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Ps0's of a b o u t  30 spec imens  of d i f fe ren t  b o d y  weights  
(45 g-7.5 kg) were c o m p a r e d  and  the re  was some sugges- 
t ion  of a h ighe r  a f f in i ty  a m o n g  smal ler  specimens,  
b u t  t he re  was m u c h  var iab i l i ty .  The  presence  of such  a 
d i f fe ren t ia l  was  t e s t e d  because  of ind ica t ions  t h a t  
' e m b r y o n i c '  h aemog l ob i n s  h a v e  a h igher  oxygen  a f f in i ty  
w i t h i n  t he  egg cases of ska tes  4 a n d  o the r  e l a smobranchs .  

I t  is conc luded  t h a t  t he  d a t a  r epo r t ed  here  ref lect  
cond i t ions  in  t he  i n t a c t  f ish more  closely t h a n  in p rev ious  
s tudies  because  d e t e r m i n a t i o n s  were car r ied  ou t  w i th in  
ha l f  a n  h o u r  of b lood  h a v i n g  been  w i t h d r a w n  f rom 
c a t h e t e r s  t h a t  h a d  r e m a i n e d  w i t h i n  t he  f ish for severa l  
days.  There  are ind ica t ions  t h a t  changes  in t he  r e s p i r a to ry  
p roper t i e s  of b lood  also occur  in b lood  samples  t a k e n  f rom 
o the r  fish. 

Rdsumd. Quelques  propr i6 t6s  resp i ra to i res  du sang  de 
la ra ie  (Raia clavata) on t  6t6 d6 te rmin6es  avec  des 6chan-  

t i l lons  de ca th6 t e r  in t r avascu la i r e .  Chaque  6chan t i l lon  
6 ta i t  ut i l is6 s eu l emen t  pou r  deux  po in t s  de la courbe  de 
d issoc ia t ion  -O2- ,  parce  que  les propr i6t6s  c h a n g e n t  apr~s 
une  demie-heure .  On a cons t a t6  u n  effet  de B o h r  (A log 
Pso/A p H  = --0.25 ~: 0.03) a ins i  que celui d ' H a l d a n e .  
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A Computer  P r o g r a m  for the Calculat ion of the Free Ligand Concentrat ions  
in Cases  of Multiple Binding  to Prote ins  

I n  m a n y  e x p e r i m e n t a l  s i t ua t ions  in v i t ro  or in  vivo,  a 
r egu la to ry  ac t ive  compound ,  such  as a d rug  or a ho rmone ,  
is b o u n d  w i t h  cons iderab le  aff ini t ies  b y  p ro te ins  wh ich  
are no t  d i r ec t ly  i nvo lved  in t h e  r egu la to ry  ac t ion  exer ted  
b y  t he  compound .  Such  unspecif ic  b i n d i n g  d imin i shes  
t he  free ac t ive  c o n c e n t r a t i o n  of t h e  c o m p o u n d  and  
inf luences  i ts  m e t a b o l i s m  as well  as i ts  r egu la to ry  func-  
t ions.  There fore  t he  ha l f -max ima l - e f f ec t ive  dose of t he  
c o m p o u n d  m a y  be  ove re s t ima ted ,  a n d  also mis in t e r -  
p r e t a t i o n s  conce rn ing  t he  mode  of ac t ion  of the  c o m p o u n d  
are poss ible  w h e n  t he  dose response  curve  is no t  cor rec ted  
for  such  seconda ry  b i n d i n g  1. 

M a n y  l abora to r i e s  h a v e  d i rec ted  t h e i r  effor ts  t owards  
t he  d e t e r m i n a t i o n  of t he  b i n d i n g  capac i t ies  and  aff in i t ies  
of va r ious  p l a s m a  or t i ssue  p ro t e in s  for  d rugs  and  hor-  
mones  2, 8, a. The  knowledge  of these  b i n d i n g  p a r a m e t e r s  
pe rmi t s  t h e  ca lcu la t ion  of t h e  ac t ive  concen t r a t i ons  of 
these  s u b s t a n c e s L  I n  t he  case of mu l t i p l e  classes of 
b i n d i n g  si tes for one a n d  t he  same  compound ,  such  
ca lcu la t ions  p r o v e d  to be  q u i t e  tedious .  There fore  
c o m p u t e r  p r o g r a m s  for  a single 5 a n d  two classes of 
b i n d i n g  sites% wh ich  were based  on  t he  expl ic i t  so lu t ion  
of a b i n d i n g  equa t ion ,  h a v e  been  publ i shed .  The  general-  
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Fig. 1. Set graph of the procedure used for the implicit solution of the 
binding equation. - The nodes in the set graph designate sets of 
executable operations. For the meaning of the letters on the nodes 
and the symbols on the branches see text. 

i za t ion  for severa l  b i n d i n g  si tes was sugges ted  to me b y  
Dr. P. BALLY. I n  t he  p r e sen t  r e p o r t  a c o m p u t e r  p r o g r a m  
which  solves a b i n d i n g  e q u a t i o n  w i t h  a n  impl ic i t  m e t h o d  
for a n y  n u m b e r  of classes of b i n d i n g  si tes is descr ibed.  

Algorithm and Computer program. The  b i n d i n g  of a 
l igand  H to mu l t ip l e  classes of b i n d i n g  si tes can  be 
descr ibed  b y  t he  fol lowing b i n d i n g  e q u a t i o n :  

CiHf 
H~ = H f +  ~ I A T T ~  f 

where Ht designates the total concentration of the ligand, 
H x the concentration of the free unbound ligand, C, and 
A~ tile b i n d i n g  capac i t ies  a n d  aff in i t ies  (expressed as 
d issoc ia t ion  cons tan t s ) ,  r e spec t ive ly  of t he  d i f fe ren t  classes 
of b i n d i n g  si tes and  n the  n u m b e r  of classes of b i n d i n g  
sites. 

The  logic s t r u c t u r e  of t he  a l g o r i t h m  used for t he  
impl i c i t  so lu t ion  of th i s  b i n d i n g  e q u a t i o n  is dep ic ted  in 
t he  set  g r a p h  in F igure  1. The  a l g o r i t h m  s t a r t s  w i t h  a n  
open ing  set  of ope ra t ions  (A) wh ich  in i t ia l ize  t he  proce-  
dure  (P) b y  ca lcu la t ing  a t o l e r a t ed  abso lu te  e r ror  of t h e  
so lu t ion  of t he  b i n d i n g  e q u a t i o n  f rom a specif ied re la t ive  
er ror  a n d  b y  a s suming  a n  in i t ia l  va lue  for Ha. Th i s  is done  
b y  s e t t i ng  H I equa l  to  t he  u p p e r  l i m i t  H, .  The  fol lowing 
set  of ope ra t ions  (B-E)  is execu ted  r e p e a t e d l y  as i nd ica t ed  
b y  t he  s t a r r ed  s y m b o l  in  t h e  set  g r a p h  u n t i l  e i t he r  t h e  
ac tua l  e r ror  of t he  so lu t ion  is smal le r  or equa l  to  t he  
t o l e r a t e d  abso lu t e  e r ror  or t h e  ac tua l  n u m b e r  of i t e r a t i ve  
cycles exceeds a specif ied u p p e r  l imi t .  The  b i n d i n g  
e q u a t i o n  is w r i t t e n  in t he  fo rm:  

Ht__Hf__ ~ -~ CiHf ~ I  A ,  ~ ~:~ " - error 
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I n  a f i r s t  s e t  of  o p e r a t i o n s  (B) t h e  e r r o r  of  t h e  s o l u t i o n  
w i t h  t h e  a c t u a l  v a l u e  of  H r  is c a l c u l a t e d .  A n e g a t i v e  
e r r o r  i n d i c a t e s  t h a t  t h e  a c t u a l  v M u e  of  H f  is t o o  b i g  a n d  
H e  is  d e c r e m e n t e d  b y  t h e  f r a c t i o n  H I .  c o n  (C) o t h e r w i s e  
i n c r e m e n t e d  a c c o r d i n g l y  (D) as  i n d i c a t e d  b y  t h e  s y m b o l s  
o a n d  e in  t h e  s e t  g r a p h .  F i n a l l y  t h e  c o u n t e r  for  t h e  n u m b e r  
o f  i t e r a t i o n s  is i n c r e m e n t e d  b y  1 (E). 

A c o n v e r g e n c e  of  t h e  s o l u t i o n  is  a s s u r e d  as  l o n g  as  t h e  
v a l u e  o f  t h e  f a c t o r  c o n  fo r  d e c r e m e n t i n g  a n d  i n c r e m e n t i n g  
t h e  v a l u e  of  H z  is b o u n d  w i t h i n  t h e  l i m i t s  0 < c o n  < 1. 

T h e  r a t e  of  c o n v e r g e n c e  of  t h e  s o l u t i o n  c a n  be  m o n i t o r e d  
b y  v a r i a t i o n  o f  t h i s  f a c t o r .  I t  is i m p o r t a n t  t o  n o t e  t h a t  t h e  
e r ro r  of  t h e  s o l u t i o n  d o e s  n o t  d e p e n d  o n  t h e  n u m b e r  of  
i t e r a t i v e  cyc l e s  p e r f o r m e d  s i n c e  for  e v e r y  a c t u a l  v a l u e  of  
H~  t h e  w h o l e  b a l a n c e  of  t h e  l i g a n d  is c a l c u l a t e d  a g a i n .  

T h e  a l g o r i t h m  d e s c r i b e d  a b o v e  w a s  c o d e d  in  t h e  P L / 1  
l a n g u a g e  7 a n d  is p r e s e n t e d  in  F i g u r e  2 in  t h e  p r o c e d u r e  
L I G A N D  w h i c h  h a s  t h e  f o r m  of  a c a l l a b l e  s u b r o u t i n e  s. 

Resul ts  and discussion. A s  a n  i l l u s t r a t i v e  e x a m p l e ,  
t h e  i n f l u e n c e  of  t h e  b i n d i n g  of  c h l o r p r o m a z i n e  t o  r a t  
l i ve r  m i c r o s o m e s  a n d  b o v i n e  s e r u m  a l b u m i n  on  t h e  f ree  
c o n c e n t r a t i o n  of  t h e  d r u g  is  s h o w n  in  F i g u r e  3. I n  t h i s  
F i g u r e  t h e  t o t a l  c h l o r p r o m a z i n e  c o n c e n t r a t i o n  is  p l o t t e d  
v e r s u s  t h e  c o n c e n t r a t i o n s  of  t h e  u n b o u n d  c h l o r p r o m a z i n e  
a n d  t h a t  b o u n d  t o  t h e  i n d i v i d u a l  b i n d i n g  s i t e s  of  r a t  l i v e r  
m i c r o s o m e s  a n d  b o v i n e  s e r u m  a l b u m i n .  A t  c o n c e n t r a t i o n s  
of  c h l o r p r o m a z i n e  l ower  t h a n  10 -a M t h e  c o n c e n t r a t i o n s  
of  t h e  u n b o u n d  l i g a n d  w e r e  a b o u t  3 o r d e r s  of  m a g n i t u d e  
l ower  t h a n  t h o s e  of t h e  t o t a l .  I n  t h e  r e g i o n  b e t w e e n  

LIGANO: 

PROC (HTOT,CAP,AFF,RELERR,CON, I H A X , H , H B , I ) ;  

DCL ( C A P ( * ) , A F F ( * ] , H B ( * ) )  DEC FLOAT; 

/ *  INZTIALIZAT!ON * /  

ABSERR=RELERR*HTOT ; 

ERR=ABSERR+I ;  

H=HTOT; 

/ *  IMPLICTT SOLUTION OF THE BINDING EOUATEON " /  

DO I=l TO IMAX; 

HB=CAP*AFF/(AFF +H ] ; 

HBTOT=SUM (HB} ; 

ERR=HTOT-H-HBTOT ; 

IF ABS(ERR)<= ABSERR THEN GOTO E LOOP; 

I F  ERR <0 

THEN H=H-H*CON; 

ELSE H=H+H*CON; 

END; E LOOP:; 

END LIGAND; 

Fig. 2. Procedure LIGAND for the implicit solution of the binding 
equation - The input variables of the subroutine are: HTOT, CAP, 
AFF, RELERR,  CON, IMAX and the output  variables are: H, HB, 
I. The parameters CAP, AFF and HB are arrays of the dimension n 
where n is the number  of classes of binding sites. CAP and AFF 
contain the binding capacities and affinities respectively of the 
different classes of binding sites and HB contains the concentrations 
of the ligand bound to the individual classes of binding sites. Other 
parameters have the following meanings: HTOT, total ligand 
concentration, CON, factor for the variation of the free ligand 
concentration, RELER R ,  relative error of the solution specified as a 
fraction, IMAX, number  of maximally allowed iterative cycles, H, 
free ligand concentration and I, actual number  of iterative cycles 
performed to obtain the solution of the binding equation. For 
further details see text. The attr ibutes of all of the variables are 
assumed by the s tandard PL/1 defaults ~. The rules for the invoca- 
tion of the subroutine as well as for the explicit declarations of the 
array parameters in the main procedure can be found elsewhere~, 6. 

10 -a M a n d  10 -1 M ,  t h e  d i f f e r e n t  c l a s s e s  of  b i n d i n g  s i t e s  
b e c o m e  s a t u r a t e d  w i t h  t h e  d r u g ,  a s  is s h o w n  in  t h e  
F i g u r e .  A t  c o n c e n t r a t i o n s  of  c h l o r p r o m a z i n e  h i g h e r  t h a n  
1 0 - : M ,  t h e  f ree  c o n c e n t r a t i o n  of  t h e  d r u g  is a b o u t  e q u a l  t o  
t h e  t o t a l .  T h e  d i s c u s s i o n  of  t h e  p h y s i o l o g i c a l  i m p l i c a t i o n s  
of  t h e s e  f i n d i n g s  is b e y o n d  t h e  s c o p e  of  t h i s  p a p e r  a n d  
wi l l  be  p u b l i s h e d  e l s e w h e r e  ~. 

T h e  f a c t o r  c o n  u s e d  for  t h e  v a r i a t i o n  of H f  w a s  s e t  t o  
0.1 for  t h e  c a l c u l a t i o n s  s h o w n  in  F i g u r e  3. T h e  i t e r a t i v e  
c y c l e s  w e r e  s t o p p e d  w h e n  t h e  r e l a t i v e  e r ro r  o f  t h e  s o l u t i o n  
w a s  s m a l l e r  or  e q u a l  t o  0 . 0 1 % .  W i t h  t h e s e  p a r a m e t e r s ,  
t h e  n u m b e r  of  i t e r a t i v e  cyc l e s  p e r f o r m e d  w a s  a b o u t  1200 
for  a t o t a l  d r u g  c o n c e n t r a t i o n  l ower  t h a n  10 -~ M .  W i t h i n  
t h e  c o n c e n t r a t i o n  r a n g e  o f  10 -~ M to  10 -1 M ,  t h e  n u m b e r  
of  i t e r a t i v e  c y c l e s  p e r f o r m e d  o s c i l l a t e d  b e t w e e n  500 a n d  
50 a n d  w e n t  u p  a g a i n  t o  1000 a t  d r u g  c o n c e n t r a t i o n s  
h i g h e r  t h a n  10 -1 M .  N o  f u r t h e r  e f f o r t s  we re  m a d e  t o  
i m p r o v e  t h i s  p e r f o r m a n c e  of  t h e  c o m p u t e r  p r o g r a m ,  
s i n c e  t h e  c e n t r a l  p r o c e s s o r  u n i t  t i m e s  u s e d  fo r  t h e s e  
c a l c u l a t i o n s  w e r e  v e r y  s h o r t .  

P r e v i o u s l y  p u b l i s h e d  c o m p u t e r  p r o g r a m s  for  t h e  
c a l c u l a t i o n  of  t h e  c o n c e n t r a t i o n s  o f  t h e  f ree  u n b o u n d  
l i g a n d  w e r e  b a s e d  o n  a b i n d i n g  e q u a t i o n  e x p l i c i t l y  
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Fig. 3. Influence of the binding of chlorpromazine to bovine serum 
albumin and rat liver microsomes on the free concentrations of the 
drug. - The system studied in this calculation had a total of 4 classes 
of binding sites for chlorpromazine. The following binding capacities 
(~tmol/g protein) and affinities of bovine serum albumin and rat  
liver mierosomes for chlorpromazine were used for the calculations. 
Bovine serum albumin: C: 33, C 2 63, A 1 1.1111.10 -4 M, A 2 5.8823.10 -~ 
M, rat  liver microsomes: C z 161, C 2 544, A: 7.1428.10 .6 M, A S 
2.5641.10 .4 M. These parameters were obtained from equilibrium 
dialysis experiments ~. The affinities were expressed as dissociation 
constants. A protein concentration of 40 g/l was assumed for both 
species. The further parameters used for the calculations are given 
in the text. Abbreviations: CP chlorpromazine, RLM, rat liver 
microsomes, BSA, bovine serum albumin. 
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expressed for H ~ ,  6. This express ion takes  the  form of a 
po lynomia l  wi th  powers  of H f  and is of the  n + 1st order  
when  n is the  num ber  of classes of b ind ing  sites. The value 
of the  concen t ra t ion  of the  free l igand Hs  was ob ta ined  by  
f inding the  roots  of th is  polynomial .  The s t ruc ture  of the  
coefficients of th is  po lynomia l  obeys simple p e r m u t a t i o n  
laws, and  the  coefficients can therefore  be ob ta ined  by  
inspect ion  of the  powers  of H~. However ,  the  express ions  
for the  coeff icients  rap id ly  become very  cumbersome  for 
h igher  orders  of t he  polynomial .  An algebraic solut ion 
for t he  roots  of t he  po lynomia l  of h igher  t h a n  the  4 t h  
order  is general ly  no t  possible. Therefore  i t  is necessary  
to  f ind these  roots  w i th  i te ra t ive  me thods  which  is, even  
wi th  the  help  of h igh  speed digi tal  computers ,  a t ime-  
consuming  task.  

Fur the rmore ,  d i f fe rent  p rograms  have  to  be coded for 
every  n u m b e r  of classes of b ind ing  sites, since the  coeffi- 
cients  of the  cor responding  polynomials  are di f ferent  for 
every order  of the  polynomial .  

These d i sadvan tages  can be overcome by  solving the  
b ind ing  equa t ion  impl ic i t ly  as descr ibed above. The 
procedure  L I G A N D  can be used wi thou t  a l te ra t ions  for 
any  possible n u m b e r  of classes of b ind ing  sites and is 
therefore  ve ry  general.  In  addi t ion,  a solut ion of the  
b ind ing  equa t ion  to any  specified possible degree of 
precision is ob ta ined  in m u c h  shor te r  t ime  wi th  the  

procedure  descr ibed t h a n  wi th  those  which  solve the  
b ind ing  equa t ion  by  f inding the  roots  of a polynomial .  

The subrout ine  L I G A N D  is wett sui ted for imp lemen-  
t a t ion  in a scientif ic subrout ine  package and should be a 
va luable  tool  in s tudies  where  the  to ta l  l igand concen- 
t r a t ion  has  to be cor rec ted  for unspecific b inding  16. 

Zusammen/assung.  Es wird  ein einfaches numer isches  
Ver fahren  beschrieben,  mi t  dessen Hilfe die freien Konzen-  
t r a t i onen  eines Liganden,  der  an Blur- und Gewebebe-  
s tandte i le  gebunden  wird, be rechne t  werden kTnnen. 
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Myocardia l  Inact ivi ty  of Therapeut ic  Concentrat ions  of Hydralaz ine  and Diazox ide  

Hydra laz ine  and diazoxide are effective vasodi la tor  
drugs used in the  t r e a t m e n t  of sys temic  hypertension1-5.  
They  lower per iphera l  vascular  res is tance by  a di rect  
re laxing effect  on ar ter iolar  smoo th  muscle bu t  have  
l i t t le ac t ion on capac i tance  vessels~, a,5-v. The hypo-  
tens ive  act ion of hydra laz ine  and  diazoxide is accom- 
pan ied  by  marked  increases in hea r t  rate,  left  ven t r icu la r  
eject ion rate,  and cardiac ou tpu t  1, ~, 4, 5, s, 6. This cardiac 
hype rac t i v i t y  is a t  least  in pa r t  the  resul t  of increased 
s y m p a t h e t i c  s t imula t ion  of the  hea r t  due to ac t iva t ion  
of the  barorecep tor  reflex by  the  vasodi la t ion- induced  
hypotension~,4,5,~~ I t  has  been suggested t h a t  
hydra laz ine  and diazoxide m a y  also exer t  more  p rox ima te  
posi t ive  chronot rop ic  and  inot ropic  effects on the  hea r t  
itselfh, 13, t~. They  migh t  p roduce  such effects by  reIeasing 
norep inephr ine  f rom myocard ia l  s y m p a t h e t i c  nerve  end- 
ings, by  s t imula t ing  cardiac #-adrenergic receptors ,  or by  
a direct  myocard ia l  action.  We  have  recent ly  es tabl ished 
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Fig. 1. Effect of hydralazine on isometric tension developed by 12 
kitten papillary muscles and 12 kitten atriai strips. Means 3: S]3M. 

the  serum concen t ra t ions  of hydra laz ine  15 and  diazoxide a 
t h a t  occur dur ing  the  the rapeu t i c  use of these  drugs in 
man.  The presen t  s tudy  was  u n d e r t a k e n  to  de te rmine  if 
hydra laz ine  or d iazoxide exer t  any  direct  myocard ia l  
act ions  in such concentra t ions .  

Materials and methods. R i g h t  vent r icu la r  papi l la ry  
muscles  and  left a t r ia l  s t r ips  f rom k i t t ens  (0.4-0.9 kg) 
and  r ight  a t r ia l  pacemaker  p repa ra t ions  f rom guinea- 
pigs (0.3-0.4 kg) were used. To insure adequa te  oxygena-  
t ion  of the  cent ra l  f ibres of papi l la ry  muscles,  only  
muscles of less t h a n  0.6 m m  ~ cross-sect ional  area were 
chosen 16. The p repara t ions  were f ixed be tween  a smal l  
plast ic  electrode block and  a s tainless-s teel  wire hook 
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