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~1" M MAR'~" 

Kinet ic  s tudies  were carried out  using tmrified porphobi l inogenase  and &'- 
aminase  pretmrat  ions in the presence an<t absence of ammonium ions. 

I t  has been found m plots of ~, c,t'rsus N :  tha t  a devia t ion  from the .~li<'haeli.- 
IUe.nten hyt)erbola occurs with both enzvmes;  doutfle-reciprocal  plots  were concave 
downward  ; R.~ values were grea ter  than 8i  ; and in s,,me cases the Hill coefficient was 
less than i,  ind ica t ing  negat ive  homotropic  kinetics.  

Evidence also suggested tha t  t)orphobilin<~genase conta ins  at lea~t two sif t ,  
s t r a t e -b ind ing  sites per  molecule . f  enzyme.  

It has also been found tha t  ainmoniun~ i~ms act compet i t ive ly  ~m the first 
reacti<m of  the p~wphobilinogenase. 

I NrI¢( ) I ) I 'CTI( )N 

Two enzymes are required fi,r the conversion ot" porphol)i l inogcn into u r , ,  
p .rph.vrin~gen I I 1 : Porphol) i l inogen deaminase  and uroporphyr inogen cosvnthetase .  
l )eaminasc  ahme forms uroporphvr inogen I from porphot)il inogen, while cosvnthe tase  
alone has i1o act ion on e i ther  port)hobil inogen or urol)ort)hyrinogen I. These tw¢> 
enzvrnes have been separa ted  and pa r t i a l ly  puritied from several sources (see Rcf. I 
flw bibliograt>hy). 

The s igmoid response of bovine liver porphobil inogcnase" has p rompted  S:\..xc~> 
X'WH cl a/.  ~.a t~  include this enzyme in the growing list of al losteric enzymes,  indicat ing 
tha t  porphot) i l in .genase  is highly adap ted  for regulat ion by its subs t ra te ,  l ) a t a  
descril>ed in this report  are in agreement  with the above  assumpt ion ;  pre l iminary  
evidence has a l ready  indica ted  that  the react ion mechanism involved in thi~ r eac t i . n  
is c( ,mplicated and the hypt~thesis was offered tha t  the enzyme conta ins  two (w more 

• The  t r i v i a l  nanac " p o r p h o l > i l i n o g e n a s e "  s u g g e s t e d  bv  L(~cKxVool) AND RIMINGTON 2 i- 
used  tt, d e s i g n a t e  t he  p o r p h o b i l i n o g e n  deamin ; t s t '  u r o p o r p h y r i ' n o g c n  c o s y n t h e t a s c  s y s t e m .  
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in te rac t ing  sitesL "l'herefl~re we have under taken  a kinet ic  inves t igat ion to a t t e m p t  
to ga ther  fur ther  evidence on the react ion mechanism.  

Direct  s tudies  were carr ied out  on purified porphobi l inogenase  and deaminase  
pret~arations in the presence and absence of ammonium ions, which at  cer tain concen- 
t ra t ions  are known to inhibi t  these enzvmes~,S,L Direct  s tudies  on the cosynthe tase  
have not been done because one of its subst ra tcs ,  pr~,bably the pyrrol ic  c,map, mnd 
descr ibed by I.I.AMIa;[AS AND ])~A'II.LE ~53;, has not vet been identif ied;  the other  subs t ra tv  
is porphobi l inogen.  

MATI,'RIAI.S AND MI. TtlO ),'q 

l 'o rphobi l inogen was b iosynthe t ica l ly  ob ta ined  r. 
31easurcment  of enzyme ac t iv i ty .  The s t anda rd  incubat ion sys tem conta ined  

the enzvnw prepara t ion  (usually 8 nal) together  with o.~ 31 Tris- HC1 buffer (pH 7.2) 
and porphobi l inogen with ,w wi thout  the add i t ion  of N H  I • in a tinal volume of ~o inl 
(pH 7.')). Incubat ions  were carried out  anaerobica l ly  in Thunberg  tubes  in the dark  
with mechanical  shaking at  38L Blanks were alwavs run with t)orphobilinogen and 
wi thout  enzvnle. After  incubat ion,  t r ichloroacet ic  acid was added  to prec ip i ta te  the  
protein  (final concentra t ion  5 " . ,  ~v/v), the mixture  was then exposed to 5 ° f t -candles 
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Fig. 1. The ettect of porphobilinogen concentrat ion on the rate of uroporphyr inogcn fi)rmation 
catalysed by (A) 36-fold purified deammase  and (B) 3o-fold purified porphobilinogenase from 
soybean callus in the absence (C" -(~;) aml the presence (O- -O)  of o. r M ammonium.  Assay con- 
dit ions were as described. PBG, porphobilinogen. 
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()f white, light fl)r 20 rain to oxidize t)orphyrinogens, the l)rotein precipitate filtered 
()if, and total p,)rphyrins est imated in the resulting solution. Reaction vclocit\ '  is 
expressed as nm()les of ur()porplLvrinogen formed in I h. The purification pr. , 'cdurvs 
for t)orphobilin(~gcnase and dcaminasc, as well as all other nwthods and matcrials m}t 
specitied here, were those described in Ref. (). 

RF.SU t.T.q 

5alur( t t ion  curves 

It was p(,inted (rot that  t h e  r cac l i (m  m e c h a n i s m  of  t he  c n z v m i c  c (mxcr s ion  ()f 

t)()rpht)bilin~)gen int() u r o p o r p h y r i n ( ) g e n s  m u s t  be a conl t ) l i ( ' a ted  one,  poss ib ly  i n x o l v i n  R 

a m u l t i v a h , n t  e n z y m e  w i t h  a t  leas t  tw() i n t e r a c t i n g  ( ' a t a l v t i c  s i tes .  

W i t h  t h e  s o \ ' b e a n  ca l lu s  e n z y m e s ,  i t  has  been  f o u n d  t h a t  t h e  s a t u r a t i o n  c u r v e s  

of  b o t h  p o r p h o b i l i n o g e n a s c  a n d  d c a m i n a s c  were  q u i t e  u n u s u a l  (Fig. [ ) ;  ~:}.lso d (mhh. -  

r ec ip roca l  p l . t s  were  r a t h e r  c o i n p l e x  (Fig. ".,). 

ha t h e  a b s e n c e  of  a m m o n i u m  ions,  s a t u r a t i o n  k i n e t i c s  of  p o r p h o l ) i l i n o g c n a s e  

a n d  d e a m i n a s e  were  m u c h  a l ike  (Fig. I ) ;  a t  low s u b s t r a t e  c o n c e n t r a t i o n  a Michael i~ 

M e n t c n  ty i )e  t)~)rtion was  ( )bscrved  w i t h  a p l a t e a u  f rom 5o t() I2 5 / ,31  fl~r porph()l) i l -  

i n o g e n a s e  a n d  fr()m 3 ° t() i oo  ,u3I for d e a m i n a s e ;  i n c r e a s i n g  t ) o r p h o b i l i n o g e n  concen -  

t r a t i ( m  r e s u l t e d  in t he  a d d i t i o n  (d" a s e c o n d  c u r v e  ~)n t o p  of  t he  t i rs t .  I t  is also n o t e d  
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lqg. z. l)uul)lc-reciproca] plots of the rate of Ul'oporphyrillOgeI'~ ft)rlnatioll \vlth respect to por- 
plmbilinog(m concentration catalvsed by (:\) 3~)-lk)ht purified deaminasc and (H) 3o-fohl purified 
porphobilinogenase from soybcali callus in the absence (.i, -L,) and presence (Q---Q) of o.i M 
ammonium. Assay conditions were as described. The inserts in these figures show the IIill',~ plots. 
I" e values were taken frolll Table 1. "~Whell ii vzlhl('S "were calculated ill relation to I" l they were 
ti lt! same as those shown here for low concentrat ions of  substratc. PH(,, porphobi l ino~elL 
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that even at high concentrations of substrate, the enzymes did not become saturated 
with it, since velocity continued to increase. In the presence of ammonium ion which 
behaved as an allosteric inhibitor, the rate-concentration plot, hyperbolic in its 
absence, becomes sigmoidal in its presence, so far as the first reaction is concerned. 
The effect on the second reaction seems to be different; thus porphobilinogenase 
appears to reach a second plateau at high concentrations of porphobilinogen in the 
presence of inhibitor (l:ig. ~ B). 

Lincweaver Burk plots 
Diagnostic double-reciprocal plots (Fig. 2) were nonlinear, and in classical 

kinetic terms, consisted of highly" complex functions. As can be seen, by a judicious 
selection of concentrations reciprocal plots of reaction rate appear to consist of two 
portions with different slopes. 

In the presence or absence of anunonium ions Lineweaver-t3urk plots showed 
a bimodal character that yielded two apparent KT,, values at the extremes of p o f  

T A B I . F  I 

K I N E T I C  C O N S T A N T S  O1; S O Y B E A N  CALI .US  P O R P H O B I L I N O G E N A S t L  A N D  I ) I , ;AMINASE 

A c t i v i t i e s  w e r e  a s s a y e d  as  d e s c r i b e d  in MATERIALS AND METIIODS. 3 5 - 4 o - f o l d  p u r i f i e d  d e a m i n a s c  
a n d  3 o - 3 5 - f o M  p u r i t i e d  p o r p h o b i l i n o g e n a s e  p r e p a r a t i o n s  w e r e  u s e d .  M i c h a e l i s  c o n s t a n t s  a n d  
m a x i m m n  v d o c i t i e s  w e r e  c a l c u l a t e d  b o t h  f r o m  I . i n e w e a v e r - B u r k  p l o t s  a n d / o r  d i r e c t  s a t u r a t i o n  
c u r v e s  a n d  t h e y  a r e  a v e r a g e  v a l u e s  o f  0 d e t e r m i n a t i o n s .  

Enzymes and addition, 

I. l ) c a m i n a s e  
N o n e  
o . i  M NIl4+  

1 I. P o r p h o b i l i n o g e n a s e  
N o n e  
o.1 M N | I 4 ~  

Kinetic constants 

I£ m, N ,n, I "a l "~ 

(31) (31) ( mnoles urogen/h ) 

3.2 lO -s i.  9 . I o - 4  
3.8 xo -5 5 . 0 . 1 o - 4  

0 .32  1.25 
0 . 2 0  o . 9 0  

6. 5 - Io  -6 5 .o -  I o  4 0 .20  1.75 
3 . o .  Io  -~ 5 . o -  Io -4 0 .20  1.65 

phobilinogen concentration (see Table i %r kinetic constants). The high concentration 
constants are designated Kin2, while those for low concentrations are referred to as K,n 1. 

Fig. 2 B illustrates the results of typical experiments performed with por- 
phobilinogenase preparations. The data obtained clearly indicated two apparent Km 
values; Michaelis constants fi)r the second reaction (Kin2 = 5 '  1°-4 M) were the sanle 
in the absence and presence of inhibitor, trot it can be seen that ammonium has the 
effect of changing Kml from 6.5.~o -~ to 3"Io -s .U while maxinmm velocity was 
unchanged, showing clear competitive inhibition. 

With deaminase preparations the double-reciprocal plots shown in Fig. 2A 
were obtained. Kml and Kin., were practically the same both in the presence and 
absence of inhibitor, although the values estilnated (lifter slightly, probably due t~ 
the difficulty of determining kinetic constants from the nonlinear plots; in addition, 
V t and | 7  slightly decreased. 
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It ix impor t an t  to add,  tha t  sa tu ra t ion  curves and dcmbh,-reciprocal plots  for 
t)orphobil inogenase and deaminase  both in the. absence and presence of amnlonimn 
trois, when veloci ty  was measured in t e rn>  of nmoles of porphol)i l inogen consumed 
per h, also showed a complex pa t t e rn  but  essent ia l ly  of the sante, kind as tha t  de- 
scribed above,  where react ion ra te  was measured as nmoles . f  uroport~h.vrinogen 
f()rmed per h; in addi t i (m/x ' ) ,  values were ()f the same magnitudt, .  

Apparcut .rdcr of rcactioJt with rc,spcct to p~rphobili;w~cn 
..ks it has been shown, the kinetic  behaviour  o f so \ ' bean  callus port)hobil inogenase 

and deaminase  is ra ther  unusual  and s t r ik ingly  different to tha t  of the bovine liver 
eilzy.mes ~.a. Al though it has been emphas ized  tha t  the slope of the Hill plot  s ix a function 
n,)t only of the numt)er of binding sites lint als() of the s t rength  of in terac t ion  between 
them, the emlm'ical  Hill equat ion log v/(l" ~') n ' log N -- log K ix f requent ly  used to 
deter in ine  tit(, nmnber  ,)f in terac t ing  l igan(l-bmding sites. \Vhen such man i tmla t i , n s  
were carried ()tit, Hill plots fiw deaminase  ei ther  in the absence ,)r presence of am- 
monium i~ms resulted in a sh)pe al)pr(mching I at very h)w l)~wph()t)ilinogen cmwvn- 
t ra t ions ,  being alm,~st 2 at 16gh cont'entr~ttions ~)f subs t ra tc  (Fig. 2.\,  inset);  however 
l l ill coefficients l ' , r  port)holfilinogenase were about  I at  high c~mcentrations of por- 
1)h,)l)ilinogen but  less than t at low substrat t ,  concent ra t ions  (Fig. 2B, inset). S. \xct> 
VIClt ¢'1 al. ~,a have repor ted  n values ~)t about  2 fi~r the port)hobil inogenase,  l int e i ther  
the addi t ion  ,)f high concentra t ions  ,)f anml<mium, heat  t r ea tmen t  or d i a h s i s  ap- 
tweciablx." changed the sh)pe of the l lill plot to ;z I, which was the \ a l u e  ob ta ined  
for the deaminase .  

"l'he deviati~m front a Michael is-Menten pa t t e rn  can also be seQn Ilk" cah-ulating 
the Rs values", tha t  is, the ra t io  of the <)o I<)~i,, saturati~m vehwities;  h, Jth for 
deaminase  and p,)rphobil in~genase k.,. values greater  t]tan Si weft' , )btained. 

IHS( ' I 'SSION 

The series of kinetic t.xperime.nts shown in this  paper  d e m - n s t r a t e  that  tilt' 
soybean enzymes have a kinetic  behaviour  and paran le te rs  different to tln~se of the 
same enzymes  ob ta ined  from other  sotm'es ~.a but  are consistent  with the suggestion 
tha t  the enzyme s\ ' s tem contains  at least two in terac t ing  act ive sites, a l though the 
poss ib i l i ty  of there being more than two should not be excluded.  

It has l>een shown tha t  when the concent ra t ion  of po rphob i lm-gen  was var ied 
,)ver a wide range, the l . ineweaver  Burk plots showed bim,)dal i ty .  Several  possibi l i t ies  
may  be considered to explain  these nonl inear  t)lots. 

The detai ls  of the reacti<ms by which t)orphobilinogen ix conver ted  into uro- 
t )orphyrinogens are stil l  subjects  of specula t ion;  it has been a l ready  suggested tha t  
the  reactfim could occur through the fiwmation of an i n t e imed ia t e  po lypyr ro l  ~°, but  
no such in te rmedia te  has I)een identif ied so far. However  we have repor ted  very 
recent ly  :',6 the format ion and isolation of a pyrrolic compound formed by  the action 
~)f t~orphobilinogenase on l~orpholfilinogen; this compound acted as the sut)strate 
of p, wl~h.bilinogen in tile formati tm of u roporphyr inogen  I I I by purified cosy'nthetasc 
prepara t ions .  The possibi l i ty  tha t  tilt '  b imoda l i tv  - f  the l . ineweaver-  Burk plots ix 
due t -  the accumula t ion  of the in te rmedia te  polyt>yrr,)le can be d iscarded by  the fact 
that  the sa t l ] t e  ty'pe of kinetic  l)ehaviour and K, ,  values are ob ta ined  whether  the 
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appea rance  of u roporphyr inogen  or the d i sappearance  of l)orphobil inogen is used as 

a m e a s u r e  o f  rate.  
There are several  examples  in the l i t e ra ture  of the kind of kinetics exh ib i ted  

by  soybean callus porphot) i l inogenase and deaminase  n "", and  it has been noted by  
LI-VITZKY AND I~OSHI.ANI) '~'a, tha t  the sequent ia l  model  for subuni t  in teract ions  '~,2a,'a 
is ideal ly sui ted  for the conq)lex phenomena  observed for these enzymes.  It has been 
observed by the same authors'-'" tha t  these results  are easily unders tood if we consider 
the types  of curves tha t  one would expect  from various types  of coopera t iv i ty ;  when 
these cri ter ia  are appl ied  to soybean t)(wph<H)ilin(~genase and deaminase,  many  of the 
character is t ics  of negat ive  coot~erativity are seen to be present,  that  is, high Rs values,  
bit)hasic double reciprocal  plots  and in some cases Hill coefficient less than  i.  LI.:vI'IZKY 
AND I{()SHI.AND a'~ have concluded tha t  negat ive  cooperativity" is a ppa re n t l y  not a 
feature  of a few odd enzymes but  is ra ther  a pervasive pa t t e rn  in many,  and we th ink 
it can well explain  the acconqmnying  kinetic behavi<mr, a l though it is also possible 
tha t  a combi lmt ion of negat ive  and posi t ive coopera t iv i ty  in keat  24 and negat ive  
coopera t iv i ty  plus Michaelis Menten binding can lead to leveling in the ph~t of ~' 
ver sus  S . Some suppor t  for the occurrence of n e g a t i v e  in teract ions  between two or 
more identical  act ive centers  is provided  by the l inear i tv  of l . ineweaver  -Burk plots  
in the two regions, and the sharp  break between the two linear portions"5. '-'". 

( ) ther  p,~ssibilities remain  tha t  can explain  the kinetic behavi(mr shown here, 
but  they  seenl to be less probable,  lgRII-I)I-N 'aT has discussed the in te rpre ta t ion  of kinetic  
da t a  for enzyme sys tems in whi('h reciprocal  t)lots are nonlinear,  in essence, the inter-  
pre ta t i (m based (m the graphical  analysis  of the da t a  was in terms of changes in kinetic 
pa ramete r s  and appl icable  to single subs t ra te  systems,  but  under  specific condit ions,  
could be ex tended  to o ther  sys tems which involve two or three subs t ra tes  as reactants .  
(%nsiderat i(m of Fig. z and 2 suggested to us tha t  the d a t a  could fit an equati(m der ived 
by  I:RII'I)I.ZX -~s, at)t)licable to single subs t ra te  svs tems having at least two binding sites 
per m(decule of enzyme where:  

Is] 
l', l-I".2 . . . .  

Ix',,, .., 
U - - -  {I) 

Kmt N I 
1 t -  

us", h',,, 2 

In our case, K , n t  and Km~. are the Michaelis cons tan ts  at  the b inding site with 
the  highest  affinity for porphobi l inogen and the site with the lowest affinity for tx)r - 
t)hobilinogen, respect ively.  V 1 refers to the m a x i m u m  veloci ty when the first act ive 
site is filled and I',., w h e n  both sites are filled ; subs t ra te  (S) is porphobi l inogen.  

When this equat ion  was appl ied  using the kmet ic  pa ramete r s  shown in TaMe I 
for porphobi l inogeimse and deaminase ,  plots  of Fig. 3 were obta ined .  I t  can be seen 
tha t  the exper imenta l  and theoret ical  curves f i t ted qui te  well, describing the same 
type  of kinetics,  thus  suppor t ing  the hypothes is  tha t  there are at  least two por- 
phobi l inogen-l) inding sites per molecule of enzyme. It  nmst  be poin ted  out  tha t  the 
mere fact tha t  the d a t a  fit Eqn. (I) does not necessari ly indicate  tha t  the kinetic  
behav iour  is due to subs t ra te  act ivat i (m.  

Aminonium acts compet i t ive ly  (m the first react ion of the l)orphobiliiIogenase, 
indica t ing  tha t  there is some kind of coinpet i t ion between l)orphobil inogen and 
a m m o n i u m  in the format ion of the 1)olypyrrolic in te rmedia te .  Perhaps  ammonium 
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Fig. 3. The ettect of porphobilinogen concentration on the rate of uroporphyrinogvn formation 
catalvsed by (A) deaminase and (B) porphobilinogenasc from soybean callus. ,., . . experi- 
mental data; O--Q, theoretical data resultin~ from tim application of I.:qn. r (Rcf. 2~). I'B(;. 
porphobilinogen. 

could inhibit  by binding at the same site ()f porl)hobilinogen on the c()synthetase or 
it could still produce dissociation (>f the deaminase-cosynthetase  complex ; thus, it is 
likely that  a varying degree ()f t ightness among the different peptide chains of por- 
phobilinogenase could be introduced by a change in the salt concentrat ion of the 
enzymatic  envir()ninei~t which should be expressed by a change in the enzyme rate. 
%Ar,COVI('H et al. l have reported for the bovine liver enzymes that  high i(mic strength 
influenced the behaviour ()f" cosynthetase on calibrated gel columns;  we have als() 
observed that  both soybean deaminase and cosynthetase-purified preparat ions tend 
to aggregate under  certain condit ions (unpublished results), and it has become evident  
that  there are many  enz\ 'mes which undergo a reversible, association dissociation 
reaction and that  s()me of the kinetic properties of these enzymes may depend upcm 
the part icular  molecular weight species. I;Rn':DEN "9 has proposed a somewhat different 
mechanism which is hased on the possibility of dissociation of an enzyme, to a form 
which has other properties, but his proposed mechanism might onh" be tested by 
perfl)rming velocity experiments as a function of ligand concentrat ion over a nmch 
wider range of enzyme levels than is ordinari ly used in enzyme kinetic work. 

Although no changes in the kinetic constants  of porphobilinogenase fl)r the 
second reaction were obtained,  in the presence and absence of ammonium ions, it 
can be seen from the saturat ion curves of Fig. I B that  while in the absence of inhibitor,  
porphotfilinogenase did not appear to become saturated with porphobilinogen up to 
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the concentrations tested, in the presence of ammonium ions, however, it seemed to 
reach a second plateau at high levels of porphobilinogen. As suggested by Bo~;O|~Ar) 4, 
ammonium ions could produce accumulation of the intermediate polypyrrol, which, 
in turn, is also substrate for the second reaction; in the absence of inhibitor, the inter- 
mediate nlight be formed in limited amounts. So although porphobilinogen concen- 
tration is increased, there is not enough polypyrrol to finally produce uroporphyrinogen 
and higher levels of substrate are necessary to saturate the enzyme. However, in the 
presence of ammonium, these ions, although inhibiting the first reaction, could also 
produce accumulation of the intermediate polyllyrrol, which could not then be at 
limiting concentrations, allowing saturation of the second reaction to be attained 
at lower levels of porphobilinogen. 
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