ~ 95 000) and a small proteolipid component (Mr 
12 000) of the (Na*+ K÷)-ATPase with 15--20% efficiency, but does not 
appreciably label the glycoprotein subunit (M r ~ 35 000) [2]. Since the photo- 
affinity azido group is attached to the sugar in NAB-ouabain, the large poly- 
peptide and proteolipid apparently comprise the secondary region of the 
cardiac glycoside binding site. 

Abbreviations: NAB-ouabain, 2-nitro-5-azidobenzoyl derivative of ouabain; SDS, sod ium d o d e c y l  sulfate.  
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To answer the question as to the subunit location of the primary region of 
the binding site, we have pursued the observation of Ruoho and Kyte [3] that 
when a derivative of [14C]cymarin reversibly bound to the (Na ÷ + K÷)-ATPase 
was exposed to short-wave ultraviolet light, about 1% of the ['4C]glycoside 
became covalently incorporated into the large polypeptide chain of the enzyme. 
Due to lack of resolution of low molecular weight polypeptides, and to migra- 
tion of the [14C]cymarin derivatives to the bottom of the gel, it is not possible 
to tell if significant labeling of the proteolipid occurred. It was suggested to us 
by Dr. Boyd Haley that the mechanism of photolabeling by the cymarin deriv- 
atives could involve phot~)lysis of the lactone ring: if so, other cardiotonic 
steroids should also behave as low-efficiency 'direct' photolabels. We report 
here that [3H]ouabain, [3H]digitoxin, and [3H]digitoxigenin do indeed photo- 
label the large chain of the enzyme when they are bound to the inhibitory site 
and exposed to light of 220 or 254 nm. The proteolipid is not labeled, indi- 
cating that the primary region of the ouabain binding site is on the large poly- 
peptide chain. 

Purification of (Na++ K÷)-ATPase by the method of Jorgensen [5], ATPase 
assay, ouabain binding, and gel electrophoresis were performed as described 
previously [2]. The enzyme purified from pig kidney outer medulla had a 
specific activity of 700--900 gmol Pi/mg per h and bound 1.4--2.0 nmol 
ouabain/mg protein. [3H]Ouabain and [3H]digitoxin were obtained from NEN 
(New England Nuclear Co.); their specific activities were 10 and 11 Ci/mmol 
and their purities were 90% and 92%, respectively, as determined by the meth- 
od of Hansen and Skou [6]. [3H]Digitoxigenin was prepared by hydrolysis of 
100 mCi of [3H]digitoxin in 1 ml 90% ethanol containing 0.6 N HC1, for 12 h 
at 20°C [7]. Less than 1% of the tritium remained at the position of digitoxin 
on thin-layer chromatography (silica gel; ethylacetate saturated with H20), 
and 93% was in a spot corresponding to authentic digitoxigenin. Photolysis 
was performed with the short-wave (254 nm) ultraviolet bulb of a UVSL-25 
lamp (Ultraviolet Products, San Gabriel, CA), without a filter. Samples were 
photolyzed 1--2 cm from the lamp: (a) from the side in quartz test tubes with 
magnetic stirrer; (b) from above in open polyethylene vial caps (1 cm × 1 cm), 
or (c) from below in flat-bottomed quartz tubes. A hydrogen lamp provided 
light of peak wavelength 220 nm (26 nm half-bandwidth) when filtered with 
0.5 cm of 1.0% acetone, 3.3% NiC12, or light of 270--380 nm when filtered 
with a Coming UG-11 filter. Care was taken to keep the pathlength in the 
sample short or concentrations of absorbing species (ATP, ouabain, protein) 
low, so that light absorption by the sample did not exceed 40%. 

In a typical direct photolabeling experiment 1.4 mg (Na÷+ K÷)-ATPase, 
8.4 nmol [3H]ouabain, 5 mM Mg 2+, 3 mM Pi, 2 mM EDTA, and 10 mM Tris 
(pH 7.5) in a volume of 5 ml were incubated for 45 min at 37°C. The protein 
was pelleted by centrifugation (120 000 × g, 2 h), washed once to remove un- 
bound [3H]ouabain, and resuspended in 2.1 ml of the binding medium without 
[3H]ouabain. Control experiments have shown that ouabain bound under these 
conditions is bound specifically at the inhibitory site (cf. Ref. 2). The suspen- 
sion was photolyzed in a nearly horizontal quartz test tube (maximum light 
pathlength in suspension = 2 mm) 2 cm from the 254 nm lamp at 0°C; 0.2 ml 
aliquots were removed at times from 0 to 30 min. The protein was collected by 
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filtration on 0.08 pm Nucleopore filters, solubilized in SDS, and submitted to 
SDS gel electrophoresis. Fig. 1 presents a scan of  the Coomassie blue-stained 
gel of  a sample that was photolyzed 2 min, and the tritium-labeling profile of  
the same gel. It is seen that the large polypeptide (marked 'a') but not  the 
glycoprotein (marked 'b') is photolabeled; this is the same labeling pattern seen 
with [14C]cymarin derivatives (see Ref. 3). In addition it is seen here that there 
are no significant counts at the position of  the proteolipid (marked 'c') 
although the low molecular weight component is well resolved on gels of  this 
composition [2]. The labeling profile was identical in unstained gels, except for 
a much higher background due to free [3H]ouabain, and a large peak of  free 
[3H]ouabain that migrated variably to a position between the origin and the 
glycoprotein, depending on specific gel conditions. 

Similar results to those in Fig. 1 were obtained when ouabain binding took 
place in the presence of  120 mM sodium, 3 mM MgATP. With either binding 
condition, covalent labeling did not occur if excess unlabeled ouabain (10 -4 M) 
was included in the binding medium, or if photolysis was omitted. Further- 
more, covalent labeling was directly proportional to the amount of  [3H]- 
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Fig. 1.  Gel  e l e c t r o p h o r e t i c  prof i l e  o f  d irect  photo labeHng  o f  (Na÷+ K+)-ATPase by [3H]ouabaln.  Experi -  
m e n t a l  c o n d i t i o n s  are descr ibed  in the  t e x t .  L o w e r  curve .  S p e c t r o p h o t o m e t r i c  s can  o f  the  gel s ta ined  w i t h  
C o o m a s s i e  b lue  and desta ined .  U p p e r  curve.  3 H-labeling prof i l e  in the  s a m e  gel ,  s l i ced  and d iges ted  in  
H202 . Label ing in each  s l ice  is e x p r e s s e d  as p e r c e n t  o f  the  original reversibly  b o u n d  [3H]ouabain.  5 • 
105  c p m  were  appl ied  t o  the  gel track.  
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ouabain bound to the (Na++ K+)-ATPase as shown in the following experi- 
ment: (Na ÷ + K÷)-ATPase (720 pg) was incubated with 1.28 • 10 -s M [3H]- 
ouabain in 10 ml of  solution containing 5 mM Mg 2÷, 3 mM Pi, 2 mM EDTA, 
0.1% bovine serum albumin, 60 mM Tris, pH 7.2 at 37°C. At time intervals 
from 15 s to 30 min [3H]ouabain binding was stopped by addition of 0.1 ml 
10 -3 M unlabeled ouabain to 1 ml aliquots of the binding medium; all samples 
were cooled, photolyzed for 6 min, filtered, solubilized in SDS, and submitted 
to gel electrophoresis. Fig. 2 shows that covalent labeling of the large poly- 
peptide chain determined from sliced gel tracks increases with time in exact 
parallel to the increase in [3H]ouabain binding determined from total counts 
on the nucleopore filters; this demonstrates that the [3H]ouabain that is bound 
to the inhibitory site is responsible for photolabeling. The results also show 
that [3H]ouabain does not leave the inhibitory site and equilibrate with 
ouabain in solution between the time of light absorption and the time of 
covalent attachment. 

The extent of direct photolabeling of the large polypeptide is very low, 
about 0.3% in the sample of Fig. 1 and 0.2% in Fig. 2. Longer photolysis times 
gave increased incorporation, but concurrent photocross-linking of the (Na ÷ + 
K+)-ATPase resulted in disappearance of the large polypeptide and glycoprotein 
bands and an increase in the amount of protein that did not enter the gel. The 
severity of the problem, also mentioned by Ruoho and Kyte [3], is illustrated 
in Fig. 3; photoinactivation of (Na++ K+)-ATPase activity, photolysis of the 
lactone ring of ouabain, disappearance of the large polypeptide band, and 
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Fig. 2. [ 3 H ] O u a b a l n  b inding  and c o v a l e n t  label ing as a func t ion  o f  i n c u b a t i o n  t i m e .  The  e x p e r i m e n t a l  
p r o t o c o l  is descr ibed  in the  t e x t .  Th e  l ine is a t h e o r e t i c a l  f i t  for  a b i m o l e c u l a r  react ion  b e t w e e n  ouabaln  
and ( N a  + + K+)-ATPase a s suming  to ta l  b inding s i tes  = 1 . 7 7  n m o l / m g ,  K d = 5 - 1 0  - 9  M ,  forward  reac t ion  
rate c o n s t a n t  = 5 . 3 3  • 104  s -1 ' M  - 1 .  
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Fig. 3. T ime  course  of  e f fec ts  o f  254  n m  light on  ouaba in ,  (Na++ K+)-ATPase,  an d  on  [ 3 H ] o u a b a i n  b o u n d  
to (Na + + K+)-ATPase.  All samples  were  p h o t o l y z e d  in a qua r t z  tes t  t ube  ( longes t  p a t h l e n g t h  1 c m )  w i t h  
m a g n e t i c  s t i r rer ,  in an  ice-filled qua r t z  b e a k e r  2 c m  f r o m  the  254 n m  l amp .  o • o, 10 -4 M o u ab a in  in 
H 2 0  was  p h o t o l y z e d  and  a b s o r b a n c e  spec t r a  were  d e t e r m i n e d  at  in tervals .  The  change  in a b s o r b a n c e  a t  
2 2 0  n m  is p l o t t e d  w i th  100% = 1.62 A a nd  0% = 0 .62  A .  (The  a b s o r b a n c e  of  p h o t o p r o d u c t s  e x t r a p o l a t e d  
f r o m  long exposures . )  ~-- o, (Na + + K+) .ATPase  (50  m g / m l )  was  p h o t o l y z e d  in 10 m M  Tris,  1 m M  
E D T A  (pH 7.5 at  20°C)  a t  O°C. (Na + + K+)-ATPase ac t iv i ty ,  p lo t t ed  as p e r c e n t  of  con t ro l ,  was  assayed  at  
in tervals .  4 , r o t e  [ 3 H ] o u a b a i  n (0 .84  n m o l )  was b o u n d  to (Na++ K+)-ATPase (1.2 rag,  ap p ro x .  1.7 n m o l )  
in 0.8 ml  of  MgP i b ind ing  m e d i u m  for  15 rain at  37°C ,  t hen  d i lu ted  to  10 ml .  1 m l  a l iquots  were  p h o t o -  
lyzed  for  ind ica ted  t ime  in tervals ,  f i l tered on  0 .08  p m  N u c l e o p o r e  fil teres,  and  washed  wi th  1 m l  25 m M  
Tris (20°C) .  T he  a m o u n t  of  [ 3 H ] o u a b a i n  r e ma in ing  on the  f i l tered p ro t e in  is p l o t t e d  (A A). The  
p ro t e i n  was solubl l ized in SDS sample  buf fe r ,  e l ec t ropho re sed ,  s ta ined,  des ta ined ,  s can n ed  an d  sl iced as 
p rev ious ly  descr ibed  [2 ] .  The  a m o u n t  of  uncross - l inked  p ro t e in  migra t ing  to  the  pos i t ion  of  the  large 
p o l y p e p t i d e  chain  is d e t e r m i n e d  as the  area  u n d e r  the  p e a k  in the  s p e c t r o p h o t o m e t r i c  scan  of  the  
Coomass ie  b lue-s ta ined  gel and  p lo t ed  as p e r c e n t  of  the u n p h o t o l y z e d  co n t ro l  (0- ~-). Th e  3 H-label 
above  b a c k g r o u n d  in the  sliced gel a t  the  origin (m-- e )  and a t  the  pos i t ion  of  the  large p o l y p e p t i d e  
cha in  (e ---~) is p l o t t e d  as p e r c e n t  of  original revers ib ly  b o u n d  [3 H ] o u a b a i n .  

covalent labeling are plot ted as a function of  time in the 254 nm light. Note  
that  by the time photolabeling of  the large polypept ide reaches a maximum 
(0.5%) at 8 min, only about  20% of  the large subunit  remains uncross-linked 
and the decrease in labeling beyond  10 min is clearly due to the loss of  the 
labeled subunit .  Also, although the (Na ÷ + K÷)-ATPase is 90% photoinactivated 
within 10min ,  [3H]ouabain remains reversibly bound to the aggregated 
enzyme for much longer, with 35% left after 20 min. Thus the number  of  
counts incorporated into the aggregate at the top  of  the gel continues to 
increase for 30 min. 
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In an a t tempt  to improve the ratio of the rate of covalent labeling relative to 
the rate of  photocross-linking, as well as to examine the mechanism of photo- 
labeling, we tried photolysis with light of  220 and t>280 nm. The former is the 
wavelength of  peak ouabain absorbance, while the latter is absorbed by 
tyrosine and t ryptophan but  not  by ouabain. Table I presents the initial rate 
of  change of  parameters plotted in Fig. 2, for light of  220 ,254 ,  and >~280 nm. 
Comparison of absolute rates between one wavelength and another  is not  
meaningful since the intensity of  illumination was not  determined; therefore,  
the ratio of the rate of [3H]ouabain photoincorporat ion to the rate of ouabain 
photolysis is presented (V1/Vo). At 220 nm the relative rate of photoincorpora- 
tion is about ten-fold less than at 254 nm, indicating that photolysis of  the 
lactone ring of  ouabain is not  directly responsible for photolabeling. A 
remaining possibility was that  the photosensitive photolysis product  of  ouabain 
with an absorption maximum at 265 nm (unpublished observations) was the 
responsible species. This was ruled out  in an experiment  in which prephoto- 
lysis with 220 nm light of  [3H]ouabain bound to (Na ÷ + K÷)-ATPase to produce 
the 265-nm absorbing species did not  increase the rate of photolabeling in a 
subsequent exposure to 254 nm light (data no t  shown}. The maximum attain- 
able level of  photoincorporat ion of [3H]ouabain into the large polypeptide was 
near 0.6% in both 220 nm and 254 nm light. 

An alternative hypothesis to photolysis of the lactone ring is that the 
responsible photoactive species is in the large polypeptide and that covalent 
labeling ('reverse photolabeling') [4] is thus analogous to photocross-linking. 
With ~>280 nm light, the rate of photolabeling relative to the rate of photo- 
cross-linking (V1/Vx, Table I) was 20-fold lower compared to the rate at 
254 nm. Thus it appears unlikely that  either tyrosine or t ryptophane are the 
photoactive species. This contrasts to the recently published wavelength depen- 
dence of  photoincorporat ion of cyclic [3H]AMP into a receptor protein; in that  

T A B L E  I 

W A V E L E N G T H  D E P E N D E N C E  O F  R A T E  OF P H O T O R E A C T I O N S  OF O U A B A I N  A N D  (Na ÷ + K+) - 
ATPase  

The  initial ra tes  Vx, Vi, V0, V 1 were  d e t e r m i n e d  f rom Fig. 3, and  similar  plots  of  da ta  at  o ther  wave° 
lengths ,  using t ime  po in t s  p r io r  to  20% p h o t o r e a c t i o n .  The  ra tes  are  expressed  as f rac t iona l  ch an g e /h ,  and  
are ana logous  to f i rs t -order  ra te  cons tan t s .  The  l ight  in tens i ty  was  the  s ame  for  all m e a s u r e m e n t s  at  a 
given wave leng th ,  b u t  was p r e s u m a b l y  d i f f e r e n t  a t  the  d i f f e ren t  wave lengths ;  it  w a s  n o t  d e t e r m i n e d .  
T h e r e f o r e ,  while abso lu te  ra tes  (e.g. VI, V0) at  one wave l eng th  c a n n o t  be  d i rec t ly  c o m p a r e d  t o  t h e  corre-  
spond ing  r a t e s  at  a n o t h e r  wave leng th ,  it is possible to  c o m p a r e  relat ive ra tes  (e.g. VI /V  O, V l /Vx)  as 
p re sen t ed  at  the  b o t t o m .  

I l l umina t i on  wave leng th  

220  n m  254 n m  :>280 n m  

D u r a t i o n  of  e x p e r i m e n t  (h)  0 .33  
Photocross- l inking  o f  (Na + + K+)-ATPase (V x, h -1) 6.8 
P h o t o i n a c t i v a t i o n  o f  (Na ÷ + K+)-ATPase (V i, b -1) 9.7 
Photolys is  of  ouaba in  (V0,  h -1) 2.4 
Pho to labe l ing  by  [ 3 H ] o u a b a i n  (V  1, h -1) 0 .028  

V1/V 0 0 .0 1 2  
VI/V x 0 .0 0 4  

0 .5  6.0 
20 0 .16  
20 0 .21  

O. 58 <0 .003  
0 .064  <4 • 10  -s  

0.15 
0 .0 0 4  < 0 . 0 0 0 2  
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case 280 nm light was found to be more effective than 254 nm light, and 
photolysis of  aromatic amino acids was implicated. Phenylalanine and cystine 
(cf. Ref. 9) are among candidates for absorbing species that  could be responsi- 
ble for 'reverse photolabeling'  with an opt imum efficiency near 250 nm. 

If 'reverse photolabeling'  is the case, then a t tachment  could be either to the 
steroid portion of  the ouabain molecule from the primary region of  the binding 
site, or to the ouabain rhamnose from the secondary region. To be certain that  
the primary site is photolabeled, we performed photolysis experiments with the 
aglycone [3H]digitoxigenin, as well as with the parent glycoside [3H]digitoxin. 
An excess of  (Na÷+ K÷)-ATPase was used to keep the free [3H]steroid con- 
centration low; centrifugation could not  be used since digitoxigenin dissociates 
rapidly. In 125 pl of  MgPi binding medium, 120 mg (Na ÷ + K÷)-ATPase and 
0.15 nmol [3H]ouabain, [3H]digitoxin, or [3H]digitoxigenin were incubated 
with or wi thout  4 nmol unlabeled ouabain for 15 min at 37°C and then photo- 
lyzed for 1.5 or 6 ra in  at 4°C with the 254 nm lamp, then run on SDS-poly- 
acrylamide gels which were stained, sliced, and counted. In three experiments 
the amount  of photolabeling of  the large polypeptide was the same with [3H]- 
digitoxin as with [3H]ouabain, and with [3H]digitoxigenin it was 55% of the 
[3H]ouabain level. In each case, photolabeling was prevented (less than 10%) 
by 10 -4 M unlabeled ouabain. The two-fold lower level of incorporation with 
digitoxigenin could be due to: (a) a different  conformation of  the (N.a ÷ + K÷) - 
ATPase when the aglycone is bound;  (b) more rapid dissociation of digi- 
toxigenin when the enzyme is photoinactivated ir~ the first minute,  or (c) a 
contribution due to 'reverse photolabeling' of  the cardiac glycosides by the 
secondary binding site. We have no evidence to decide among these alternatives. 
With [3H]digitoxigenin and [3H]digitoxin, as with [3H]ouabain, there was no 
detectable photoincorporat ion of label into either glycoprotein or proteo- 
lipid. It should be noted that  to assess labeling of the proteolipid it was neces- 
sary to first stain and destain the gels to remove free [3H]digitoxin or [3H]- 
digitoxigenin that  migrated to the bo t tom of  the gel. 

Ruoho and Kyte [8] reported a failure to observe specific labeling of  the 
(Na ÷ + K*)-ATPase from dog kidney, using [3H]ouabain and 254 nm light. We 
have no explanation for this discrepancy, especially since the level of  photo- 
incorporation of  their [14C] cymarin derivatives was similar to the level we find 
with tritiated ouabain and digitoxin. 

The above results confirm earlier findings that  the large subunit of  the (Na ÷ + 
K*)-ATPase forms at least part of  the cardiac glycoside binding site [3,10], and 
they add three new pieces of  information: ( 1 ) t h e  direct photolabeling method 
used here and by Ruoho and Kyte  [3] labels the primary region of the binding 
site. (2) The proteolipid is not  labeled in this method.  (3) The wavelength 
dependence of  direct photolabeling does not  appear to be consistent with 
either photolysis of  the lactone ring of  ouabain or of  t ryptophan or tyrosine 
groups on the protein as the mechanism. Thus it appears that  the large poly- 
peptide comprises the primary region of the cardiac glycoside binding site, 
while both the large polypeptide and the proteolipid participate at the secondary 
region [2]. 
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Note added in proof  (Received May 29th, 1979) 

Rogers and Ladzunski recently reported [ 11 ] that a photoaffinity derivative 
of the aglycone strophantidin photolables only the large polypeptide chain of 
(Na ÷ + K*)-ATPase; that  is the same pattern found here for direct photolabel- 
ling with [3H] ouabain. They also confirmed our finding that derivatives of oua- 
bain with a photoaffinity group on the rhamnose moiety covalently label both 
the large polypeptide and the proteolipid component .  
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