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SUMMARY 

A general m e t h o d  for predicting, initial x,elocity and dead  end and  p roduc t  inhibi t ion 
pat tern~ by  inspection of  the  mechan ism is presented.  This m e t h o d  is appl icable  to 
any  non- random mechan ism wi thout  a l t e rna te  react ion sequences.  Severa l  examples  
of  the appl icat ion of  the met i ,od are given. 

IXTRODULTION 

Tbe previous two papers  i+a have  described a nomenc la tu re  and  general  t h e o r y  for 
handl ing tile kinetics of  enzymic  react ions  with more than  one subs t ra t e  or  p roduc t .  
Wi th  the approach  uutl ined tilere, one can use. kinetic studies as a tool for de te rmin ing  
enzymic  triechanimrm and fi>r s tudy ing  the  proper t ies  o f  ac t ive  sites on enzymes.  
Many uf these studies involve de te rmin ing  initial  veloci ty ,  or  p roduc t  or  dead  end 
inhibit ion pat terns .  While the.~, are easily deduced  for a given mechan ism from the 
overall  a t e  equat ion  b y  simplification and  r ea r rangement ,  this  takes  considerable  
t ime, par t icu lar ly  if the ra te  equa t ion  is no t  available and must  be derived.  Fu r the r -  
more, kinetic studies can only show consis tency or inconsis tency of  the  expe r imen ta l  
da ta  with possible mechanisms.  In order  to be sure tha t  one has  cor rec t ly  d e t e r m i n e d  
the mechanism it is necess,ary to examine  eve ry  possible mechanism tha t  is a t  all 
plausible, and  reject those tha t  do n3t  fit. I f  one is thorough a ixmt  this, one ends 
up analyzing a very  large number  of  mechanisms  and  deriving a ve ry  large n u m b e r  
~ff ra te  equat ions.  All of  this labor  would be t r emendous ly  reduced if one could look 
at a mechanism and tell by inspect ion wha t  the  initial ve loci ty  or the  var ious  in- 
hibi t ion pa t t e rns  were. In this paper ,  rules will be given for this t y p e  o f  analysis ,  
toge ther  with examples  and ~ v e r a l  applications.  The  no ta t ion  and  nomenc la tu re  
used will be th:~se described in the  previous  paperst .  ~. 

" Pub:.~!:.~d with the appr~v~l of the [)irector of thc Wisconsin A~.-~.cultural Experiment 
-. ".~~_t i_~n. 
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qFHEORY 

I t  will  be  ~ s s u m c d  tlaat  e x p e r i m e n t a l  d a t a  a rc  to  be p l o t t e d  as r ec ip roca l  p!ots 
a c c o r d i n g  to  the  gene ra l  e q u a t i o n : "  

' (slope, ( x )  t- -- ,~4 + ( in te rcep t )  

where  v is in i t ia l  vehnci ty,  A is s u b s t r a t e  c o n c e n t r a t h m ,  a n d  the  s lope a n d  i n t e r c e p t  
m a y  be. func t icms of  the  c o n c e n t r a t i o n s  o f  o t h e r  s u b s t r a t e s ,  a c t i v a t o r s ,  p r o d u c t s ,  
d e a d  e n d  inhibitor.~, e tc . ,  h u t  a re  c o n s t a n t  for  a n y  p a r t i c u l a r  r ec ip roca l  p lo t .  W h e n  
".he c o n c e n t r a t i o n  o f  a n y  o f  tnese  o t h e r  v a r i a b l e s  i-~ changed ,  the  s lope  o f  t he  line, 
t h e  inte~'cept ,  or  b o t h  m a y  be. c h a n g e d ,  a n d  the  c h a n g e  m a y  be  l inear ,  p a r a b o l i c ,  
h y p e r b o l i c ,  or  o f  g r e a t e r  c o m p l e x i t y .  T h e  t y p e  of  v a r i a t i o n  o f  s loFe a n d  i n t e r c e p t  
w i t h  t h e  c o n c e n t r a t i o n  o f  t h e  o t h e r  v a r i a b l e  c o n s t i t u t e s  the  des i red  ini t ia l  ve loc i t y  
or  i n h i b i t i o n  p a t t e r n .  

T h e  i n t e r c e p t  o f  a r ec ip roca l  p lo t  r e p r e s e n t s  the  rec ip roca l  ve loc i t y  a t  inf ini te  
s u b s t r a t e  c o n c e n t r a t i o n .  Thus ,  if  c h a n g i n g  the  c o n c e n t r a t i o n  o f  the  o t h e r  v a r i a b l e  
a f f ec t s  t h e  r a t e  even  a t  s a t u r a t i o n ,  t he  i~ttercept~ w i l  v a r y  a~ a func t ion  o f  th i s  
v a r i a b l e ;  i f  the  v a r i a b l e  no  longer  c~m inf luence  the  r a t e  w h e n  the  s u b s t r a t e  is 
s a t u r a t i n g ,  t h e  i n t e r c e p t s  do  no t  v a r y .  

T h e  s lope  o f  a r e c i p r o c a l  p lo t ,  on the  t ) ther  h a n d ,  is a m e a s u r e  o f  h o w  fas t  the  
r e a c t i o n  s lows d o w n  ~u,~ the  s u b s t r a t e  c o n c e n t r a t i o n  decrea-ses f r o m  in f in i ty  to  zero. 
T h e  ne t  r a t e  o f  t h e  s t e p  w h e r e  t h e  s u b ~ t r a t e  a d d s  to  the  enz~wne, wh ich  in a .¢teady- 
s t a t e  m e c h a n i s m  "~s e q u a l  to  t h e  ove ra l l  ra te ,  can  be. exp res sed"  

v - h t  :!  ;1-i)  - k= ( t - : . 4 )  

w h e r e  E r e p r e s e n t s  the  e n z y m e  f o r m  t h a t  r e a c t s  w i th  A. W h e n  the  c o n c e n t r a t i o n  of  
A ~s inf ini te  t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  E is zero, ant i  t h e  a c t u a l  r a t e  of  reac-  
t ion  is d e t e r m i n e d  o n i y  h v  how fa s t  E A  i~ c o n v e r t e d  b a c k  to  E b y  the  rest  o f  the  
r e a c t i o n  s equence .  As t h e  c n n c e n t r a t i o n  of  A is dec reased ,  the  s t e a d y - s t a : e  con-  
c e n t r a t i o n  o f  E r ises  a n d  t h a t  o f  EA d rops ,  f inal ly  b e c o m i n g  ze ro  w h e n  A b e c o m e s  
z e r o .  so t h a t  w h e n  ,4 is v e r y  smal l ,  the  r a t e  o f  r e ac t i on  is r e p r e s e n t e d  o n l y  b y  k t A ( E ) .  

I f  c h a n g i n g  t h e  c o n c e n t r a t i o n  o i  a v a r i a b l e  o t h e r  t h a n  t h e  s u b s t r a t e  spec i f ica l ly  
t e n d s  to  increa. ;e  t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  E,  o r  dec rea se  t h a t  o f  E A ,  t h e n  
t h e  r a t e  o f  r e a c t i o n  dec rea se s  less r a p i d l y  m~ A is lowered ,  a n d  t h e  s lope  o f  t he  re- 
c ip roca l  p lo t  is dec reased .  I f  c h a n g i n g  t h e  c o n c e n t r a t i o n  o f  t h e  o t h e r  v a r i a b l e  spe-  
c i f ica l ly  d e c r e a s e s  the  c o n c e n t r a t i o n  t)f E or  inc reases  t h a t  o f  E A ,  thor1 t h e  s lope  o f  
t h e  r e c i p r o c a l  p lo t  is inc reased .  

W i t h  these  c o n s i d e r a t i o n s  in m i n d ,  we  c a n  n o w  s t a t e  t w o  f i m d a m e u t a l  ru les :  
I .  A c o m p o u n d  a f fec t s  t h e  i n t e r c e p t  o f  a r ec ip roca l  p lo t  w h e n  it  c o m b i n e s  re- 

v e r s i b l y  w i t h  a n  e n z y m e  l'~.qlti t, t h e f  t h a n  the  one  the  v a r i a b l e  s u b s t r a t e  combine~ ~, 

* I f  , '/t t' hl p l o t t e d  ts~rsus .4, t h e  r.iopes b e c o m e  intercept-~ a n d  vice versa, a n d  t h e  rule~ b, iVen 
in  thi.q p a p e r  yield t he  p r o p e r  p a t t e r n .  ~ if th i s  is k e p t  in mind .  Because  o f  t h e  f u n d a m e n t a l  n a t u r e  
o f  s lope  a ~ d  i n t e r c e p t  va r i a t i on ,  d a t a  should  be p l o t t e d  o n l y  b y  or 'e  o f  t h e s e  t w o  equa t i onn .  
S i n ~  in  pr-~tctice one  uses statLqtical meth¢~ls to  fit  t he  e x p e r i m e n t a l  point , t  to  t h e  a c t u a l  h y p e r b o l a  
v = V A t ( N  + A )  (~,e ref_ 3) a n d  u ~  t h e  g raph ica l  p lo t  truly t o  ttmt for  l i nea r i t y ,  to  de te rmir t2  
i f  an}. p o i n t  shou ld  be d i s c a r d e d ,  a n d  to  visual ize  t h e  r e su l t s  a f t e r  t h e  f i t t ed  c u r v e  is p l o t t e d ,  i t  
t~=kes l i t t l e  differe.nce w h i c h  p l o t  is used,  a n d  t h e  m o r e  f ami l i a r  d o u b l e  rec iproca l  p lo t  w-.ll be  
u s e d  here .  

l I ioc~im,  n i o p h y s . . 4 e t a .  6 7 {](~3)  t S S - - t ~  
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wi th ,  and  t h e r e b y  changes  t he  r eac t ion  v e l e c i t y  in a m a n n e r  wh ich  can  no t  be  elimi- 
n a t e d  b y  s a t u r a t i u n  wi th  the  va r i ab le  s u b s t r a t e .  

z. A c o m p o u n d  affects  the s lope of  a r ec ip roea i  p lo t  w h e n  it  a n d  the  v a r i ab l e  
s u b s t r a t e  e i the r  c o m b i n e  wi th  the  same  fo rm  of  t h e  e n z y m e ,  or are  s e p a r a t e d  in the  
reac t ion  .,~:quence b y  a .series o f  r eve r s ib le  s t eps  a long  which  t h e y  can  i n t e r a c t  in 
.~uch a naanner  t h a t  a change  in t he  c o n c e n t r a t i o n  o f  the  c o m p o u n d  specif ical ly  
a l te rs  the  net  r a t e  of  the  s t ep  i nvo lv ing  the  a d d i t i o n  of  the  v a r i ab l e  s u b s t r a t e  in a 
m a n n e r  which  can  be  e l i m i n a t e d  by  a c h a n g e  in t h e  c o n c e n t r a t i o n  of  t h e  va r i ab le  
substrate+ Reh:ase of  a p r o d u c t  a t  ze ro  c o n c e n t r a t i o n  (but  n o t  a t  fuaite c o n c e n t r a -  
tion}, (+r a d d i t i o n ' 6 f  a s u b s t r a t e  at  in l in i t e  c o n c e n t r a t i o n  ( sa tu ra t ion )  are  co n s id e r ed  
irrt, vers ihle  .~tel>s for  purl~>ses of  th is  analys is .  

T o  use the.-~e rules,  one  s i m p l y  a n a l y z e s  for  s lope a n d  i n t e r c e p t  e f fec ts  s e p a r a t e l y ,  
and  t he n  con ,o ines  the  resu l t s  to  d e t e r m i n e  t h e  p a t t e r n .  I f  the  c o m p o u n d  whose  
effects  arc  being a n a l y z e d  add~ to  on ly  one  e n z y m e  fo rm,  t h e  effect  is a l w a y s  l i nea r ;  
th;~l i,, z rep lo t  of  slopt-o ,~r i n t e r c e F t s  ve~'sus c o n c e n t r a t i o n  for inh ib i to r s ,  or v e r s u s  

recipr<~:al c o n c e n t r a t i o n  for substrate.q and  a c t i v a t o r s ,  is a s t r a i g h t  line. I f  t h e  co m -  
p o u n d  in q u e s t i o n  reac t s  w i th  two  (or more)  e n z y m e  forms,  t h e  effects  on s lopes  or 
i n t e r cep t s  are  d e t e r m i n e d  s e p a r a t e l y  for  each  po in t  o f  c o m b i n a t i o n ,  a n d  t h e  com-  
b ined  effects  are  g iven  b y  Rule  3: 

3 - W h e n  c o m b i n a t i o n  b y  a c o m p o u n d  a t  t w o  or  m o r e  p o in t s  in  a r e a c t i o n  
sequence  gives  b y  Rules  I or  2 a mu l t i p l e  effect  on s lopes  or  i n t e r cep t s ,  t h e  r e s u l t a n t  
ef fects  will be pa rabo l ic  (or o f  h igher  degree  for  m o r e  t h a n  tw o  p o i n t s  o f  c o m b i n a t i o n )  
if: (a) t he  effects  p r o d u c e d  by  all c o m b i n a t i o n s  are  t h e  s a m e  ( inh ib i t ion  or  ac t i va -  
t ion) .  (b) t he  poi,~ts of  c o m b i n a t i o n  are  s e p a r a t e d  in t h e  r e a c t i o n  .~equence b y  re- 
vers:,blc s teps  alotlg which  i n t e r a c t i o n  m a y  t ake  place  so t h a t  an  increase  an t h e  
cunce ia t ra t ion  of  the  c o m p o u n d  specif ical ly  causes ,  as  t h e  r e su l t  o f  c o m b i n a t i o n  at  
one  po in t ,  an increase  in t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  t h e  e n z y m e  f o r m  r eac t i n g  
wi th  this  c o m l ~ u n d  a t  the  o t h e r  (or  nex t )  p o in t  o f  c o m b i n a t i o n  ( and  .so fo r th ,  if  
t he re  are  m o r e  t h a n  twt~ po in t s  o f  c o m b i n a t i o n ) .  I f  no  r eve r s ib le  s e q u e n c ~  c o n n e c t  
the  puiw:ts of  combi,+at+'~n, or  if c o m b i n a t i o n  a t  o n e  poh t t  doe~ n o t  a f fec t  t h e  s t e a d y -  
s t a t e  c . t~ce.ntra t ions  o f  t h e  e n z y m e  forms  c o m b i n e d  wi th  a t  o t h e r  po in t s ,  t h e n  t h e  
resu l t ing  effects  a re  l inear .  W h e n  a n a l y z i n g  i n t e r c e p t  effects ,  it  s h o u ld  be r e m e m b e r e d  
t h a t  the  vnr iab le  stxb~trate is s a t u r a t i n g ,  an d  i ts  c o m b i n a t i o n  wi th  the  e n z y m e  is 
an i r revers ib le  s tep .  

In a m e c h a n i s m  w i t h o u t  a l t e r n a t e  r eac t ion  sequences ,  w h e n  a c o m p o u n d  
rcact.~ w~th two  d i f fe ren t  e n z y m e  fo rms  to cause  hahibi t ion a t  one  p+~int a n d  act iva-  
t ion at  a n o t h e r ,  and  b o t h  c o m b i n a t i o n s  .~hould affect  e i t h e r  s lope or  i n t e r c e p t ,  t h e n  
the  resu l t ing  effects  a re  n e i t h e r  l inear  no r  parabo l ic .  R e p l o t s  o f  the  s lopes or  in t e r -  
cep ts  would  t~e a h y p e r b o l a  h a v i n g  t he  ve r t i ca l  axis  as one  a s y m p t o t e ,  a n d  h a v i n g  
as the  o t h e r  t he  extx~: ted p lo t  in the  absence  o f  t h e  a c t i v a t i o n  i f  t h e  r ep lo t  is v e r s u s  t h e  
concentrate_:,_-., or  t he  inh ib i t ion  if t he  rep lo t  is v e r s u s  t h e  r ec ip roca l  cor ' . cen t ra t ion  o f  
the  c , ,m i×mnd  u n d e r  consider~lt ion.  Such  s i t u a t i o n s  r e su l t  when  the  c o m p o u n d  is a 
s u b s t r a t e  ottte; t h a n  the  va r i ab l e  one  and  can ac t  also as a d e a d  en d  inh ib i to r .  

l , i t i ~ t  v e loc i t y  pa l~erns  

In i t ia l  ve luc i ty  p a t t e r n s  a re  u sua l ly  o b t a i n e d  b y  m a k i n g  rec ip roca l  p lo t s  fo r  

Bfocliim. Biophys. :l~ta, (+7 (igll]) 181--iljf, 
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one subs t ra te  (variable substrare} at  different fixed concentra t ions  of  one o f  the  
others  (changing fixed substrate) ,  while keeping all o ther  substrates ,  if there  are 
any ,  at  cons tan t  concent ra t ion .  I f  the mechanism does not  include a l te rna te  react ion 
sequences,  and no substrRte react.~ with more  ti tan one enzyme form, then  according 
to  Rule x the in tercepts  mu¢¢ always be a linear function of  the  reciprtmal concen- 
t r a t ion  ot the  changing fixed substrate .  Analysis of the slope effects, however,  m a y  
or m a y  not  show a reversible connect inn between the pDints of combinatiDn o f  the 
variable and  changing fixed substrates.  As a result there are two possible initial 
ve loc i ty  pa t t e rns :  parallel lines when no reversible t:onnection exists, or  lines inter-  
secting to  the  left of  the  vert ical  axis when such a connect ion does exist. W'hether 
the  lines cro~s above,  below, or on the horizontal  axis depen(~ on the  rat io  of cer ta in  
k ine t ic 'cormtant~  (such as the rat io  Ka/Kta in Ordered Bi Bi) r a the r  than  on the 
mechanism.  A reFlo* of  slopes versus the reciprocal concent ra t ion  o f  the changing 
fixed subs t ra t e  is linear. 

As an example  of  this analysks, consider the Bi Uni Uni Bi Ping Pong me- 
chanism t : 

&, 

A tJ t- c Q R .4 n P C (2 R 

T ,  . . . . . . . . . . . . . . .  

When  A is the var iable  and B the changing fixed substrate ,  B spc~cigcally alters 
the  ra te  o f  conversion of  E to  EA by react ing with EA and conver t ing  it into the 
cen t ra l  complex  ( E A B ) .  Thus  the slope is affected, and the  intersect ing pa t t e rn  
is observed.  When  B is the variable and A the  changing fixed subs t ra te ,  a high 
concen t ra t ion  of  A converLs E to EA more rapidly  and specifically increases the 
concen t ra t ion  of  EA,  and the reby  the ra te  of react ion between EA and B. The  
slope is affected m~ before.  When  A is the variable and (" the  changing fixed substra te ,  
however ,  the s i tua t ion is different.  Changing the concen t ra t ion  of  C does not  spe- 
cifically change the  concen t ra t ion  of e i ther  E or EA (al though these will bo th  change 
b y  the  same ra t io  as the  result of  the  general  redis t r ibut ion  of  the enzyme  among  
its forms as the  concen t ra t ion  o f  C changes),  because there  is no rew.rsible sequence 
be tween the  points  of combina t ion  of  A and C. The  release o f  P blocks the  sequence 
on one side, and  the  release of  Q and R blocks the  sequence on the  o ther  side. The  
parallel  pa t t e rn  is titus observed.  

I f  the concent ra t ion  of  P is not  zero, bu t  h,~g a finite value, then a reversible 
connec t ion  is es tabl ished between C and A. An incrca_se in the  concent ra t ion  of  C 
lowers the  s t eady- s t a t e  concen t ra t ion  of  F ;  tl-.is lowers the rate  of react ion h~tween 
F and  P and  the s teady-s ta te  concen t ra t ion  of  ( E A B - F P ) .  As the concent ra t ion  
o f  this  cent ra l  complex falls, m~ does the rate of  its decomposi t ion to fi~rm E A ,  and 
the  concen t ra t ion  of  IrA. A rise in the concent ra t ion  of  C thus  specifically lowers 
the  s t eady - s t a t e  concen t ra t ion  o f  EA,  and r a ~  the net ra te  of combina t ion  of  E 
wi th  A. A decrease in slope results. 

I f  B were sa tu ra t ing  in the system, however,  the reversible connect ion between 
A and  C would again be broken.  The  ste~tdy-state level o f  EA would be zero alreadv,  
and  changing  the  concen t ra t ion  of C would have  no effect. The  parallel  p a t t e r n  
would be obseryed,  even though  P were present.  If  B were the  var iable  and  C the  
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changing fixed subs t ra te  (or vice versa), the  presence of  P w<mld Mways establish a 
rev~rsible link and the  intersect ing pa t t e rn ,  regardless of  the  concen t ra t ion  o f  A. 

This ty-pe of  analysis also tells whe the r  any  subs t ra tes  can be changed together  
with their  concen t ra t ions  at cons t an t  ra t io  Any gubstra tes  not  revers ibly  c tmneeted 
can be varied together  as var iable  subs t ra t e  withou+ giving a non-l inear  reciprocal 
plot or as changing fixed subs t ra t e  wi thout  giving non-l inear  reptots  of  slopes and 
intercepts .  Thus  in Bi Uni Uni Bi, A and C or B and C can be var ied together ,  but  r.ot 
A and B. I f  ,4 and /3 are var ied toge the r  as var iable  subs t ra te ,  the  reciprocal  plots  
{I,'t, ~,ersus IIA or t]B) are parabolas .  I f  A and  B are var ied toge ther  as changing fixed 
suhstra tc ,  the replots  of  slopes and  in te rcep ts  (versus I ]A or I/B) are like,rise parabolas.  

This  theory  ~-ill ",dso predict  wha t  happens  when a subs t ra te  is added  two or 
more  t imes during the  react ion sequence.  When  such a subs t ra te  is the  variable 
mthgtr:tte it gives linear reciprocal  plots  if the  points  of  addi t ion  of  tile subs t ra te  
are not  reversibly connected,  bu t  pttr0.bo|as if the two points  are revers ib ly  con- 
nected (or higher degree funct ions  if t he re  are more  than  two points  of  addi t ion  
reversibly connected) .  I f  such a subs t ra te  is the  changing fixed subs t ra te ,  replots  
c~f slopes and in te rcepts  will be l inear if t he  two points  of  addi t ion  are not revers ibly  
ccmnected, and  parabol ic  if  t hey  are. I t  mus t  be remembered ,  however ,  tha t  the 
intervepts  represent  the  points at  which the  var iab le  subs t ra t e  i~ sa tura t ing ,  and 
thus a parabolic  in te rcep t  replot  is observed  only when there  is a reversible sequence 
between the  points  of addi t ion  of  the changing fixed subs t ra te  which dt~s  not  
include the addi t ion  of the var iable  substra te .  For  ins tance  in the  following par t ia l  
react ion sequences, with B as var iable  subs t ra te ,  replots  of  slopes versus x/A are 
itlwiivs parabolic,  but  replots  of  in te rcepts  will be parabol ic  on ly  for the  first two 
mechanisms:  

.4 A B 13 .4 A .-1 B A 

I f  A is the variable substrate ,  reciprocal  plots (t]v vevszts x/A) will a lways be para-  
bolas except  in the  third c a ~  ~. where the lines would be s t ra igh t  if B were sa tura t ing ,  
and parabolic  if it wert- llot. 

Product inhibition patterns 

Produc ts  tha t  react with italy one enzyme  form always give l inear inhibition.-3, 
whic!l ma y  be compet i t ive  {slopes only  var)q,  uncompe t i t i ve  ( intercepts  on ly  vary) .  
or non-compet i t ive  (both vary) .  In non-compe t i t ive  cases, the  lines cross to  ti~e 
left of  the  ver t ical  axis, and a~ with the  similar initial veloci ty  pa t t e rn ,  the  inter-  
section point  m a y  be above,  |mlow, or on the  hor izonta l  axis, depending  on t~c 
ra t io  of  certain kinetic constants .  I f  two or more  molecules of  a p roduc t  are genera ted  
by  a react ion .so t ha t  the  produc t  normal ly  combin~s with more  t h a n  one e n z y m e  
form, the to ta l  effect is the sum of  the  various slope and in te rcep t  effects  predic ted  
~paxa t e ly .  In accordance with Rule 3, if  slope or  in tercept  effects resul t  f rom two 
points  of combinat ion ,  the  effee* i.~ parabol ic  if the  two Imints are revers ibly  con- 
nected,  and l inear  if t h e y  are not. 

A produc t  inhibi tor  is capable  of  in te rac t ing  along a reversible .series of  steps 
with var iable  .guhstrates both  ups t r eam and downs t r eam of  it in the  reac t ion  se- 
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q u e n c e ,  so t i le apl) i i ( :at ion o f  Ru les  t ,  2 an d  3 is straightfiw-~vard. F o r  e x a m p l e ,  
c o n s i d e r  t he  fi)l lowing a n a l y s i s  ()f pr{xluct  inh ib i t i (m in t i le Hi Uni  Uni  Bi P ing  
P o n g  m e c h a n i s m  (Mechan i sm  I ) :  

P as  i nh ib i t o r ,  A var ie~:  P r e a c t s  w i t h  F .  a n d  :1 w i t h  E in t i le  s equence ,  so t h e  
i n t e r c e p t  will v a r y  w i t h  P .  P a n d  A can  i n t e r a c t  a long  the  r eve r s ib l e  sequ~_n,.:e 
E - E A - ( E A B ) - F ,  so t he  s lope  va r i e s  al.~o, a n d  t h e  i n h i b i t i o n  is n o n - c o m p e t i t i v e .  
S a t u r a t i o n  w i t h  B h a s  no  ef fec t  on  t he  i n t e r c e p t  t e rm ,  b u t  i n t e r u p t s  the  s e q u e n c e s  
b e t w e e n  A a n d  P so t h a t  t he  s lope t e r m  uo  longer  va r i e s  w i t h  P a n d  t h e  inhibi t i t )n  
u n c o m p e t i t i v e .  S a t u r a t i o [ ,  w i th  C e l i m i n a t e s  i n h i b i t i o n  b y  P ,  s ince  P r eac t s  w'ith F ,  
ant i  w h e n  C is v e r y  large  the  ~ t ea ( lv - s t a t e  c o n c c - n t r a t i , n  (ff F r e m a i n i n g  in t h e  s y s t e m  
is n e a r l y  zero.  

P as  i n h i b i t o r ,  I1 varie, ; :  I ) a n d  I/  r eac t  w i th  d i f f e ren t  e n z y m e  form~, so the  
i n t e r c e p t  var ies .  T h e  s e q u e n c e  E A - ( E A I ~ - F  i-; revt . rs ible ,  ~ ,  t h e  ",lope va r i e s  al-x}. 
g i v i n g  n o n - c o m p e t i t i v e  i nh ib i t i on .  S a t u r a t i o n  wi th  .-I h a s  n o  effect ,  b u t  s a t u r a t i o n  
w i t h  C e l im ina t e 5  i n h i b i t i o n  b y  P ,  as  before .  

P as  i n h i b i t o r ,  C va r i e s :  P a n d  C re.act w i t h  t h e  ~ame e n z y m e  f o r m  o n ly ,  so the  
s lope  b u t  n o t  t h e  i n t e r c e p t  varie.~, g iv ing  c~}mpeti t ive inhi l ) i t ion.  S a t u r a t i o n  wi th  
A o r  B ha,~ ~,t, ef fect .  

Q as  i n h i b i t o r ,  A va r i e s :  Q a n d  A r eac t  w i t h  d i f f e ren t  e n z y m e  fo rms ,  so t h e  
i n t e r c e p t  var ies .  T h e  s e q u e n c e  E R E  is i n t e r r u p t e d  b y  l i b e r a t i o n  o f  R ant i  t he  
s e q u e n c e  E - E A - ( E A B ) - F - ( E Q R ) - E R  by l i b e r a t i o n  o f  P ,  st) the  s lope  (t(m.~ n o t  
v a r y  a n d  t h e  i n h t b i t i o n  is u n c o m p e t i t i v e +  ~- ' , tura t ion  w i t h  B or  C ha5 n o  ef fec t  
s ince  n e i t h e r  r e a c t s  w i t h  ER .  

as  i nh ib i t o r ,  1~ va r i e s :  Q u,ld /3 r e a c t  w i t h  d i f f e r en t  e n z y m e  fo rms ,  so t h e  
i n t e r c e p t  var ies .  T h e  s e q u e n c e s  h e t w e e n  t h e m  a re  b l o c k e d  b y  re lease  o f  19 a n d  R as  
be fo re ,  so t h e  i n h i b i t i o n  is t m c o m p e t i t i v e .  S a t u r a t i o n  w i th  A ur  C has  no  effect .  

Q as  i n h i b i t o r ,  C v a r i ~ :  Q a n d  C r eac t  w i th  d i f f e r en t  e n z y m e  fo rms ,  so t i le 
i n t e r c e p t  va r ies .  T h e  s e q u e n c e  F ( E R Q ) - E R  is r eve r s ib l e  so t h e  s lope var ies  also, 
g i v i n g  n o n - c o m p e t i t i v e  i n h i b i t i o n .  S a t u r a t i o n  w i t h  .4 or  B has  no  effect .  

R as  i n h i b i t o r ,  A vari--s: A a n d  R b o t h  r e a c t  o n l y  w i t h  E,  so t h e  s lope arid n o t  
t he  i n t e r c e p t  va r i e s ,  g i v i n g  c o m p e t i t i v e  inh ib i t ion .  

R as i n h i b i t o r ,  B va r i e s :  R a n d  B r e a c t  w i t h  d i f f e r en t  e n z y m e  fo rms ,  .~o t h e  
i n t e r c e p t  var ies .  T h e  s e q u e n c e  E - E A  is r eve r s ib l e ,  st| t h e  sl(}t~ va r i e s  also a n d  the  
inhib_~tion is n o n - c o m l m t i t i v e .  S a t u r a t i o n  w i t h  A e l i m i n a t e s  i nh ib i t i on  b y  R, s ince 
t h e  c o n c e n t r a t i o n  o f  E is r e d u c e d  t o  zero.  S a t u r a t i o n  wi th  C ha_~ no effect .  

R as i n h i b i t o r ,  (7 v a r i ~ :  H a n d  C r e a c t  w i th  different e n z y m e  forms ,  st) t h e  
i n t e r c e p t  varie~.  T h e  sequenc~,~ b e t w e e n  R a n d  C axe r e n d e r e d  i r revers ib le  b y  re lease  
o f  P a n d  Q, so t he  s lope  does  no t  v a r y  a n d  t h e  i n h i b i t i o n  is u n c o m p e t i t i v e .  S a t u r a t i o n  
w i t h  A e l i m i n a t e s  i n h i b i t i o n  b y  R. S a t u r a t i o n  w i t h / 3  has  no  effex:t. 

T h i s  t y p e  o f  ana ly s i s  will  a lso .~ucce.~sfully p r e d i c t  i n h i b i t i o n  p a t t e r n s  in m e c h a -  
n i sm s  s u c h  as  t he  T h e o r e l l - - C h a n c e  m e c h a n i s m  ( .Mechanism 2) w h e r e  p r o d u c t  in- 
h i b i t i o n  b y  P a g a i n s t  B a_,~ v a r i a b l e  s u b s t r a t e  is c o m p e t i t i v e .  

.~ n t '  Q 

, ! 
I£ &'.4 F.Q E 
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Sa tu ra t i on  with B overcomes this inhibi t ion comple te ly  by  conver t ing  all of  the EA 
in to  EQ and . lower ing  the  s t eady-s t a t e  concen t ra t ion  of  EA essential ly to zero. 
There  is no inhibi t ion by P under  these condit ions,  since the  inhibitory" effect of  P 
is to  raise the  s t eady-s ta te  level  of  EA. The intercepts  of  reciprocal  plots are thus  
not  affected and the  inhibi t ion i--. compet i t ive .  T h * ~  rules also predic t  tr.e compe t i t ive  
p roduc t  inhibi t ion by  e i ther  p roduc t  in the  Rapid  Equi l ib r ium R a n d o m  Bi Bi 
mechanism x, where sa tu ra t ion  with the  var iable  substrate lowers the  equi l ibr ium 
concen t ra t ions  of  the  enzyme  forms react ing with the  inhibi tor  to  zero and thus  
el iminates  the  inhibit ion.  

Dead end inhibition tSatterns 

Compounds  which are not  subs t ra tes  or p r ~ u c L ~  but  which react  with one or 
more e nz yme  forms to  give complexes  which can not  par t ic ipa te  in the react ion 
give dead end inhibit ion.  Because dead  end inhibitorg cart no t  back  up  react ion 
sequences, as can products ,  t hey  influence the  slopes of  reciprocal  plots on ly  when 
the point  of  combina t ion  of  the  var iable  subs t ra t e  follows the  point  of  addi t ion  of  
inhibi tor  in the  react ion sequence and is revers ibly  connec ted  with it. Dead end 
inhibi tors  of ten add to  more  than  one enzyme  form. According to  Rule 3, however ,  
the  inhibi t ions are  a lways linear because  adding th-- inh ib i tor  at  one point  never  
increases the  concen t ra t ion  of  any  of  the  o the r  normal  enzyme  forms. Only if the 
inhibi tor  combines  wi th  an 1i?I complex  to  form EI,, is a parabol ic  inhibi t ion observed,  
The following analysis  o f  dead  end inhibi t ion for the  Bi Uni Uni Bi Ping Pong  
mechanism (MechanLsrn x) will serve to  ilhLstrate the  metht~d 

I reacts  with E, A varies:  I and A react  only with the  same e n z y m e  form, so 
the  inhibit ion is compet i t ive .  

I reacts  with E, B varies:  2" and B react  with different  enzyme  forms, so the  
in te rcept  varies. The  sequence EI . -E-EA is reversible,  so the  slope varies, giving 
non-compet i t ive  inhib:.tion. Inhibi t ion by  I is e l imina ted  b y  sa tu ra t ion  wi th  A, bu t  
sa tu ra t ion  with C has no effect. 

I react~ wi th  E,  C varies:  No reversible sequence connects  E and  F ,  so the 
inhibi t ion is uncompet i t ive .  Sa tu ra t ion  with A el iminates  inhibi t ion by  1, as before. 

I reacts  with EA,  A varies:  E A I  and  E axe no t  pa r t  o f  a reversible .~equence, 
so the  inhibi t ion is uncompe t i t ive .  Sa tu ra t ion  wi th  B el iminates inhibi t ion by  I .  

I reacts  ~Sth EA,  B varies:  The  inhibi t ion is compet i t ive ,  since bo th  /~ and  
I react  only wi th  EA. 

I reacts  with EA,  C varies:  The  release of  P in te r rup t s  the  reversible sequence 
be tween E / I  and F ,  .so the  inhibi t ion is uncompet i t ive .  Sa tu ra t i on  with /3 ~ | iminates 
the  inhibit ion.  

I reac ts  wi th  ( E A B ) ,  (EQR) ,  or E R :  No subs t ra tes  react  with these enzyme  
forms and  reversible  sequences are blocked by  release of products ,  so the  inhibi t ion 
is a iways uncornpet i t ive .  

I reacts  wi th  F ,  A varies:  There  is no reversible sequence connect ing  FI  and  
E so the  inhibi t ion is tmcornpe t i t i ,  e. Sa t l i ra t ion  with C lowers the  concen t ra t ion  of  
F to  zero and  el iminates  the  inhibi t ion.  

I reacts  with F,  B varies" The  s i tua t ion  is t he  same, and  the  inhibi t ion is un~ 
cornpetit~ve, and  is e l iminated  by  sa tu ra t ion  wi th  C. 
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I reacts with F.  C varies: The inhibit ion is compet i t ive ,  since C and I bo th  
react  only with F. 

Note  the large num ber  of  uncompet i t ive  inhibitions predicted by the above  
analysis, and  the  fact tha t  these inhibitions result from combinat ion  with enzyme 
forms o ther  than central  complexes.  This au thor  feels tha t  dead  end combina t ion  
with cent ra l  complexes  is ex t r eme!y  unlikely, and that  all uncompet i t ive  inhibit ions 
observed exper imentaUy can be expiaiued by combinat ion  with non-central  t - ans i to ry  
complexes  or s table enzyme  forins. The tx:lief tha t  uncomlmti t ive  inhibit ion results 
f rom combina t ion  with a cent ra l  complex is one of the ve ry  unfo r tuna te  results of  
t ry ing  to ex t end  a theory  designed for un i reac tan t  mechanisms to mul t i r eac tan t  
once. This au thor  is aware of no uncompet i t ive  inhibitions observed for t rue Uni 
Uni reactions.  

Mixed dead end and product inhibition 

I f  a ptocluct a l ~  reacts in dead end fashi-n with an enzyme fiwm other  than 
the  one it n o r m a n y  reacts with, it gives mixed product  and dead end inhil)iti,~n 
The  inhibitory" effects are predicted separa te ly  by Rules i and z, and then the. net 
effects, if mul t ip le  ones are predicted,  are de termined  by  Rule 3- In order  for pa rah . t i t  
effects to  be observed,  however ,  the dead encl combinat ion  must  precede the normal  
combina t ion  point  with reversible steps in between. Combinat ion at the normal 
point  in the  sequence then backs up  the react ion and rc.-sults in an increase in the 
concen t ra t ion  of  the  enzyme  form tha t  combines to form the dead end conlpiex. 

As an example  e f  this t ype  of analysis, consider the following multiple inhibi- 
t ions b y  P in the  Bi Uni  Uni Bi mechanism (Mechanism x) when B is the val iable  
subst ra te .  I f  P combines  only with F, we have linear non-compet i t ive  inhil)ition, 
as found above.  I f  P als0 reacts  with E, there  will he addi t ional  effects on both 
slope and intercept ,  since P and B still combine with different enzyme forms, and 
there  is a reversible .~ecluenct. between E and EA.  The two points  of  addit ion of  D 
axe revers ibly  connected,  but  with the addi t ion  of B occurr ing in between. The  
slope is thus  a parabolic,  but  the  in te rcept  ;t linear funct ion of  inhibitor,  and we 
have  S-parabolic  I- l inear non-compet i t ive  inhibit ion. Sa tu ra t ion  with A eliminates 
the  dead end inhibit ion by  /) and leaves only the linear non-compet i t lve  product  
inhibit ion. Sa tu ra t ion  with C e l i m i n a t ~  the  produc t  inhibit ion, bu t  leaves the dead 
end inhibit ion,  which is also linear non-competit ive~ 

I f  P reacts  with E A  as well as wi th  F,  an addit ional  efft~t results only on the. 
slope, since B and P are  both  combining with F.A. The two points of addi t ion of 
P are reversibly connected,  ~ the slope is a paraholic ftmction of inhibitor concen- 
t ra t ion ,  at.el we have  again S-parabolic  l -hnear  non-compet l t ive  inhibition. Satura-  
*.ion with A now ha.s no effect, while sa tu ra t ion  with t; eomina tes  the product  in- 
hibit ion and leaves ,rely l inear compe t i t ive  inhibit ion due to  the  dead end c o m b i n a  
l ion with EA.  

I f  P reacts  with the  central  ( E A t I - F I ' )  complex as well as with F, only an 
addi t ional  effect on the in tercept  is predicted.  Since rile two points o f  addi t ioq  of 
D are  revers ibly  connected,  the  va r ia t ' on  is parabolic and we have S-lineaa" I-parabolic 
non-compet i t ive  inhibit ion.  Sitturaticm with A has no effect, but  sa tura t ion  with C 
~liminate~ the  p roduc t  inhibit ion, leaving linear uncompet i t ive  inhibit ion.  
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When I* react~ ia dead end fashion with F, (EQR),  t~r ER in addi t ion to the 
expected combinat ion with F ,  addi t ional  effects on only the intercept are predicted. 
Since the two points of addi t ion of  P are not reversibly connected,  or are the same, 
the intercept  will still be a linear functi-  ~ of inhibi tor  concentrat ion.  Sa tura t ion  
with  A ha~ ~o effect, while sa tura t ion  with C e l i m i n a t ~  all inhibition when both 
combinations are with F,  and leaves linear uncompet i t ive  inhibit ion when ~he dead 
end combinat ion of P is with (EQR)  or ER. 

I f  we look a t  mult iple interact ions  by  P in the same mechanism with C as variable 
substr'.'*~'..one other  interest ing point is brough', out.  Combinat ion of a dead end 
inl,ibitor with E, EA,  or ( E A B )  would normaUy not  give an effect on the slope, 
since the release of P is an irreversible step. Dead ~nd inhibi t ion by P does give 
an effect on the slope here, however,  since the presence of  ~ in the system keeps the 
reaction sequence reversible. Titus combinat ion  of P with any of  these forms gives 
paral~flic slope variation,  a l though sa tura t ion  wi th  B reducc~ this to linear i f  the  
combinat ion is with E or EA,  and sa tura t ion  with  A does likewise if combinat ion 
is with E. 

D I S C U S S I O N  

"/'he value of the m e t h ~ i s  out l ined in this  paper  is t<~ obvious to nccd fur ther  
c laboratkm here. They  have  been u_~ed rout inely  in this iaborator¢  for exploring 
possible mechanisms,  and they  have proven of special value to studenL~ t ry ing  to  
learn something useful a tmut  kinetics wi thout  get t ing lost in equat ions  and algebra. 
While only non-random m~chani.~ms wi thout  a l te rna te  reaction sequences (excepting 
Rapid EquiLibrium Random mechanisms) have been t rea ted  in this paper, prelimina~-y 
analysis indicates t ha t  ~he gene.~! approach can probably be ex tended  to cover 
a l ternate  product  and similar useful t x q ~  of  experiments .  This  will require a more 
sophi.~ticated development  of the theory of  slope and intercept  var ia t ion than  the 
simple analysis given here° however, and will be left for the future.  
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