
INFORMATION TO USERS

This was produced from a copy o f a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.

The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.

1. The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you o f complete continuity.

2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to begin filming at the upper left hand comer 
o f a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again-beginning 
below the first row and continuing on until complete.

4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department.

5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy.

Uni

International
3 00  N. ZEEB ROAD. ANN ARBOR, Ml 48106 
18 BEDFORD ROW. LONDON WC1R 4EJ,  ENGLAND



8023729

Po l l a c k , St u a r t  E l k o n

PURIFICATION AND ACTIVE SITE MODIFICATION OF WHEAT GERM 
UROGEN I SYNTHASE

City University o f  New York Ph.D. 1980

University 
Microfilms

International 300 N. Zeeb Road, Ann Arbor, MI 48106 18 Bedford Row, London WC1R 4EJ, England



PURIFICATION AND ACTIVE SITE MODIFICATION 

OF WHEAT GERM UROGEN I SYNTHASE

-by-

STUART E. POLLACK

A d i s s e r t a t i o n  submitted to  the  Graduate Faculty  in  Biochemistry 
in p a r t i a l  f u l f i l l m e n t  o f  th e  degree requirements f o r  the  degree 
o f  Doctor of  Philosophy, The Ci ty  U n ive rs i ty  of  New York.

1980



This m anuscr ip t  has been read and accepted f o r  the  Graduate 

Facu l ty  in  Biochemistry in  s a t i s f a c t i o n  of  the  d i s s e r t a t i o n  

requirement  f o r  th e  degree  o f  Doctor o f  Philosophy.

J j k Z
d a te  ' Chairman o f  Examining Committee

d a te Executive O f f i c e r

Supervisory Committee



A B S T R A C T

PURIFICATION AND ACTIVE SITE MODIFICATION 

OF WHEAT GERM UROGEN I SYNTHASE

-by-

STUART E. POLLACK 

Advisor: Professor  C h a r lo t t e  Russel l

Urogen I synthase  was p u r i f i e d  from wheat germ. The 

p u r i f i c a t i o n  co n s i s ted  o f  ac id  p r e c i p i t a t i o n ,  ammonium s u l f a t e  

p r e c i p i t a t i o n ,  heat  d e n a tu r a t io n ,  chromatography by a f f i n i t y  

on mercuriphenyl agarose  followed by DEAE c e l lu l o s e  column 

chromatography. The molecular  weight o f  the  enzyme is  40,000 

as judged by c a l i b r a t e d  molecular  s ie v e  chromatography. The 

enzyme was in a c t iv a te d  by th e  a rg in in e  s p e c i f i c  reagents  

butanedione and phenylglyoxal  and by the  ly s in e  s p e c i f i c  reagent  

pyr idoxal- 5 ' -phosphate.  The s to ich iom etry  o f  the  r ea c t io n  was 

1:1 and the  i n h ib i t i o n  was l i f t e d  by s u b s t r a t e  or competi t ive  

i n h ib i t o r  in each c a se ,  in d ic a t in g  t h a t  the  enzyme's a c t iv e  

s i t e  con ta ins  1 a rg in in e  and 1 ly s in e  re s id ue  necessary  fo r  

c a t a l y s i s .
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INTRODUCTION

Porphyrin d e r i v a t i v e s  p lay  an important  p a r t  in the  biochemistry 

o f  a l l  l i v in g  systems.  The hemoglobin.s, c h lo r o p l a s t s ,  the  cytochromes, 

vitamin B . ^  c a t a l a s e s ,  peroxidase  and the  p r o s th e t i c  groups of  

many hemoproteins demonstra te  the  deep involvement o f  porphyrins in 

many types o f  metabol ic  phenomena. Hemes t h a t  have iron porphyrins 

as the  p r o s t h e t i c  group include the  hemoglobins, cytochromes, 

c a t a l a s e s ,  and pe rox idases .  Vitamin B^2 con ta ins  c o b a l t  c o r r in s .

The c h lo rophy l ls  con ta in  magnesium pheophytins.

The var ious  t e t r a p y r r o l e s  have severa l  b io sy n th e t ic  p recursors  

and r ea c t io n s  in common (Figures 1 and 2) .

Glycine was f i r s t  shown to  be a p recu rso r  o f  porphyrins in 

1945 by Shemin (1 ) .  Glycine and monosuccinoyl CoA condense to  

form d e l t a - a m in o le v u l in ic  ac id  (6-ALA). This r e a c t io n  i s  ca ta lyzed  

by the  enzyme 6-ALA synthase .

The enzyme 6-ALA dehydrase ca ta ly ze s  the  condensation o f  two 

molecules o f  6-ALA to  th e  p y r ro le ,  porphobilinogen (PBG).

Bogorad (2) showed t h a t  uroporphyrinogen I synthase  (E .C .#4 .3 .1 .8) 

c a ta lyzes  th e  condensat ion o f  four  moles o f  PBG to  form uroporphy­

rinogen I (urogen) which can only be converted in vivo to  the  "dead 

end" porphyrin urophorphyrin  I .

1



Figure 1. B iosyn the t ic  pathway o f  porphyrins .
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Figure 2. Urogen I and I I I  isomer formation.
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Urogen I synthase  has been i s o l a t e d  from spinach and from wheat 

germ by Bogorad (2,  3 ) .  The enzyme has been prepared from a v a r i e ty  

o f  o th e r  sources inc lud ing  Euglena g r a c i l i s  (4) and Rhodopseudomonas 

spheroides (5 ) .  A t a b l e  o f  the  p ro p e r t i e s  o f  p a r t i a l l y - p u r i f i e d  

p rep a ra t ion s  i s  presen ted  in Table 1. In g e n e ra l ,  the  enzyme urogen 

I synthase from a v a r i e ty  o f  sources appears to  be s in g le  

p ro te in  o f  molecular  weight somewhat under 40,000 with a pH 

optimum near 8 .0 .  1^ values a re  in the  range of  30 yin (1) .

From wheat-germ Bogorad i s o l a t e d  a second enzyme which he 

c a l l e d  urogen I I I  isomerase o r  cosynthase (2) and which did not  

consume PBG. When added to  urogen I synthase  the  system formed 

urogen I I I .  The d i s t r i b u t i o n  of  both enzymes was found to  be 

ubiquitous  in l i v i n g  systems (6) .  In vivo cosynthase appears to  

be p resen t  in excess thus a ssu r ing  the  formation ex c lu s iv e ly  of 

urogen I I I  (7) .

Urogen I I I  i s  the  f i r s t  macrocylic  substance formed on the 

b io sy n th e t ic  pathway to  the  p h y s io lo g ic a l ly  a c t iv e  porphyrins .  

Enzymatic decarboxyla t ion  o f  the  four  a c e t i c  acid  s ide -cha ins  o f  

urogen I I I  a f fo rd s  coprogen I I I .  Next, the  two propionate  s ide  

chains  o f  coprogen I I I  a re  converted in to  vinyl groups. The 

enzyme involved in t h i s  o x id a t iv e  decarboxyla t ion  i s  c a l le d  

coproporphyrinogenase (1 ) .  Oxidation o f  protoporphyrinogen IX 

leads to  protoporphyrin  IX. Fe r roch e la ta se  puts i ron in to  

protoporphyrin  IX forming protoheme which i s  the  p r o s th e t i c  

group o f  hemoglobins, myoglobin and the  cytochromes (Figure 1 ) .

6



T a b le  1: P r o p e r t i e s  o f  Urogen I S y n th a s e  from (1)

Source
Molecular

weight
I s o e l e c ­
t r i c  po in t

Optimum
pH

Km (PBG)

Wheat germ - 8.2 50 yM

Rhodopseudomonas
spheroides

35,000-36,000 4.46 7 .8 -8 .0 40 yM
a t  pH 7 .8 -8 .0

Rhodopseudomonas
spheroides

36,000-39,000 - 7.6 13-20 yM 
a t  pH 7.6

Chicken
e ry th rocy tes

- 4.6 7 .4 -8 .2 18 UM 
a t  pH 8 .0

Euqlena 
q r a c i l i s

38,000-40,000 - 7.0-8.1 30 m  
a t  pH 8.0  
phosphate buf

Spinach
leaves

38,000-40,000 4 .2 - 4 .5 - 72 yM 
a t  pH 8.2

Human
ery th rocy tes

7 .4 -8 .2 130 yM 
a t  pH 7.4

7



In chlorophyll  b io sy n th es is  magnesium i s  incorpora ted  in to  

pro toporphyrin  IX. The magnesium protoporphyrin IX undergoes 

reduc t ion  o f  a vinyl group followed by o x id a t iv e  formation o f  the  

ca rb o cy l ic  r in g .  Following the  reduct ion  o f  t h i s  r in g  the  

prop ionate  carboxyl group i s  e s t e r i f i e d  with the  C2Q alcohol 

p hy to l ,  forming ch lo ro p h y l l -a  (1) .

In mammals 6-ALA synthase  i s  located  in the  mitochondria .

6-ALA moves out  o f  the  mitochondria  in to  the  cytosol  and i s  con­

ve r ted  to  PBG by 6-ALA dehydrase (6-ALA dehydra tase ) .  PBG i s  

converted to  urogen I I I  by the  urogen I synthase urogen I I I  

cosynthase  system. Urogen I I I  i s  then decarboxyl a ted  to  coprogen I I I

by urogen decarboxylase .  Coprogen I I I  e n te r s  the  mitochondria  where
?+coprogen ox idase ,  protogen IX oxidase and Fec -  f e r r o c h e l a t a s e  

convert  i t  to heme (F.igure 3 ) .  The f in a l  s teps  in the  assembly 

o f  hemoglobin molecules occur in the  cytoplasm where the  heme 

molecules a t t a c h  to  globin  chains (8) .

P o rp h y r ia s :

Disturbances in porphyrin syn thes is  r e p re se n ts  a s t ag ge r in g  

burden on the  human body. In acute  i n t e r m i t t e n t  porphyria  an a u to ­

somal dominant d i s o r d e r ,  a d e f ic ien cy  o f  urogen I synthase  and 

high 6-ALA-synthase a c t i v i t y  causes s p i l l i n g  o f  6-ALA and PBG in to  

th e  u r in e .  Excreted i n to  the  u r ine  per day i s  40 - 200 yg o f  PBG 

and 20 -  40 yg o f  6-ALA (7) .  The d isease  i s  c h a ra c te r iz e d

8



Figure 3. The pathways and lo ca t io n s  of  mammalian heme b iosyn thes is  

and degrada t ion .
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c l i n i c a l l y  by p e r io d ic  a t t a c k s  o f  in tense  abdominal c o l i c ,  

u su a l ly  accompanied by nausea and vomit ing, o b s t i n a t e  c o n s t ip a t i o n ,  

n e u ro t ic  o r  even psychotic  behavior and neuromuscular d is tu rb a n c e s .  

The m o r ta l i t y  r a t e  i s  high (9).

In congenita l  e ry th r o p o ie t i c  porphyria  an autosomal r ec es s iv e  

d i s o r d e r ,  the  low leve l  o f  cosynthase i s  the  bas ic  g en e t ic  l e s io n .  

Overproduction o f  urogen I and coprogen I r e s u l t s  in  s p i l l a g e  

in to  the  u r ine  o f  100 mg o f  urogen I and 10 mg o f  coprogen I each 

day. Also th e re  i s  a deposi t ion  o f  uroporphyrin  I and copro­

porphyrin I in the  bone marrow, t e e t h ,  bones and sk in  (7 ) .

Cutaneous p h o t o s e n s i t i v i t y ,  severe  s c a r r i n g ,  h i r s u t i s m ,  and 

hemolytic anemia plague these  v ic t ims .

Other h e re d i ta ry  porphyrins inc lude  porphyria  v a r i e g a t a ,  

porphyria  cutanea ta rd a  and coproporphyria. Porphyrins may a lso  

be chemical ly  induced. Drugs such as b a r b i t u r a t e s ,  which induce 

6-ALA syn th e ta se  and thereby enhance th e  sy n th es is  o f  PBG a re  

capable  o f  provoking porphyric  a t t a c k s  (9) .

Mechanism o f  urogen I I I  fo rm at ion :

The enzymatic formation o f  the  urogen I I I  isomer p re sen t s  a 

f a s c in a t in g  problem. I t  i s  not  su r p r i s in g  t h a t  over 20 hypo the t ica l  

schemes have been proposed to  account  f o r  i t  (1 ,  10, 11, 12).

One theory  (10, 13) p o s tu la te s  head to  head condensation of  

two u n i t s  o f  PBG, followed by a 2-aminomethyl m igra t ion .  This

11



leads  to  rearrangement a t  the  f i r s t  s tep  with chain bu i ld ing

continu ing  on the rearranged dipyrrylmethane (Figure  4a) without

f u r t h e r  rearrangement (14, 15). Furthermore, Frydman and Frydman
14and coworkers synthesized  t h i s  [ C ] - lab e l le d  head to  head 

rearranged dipyrrylmethane and have shown t h a t  i t  i s  incorpora ted  

in to  urogen I I I  only.  The [^4C]-dipyrrylmethane formed by head 

to  t a i l  condensation o f  two PBG u n i t s  (Figure 4b) was shown to  be 

incorpora ted  only in to  urogen I (1, 10, 14, 15).

These r e s u l t s  have been c r i t i c i z e d  because the  d u ra t io n  of  

the  incubation  was s h o r t  (1 hour) ,  a low concen tra t ion  o f  d i p y r r y l - 

methane was used and a small conversion about 10% was measured by 

s u b t r a c t in g  a l a rg e  chemical blank (16).

Battersby  using [ 13C]-PBG has shown t h a t  the  f i r s t  t h r e e  PBG u n i t s  

a re  incorpora ted  i n t a c t  without  rearrangement.  The fo u r th  PBG u n i t  

i s  b u i l t  in with rearrangement which i s  in t ram o lecu la r  with r e s p e c t  to  

t h a t  PBG u n i t  (1 , 12, 16, 17, 18, 19).

Furthermore, Ba t tersby  and coworkers have r e s u l t s  which show 

t h a t  the  key rearrangement s tep  occurs a f t e r  the  unrearranged 

l i n e a r  t e t r a p y r r o l e  (Figure 5) or  the  enzyme bound form has been 

b u i l t  by the  head to  t a i l  condensation o f  four  PBG u n i t s  (16, 17).

The unrearranged l i n e a r  t e t r a p y r r o l e  (Figure 5) was incubated 

a t  pH 7.2 f o r  4 hours a t  37°C with p u r i f i e d  urogen I synthase  

plus cosynthase from Euglena g r a c i l i s  and a paralle l!  blank was 

run lacking the  enzymes. Both r ea c t io n  mixtures were quenched 

with iod ine .  The uroporphyrin isomers were converted to  the

12



Figure 4a. The dipyrrylmethane formed from the  head to  head 

condensation o f  two PBG molecules followed by a 

2-aminomethyl m igra t ion .

Figure 4b. The dipyrrylmethane formed from the head to t a i l  

condensation o f  two PBG molecules.
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Figure 5: The unrearranged l i n e a r  t e t r a p y r r o l e .
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coproporphyrin e s t e r s  which could be separa ted  using high p ressure  

l i q u i d  chromatography, on a C-|8 reve rse  phase column. The 

product  from the  blank was pure ty p e - I  isomer. The s t r i k i n g  

r e s u l t  f o r  the  enzymatic run showed t h a t  70% of  the  product was 

ty pe -111 , the  r e s t  being type-1 produced in a com pet i t ive  non- 

enzymatic c y c l i z a t i o n  (16, 17).

In s i m i l a r  experiments Battersby and h is  coworkers have 

shown evidence t h a t  the  unrearranged dipyrrylmethane (Figure 4b) 

i s  converted by urogen I synthase  cosynthase  system in to  

urogen I I I  and t h a t  the  product i s  m e c h a n i s t i c a l ly  eq u iv a le n t

to  what i s  seen fo r  PBG (18, 20).
1 ^Also, syn th es is  of  doubly [ C ] - l a b e l1ed forms o f  the  

unrearranged l i n e a r  t e t r a p y r r o l e  (Figure 5) show t h a t  i t  i s  

converted by urogen I synthase  cosynthase system in to  urogen I I I  

by an in t ram olecu la r  process ,  without scrambling (18, 19).

Urogen I synthase  without cosynthase makes only th e  urogen I 

isomer. Cosynthase must bring about t h i s  rearrangement e i t h e r  

by ope ra t ing  on an in te rm edia te  produced by the  urogen I synthase  

o r  by modifying the  way urogen I synthase br ings  about one of  

th e  coupling s t e p s .
13

Sco t t  and coworkers (22, 23, 123), have used [ C]-PBG and
I O

[ C]-FT NMR to  measure the  conversion o f  PBG in to  urogen I and 

urogen I I I .  The urogen I synthase  and the  urogen I synthase 

cosynthase complex were i s o l a t e d  from Rhodopseudomonas sp h e ro id e s . 

Sco t t  has i s o l a t e d  and observed a s h o r t - l i v e d  in te rm ed ia te  in

17



th e  b io sy n th es is  o f  urogen I and urogen I I I  t h a t  he c a l l s  "pre-  

urogen."  Previous s tu d ie s  on the  enzymatic formation o f  urogen 

have revealed  l i t t l e  evidence f o r  the  ex is tence  o f  f r e e  i n t e r ­

m edia tes .  The pre-urogen was formed t r a n s i e n t l y  ( t Q 5 = 5  min.)  

by the  a d d i t io n  o f  urogen I synthase .  In the  absence o f  cosynthase  

i t  forms urogen I ,  poss ib ly  non-enzymatically .  The formation of  

urogen I can occur in the  absence o f  urogen I synthase .  Pre-  

urogen was converted in to  urogen I I I  in high y i e ld  by cosynthase  

in th e  absence of  urogen I synthase.  PBG i s  not  consumed during 

the  conversion o f  pre-urogen to urogen I I I ,  nor does urogen I a c t  

as a s u b s t r a t e  f o r  cosynthase. This data  suggests  t h a t  urogen I 

synthase  and cosynthase a c t  s e q u e n t i a l ly  and independently  as 

shown in Figure 6.

A l i k e l y  mechanism c o n s i s t e n t  with both B a t t e r s b y ' s  and 

S c o t t ' s  work was proposed by Mathewson and Corwin, in 1961 (11). 

They proposed t h a t  h e a d - t o - t a i l  condensation of  four  PBG u n i t s  

leads  to  the  unrearranged l i n e a r  t e t r a p y r r o l e  (Figure 5) which 

then underwent r ing  c lo su re  not to  the  a - f r e e  p o s i t io n  o f  the  

terminal  py r ro le  u n i t  (which would y i e ld  the  type I isomer) but 

to  th e  s u b s t i t u t e d  a -p o s i t i o n  of  t h a t  p y r ro le  u n i t  (Figure 7) .

I n h i b i t o r s :

No in te rm ed ia tes  o f  urogen formation have ever been i s o l a t e d
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Figure 6. Pre-urogen, the  precursor  o f  both urogen I and 

urogen I I I .
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Figure 7: The Mathewson and Corwin proposa l .
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from normal incubation mixtures p r i o r  to  S c o t t ' s  p rev ious ly  

mentioned work. However, incubat ion  o f  urogen I synthase with 

PBG in the  presence of  hydroxyl amine caused a decrease  in the  

formation o f  urogen I although PBG consumption was normal. I t  

was shown t h a t  the  unrearranged d ipyrrylmethane (DPM I ) ,  shown 

in Figure 4b, was being formed a t  the  expense o f  urogen I. 

Synthe t ic  [^C]-DPM I and DPM I obta ined  from hydroxylamine 

in h ib i t e d  mixtures were both c o n v e r t ib l e  to  urogen I by urogen I 

synthase but only i f  PBG was p re sen t  (24).

I n h ib i t io n  o f  urogen I synthase  by ammonium in the  presence 

o f  PBG caused the  accumulation o f  a m a te r ia l  assigned the  b i la n e  

s t r u c t u r e  shown in Figure 5, on the  b as i s  o f  i t s  non-enzymatic 

conversion to  urogen I with r e l e a s e  o f  ammonia and a p o s i t iv e  

Ehrl ich  r ea c t io n  suggest ing a f r e e  or p o s i t io n  on a pyrro le  

r ing  (25).

I t  i s  poss ib le  t h a t  the  normal enzyme-bound in te rm e d ia te s ,  

in the  conversion o f  PBG to  urogen I by urogen I syn thase ,  a re  

removed from the  enzyme by ammonia and hydroxylamine by nucleo- 

p h i l i c  displacement.

Opsopyrrole ri icarboxylic  ac id  (OPDC) shown in Figure  8a,  

i s  a competi t ive  i n h i b i t o r  o f  PBG f o r  urogen I synthase .  In an 

experiment in which urogen I formation was measured a Kj o f  

0.28 mM was found fo r  OPDC (17, 26).

Isoporphoblinogen,  shown in Figure  8c ,  i s  a l so  a com peti t ive  

i n h i b i t o r  o f  urogen I synthase .  When urogen I formation was
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measured a o f  0.51 mM was determined f o r  isoporphobil inogen 

(26).

A number of  sy n th e t i c  py r ro le s  (Figure 8) s t r u c t u r a l l y  r e l a t e d  

to  PBG were assayed as s u b s t r a t e s  o f  urogen I synthase  (33). None 

were found to  a c t  as such, even a t  the  s lowest  r a t e .  A f r e e  (non- 

e s t e r i f i e d )  propionic  acid  res idue  a t  C-4 was e s s e n t i a l  to  obta in  

an e f f i c i e n t  i n h ib i t io n  of  urogen I synthase .  Isoporphobil inogen 

(Figure  8c) and 2-methylopsopyrrole  d ica rb o xy l ic  (Figure 8b) 

i n h ib i t e d  the  a c t i v i t y  by a d d i t io n  to  the  incubat ion  m ixture ,  

while  2-ami nomethyl-3-pyrrole  a c e t i c  acid  (Figure 8e) and 2- 

aminomethyl-4-e thy l-3-pyrro le  a c e t i c  ac id  (Figure 8d) exer ted  

t h e i r  e f f e c t  only by p re - in c u b a t io n .

Wheat germ urogen I synthase  i s  i n h ib i t e d  by the  sulfhydryl 

r e a g e n t s ,  HgCl2 and p-chloromercuribenzoate  (7 ) .  I n h ib i t io n  

by HgCl^ and p-chloromercuribenzoate  was reversed  by c y s te in e .  

Iodoaceta te  had no e f f e c t  on urogen I synthase  a c t i v i t y  while 

iodoacetamide was i n h ib i to r y .  Frydman and coworkers repor ted  t h a t  

N-ethylmaleimide . i n h ib i t e d  urogen I synthase  a c t i v i t y  and t h a t  

porphyrin formation was i n h ib i t e d  more than PBG consumption 

(13, 27). The in h ib i t i o n  was l i f t e d  by d i t h i o t h r e i t o l , I t  was 

concluded t h a t  a cys te ine  re s idu e  was requ ired  f o r  enzymatic 

a c t i v i t y .

Bogorad repor ted  t h a t  formaldehyde i n h ib i t e d  the  enzymatic 

conversion o f  PBG to  porphyrins (7 ) .  Bogorad and Marks presented 

evidence t h a t  formaldehyde was n e i t h e r  a s to ic h io m e t r ic  by-product
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Figure 8: S t ru c tu re  o f  some urogen I synthase  i n h i b i t o r s

a. opsopyrro led icarboxyl ic  acid

b. 2-methylopsopyrroledicarboxylic  acid

c. isoporphoblinogen

d. 2 -am inom ethy l-4 -e thy l-3 -pyrro lace t ic  acid

e. 2-ami noe thy l-3 -pyrro l  a c e t i c  acid

25



a .  X ■ CH2C 00H , Y 3 CH2CH2COOH, Z = H

b . X 3 CH2CH2C 00H , Y 3 CHgCOOH, Z *  CH3

c .  x = c h 2c o o h , y «  c h2ch2c o o h , Z 3 CH2 NH

d .  X *  c 2h5# y  ■ CH2C 00H , z  *  ch2n h2

e .  X 3  H , Y 3 CHgCOOH, Z 3 CHgNHg
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nor a r e a c t a n t  in t h i s  process (28) although i t  was r e a d i ly  

incorpora ted  in to  urogens in the  non-enzymatic condensation o f  

PBG. Formaldehyde was never preincubated with urogen I synthase  

and removed before  assay ing  f o r  enzymatic a c t i v i t y .

Frydman and Frydman observed t h a t  urogen I synthase was 

i n h ib i t e d  by p re incuba t ion  with N-bromosuccinimide followed 

by d i a l y s i s .  Photoxidat ion  as well as ox ida t ion  by pyrrolooxy- 

genase i n h ib i t e d  urogen I synthase  (2) .  These r e s u l t s  po in t  

to  e s s e n t i a l  t ryptophan r e s id u es .

In h ib i t i o n  by Butanedio.ne:

The f i r s t  i n h i b i t o r  considered was butanedione ( BD).

BD was f i r s t  shown to  r e a c t  with arg iny l  r es idues  of  

p ro te in s  almost 70 yea rs  ago by Harden and Norris (30) but t h i s  

obse rva t ion  rece ived  s u r p r i s i n g l y  l i t t l e  a t t e n t i o n .

In 1970 Yankee!ov showed t h a t  in sodium phosphate b u f f e r ,  

pH 7 .0 ,  BD r e a c t s  100-fold  slower with ly s in e  than with a rg in in e .  

Under th e se  c o nd i t io n s  no o th e r  amino ac id  i s  modif ied.  However, 

complete m od if ica t ion  r e q u i r e s  more than 48 hours (31).

In 1973 Riordan (32) showed t h a t  bora te  b u f f e r  i s  the  b e s t  

b u f f e r  f o r  th e  m od if ica t ion  o f  a rg in in e s  in p ro te in s  by BD.

The r e a c t io n  in  t h i s  b u f f e r  i s  much f a s t e r  than under the  

co n d i t io ns  employed by Yankeelov. In t h i s  s tudy amino acid
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mixtures were modified with BD in bora te  b u f fe r  fo r  15 minutes 

and then app l ied  to  an amino ac id  ana lyze r .  Arginine was 96% 

modified and a l l  o th e r  amino ac ids  were recovered with an average 

y i e l d  o f  80%. A s i m i l a r  procedure was used to  study the  modif i ­

c a t io n  o f  a r g i n i n e ,  l y s i n e ,  and an equimolar mixture o f  the  two. 

Lysine was not  m odif ied ,  nor did  i t s  presence i n t e r f e r e  with the 

m odif ica t ion  o f  a rg in in e .

Riordan (32) has proposed t h a t  BD f i r s t  r e a c t s  r e v e r s ib ly  

with a rg in in e  to  form the  c i s - d i o l  dihydroxyimidazoline 

d e r i v a t i v e  (see  Figure  9) .  This would then complex r a p id ly  

with bora te .  Thus, in  the  presence o f  bora te  the  r ea c t io n  

proceeds f a s t e r  due t o  product  s t a b i l i z a t i o n  by b o ra te .  The 

product i s  f u r t h e r  s t a b i l i z e d  in ac id  which prevents  regenera t ion  

o f  f r e e  a rg in in e .  Arginyl re s id u es  func t io n in g  in (a) s u b s t r a t e -  

binding to  the  a c t iv e  s i t e ,  (b) a l l o s t e r i c  e f f e c t o r  binding 

to  an a l l o s t e r i c  s i t e  d i f f e r e n t  from the  a c t iv e  s i t e ,  and (c) 

' c o f a c t o r  binding a t  a s e p a r a te  s i t e  have been i d e n t i f i e d  in

enzymes using BD in  b o ra te  b u f f e r .  A summary o f  a la rg e  and .

r e p r e s e n ta t iv e  group o f  enzymes which have been t r e a t e d  with 

BD in bo ra te  b u f f e r  i s  shown in Table 2. In those  s tu d ie s  where 

the  authors  did not  do p ro te c t io n  experiments with s u b s t r a t e s  

a l l o s t e r i c  e f f e c t o r s  o r  c o fa c to r s  th e  s i t e  o f  i n h ib i t i o n  could 

not be in f e r r e d  from t h e i r  work. These s tu d ie s  a re  noted with a 

+ in  th e  p r o te c t io n  experiments not  done column in Table 2. In

those  s tu d ie s  where p r o t e c t i o n  experiments were done and the
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F i g u r e  9.  R e a c t io n  o f  BD w i th  a r g i n i n e  in  b o r a t e  b u f f e r .
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Table 2: Enzymes Shown to  Require Arginine Residues, Involved In Substrate or Cofactor Binding, by M odification

With BD in  Borate Buffer

A llo s te r ic  P ro tection
E ffecto r Substrate  Not

Enzyme Source Cofactor Blndinq Binding Blndinq Done Reference

Enolase y east — — L-phospho-
g ly cera te

— 34

D -serine dehydratase Escherichia co ll pyrldoxal-
phosphate

— — — 35

fructose  1,6- 
bisphosphatase

pig kidney — K+, AMP — — 36, 37

acon itase pig h eart — — c i t r a te — 38

aspartok inase/
homoserine
dehydrogenase

Escherichia co ll — K+ — — 39

mitochondrial ATPase bovine h eart - - — ATP — 40

aldehyde reductase pig kidney NADPH — — — 41

glucose-6-phosphate
dehydrogenase

Leuconostoc
m esenteroides

— - - glucose-6-
phosphate

— 42

acetyl-coA: aceto- 
a c e ta te  CoA-transferase

Escherichia co il — — — + 43



Table 2 (continued): Enzymes Shown to Require Arginine R esidues, Involved in Substrate or Cofactor Binding, by

M odification With BD in Borate Buffer

Enzyme

is o c i t r a te  dehydro­
genase

carboxypeptidase A

& carboxypeptidase B

prostfltic acid 
phosphatase

D-ribulose-1, 5 
bisphosphatase

cystath ionase

ATPase

Source 

pig heart

bovine

porcine

human 

barley

r a t  l iv e r

spinach ch lo ro p last

Cofactor Binding

A llo s te ric
E ffecto r
Binding

AOP

glycogen phosphorylase ra b b it muscle

Substrate
Binding

binds C- 
terminus of 
peptides

binds C- 
terminus of 
peptides

P ro tection
Not

Done

thymidylate
synthetase

L actobacillu s
casi

L-homoserine
L-cysteine

ATP

glucose-1 - 
phosphate

d-IIMP

Reference

44

32

32

45

46

47

48

49

30



Table 2 (continued): Enzymes Shown to Require Arginine Residues, Involved in Substrate or Cofactor Binding, by

M odification With BD in Borate Buffer

A llo s te r ic  P ro tection
E ffec to r Substrate  Not

Enzyme Source Cofactor Binding Bindinq Bindinq Done Reference

RNA dependent 
DNA polymerase

av ian , fe lin e  
and simian 
type CRNA 
v iruses

RNA tem plate — 51

angiotensin  
converting enzyme

ra b b it lung — — C-term inus o f + 
peptide

52

stearylcoenzyme A 
reductase

r a t  l iv e r  
microsomes

— — stea ry l CoA 53

c re a tin e  kinase ra b b it muscle — — Mg-ATP 54

o rn ith in e  tran sc a r-  
b amylase

human and bovine 
l iv e r

- - — carbamyl
phosphate

55



au thors  were ab le  to  i n f e r  a t  which s i t e  the  i n h i b i t o r  acted on;

I have noted t h i s  by e n te r in g  t h e i r  conclusion in the  c o fa c to r  

b ind ing ,  a l l o s t e r i c  e f f e c t o r  binding or  s u b s t r a t e  binding column 

o f  Table 2.

In a l l  o f  the  s tu d i e s  where modif ica t ion  by BD in bora te  

b u f f e r  was followed by amino ac id  a n a ly s i s  the  only amino acid 

modif ied was a rg in in e  (23, 42, 45, 46, 49, 56, 57, 58, 59).

In l i g h t  o f  th ese  data  Riordan (32, 37) has suggested as a 

general  ru l e  t h a t  enzymes a c t in g  on anionic  s u b s t r a t e s  or  

c o fa c to r s  wil l  probably conta in  a rg iny l  r es idues  as components 

o f  t h e i r  l igand binding s i t e s —or  ly s in e  or  a metal c a t io n .

I t  i s  of  i n t e r e s t  t h a t  in the  ins tances  where s to ich iom etry  

has been e s t a b l i s h e d  a rg in in e  m odif ica t ion  g e n e ra l ly  appears to 

be q u i t e  s e l e c t i v e .  Only one o r  two o f  th e  enzyme's t o t a l  

a rg in in es  r e a c t  with BD (60).

A comparison o f  the  r a t e  o f  modif ica t ion  o f  the  e s s e n t i a l  

a rg iny l  res idue  o f  c r e a t i n e  kinase by BD in bora te  b u f fe r  with 

t h a t  o f  f r e e  a rg in in e  under the  same condi t ions  revea ls  t h a t  the  

enzyme reac ted  ten to  f i f t e e n  times f a s t e r  than the  f r e e  amino acid  

(54,  60). This h y p e r r e a c t iv i t y ,  coupled with a decreased r e a c t i v i t y  

of  a l l  the  o th e r  a rg iny l  re s id u es  in the  enzyme probably r e f l e c t s  

a s t r u c t u r a l  environment t h a t  enhances the  binding c a p a b i l i t i e s  

o f  the  a c t iv e  s i t e  a rg iny l  r e s id u e s .  A hydrophobic micro-environment 

as proposed by Powers and Riordan (44) enhances the  p o s i t iv e  

charge c h a ra c te r  o f  the  a c t i v e  s i t e  arg inyl  r es idues  and makes
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them more a t t r a c t i v e  to  an ion ic  s u b s t r a t e s .  Since arg iny l  

r es idues  serve as p o s i t iv e ly -c h a rg e d  binding lo c i  t h e i r  e l e c t r o ­

s t a t i c  i n t e r a c t i o n  would be enhanced in an environment o f  low 

d i e l e c t r i c  c o n s ta n t .  Also,  the  high pkg (12.48) would make the  

arginyl  res idue  r e l i a b l y  c a t i o n i c  under most c o n d i t io n s .  I f  the  

a c t iv e  s i t e  a rg in in e  i s  to  a t t r a c t  s u b s t r a t e  to  the  a c t iv e  s i t e ,  

i t  must be more r e a c t i v e  o r  s u b s t r a t e  would bind to  the  wrong 

a rg in in e  res idue!

As can be seen from Table 2, the  two an ion ic  m oie t ies  in 

l igands t h a t  a rg in in e  most o f te n  binds to  a re  phosphate and 

carboxyl a te .

I t  i s  i n s t r u c t i v e  to  summarize r e s u l t s  f o r  o th e r  enzymes 

which have carboxyl g roup(s)  in  t h e i r  s u b s t r a t e s .  Carboxypeptidase 

ca ta ly ze s  ;the  hydro lys is  o f  carboxy-terminal  pep t ide  bonds. The 

presence of  a f r e e  terminal  a-carboxyl  group o f  the  s u b s t r a t e  i s  

a s t r i c t  s p e c i f i c i t y  requirement  o f  t h i s  enzyme.

Lipscomb and coworkers showed t h a t  g l y - t y r  binding to  the  

enzyme caused th e  guanidinium . group o f  arg  145 to  move by 2$ .

This movement i s  be l ieved  to  be in f luenced  by the  formation o f  

a s a l t  l i n k  between arg  145 and th e  terminal  carboxyl a t e  group 

o f  g l y - t y r  (62). Riordan (32) showed t h a t  one a rg in in e  re s id ue  

was e s s e n t i a l  f o r  s u b s t r a t e  b inding to  th e  a c t i v e  s i t e .

BD i n h i b i t s  human serum t r a n s f e r r i n  a c t i v i t y  (63).  The 

authors  suggest  t h a t  an a rg in in e  probably se rves  as a c a t io n i c  

res idue  in  th e  anion (normally  carbonate  o r  b ic a rb o n a te )—binding 

s i t e .
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Aconitase i s  i n h ib i t e d  by BD (38) and c i s - a c o n i t a t e  p r o te c t s  

a g a i n s t  the  i n h ib i t i o n .  A model which demonstra tes  hydrogen 

bonding between v ic in a l  carboxyl groups and the  guanidinium group, 

i s  proposed by Gawran and Jones (38) in Figure 10a. The analogous 

model f o r  urogen I synthase  and PBG i s  shown in Figure 10b.

Another equa l ly  p o ss ib le  model i s  shown in Figure  13b.

The d i f fe ren c e  Four ie r  method was used to  look f o r  con fo r ­

mational changes in dogfish  l a c t a t e  dehydrogenase (LDH). A 

comparison o f  the  p re l iminary  3 .0  A0 r e s o lu t io n  s t r u c t u r e  o f  

LDH:NAD-pyruvate t e rn a ry  complex with the  more complete 2 .0  A° 

r e s o lu t io n  s t r u c tu r e  o f  the  apoenzyme provided i n f e r r e d  information 

on conformational  changes during c a t a l y s i s .  In forming the  t e rn a ry  

complex the  quanidinium group o f  a rg in in e  101 moves 13 A0 with 

r e s p e c t  to  i t s  p o s i t io n  in the  apoenzyme and binds to  the  exposed 

s id e  o f  both phosphates in NAD, as shown in Figure 11. Pyruvate 

i s  c lo se  to  h i s t i d i n e  195 and i n t e r a c t s  with a rg in in e  171 and 

p oss ib ly  a rg in in e  109. Arginine 171 can i n t e r a c t  with the  carboxyl 

group o f  the  pyruvate molecule,  as a l so  shown in Figure  11. Using 

PGO an a rg in in e  was shown to be involved in s u b s t r a t e  b inding.

When LDH was t r e a t e d  with BD th r e e  a rg in in e s  were im pl ica ted  

as e s s e n t i a l  f o r  c a t a l y t i c  a c t i v i t y  o f  the  enzyme. These might 

be a rg in in e  171, 109, and 101 (64).

Kiner e t  a l .  (59) repor ted  the  e f f e c t  o f  guanidinium ions 

on the  r a t e  o f  r ea c t io n  o f  a carboxyl a t e  anion.  They in v e s t ig a te d  

th e  h ydro lys is  o f  the  monophenyl e s t e r  o f  su c c in ic  ac id  which
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Figure  10a. Aconitase  c i s - a c o n i t a t e  complex proposed by Gawron 

and Jones (38).

Figure  10b. Analogous model fo r  urogen I synthase and PBG.
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F ig u r e  11. The l a c t a t e  dehydrogenase-N A D -pyruvate  complex ( 6 4 ) .
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involves in t ram o lecu la r  n u c le o p h i l i c  a t t a c k  o f  the  succ ina te  

carboxyla te  anion,  as shown in Figure 12. The r a t e  cons tan ts  

f o r  the  hydro lysis  o f  the  monophenyl su c c in a te  demonstrates 

i n h ib i t i o n  by guanidinium ion and suggests  the  na tu re  o f  the  

guanidinium carboxy la te  i n t e r a c t i o n .  The model t h a t  the  authors  

put  forward i s  seen in Figure 13a. The analogous model fo r  

urogen I synthase-PBG binding i s  shown in Figure 13b.

In summary, the  a rg in in e  might bind with e i t h e r  or  both o f  

th e  two carboxyl groups o f  PBG. The p lan a r  guanidinium group of  

a rg in in e  i s  well s u i t e d  to  i n t e r a c t  with the  p lana r  carboxyl 

group o f  PBG p oss ib ly  v ia  two hydrogen bonds as well as by 

e l e c t r o s t a t i c  i n t e r a c t i o n s .

In h ib i t io n  by Phenylg lyoxal :

Phenylglyoxal (PGO) in a v a r i e ty  o f  b u f fe r s  has been shown 

to  be s p e c i f i c  f o r  the  m odif ica t ion  o f  a rg iny l  re s id u es  in enzymes. 

Takahashi (65) has shown t h a t  Na- a c e t y l - L - a r g in i n e  and L -a rg in ine  

r e a c t s  with PGO in  N-ethylmorpholine a c e t a t e  b u f f e r ,  pH 8 .0 ,

Two molecules o f  PGO condensed with one molecule o f  a rg in in e .

The r e s u l t s  were confirmed by elemental  a n a ly s i s  o f  the  product  

and inco rpora t ion  o f  [^C]-PG0 in to  di  (phenylglyoxal )-Na- a c e ty l - L -  

a rg in in e  and d i (p h e n y lg ly o x a l ) -L -a rg in in e .  Takahashi proposed the  

f i r s t  molecule condenses in the  r a t e  l im i t i n g  s te p  with the
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Figure 12. In t ram olecu la r  hydrolys is  o f  the  phenyl e s t e r  o f  

su c c in ic  ac id  (59).
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Figure 13a. A model d e p ic t in g  the  a s s o c ia t io n  o f  carboxy la te  

anion and guanidinium c a t i o n ,  as proposed by Kiner 

(59).

Figure 13b. A model showing the  a s s o c i a t io n  of  a carboxyla te  

ion o f  PBG and urogen I syn thase .
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guanidino group (Figure  14) to  form a g lyoxal ine  r in g  which then 

i r e a c t s  r a p id ly  with a second molecule to  form the f in a l  product .  

When p ro te in s  were t r e a t e d  with th e  reagen t  f o r  a long period 

o f  time (24 hours)  a r e a c t io n  could a lso  occur with the  E-amino 

group o f  ly s in e  molecules. The N-terminal amino groups o f  p ro te in s  

a re  a l so  very s u s c e p t ib l e  to  PGO m od if ica t ion .

Cheung and Fonda (6 6 , 67) in v e s t ig a te d  the  r ea c t io n  o f  PGO
2

with a rg in in e .  They followed the  r e a c t io n  o f  N - a c e ty l a r g in in e  

or  L-arg in ine  with PGO sp e c t ro p h o to m e t r ic a l ly ,  by the  Sakaguchi

r e a c t i o n ,  and by amino acid  a n a ly s i s .  PGO r e a c t s  much more r a p id ly
2 2 2 with N - a c e t y l a r g i n i n e  than with N - a c e t y l l y s i n e  or  N - a c e t y l -

2
c y s te in e .  The r a t e  of  the  re a c t io n  o f  PGO with e i t h e r  N - 

a c e ty l a r g in in e  o r  a rg in in e  inc reases  with in c reas ing  pH from 

7.0  to  11.5.  The model r e a c t io n  with a rg in in e  i s  much f a s t e r  in 

b ica rbona te -ca rbona te  b u f f e r ,  than in N-ethylmorpholine, b o ra te ,  

phosphate o r  T r i s  b u f f e r s .  Spectroscopic  measurements i n d ic a te  

t h a t  PGO may i n t e r a c t  with b o ra te ,  phosphate,  and T r i s ,  thus 

lead ing  to  the  decreased r a t e  in r e a c t io n .  Gel chromatography 

and k in e t i c  s t u d i e s  in d ic a t e  t h a t  b ica rbona te -ca rbona te  b u f fe r  

forms a complex with N - a c e t y l a r g i n i n e .  In a d d i t i o n ,  b ica rbona te -  

carbonate  lowers the  pkg o f  the  guanidinium group o f  N^-acety l-  

a rg in in e .  I t  was concluded t h a t  b ica rbona te -ca rbona te  c a ta ly zes  

a n u c le o p h i l i c  a t t a c k  by the  guanidinium group a g a in s t  the  carbonyl 

carbon o f  PGO.
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Figure  14. Reaction o f  PGO with a guanido group as proposed 

by Takahashi (65).
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Porcine carboxypeptidase B was modified with [^C]-PG0

in 0 .3  M bora te  b u f f e r .  The modified p ro te in  was separa ted  from

excess reagent  on a Biogel column. Loss o f  enzymatic a c t i v i t y
14c o r r e l a t e d  with the  incorpora t ion  o f  about two moles o f  [ C]- 

PGO per mole o f  enzyme. This inco rpora t ion  might correspond to 

the  m odif ica t ion  o f  one arginyl  res idue  s ince  from Takahash i 's  

model r e a c t io n s  i t  i s  known t h a t  two molecules o f  PGO condense 

with one mole of  a rg in in e .  Amino acid a n a ly s i s  in d ica ted  a 

loss  o f  about 1 .5  arg iny l  res idues  while no o th e r  d i f f e r e n c e s  

were found between the  amino acid compositions of  the  n a t iv e  and 

modified enzymes. The c o r r e l a t io n  o f  the  changes in pep tide  

a c t i v i t y  with the  l o s s  of  about 1 .5 arg iny l  re s id u es  in the  

enzyme would u su a l ly  i n d ic a te  t h a t  m odif ica t ion  o f  two arg inyl  

r es idues  was re sp on s ib le  fo r  the  a c t i v i t y  changes in carboxy­

pep t idase  B. This apparent  discrepancy i s  r a t i o n a l i z e d  by the 

authors  in the  fol lowing way, depic ted  in Figure 15. Thus, PGO 

r e a c t s  with the  guanido group o f  a rg in in e  to  y i e ld  a c i s - d i o l  

d e r iv a t iv e  as suggested f o r  the  condensation o f  BD with a rg in in e  

(6 8 ). Following t h i s  the  diol  d e r iv a t iv e  wil l  form a complex 

with b o ra te ,  and the  formation o f  t h i s  complex would prevent  

f u r t h e r  condensation with another  molecule o f  PBG. Borders and 

Riordan (54) have observed a 1:1 s to ich iom etry  f o r  th e  PGO- 

a rg in in e  complex, fo r  c r e a t in e  k inase ,  in b ica rbonate  b u f fe r .  

P h i l ip s  and coworkers have deduced a 1;1 s to ich iom etry  f o r  the  

PGO-arginine complex, f o r  3-phosphoglycerate  k inase ,  in  veronal 

b u f fe r .
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Figure  15. PGO a rg in in e  binding modes po ss ib le  in bora te  

b u f fe r  (6 8 ).
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Arginyl r e s id u es  fu n c t io n in g  in su b s t r a t e -b in d in g  to  the  

a c t iv e  s i t e ,  a l l o s t e r i c  e f f e c to r - b in d in g  to an a l l o s t e r i c  s i t e  

d i f f e r e n t  from the  a c t iv e  s i t e ,  and co fac to r -b in d in g  a t  a se pa ra te  

s i t e  have been i d e n t i f i e d  in enzymes, using PGO in a v a r i e ty  

of  b u f f e r s .  A summary o f  a l a rg e  r e p r e s e n ta t iv e  group o f  enzymes 

which have been t r e a t e d  with PGO i s  shown in Table 3. In

those s tu d ie s  where the  au thors  did not  do p ro tec t io n  experiments

with s u b s t r a t e s ,  a l l o s t e r i c  e f f e c t o r s  o r  c o fa c to rs  the  s i t e  

o f  i n h ib i t i o n  could not  be in f e r r e d  from t h e i r  work. These 

s tu d ie s  a re  noted with a + in the  p ro te c t io n  experiments not done 

column in Table 3. In those  s tu d ie s  where p ro te c t io n  experiments 

were done the  au thors  were ab le  to  i n f e r  a t  which s i t e  the  

i n h i b i t o r  acted on; I have noted t h i s  by en te r in g  t h e i r  conclusions 

in the  c o fa c to r  b ind ing ,  a l l o s t e r i c  e f f e c t o r  binding or s u b s t r a t e  

binding column of  Table 3.

Takahashi (84) has used amino acid a n a ly s i s  to  monitor PGO

incorpora t ion  in to  r ibonuc lease  A in b ica rbona te -ca rbona te  

b u f fe r .  a - 6 hymotrypsin and t r y p s in  were modified by PGO in 

NEM, phosphate and a c e t a t e  b u f f e r s .  In each case ,  a marked lo ss  

o f  a rg in in e  re s id u es  was observed but  the  o th e r  amino acid  r es idues  

did not  change s i g n i f i c a n t l y  with the  exception o f  the  amino- 

terminal  r e s i d u e ( s ) .  In the  case  o f  r ibonuclease  A about  2 of  

the  4 a rg in in e  re s id u es  were f a i r l y  r e a d i ly  modif ied ,  t o g e th e r  

with the  N-terminal l y s i n e .  Incorpora t ion  o f  [^4 C]-PG0 agreed 

with amino ac id  r e s u l t s  assuming two PGO molecules complex with
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Table 3: Enzymes Shown to  Require Arginine Residues,

with PGO

Enzyme

carboxypeptidase B

hexokinase P I I

a s p a r t a t e  transcarbamy- 
l a s e

d ihydro fo la te  
reductase

d - a s p a r t a t e  oxidase

alcohol dehydrogenase

t ryptophanase

glutamine syn the tase

t r a n s f e r r i n s

Source 

porcine 

y e a s t  

E. co l i

L ac tobac i l lu s
casei

beef  kidney

horse l i v e r

E. co l i

ovine,  brain

chicken egg 
white

y e a s t  3-phosphoglycerate  y e a s t  
kinase

prenyl t r a n s f e r a s e pig l i v e r

Buffer

bora te

b ic ine

bicarbonate

phosphate

bora te

bicarbonate

phosphate

bicarbonate

b icarbonate

veronal

borate

Envolved in Subs t ra te  or  Cofactor  Binding, by Modification

Cofactor

Mg-ATP

NADPH

NADH

Pro tec t ion
Not

E f fec to r  Subs t ra te  Done Refei

+ 68 

69

ATP, CTP carbamyl-P — 70, !

72

d - a s p a r t a t e  — 73

7 4

t ryptophan — 75

ATP -  76

bicarbonate  - -  63

3-phospho-D- — 77
g ly ce ra te

isopentenyl - -  78
pyrophosphate



Table 3 (continued): Enzymes Shown to  Require Arginine R esidues, Envolved in  Substrate or Cofactor Binding,

by M odification with PGO

P ro tection
Not

Enzyme Source Buffer Cofactor E ffecto r Substrate Done Reference

c re a tin e  kinase ra b b it muscle veronal - - — MgATP — 54

rlb u lo se  bisphosphate 
carboxylase

spinach not given — ~ — + 80

propionyl CoA 
carboxylase

human not given — — ATP, propionyl 
CoA

— 81

o rn ith in e  tran sc a r-  
bamylase

human not given — — carbamyl phos­
phate o rn ith in e

55

ch lo ro p la st coupling 
fa c to r

spinach borate — — ATP — 82

D -serlne dehydratase E. co li phosphate pyridoxal
phosphate

— — — 35

m itochondrial ATPase bovine h eart not given — — ATP — 40

glutam ate dehydrogenase beef U v er phosphate
borate

NADPH — — — 83

ribonuclease A bovine bicarbonate — — — + 84



Table 3 (continued): Enzymes Shown to Require Arginine Residues, Envoived In Substrate or Cofactor Binding,

by M odification with PGO

Enzyme

rlbulosebisphosphate 

aldehyde reductase

Source

spinach

pig kidney

Buffer

b lc lne

borate

Cofactor E ffec to r S ubstrate

NADPH

ribu lose
bisphosphate

Pro tection
Not
Done

inin

Reference

85
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each a rg in in e  r e s id u e .  Two out  o f  th re e  a rg in in es  r e a c t  with 

PGO in a-chymotrypsin and one out  o f  two in t ry p s in .  There i s  

no lo s s  o f  ly s in e  in e i t h e r  o f  these  two p ro te in s .

In a l l  o th e r  cases where amino acid  ana ly s i s  was used to  

fo l low PGO m odif ica t ion  only a rg in in e  r es idues  were modified 

(72, 77, 87, 54).

The PGO re a c t io n  with a rg in in e  res idues  in p ro te in s  i s  

accompanied by a marked sp e c t r a l  change. An increase  in the  

absorbance a t  250 nm i s  ev iden t  in PGO t r e a t e d  p r o t e in s .  This 

i s  i d e n t i c a l  to  th e  absorbance maximum o f  250 nm seen f o r  d i -  

PGO-arginine. Takahashi has est imated the  molar e x t in c t io n
4

c o e f f i c i e n t  of  di-PGO-arginine to  be about 1.1 x 10 a /  mole -  cm 

(84).

In h ib i t i o n  by Formaldehyde:

Many simple aldehydes and ketones i n h i b i t  enzymes by r a p id ly  

and r e v e r s i b l y  r e a c t in g  with amino groups o f  p r o t e in s ,  as i l l u s t r a t e d  

in Figure 16a. N e i the r  th e  i n i t i a l  adduct nor the  S c h i f f  base 

formed upon dehydra t ion  i s  very s t a b l e  in d i l u t e  aqueous s o l u ­

t io n s  but  i r r e v e r s i b l e  m odif ica t ion  o f  p ro te in  amino groups 

can be obtained  by reduc t ion  o f  the  S c h i f f  base to  a s t a b le  

secondary amine (8 8 ) as can be seen in Figure 16 ,  using formaldehyde 

and sodium borohydride o r  sodium cyanoborohydride (89) r e d u c t iv e
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Figure 16. Reductive a lk y l a t i o n  o f  amino groups.

a.  S c h i f f  base formation.

b. Reduction o f  S c h i f f  base by sodium borohydride.

c. Reductive a lk y l a t i o n  using formaldehyde and 

sodium borohydride.

d. Reductive dehydrat ion using formaldehyde and 

sodium cyanoborohydride.

57



?  “ HpO2 R
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HoCO HoCO
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a lk y la t io n  gives e-N-methyl and e-N, N-dimethyl ly s in e  d e r iv a t iv e s  

o f  amino groups as i l l u s t r a t e d  in Figure 16c and d. In moderately 

a lk a l i n e  aqueous s o l u t io n s ,  formation o f  the  dimethyl d e r iv a t iv e  

r a p id ly  follows formation o f  the  monomethyl d e r i v a t i v e .  Sub­

s t i t u t i o n  o f  NaCNBHg (which reduces S c h i f f  bases but not  aldehydes) 

f o r  NaBĤ  inc reases  the  l a b e l in g  e f f i c i e n c y  3 - fo ld  and e l im ina tes  

the  s id e  r e a c t io n s  caused by NaBH^, the  NaCNBĤ  i s ,  however,

much slower.  Since NaCNBH i s  more s t a b l e  to  a c id ic  c o n d i t io n s ,
3

re a c t io n s  can be c a r r i e d  out  a t  pH values as low as 6 . [ ^ C ] -

formaldehyde has been used with NaCNBĤ  to  in troduce  a label

in to  model p ro te in s  (8 8 ).  The only groups labe led  by t h i s

method were the  e-amino groups o f  ly s in e  and a-NH2 terminus,
1Labeling with [ loC]-:eririched formaldehyde provides a means fo r

studying p e r tu rb a t io n s  in the  chemical environment o f  lysyl  
1 ?res idues  by [ , J C]-NMR spectroscopy.

Reductive methyla t ion  o f  bovine p an c rea t ic  r ibonuclease  A 

with formaldehyde and NaBH^ produced an enzym atica l ly  in a c t iv e  

p ro te in  with l e s s  than a s in g l e  remaining unmodified ly s in e  res idue  

as judged by amino ac id  a n a ly s i s .  Furthermore, amino acid  

a n a ly s i s  showed no lo s s  o f  any amino acid  re s id ue  o th e r  than 

ly s in e .  The high y i e l d  o f  a lk y la t e d  p roduc ts ,  in  t h i s  r i b o ­

nuclease  A m odif ica t ion  s tudy ,  suggest  t h a t  the  S c h i f f  base 

in te rm edia te  i s  reduced a t  a r a t e  many times f a s t e r  than the  c a r ­

bonyl compound i t s e l f  (90).
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Bogorad (3) observed t h a t  when formaldehyde was included 

in  the  incubat ion  mixture o f  spinach urogen I synthase  and PBG, 

two th in g s  happened. F i r s t ,  the  i n i t i a l  r a t e  o f  PBG consumption 

was decreased and second, urogen I I I  appeared in in c reas ing  

propor t ion  as the  concen tra t ion  o f  formaldehyde was inc reased .  

The urogen I I I  appeared to  be formed nonenzymatically in the  

presence o f  formaldehyde. The r a t e  o f  t h i s  nonenzymatic con­

sumption o f  PBG was p o s i t i v e l y  c o r r e l a t e d  with the  concen tra t ion  

o f  formaldehyde while the  urogen I synthase  r e a c t io n  appeared 

to  be in h ib i t e d  by formaldehyde. Bogorad did h is  enzymatic 

assay in the  presence o f  formaldehyde making i t  d i f f i c u l t  to  

se p a ra te  i n h ib i t io n  from nonenzymatic conversion o f  PBG to  

porphyrin.

Bogorad and Marks (28) presented evidence t h a t  formaldehyde 

was n e i t h e r  a s to ich io m e t r ic  by-product  nor a r e a c t a n t  in t h i s  

process although i t  was r e a d i ly  incorpora ted  in to  urogens in the  

nonenzymatic condensation o f  PBG,

Lysyl res idues  have been i d e n t i f i e d  using formaldehyde and 

e i t h e r  NaBH  ̂ or  NaCNBHg in the  enzymes shown in Table 4. In 

these  s tu d ie s  p ro tec t io n  experiments were not  done, hence the  

s i t e  o f  a c t io n  of  the  i n h i b i t o r  could not  be in f e r r e d  from the 

work.
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Table 4: Enzymes Shown to  Have Essen t ia l  Lysyl Residues by Modification With Formaldehyde in the

Presence o f  a Reducing Agent

Pro te in Source Buffer Reducing Agent Reference

ovomucoid turkey bora te NaBH..
4 8 8 , 90

lysozyme chicken borate NaBH4 91

t r a n s f e r r i n human borate NaBH4 90

in s u l in bovine bora te NaBH.4 89, 90

o-chymotrypsin Worthington bora te NaBH4 90

glycogen phosphorylase b r a b b i t not  given NaBH4 8 8

r ibonuclease  A bovine panc rea t ic not given NaBH4 8 8

chymotrypsinogen A Worthington bora te NaBH4 90

l a c t a t e  dehydrogenase beef  hear t HEPES NaCNBH3 92

a lk a l i n e  phosphatase Escherichia  co l i HEPES NaCNBH3 92

B-9a la c to s id a se Escherichia  c o l i HEPES NaCNBH3 92

hexokinase P I y e a s t HEPES NaCNBH3 92

g l ucose-6 -phosphate y e a s t HEPES NaCNBH3 92



I n h ib i t io n  b.y Pyr idoxa l- 5 ' -phospha te ;

Reaction o f  py r ido x a l - 5 '-phosphate  (PLP) followed by

reduc t ion  with sodium borohydride has been shown to  be s p e c i f i c

f o r  the  m odif ica t ion  o f  lysyl  r es idues  in the  p ro te in s  (42,

91). The r e a c t io n  o f  the  e-amino group o f  l y s in e  and PLP i s

shown in Figure 17. S c h i f f  base formation i s  followed by sodium
6borohydride reduc t ion  to  a s t a b le  N -p y r id o x y l ly s in e .  

N^-Pyridoxyllysine  (reduced by NaBH^) has a broad f luorescence  max­

imum centered  a t  about 400 nm when exc i ted  a t  325 nm (91).

E ssen t ia l  ly s in e  res idues  have been found, u s in g .  PLP 

followed by NaBH  ̂ red u c t io n ,  in the  enzymes shown in Table 5.

When phospholipase from snake venom was modified with

PLP and sodium borohydride,  amino acid  a n a ly s i s  e s t a b l i s h e d  t h a t  

only ly s in e  reac ted  with the  m odif ie r  (91).

Kinetics  o f  I n a c t iv a t io n  by an I r r e v e r s i b l e  I n h i b i t o r ;

An i n h i b i t o r  binds to  an enzyme forming an E • I complex 

p r i o r  to  the  chemical s tep  involving covalen t  l inkage  to  the  

t a r g e t  enzyme (equat ion 1 . 1 ).

E -  I Kj « k-1  /  k1

covalen t  
i n a c t iv e  
complex

E + I
k

-1

r
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Figure 17: Reaction o f  PLP with a lysyl  res idue  followed by

reduc t ion  with NaBH.
4
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Table 5: Enzymes Shown to  Require Lysi

Modification with PLP

Enzyme Source

adenosine
t r ip ho sp ha tase

o r n i th in e  t r a n s -  
carbanylase

CoA-transferase

phospholipase A2

glutamate dehydro­
genase

f ru c to se  1 , 6 - 
diphosphate

r ib u lo s e  b i s -  
phosphate 
carboxylase

g l ucose-6 -phosphate 
dehydrogenase

phosphoribosyl
t r a n s fe r a s e

r a b b i t  sacroplasmic 
re t icu lum

human

E. co l i

B i t j s  gabonica 

bovine l i v e r

pig kidney

Rhodospir i ll  urn 
rubrum

keOGonostoc
mesenteroides

Salmonella
typhimurium

Residues, Envoived in Subs t ra te  o r  Cofactor  Binding, by

Buffer

MOPS

not given

MOPS

MOPS

phosphate

bora te

MOPS

phosphate

phosphate

Cofactor E f fe c to r  Subs t ra te

ATP

Pro tec t io n
Not
Done

GTP

AMP

carbamyl
phosphate

CoA

phospholipid

r ib u la s e
bisphosphate

glucose-6 -  — 
phosphate

5-phospho-
r i b o s y l - 1 -
pyrophosphate

Referen

93

55

42

91

94

95

96

97

98



Table 5 (cont inued) :  Enzymes Shown to  Require Lysine

Modification with PLP

Enzyme

r ib u lu s e
bisphosphate
carboxylase

ang io tens in

c h lo ro p la s t
coupling
f a c t o r

a la n in e  amino­
t r a n s f e r a s e

s e q u e n c e -  
s p e c i f i c  
endonuclease 
Bgl I

Source

spinach

r a b b i t  lung 

spinach

pig hea r t

B aci l lus
q lo b iq i i

Buffer

b ic ine

HEPES

t r i c i n e

Tris

phosphate

Residues, Envoived in Subs t ra te  o r  Cofactor  Binding, by

P ro tec t ion
Not

Cofactor E f fec to r  Subs t ra te  Done Referen

r ib u lo s e  — 99
b i s ­
phosphate

+ ‘ 52

ATP — 115

+ 116 

DNA — 117



This E • I complex formation i s  analogous to the E • S 

complex formed between an enzyme and a s u b s t r a t e  molecule. I f  

the  i n h i b i t o r  i s  b inding a t  the  a c t iv e  s i t e  p r i o r  to  the  chemical 

s tep  involving cova len t  l inkage  to  the  enzyme there  a re  t e s t a b l e  

k in e t i c  consequences. F i r s t ,  the  time dependent loss  of  c a t a l y t i c  

a c t i v i t y  should show f i r s t - o r d e r  k i n e t i c s  ( r a t h e r  than the 

second-order k i n e t i c s  expected from a simple bimolecular 

c o l l i s i o n  between p r o t e in s  and reagen t  f r e e  in s o lu t io n ) .  

Experimental ly , a semilog p lo t  of  the  percentage  of a c t i v i t y  

remaining versus time ( a t  a f ixed  co n cen tra t io n  of i n a c t iv a to r  

should y i e l d  da ta  f i t t i n g  a s t r a i g h t  l i n e .  The h a l f - l i f e  

( tg  5 ) f o r  i n a c t i v a t i o n  i s  r e l a t e d  to the  r a t e  constant  fo r  

in a c t iv a t io n  by the  express ion  tg  ^ = 0 .693/k  in a c t .  ( 1 .2 ) .

When the  experiment  i s  performed a t  severa l  f ixed  i n h ib i t o r  

co n ce n tra t io n s ,  a family  of  l i n e s  i s  obtained  (Fig.  18a),  pro­

ducing a s e r i e s  o f  r a t e  cons tan ts  of i n a c t i v a t i o n  (k i n a c t . )  

values.  Then a secondary rec ip ro ca l  p l o t  can be constructed  of  

1 /  k i n a c t .  versus  1 /  [ i n h i b i t o r ]  ( e s s e n t i a l l y  a Lineweaver- 

Burk p lo t  fo r  th e  i n a c t i v a t i o n  shown in Figure 18b), y ie ld in g  two 

important k in e t i c  parameters .  The v e r t i c a l  i n t e r c e p t  of  the  

rec ip roca l  p l o t  i s  1 /  k2 the  l im i t i n g  r a t e  cons tan t  f o r  i n a c t i ­

va to rs  ( the  observed i n a c t i v a t i o n  r a t e  i f  a l l  o f  the  enzyme is  

in  the  E • I complex). The physical  s i g n i f i c a n c e  of a f i n i t e  

v e r t i c a l  i n t e r c e p t  i s  t h a t  the  i n a c t i v a t i o n  shows s a tu ra t io n  

k in e t i c s  and v a l i d a t e s  the  idea t h a t  i n a c t i v a t i o n  occurs from
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Figure 18a.

Figure 18b.

A p l o t  o f  log o f  a c t i v i t y  remaining as a funct ion  

o f  time a t  a f ixed  concen tra t ion  of  i n h i b i t o r s .

A Lineweaver-Burk type p lo t  of  the  da ta  a t  several  

c o n ce n t ra t io n s  o f  i n h i b i t o r .
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prebound i n a c t i v a t o r .  The hor izon ta l  i n t e r c e p t  i s  - 1 /  Kj 

corresponding to  th e  d i s s o c i a t i o n  cons tan t  of  i n a c t i v a to r  from 

the  E • I complex, and thus providing some measure of  a f f i n i t y  

o f  i n a c t i v a t o r  f o r  enzyme (35, 38, 42, 98, 100, 106).

The Lineweaver-Burk type p lo t  used in t h i s  study (106) was 

o f  the  form shown in equat ion (1 .3 ) :

KtT T
1 /  k i n a c t .  = 1 A

_  (1.3)
0.693 [ I ]  0.693

where T i s  the  h a l f  t ime f o r  i n a c t i v a t i o n  a t  i n f i n i t e  concentra t ion  

of  I when a l l  o f  th e  enzyme i s  in  the  E • I complex and is  

equal to  0.693 /  k2 and Kj i s  the  d i s s o c i a t i o n  cons tan t  fo r  the 

E • I complex. The equat ion  could a l so  be c a s t  in the  Eadie- 

Hofstee p l o t ,  a somewhat l e s s - b i a s e d  p lo t  (108), to  give the 

following equat ion :

( k i n a c t .  ) 0.693
k i n a c t .  = -  K.j ( _________) +

where Kj and T a re  the  same as defined f o r  the  Lineweaver-Burk 

p lo t .

The o rd e r  o f  the  r e a c t io n  with r e s p e c t  to  the  i n h i b i t o r  can 

a l so  be found. The apparen t  f i r s t  o rder  r a t e  cons tan t  k app. 

i s  equal to  th e  t r u e  r a t e  con s tan t  f o r  i n a c t i v a t i o n  k in a c t ,  

m u l t ip l i e d  by the  c o n cen tra t io n  o f  i n h i b i t o r  to  the  n**1 power

[ I ]
(1.4)
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where n i s  the  o rder  o f  th e  r e a c t io n  with re sp ec t  to  I .  This 

i s  shown in the  fo l lowing equat ion :

kapp. = k i n a c t .  [ I ] n ( 1 . 5 )

and s ince  kapp = 0.693 /  t Q 5 then ,

1 /  t_  _ = k i n a c t .  [ I ] n
° - 5   (1 . 6 )

0.693

tak ing  the  log o f  both s id e s  o f  equation ( 1 . 6 ) we see t h a t ,

log (1 /  t  ) = n log [ I ]  + k' (1 .7)
0 . 5

hence a p lo t  o f  log (1 /  t Q 5 ) versus log [ I ]  w i l l  have a slope 

o f  n, the  o rder  o f  the  r e a c t io n  with r e sp ec t  to  I (35, 38, 48,

101, 104, 105, 107, 109).

A second k i n e t i c  t e s t  t h a t  one can apply to  the  time-dependent 

loss  o f  a c t i v i t y  i s  to  de termine whether the  ad d i t io n  o f  s u b s t r a t e  

or  competi t ive  i n h i b i t o r  r e t a r d s  the  r a t e  o f  i n a c t iv a t i o n  produced 

a t  a given con cen tra t io n  o f  th e  reagen t  as shown in Figure 19 .

This phenomenon o f  s u b s t r a t e  p ro te c t io n  a r i s e s  from a binding 

competi t ion between s u b s t r a t e  and i n a c t i v a t i o n  a t  the  enzyme's 

a c t iv e  s i t e .  To the  e x te n t  t h a t  s u b s t r a t e  draws o f f  enzyme 

molecules i n to  an ES complex a t  any given i n s t a n t ,  those  enzyme
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Figure 19 : A graph of percentage  a c t i v i t y  remaining as a 

func t ion  o f  exposure time to  i n h ib i to r  in  the  

presence and in the  absence o f  s u b s t r a t e .
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molecules cannot r e a c t  with I .  This i n a c c e s s i b i l i t y  lowers the  

c o n cen tra t io n  of  E a t  those  i n s t a n t s ;  a lower [E] means a slower 

observed r a t e  o f  formation o f  E • I and, t h e r e f o r e ,  o f  the  

i n a c t i v e  covalen t  E - I compound. However, the  formation o f  ES 

i s  r e v e r s i b l e  and S a l so  ge ts  used up, whereas cova len t  m odif i ­

c a t io n  to  E - I i s  i r r e v e r s i b l e ;  t h e r e f o r e ,  the  presence o f  

s u b s t r a t e  w i l l  r e t a r d  the  r a t e  of  c a t a l y t i c - a c t i v i t y  l o s s ,  but 

cannot completely  prevent  i t .  The scheme f o r  s u b s t r a t e  p ro tec t io n  

i s  shown as follows (38, 51, 77, 98, 100):

E e * I ------> E - I (1 .8)

5 It
ES

The d i s s o c i a t i o n  co n s tan t  o f  a p r o te c t in g  l igand may be 

measured from r a t e  of  i n a c t iv a t io n  da ta  (57, 102) using equation 

( 1 .9 ) :

k i n a c t .  -  k min. = ko - k min.

l + [s ]

Ks

where; k i n a c t .  i s  the  observed f i r s t  o rd e r  r a t e  c o n s t a n t ,  k min. 

i s  the  r a t e  con s tan t  a t  s a t u r a t in g  l e v e l s  o f  p ro te c t in g  l ig a n d ,  ko 

i s  th e  r a t e  co n s tan t  in  the  absence o f  l ig a n d s ,  [S] i s  the
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co ncen tra t ion  o f  p ro te c t in g  l igand and Ks i s  the  d i s s o c i a t i o n

co n s tan t  f o r  the  enzyme-1 igand complex.

To determine i f  the  covalen t  binding o f  I t o  E causes a

conformational change in  E, one can modify 50% o f  a popula t ion

o f  E molecules with I .  This i s  the  same as removing 50% o f  the

E molecules.  I f  th e re  i s  no conformation change on m odif ica t ion
%

with I the  fo r  s u b s t r a t e  o f  the  unmodified and the  50%

modified populat ion o f  E w i l l  be the  same. The V o f  the
max

50% modified E populat ion  w il l  be roughly h a l f  t h a t  o f  the  n a t iv e  

enzyme populat ion (31, 48, 101, 103, 105, 108).

The second o rder  r a t e  cons tan t  f o r  the  b imolecu lar  a d d i t io n  

o f  an i r r e v e r s i b l e  i n h i b i t o r  may be obtained  from the  s lope  o f  

a p l o t  o f  k in a c t .  versus the  concen tra t ion  o f  i n h i b i t o r  shown 

in equation (2 . 0 ).

k i n a c t .  = k2 [ I ] n (2 . 0 )

where; k i n a c t .  i s  th e  f i r s t  o rder  r a t e  c o n s ta n t  f o r  the  i n a c t i v a t o r ,  

k2 i s  the  ove ra l l  second o rder  r a t e  c o n s ta n t ,  and [ I ]  i s  the  

co ncen tra t ion  o f  i n h i b i t o r .

S ig n i f icance  o f  r e s e a r c h :

The purpose o f  t h i s  resea rch  i s :



1. To f u r t h e r  p u r i f y  urogen I synthase from wheat germ.

2. To s tudy the  e f f e c t s  o f  i n h ib i t o r s  s p e c i f i c  f o r  c e r t a i n  

amino ac id  re s id u e s  on the  a c t i v i t y  o f  urogen I 

synthase .

3. To a s c e r t a i n  which res idues  a re  e s s e n t i a l  f o r  enzymatic 

a c t i v i t y .

4. To determine i f  the  i n h ib i t i o n  follows s a tu r a t io n  

k i n e t i c s .

5. To lea rn  i f  th e  i n h i b i t o r s  a re  a c t in g  on a c t iv e  s i t e  

re s id u es  by p r o te c t io n  experiments with s u b s t r a t e  and 

competi t ive  i n h i b i t o r s .

6 . To determine i f  the  res idue  i s  funct ion ing  in binding or  

c a t a l y s i s .

Such a study o f  th e  a c t iv e  s i t e  o f  urogen I synthase  w i l l  

hopefu l ly  c o n t r ib u te  to  an e lu c id a t io n  of  the  mechanism of  

t e t r am e rz a t io n  o f  PBG to  a l i n e a r  t e t r a p y r r o l e  or  urogen I .
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METHODS AND MATERIALS

Reagents:

PBG was purchased from Porphyrin Products (Logan, Utah) 

and Sigma (S t .  Louis , Mo.) Butanedione and p-aminobenzalde- 

hyde were purchased from Aldrich Chemical Co. (Milwaukee, Wi.).  

Wheat germ, ovalbumin, horse h e a r t  cytochrome C, a-chymotryp- . 

sinogen A, bovine serum albumin, phenylglyoxal and pyr idoxal- 

5 ' -phosphate  were a l s o  obtained from Sigma (St .  Louis,  Mo.).

Acrylamide was obtained  from Bio-Rad Labora tor ies  (Richmond, 

Ca..). N, N '-m ethy lene-b is -acry lam ide;  N, N, N1, N ' - t e t r a -  

methylethylenediamine ammonium p e r s u l f a t e ;  and Comassie 

B r i l l i a n t  Blue were from Eastman Chemicals (Rochester ,  N.Y.).

All o th e r  chemicals were reagen t  grade or b e t t e r ,  obtained 

from s tandard  s u p p l i e r s .

DEAE-cellulose, A f f i -g e l  501 and P ro te in  Assay Reagent 

were purchased from Bio-Rad Labora to r ies  (Richmond, Ca.) .

Sephadex G-100 and Sephacryl-200 were purchased from Pharmacia 

(Piscataway, N . J . ) .

E lec t ro p h o res is  was done using a Buchler ( S c i e n t i f i c  

Products ,  Edison,  N .J . )  Po lyana lys t  E lec t rophores is  chamber 

and a Buchler  D.C. Power supply model number 3-1500.

77



Spectrophotometeric  measurements were made using the  Cary 15
V

and Zeiss M4QIII spectrophotometers .  FluorOmetric measurements 

were made with the  Perkin-Elmer MPF-2A spec t ro f luorom ete r .

Column chromatography was done using a LKB U l t ra rac  7000 

f r a c t i o n  c o l l e c t o r  with an LKB Uvicord I I I  UV d e te c to r .

C en tr i fuga t ion  was done using a Beckman Model J-21 

c e n t r i f u g e .

PH measurements were made with corning Model 7, Corning 

Model 12 and Radiometer Model 26 (Copenhagen), pH meters .

Pro te in  was determined by the  method o f  Lowry (111) using 

bovine serum albumin as the  s tandard  or  by measuring the 

absorbance a t  280 nm o r  by using the  Bio-Rad Pro te in  Assay 

m ix ture ,  using the  p ro te in  s tandard  supplied  with the  k i t  (B6 G, 

bovine y g lobu l in )  as th e  s tandard  (Bio-Rad Laboratory, Richmond, 

Ca.) .  When a microassay procedure was used f o r  l e s s  than 5 yg 

o f  p r o t e in ,  the  dye c o n c e n t r a te ,  0 . 2  ml was added to  samples 

o f  0 .8  ml. The 0D a t  595 nm was read 5 minutes to 1 hour a f t e r  

mixing.

Polyacrylamide d-isc gel e le c t ro p h o re s i s  was performed using 

the  method o f  Davis (112).
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Synthesis  of  2-carboxyethyl -3 -e thy lca rboxyethy l  -4-methylcarbox.yeth.y1 -

5-carbox.ypyrrole.

The p re c u r so r  o f  OPDC 2 -ca rboxye thy l -3 -e thy lca rboxye thy l -4 -  

m ethylcarboxyethyl-5-carboxypyrrole  (123), was generously 

suppl ied  by D. F. McDonald. I t  was converted to  OPDC as fo l lows:  

1 0 0  mg was d isso lved  in 0 . 6  ml o f  1 0 % sodium hydroxide in a 

2 0  mm tube,  frozen in a dry i ce -ace to ne  ba th ,  f lushed with 

argon and sealed  under vacuum. I t  was then heated in an oven 

f o r  2 hours a t  175 - 178°C. The tube was f rozen ,  opened and 

taken up in 6 ml of  water .  The m ater ia l  was pH ad jus ted  to

3.1 with 2N HC1. I t  was l y o p h i l i z e d  then ex t ra c ted  with e th e r .

The e th e r  e x t r a c t  was concen tra ted  and the  res idue  was c r y s t a l l i z e d  

from hexane, 83 mg of  OPDC having a melt ing po in t  o f  129 - 131°C 

was obtained.

Enzyme a s sa y :

Urogen I synthase a c t i v i t y  was measured by assaying fo r  

PBG consumption and urogen formation.  Incubation mixtures 

contained 1.0 ml o f  enzyme p re p a r a t io n ,  3.5  ml o f  the  a p p ro p r ia te  

b u f fe r  (0.05 M b o ra te ,  pH 8 .2 ;  o r  0 .2  M b ica rb on a te ,  pH 8 .2 ;  or 

0.075 M or  0.033 M phosphate, pH 8 .2 ;  o r  0.1 M T r i s ,  pH 8 .2 )

0.50 ml of  0.001 M EDTA and 0.1 ml o f  PBG (0 .2  mg /  ml o f  the
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ap p ro p r ia te  assay b u f f e r ) .  The PBG co n ce n tra t io n  was measured 

a f t e r  incubation o f  the  enzyme plus PBG a t  37°C. The modified 

Ehr l ich  reagent  o f  Mauzerall and Granick (113) ,  (2g o f  p- 

dimethylaminobenzaldehyde added to  84 ml o f  g l a c i a l  a c e t i c  

ac id  and 16 ml o f  p e rc h lo r ic  ac id )  was used to  measure the  PBG 

co n cen t ra t io n .  Equal volumes o f  aqueous so lu t io n  and Ehrlich  

reagen t  were mixed and the co lo r  was allowed to  develop f o r  15 

minutes.  Then the o p t ic a l  d e n s i ty  a t  553 nm (E = 5.77 x 10^ 

l i t e r  /  mol - cm) was d e te rm ined . - Urogen con cen tra t io n  was 

determined by the  method of  Jordan and Shemin (114). Equal 

volumes o f  aqueous s o lu t io n  and IN HC1 s o lu t io n  conta in ing  

0.01% iodine  a re  mixed. A f te r  10 minutes in the  dark ,  ox ida t ion  

o f  urogen to  uroporphyrin  i s  complete. The o p t i c a l  d e n s i ty  

i s  then measured a t  405 nm (E = 5.41 x 10^ l i t e r s  /  mole - cm), 

a f t e r  the  ad d i t io n  o f  a few c r y s t a l s  o f  t h i o s u l f a t e  as needed, 

to  bind to any excess iod ine .  A microassay was used to  measure 

enzymatic a c t i v i t y  in f r a c t i o n s  c o l l e c t e d  from a column as 

fo l low s:  1 0 0  yl of  the  f r a c t io n  to  be assayed was mixed with

25 yl of  a PBG so lu t io n  (0.2 mg /  ml). The tube was s toppered 

and incubated a t  37°C. The assay tubes were eva lua ted  when 

f lu o rescence  appeared under the  UV l i g h t  in  the  contro l  prepared 

from crude sample. The e lu t io n  p r o f i l e  was obta ined  by adding 

25 yl o f  iodine  reagen t  to  50 yl of  th e  assay mixture  and 350 yl 

o f  b u f f e r  fo r  1 0  minutes and then reading  the  i n t e n s i t y  o f  

f luo rescence  a t  598 nm in  the  sp e c t r o f lu o r im e te r  with e x c i t a t i o n
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a t  410 nm. Or the  e lu t i o n  p r o f i l e  could be measured by ab­

so rp t io n  spectroscopy.  To th e  125 yl assay mixture  200 yl 

o f  iod ine  reagen t  was added. A f te r  10 minutes the  0D a t  405 nm
C

was measured, using E = 5.41 x 10a l i t e r s  /  mole - cm.

Enzyme p u r i f i c a t i o n ;

Urogen I synthase  f r a c t i o n  "B" p r e c i p i t a t e  was prepared by 

the  method o f  Bogorad (3) .

All p rep a ra t iv e  ope ra t ions  inc lud ing  c e n t r i f u g a t io n  and 

column chromatography were conducted a t  4°C. Wheat germ (250 

gm.) was e x t ra c te d  with 1 l i t e r  o f  cold d i s t i l l e d  water f o r  

30 minutes ,  with continuous mechanical s t i r r i n g .  This was 

followed by c e n t r i f u g a t io n  o f  the  s l u r r y  a t  15,000 x g f o r  2 0  

minutes.  The sediment was d iscarded  and the  supe rna tan t  f l u i d  

was c o l l e c t e d  a f t e r  f i l t r a t i o n  through cheese c lo th  to  remove 

most o f  the  f a t t y  l a y e r  which s e p a ra te s  ou t .  Glacial  a c e t i c  

ac id  was then added, drop by drop with c o n s tan t  s t i r r i n g  to  

a d ju s t  to pH 5. A Corning Model 7 pH meter  was used to  monitor 

the  pH. A f te r  30 minutes in the  c o ld ,  the  m ater ia l  was c e n t r i ­

fuged fo r  20 minutes ,  a t  15,000 x g and the  sediment was d i s ­

carded and the  su p e rna tan t  f l u i d  was c o l l e c t e d .  Next, so l id  

ammonium s u l f a t e  (21.18 gm per 1 0 0  ml o f  f l u i d )  was added 

to  the  supe rna tan t  f l u i d  slowly while  i t  was s t i r r e d  mechanical ly .
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A fte r  30 minutes ,  the  suspension was c e n t r i f u g e d ,  and the  super­

n a ta n t  f l u i d  was c o l l e c t e d .  The sediment ( f r a c t i o n  A) was 

d iscarded  a f t e r  one washing with ammonium s u l f a t e  so lu t io n  

(21.18 gm per 100 ml).  To the  combined supe rna tan t  f l u i d  and

wash of f r a c t io n  A was added s o l i d  ammonium s u l f a t e  (7.06 gm

per 1 0 0  ml of f l u id )  and the  procedure descr ibed  above was 

repeated  with the  exception t h a t  an ammonium s u l f a t e  so lu t io n  

conta in ing  28.24 gm o f  ammonium s u l f a t e  per  100 ml was used fo r  

the  washing.

This p r e c i p i t a t e  ( f r a c t i o n  B), which con ta ins  both urogen I 

synthase  and cosynthase ,  was then suspended in a minimal amount 

of cold d i s t i l l e d  water and d ia lyzed  a g a in s t  2 0 0  volumes of 

d i s t i l l e d  water a t  4°C fo r  4 hours.

The d i a ly s a te  was then h e a t - t r e a t e d  by heat ing  a t  55°C

f o r  15 minutes with g en t le  s t i r r i n g .  The suspension was c e n t r i ­

fuged a t  15,000 x g f o r  30 minutes.  The p r e c i p i t a t e  con ta in ing  

the  heat  l a b i l e  cosynthase was d iscarded .

Chromatography on mercuriphenylagarose was used to  f u r t h e r  

p u r i fy  the  enzyme (112).  Typ ica l ly  10 ml of  h e a t - t r e a t e d  

enzyme (9 mg of  p ro te in  /  ml) was mixed with 15 ml of  A f f i -  

gel 501 (mercurphenylagarose) which had been washed th re e  times 

with 45 ml of 0.075 M T r is  b u f fe r  pH 8 .0 .  The mixture was 

s t i r r e d  a t  toom temperature  fo r  1 0  minutes with a g la s s  rod and 

then poured in to  a chromatography column (1 .5  x 20 cm) and 

was e lu ted  with the  same buf fe r  u n t i l  the  0 D a t  280

82



in d ic a te d  no more p ro te in  was being e lu ted  from the  column.

A la rg e  amount o f  p ro te in  and the  yellow-brown c o lo r  o f  the  

crude mixture  was removed in t h i s  s tep .  A l i n e a r  g r a d ie n t  of  

T r i s  b u f f e r  (0.075 M, pH 8 . 0 ) ,  con ta in ing  0.001M EDTA and the  

same b u f fe r  with 0.02 M mercaptoethanol was s t a r t e d  and f r a c t i o n s  

o f  3 .3  ml were c o l l e c t e d .  The f r a c t io n s  were assayed using 

the  microassay descr ibed  in the  enzyme assay s e c t i o n .  Active 

f r a c t i o n s  were pooled and s to red  a t  -70°C f o r  long term 

s to ra g e ,  o therwise  the  enzyme was s to red  a t  -20°C.

A ff i -ge l  501 can be regenera ted  by washing f i r s t  with 

10 mM HgCl2 » 20 mM EDTA in 50 mM sodium a c e t a t e ,  pH 4 .8 .

Excess HgCl^ i s  removed by washing the gel with 0 .2  M NaCl,

1 mM EDTA in 50 mM sodium a c e ta t e  a t  pH 5 .0 .  I t  i s  important  

to  avoid in t roduc ing  phosphate ions during re g e n e ra t io n  o f  the  

g e l .

Next, DEAE c e l lu l o s e  column chromatography was used. In a 

ty p ic a l  run ,  a sample of  enzyme ( 6  mg o f  p ro te in  /  5 m l) was 

d ia lyzed  a g a in s t  25% g ly c e ro l ,  10 mM mercaptoethanol  in 0.02 M 

phosphate b u f f e r  pH 7 .9  a t  4°C overn igh t .  The sample was put 

on a column ( 1 x 7  cm) and e lu ted  with a l i n e a r  g r a d i e n t  of  

0 -  0 .4  M KCl in the  same b u f fe r .  A c t iv i ty  e lu te d  in one 

peak a t  0.13 M KCl. The f r a c t io n s  were assayed f o r  p ro te in  

using the  microassay procedure descr ibed in the  r eag en ts  s e c t io n .  

The f r a c t i o n s  were assayed f o r  enzymatic a c t i v i t y  using the  

microassay descr ibed  in the  enzyme assay s e c t i o n .  The a c t iv e
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p ro te in s  were s to red  a t  -20°C.

Analy t ica l  polyacrylamide d i sc  ge ls  (112), 7.5% acrylamide 

pH 8 .5 ,  o f  th e  a c t iv e  tubes from DEAE c e l lu l o s e  chromatography 

were s l i c e d  lengthwise .  One h a l f  was s l i c e d  in 0 .5  cm s l i c e s ,  

and each s l i c e  was incubated with 25 pi o f  PBG (0 .2  mg /  ml) 

in 0.75 M T r is  pH 8 .0  a t  37°C fo r  5 hours and evaluated  f o r  

pink f lu o rescence ,  due to porphyrin format ion ,  under a UV lamp. 

The o th e r  h a l f  o f  the  gel was s ta in e d  f o r  p ro te in  with Coomassie 

B r i l l i a n t  Blue.

C a l ib ra ted  Sephadex 6-100 column chromatography:

One ml o f  F rac t ion  "B" enzyme c a r r i e d  through the  hea t -  

d e n a tu ra t io n  s tep  (12.4 mg p ro te in  /  ml, s p e c i f i c  a c t i v i t y  2.87 

nanomoles PBG consumed /  hr  /  mg p r o te in )  or 1 ml of  f r a c t i o n  

"B" m ater ia l  which was r e p r e c i p i t a t e d  with ammonium s u l f a t e  

(5 .4  mg p ro te in  /  ml, s p e c i f i c  a c t i v i t y  20.1 nanomoles urogen /  

mg /  hr)  the  34-55% p r e c i p i t a t e  a f t e r  d i a l y s i s  a g a in s t  4 l i t e r s  

o f  water  were app l ied  to  a Sephadex G-100 column (36 cm x 2 .6  cm) 

a t  a flow r a t e  o f  1.32 ml /  minute. The e lu t io n  b u f fe r  was 

0.1 M T r is  pH 8 .2 .  F rac t ions  o f  4 .3  ml were c o l l e c t e d .  The 

molecular  weight s tandards  were made as fo l lows:  (A) horse

h e a r t  cytochrome C (MW 12,384) 25 mg plus egg albumin (MW 45,000) 

20 mg were d isso lved  in  1.25 ml o f  0.1 M T r is  pH 8 .2  and
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a pp l ied  to  the  Sephadex G-100 column. (B) a-chymotrypsinogen

A (MW 25,000) 15 mg was d isso lved  in 1.25 ml o f  0.1 M T r is  pH

8 .2  and app l ied  to  th e  Sephadex G-100 column. The column was

c a l i b r a t e d  before  and a f t e r  enzyme samples were put on and

average values o f  K were used. The molecular weight was
av

determined from the  graph o f  Kail VS log molecular weight.
a  V

C al ib ra ted  Sephacryl 200 column chromatography:

F rac t ion  "B" enzyme which was c a r r i e d  through the  heat  

d e n a tu ra t io n  s te p  and chromatography on mercuriphenyl agarose 

was chromatographed on a Sephacryl 200 column. 3.5 ml o f  

enzyme (5 mg p r o t e in ,  s p e c i f i c  a c t i v i t y  36.8 nmol urogen /  mg/ 

h r)  was app l ied  to  a Sephacryl 200 column (63 cm x 1.5 cm) and 

e lu ted  with 0.075 M T r is  pH 8 .2 ,  con ta in ing  10 mM mercaptoethanol 

a t  a flow r a t e  o f  0.81 ml /  minute. F rac t ions  o f  3.96 ml 

were c o l l e c t e d .  The molecular  weight s tandards  were made as 

fo l lows:  (A) ovalbumin (MW 45,000) 5 mg and horse h e a r t

ctyochrome-C (MW 12,384) 5 mg were d isso lved  in 2 ml o f  0.075 M 

T r is  pH 8 .2  and app l ied  to  the  column; (B) bovine serum albumin 

(MW 67,000) 5 mg and bovine pancreas a-chymotrypsinogen A, 5 mg 

were d isso lved  in 2 ml o f  0.075 M T r is  pH 8.2  and app l ied  to  

the  column. The molecular  weight was determined from a graph 

o f  KflV VS log molecular  weight.
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I n h ib i t i o n  S tud ies :

A. Butandipne.

BD so lu t io n s  were prepared j u s t  before use. BD was d isso lved  

in 50 mM bora te  b u f f e r  and pH ad jus ted  to  8 .2  using so l id  

sodium hydroxide.  M odif ica t ion  o f  urogen I synthase  ( f r a c t io n  

"B" c a r r i e d  through th e  heat  den a tu ra t ion  s tep )  was c a r r i e d  out  

a t  25°C in a f in a l  volume o f  8 .0  ml con ta in ing  5 ml o f  enzyme 

p rep a ra t io n  ( t y p i c a l l y  con ta in ing  12.4 mg p ro te in  /  ml, s p e c i f i c  

a c t i v i t y  2.87 nanomoles PBG consumed /  hr /  mg p ro te in )  50 mM 

b o ra te  b u f f e r ,  pH 8 .2  and co ncen tra t ions  of  BD ranging from 

0 - 100 mM. Aliquots  (1 .4  ml) were removed a f t e r  incubation 

from 0 - 1 5 0  minutes ,  c h i l l e d  to  4°C and dia lyzed  overnight  a t  

4°C a g a i n s t  50 mM b ora te  b u f f e r ,  pH 8 .2 .  D ia ly sa te ,  1 ml, 

was assayed f o r  PBG consumption and urogen formation,  as descr ibed  

in enzyme assay .  As a c o n t r o l ,  enzyme without BD was t r e a t e d  in 

the  same manner f o r  the  longes t  incubat ion  time and f o r  zero 

incuba t ion  time and then assayed.

The a b i l i t y  of  th e  s u b s t r a t e  PBG to p ro te c t  the  enzyme 

a g a in s t  BD m odif ica t ion  in 0.05 M bora te  pH 8 .2  was t e s t e d .

PBG a t  a f i n a l  co ncen t ra t io n  o f  80 yM was added to  the  m odif ica t ion  

mixture j u s t  before  th e  a d d i t io n  o f  BD (10 mM). Aliquots  

(1 .6  ml) were removed a t  va r ious  times and dialyzed  f o r  24 hours 

a t  4°C a g a i n s t  one o r  more changes o f  50 mM bora te  b u f fe r  pH 8 .2 ,
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before  th e  enzyme was assayed.  I t  was, however, impossible  to  

remove a l l  o f  the  porphyrin .  This was co rrec ted  f o r  in the  

urogen assay  by s u b t r a c t in g  the  i n i t i a l  concen tra t ion  o f  

porphyrin from the  f i n a l  concen tra t ion  of  porphyrin.

When the  a b i l i t y  o f  the  competi t ive  i n h i b i t o r  OPDC to  

prevent  i n h i b i t i o n  by BD (10 mM) was determined,  5.3 mg o f  

OPDC was added to  the  m od if ica t ion  r e a c t io n  mixture 10 minutes 

before  th e  a d d i t io n  o f  BD, and pH was ad jus ted  to  8 .2  using s o l i d  

sodium hydroxide.  The f in a l  concen tra t ion  o f  OPDC was 2.24 mM. 

Modif ica tion o f  urogen I synthase  ( f r a c t i o n  "B" c a r r i e d  through 

heat  d en a tu ra t io n  and chromatography on mercuriphenylagaro.se) 

was c a r r i e d  out  a t  37°C in a f i n a l  volume o f  12.0 ml, con ta in ing  

1 0  ml o f  enzyme p rep a ra t io n  (0.81 mg p ro te in  /  ml, s p e c i f i c  

a c i t i v i t y  157 nmol urogen formed /  hr  /  mg p ro te in )  in 50 mM 

b ora te  pH 8 .2 .  A l iquots  o f  1 .8  ml each were removed a f t e r  

incubat ion  a t  37°C a t  var ious  t im es ,  c h i l l e d  to 4°C and d ia lyzed  

fo r  22 hours a g a in s t  four  changes o f  50 mM bora te  pH 8 .2  a t  

4°C. The enzyme was assayed as descr ibed  above.

Kinetic  parameters were obtained  using a f r a c t i o n  "B" 

enzyme p rep a ra t io n  which had been c a r r i e d  through the  heat  

d e n a tu ra t io n  s te p  (12.4 mg p ro te in  /  m] s p e c i f i c  a c t i v i t y  2.87 nmol 

PBG consumed /  hr  /  mg p r o t e i n ) .  Unmodified enzyme and enzyme 

which had.been t r e a t e d  with 25 mM BD f o r  1 hour a t  25°C were 

both d ia lyzed  o v e rn ig h t  a t  4°C a g a in s t  50 mM bora te  pH 8 .2 ,  

and used. PBG co n ce n t ra t io n s  o f  25 yM through 145 yM were used
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in  se p a ra te  incubat ion  m ix tu res .  Least  squares a n a ly s i s  o f  

da ta  gave k i n e t i c  parameters with c o r r e l a t i o n  c o e f f i c i e n t s  

g r e a t e r  than 0 .97 .

B. Phen.ylglyoxal.

P60 so lu t io n s  were made j u s t  before  use in e i t h e r  50 mM 

b o ra te  pH 8 .2  o r  0 .2  M b ica rbonate  and ad jus ted  to  pH 8,2  with 

concen tra ted  HC1.

Modif ica t ion  o f  urogen I synthase  ( f r a c t i o n  "B" c a r r i e d  

through heat  d e n a tu ra t io n  and chromatography on mercuriphenyl - 

agarose)  was c a r r i e d  out  a t  37°C in a f i n a l  volume Of 14 ml 

con ta in ing  10 ml o f  enzyme p r e p a ra t io n ,  50 mM borate  b u f f e r ,  

pH 8 .2  and con ce n tra t io n s  o f  PG0 ranging from 0 - 5 0  mM.

Aliquots  o f  2 .0  ml were removed a t  i n t e r v a l s  between 0 - 9 0  

minutes and app l ied  to  a G-25 column (15 x 1.5 cm) e q u i l i b r a t e d ,  

and e lu ted  with 50 mM b o r a t e ,  pH 8 .2 .  The modified enzyme 

(1 .0  ml) was assayed as descr ibed  above. As a c o n t r o l ,  enzyme 

without  PG0 was t r e a t e d  in the  same way f o r  the  longes t  incu ­

b a t ion  time and a t  zero  time and passed over the  same G-25 column 

and then assayed.

Urogen I synthase  ( f r a c t i o n  "B" c a r r i e d  through heat  

d e n a tu ra t io n  s te p  and chromatography on mercuriphenyl agarose)  

was a l s o  modified in 0.2M b ica rbonate  -0.1 M carbonate b u f fe r  

pH 8 .2 .  M odif ica t ion  was c a r r i e d  out  a t  37°C in a f i n a l  volume
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o f  11.0 ml con ta in ing  7.7 ml o f  enzyme p re p a ra t io n ,  0 .2 M 

bica rbonate  pH 8 .2 ,  and concen tra t ion s  o f  PGO ranging from 

0 - 4 mM. Aliquots  o f  1.5  ml were withdrawn and p ip e t t e d  in to  

10 mg o f  sodium borohydride,  to  reduce the  un t rea ted  PGO.

The so lu t io n s  were c h i l l e d  to  4°C and pH ad jus ted  to 8 .2  and 

assayed. As a c o n t r o l ,  enzyme incubated without  PGO was t r e a te d  

in the  same way f o r  th e  lo n g es t  time in te r v a l  and fo r  zero 

time and then assayed.

When the  a b i l i t y  o f  the  competi t ive  i n h i b i t o r ,  OPDC, to 

prevent  i n h i b i t i o n  by PGO was determined,OPDC (concen tra t ions  

ranging from 0.11 to  8 .4  mM) was added to  the  modif ica t ion  

rea c t io n  mixture  10 min before  the  a d d i t io n  o f  PGO (concen tra t ion  

ranging from 2 .9  to  4 .0  mM). The m od if ica t ion  (of  f r a c t io n  

"B" enzyme c a r r i e d  through heat  den a tu ra t io n  and chromatography 

on mercuriphenyl agarose  and d i a l y s i s  f o r  12 hours a g a in s t  th ree  

changes o f  0 .2  M b ica rbona te  pH 8 .2  a t  4°C) was c a r r i e d  out 

a t  37°C in a f i n a l  volume o f  13.0 ml con ta in ing  12.0 ml of 

enzyme p rep a ra t io n  ( t y p i c a l l y  con ta in ing  0.77 mg of  p r o t e in ,  

s p e c i f i c  a c t i v i t y  4.62 nanomoles o f  urogen formed /  hr /  mg of  

p ro te in )  in 0 .2  M b ica rbona te  -0,1 M carbonate  pH 8 .2 ,

When urogen I syn thase  was modified by PGO in b icarbonate  

b u f fe r  th e  enzyme was assayed as fo l lows:  0.1 ml o f  PBG

so lu t io n  (0 .2  mg /  ml) was added to  1 .5  ml a l i q u o t s  and incubated 

f o r  four  hours a t  37°C. Appearance o f  urogen and lo ss  o f  PBG 

were measured as desc r ibed  above.
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C. P .y r id o x a l-5 * - p h o s p h a t e .

PLP so lu t io n s  were prepared j u s t  before use in 0.075 M 

phosphate b u f f e r ,  pH 8 .2 .  Modif ica tion of urogen I synthase 

( f r a c t i o n  "B" c a r r i e d  through heat  dena tu ra t io n )  was c a r r i e d  out 

a t  37°C in 0.075 M phosphate pH 8.2  in  a t o t a l  volume of 20 ml, 

con ta in ing  3.5 ml of  enzyme (6 .2  mg / m l ,  s p e c i f i c  a c t i v i t y  2.87 

nmol PBG consumed /  hr  /  mg p ro te in )  PLP concentra t ions  ranged 

from 0 to  25 mM. Aliquots  of 2.75 ml were removed a t  various 

time in te r v a l s  and added to  10 mg of sodium borohydride. The sodium 

borohydride reduces any S c h i f f  base formed, prevents reversa l  of  the  

r e a c t io n  and reduces any unreacted PLP. Then 50 yl of PBG (0.21 mg /  

ml) was added to  each a l i q u o t  and the  sample was incubated a t  37°C 

fo r  4 hours. Al iquots  were removed and assayed fo r  PBG consumption 

and porphyrin formation as descr ibed  above. As a c o n t r o l ,  enzyme 

without PLP was t r e a t e d  in the  same way fo r  the  longes t  incubation 

time and a lso  zero time and then assayed.

When p ro te c t io n  by PBG was done, PBG a t  a f i n a l  concen tra t ion

of  80 ym was added to  the  r e a c t io n  mixture  10 minutes p r io r  

to  the  add i t ion  of  PLP. Aliquots  of 2.75 ml were removed a t  

various times and added to  tubes conta in ing  10 mg of sodium

borohydride. The samples were then d ia lyzed  a g a in s t  0.075 M

phosphate pH 8.2 a t  4°C f o r  24 hours and then assayed f o r  PBG 

consumption and porphyrin formation as descr ibed  above.
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D. Formaldehyde.

Modification o f  urogen I synthase ( f r a c t i o n  "B" c a r r i e d  

through the  heat  d e n a tu ra t io n  s te p )  was c a r r i e d  out  a t  37°C 

in a f in a l  volume o f  1.2 ml con ta in ing  0.7 ml o f  enzyme (34.1 

mg /  ml, s p e c i f i c  a c t i v i t y  2.87 nmol PBG consumed /  hr /  mg 

p ro te in )  0.5 ml o f  0,033 M phosphate pH 8 .2  and formaldehyde 

a t  a f in a l  con cen tra t io n  o f  e i t h e r  66 mM o r  96 mM. The tubes 

were incubated a t  37°C f o r  var ious  times between 0 and 50 

minutes and then each tube was c h i l l e d  to  0°C and 20 yl of  

1 .0  M sodium borohydride s o lu t io n  was added. The sodium 

borohydride was added to  r e d u c t iv e ly  a lk y l a t e  ly s in e  amino 

groups and to  reduce unreacted  formaldehyde. The sample 

was then d ia lyzed  f o r  24 hours a t  4°C a g a in s t  0.033 M phosphate 

pH 8 .2  and assayed f o r  PBG consumption and porphyrin formation 

as descr ibed above. Contro ls  were t r e a t e d  in the  same way 

except t h a t  formaldehyde was omit ted from th e  incubat ion  

mixture.
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RESULTS

Enz.yme p u r i f i c a t i o n ;

Fract ion  "B" enzyme (2 ) ,  which was d ia ly sed  to  remove the 

ammonium s u l f a t e  and then heat -dena tu red ,  was app l ied  to  a 

mercuriphenyl agarose column (114), as descr ibed  in  Appendix I .  

Elut ion with a mercaptoethanol g rad ie n t  e lu ted  one major p ro te in  

peak. The f r a c t io n s  were assayed fo r  enzymatic a c t i v i t y  by 

adding PBG to  a l iq u o ts  of the  individual  f r a c t i o n s .  The a c t i v i t y  

and e lu t io n  p r o f i l e s  appear in Figure 20. A la rg e  amount of 

non-enzyme p ro te in  was removed. Recovery of  a c t i v i t y  was 42%.

Active f r a c t i o n s  of mercuriphenyl agarose were p u r i f i e d  f u r t h e r  

by DEAE-cellulose chromatography in 25% glycero l  and 10 mM 

mercaptoethanol.  The enzyme was e lu ted  with a l i n e a r  KCl g rad ien t  

of 0 to  0 .4  M KCl. The a c t i v i t y  and e lu t i o n  p r o f i l e s  appear in 

Figure 21. The low amount of p ro te in  in each tube ( l e s s  than 5yg) 

requ ired  a m ic ro -pro te in  assay.  The microassay was l i n e a r  over 

the  concen tra t ion  range used, as can be seen from Figure 22.

Analy t ica l  polyacrylamide gels  of  the  most a c t iv e  f r a c t io n  

showed a p ro te in  band a t  Rp 0.39 (using the  m o b i l i ty  of  bromphenol 

blue as re fe rence)  and a f a i n t  p ro te in  band a t  Rp 0 .33 .  The former 

band was the  only one with enzymatic a c t i v i t y .  The p u r i f i c a i t o n  

scheme i s  p resented  in Table 6.
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Figure 20: Typical e lu t i o n  p r o f i l e  or urogen I synthase on an

A ff i -ge l  501 column:

•  r e l a t i v e  0D a t  280 nm;

A nanomoles o f  urogen formed in 1 hour a t  37°C.

The enzyme was e lu ted  with a l i n e a r  g rad ie n t  o f  

mercaptoethanol (0 - 20 mM). The g rad ien t  was 

s t a r t e d  a t  f r a c t i o n  number 30.
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Figure 21: Elut ion p r o f i l e  o f  urogen I synthase  on a DEAE - 

c e l l u l o s e  column:

•  r e l a t i v e  OD a t  280 nm;

▲ nanomoles o f  urogen formed a t  37°C per hour per 

mg o f  p r o t e in .

The enzyme was e lu ted  with a l i n e a r  g ra d ie n t  of  

0 to 0.4 M KCl. The g ra d ie n t  was s t a r t e d  a t  

f r a c t io n  number 30 (shown with an arrow).
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Figure 22 : A p lo t  o f  the  OD a t  595 versus yg o f  p ro te in  in 

s tandards used in a micro-Biorad p ro te in  assay .
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T a b le  6: P u r i f i c a t i o n  o f  Wheat Germ Urogen I S yn thase

Total  Spec i f ic  Total
Pro te in  (mg) A c t iv i ty  * Units % Recovery Fold P u r i f i c a t io n

Frac t ion  B 936 6 . 1 5,715 1 0 0 1

H eat - t rea ted 163 25 3,995 70 * 4

A ff i -ge l  501 8.47 2 0 0 1,680 29 33

DEAE-cellulose 0.0095 2,166 21 0.4 355

♦Spec if ic  a c t i v i t y  i s  expressed as the  nanomoles o f  urogen formed a t  37°C per hour per  mg o f  p ro te in



Gel f i l t r a t i o n  o f  d i f f e r e n t  enzyme p r e p a r a t i o n s :

Frac t ion  "B" enzyme which was heat-dena tured  showed two 

peaks o f  enzymatic a c t i v i t y  of  molecular  weights 30, 850 + 2,700 

and 40, 538 + 2,700 dal tons on Sephadex G-100, as shown in 

Figure 23. When the  heat  denatured p repa ra t ion  was r e f r a c t i o n a t e d  

with ammonium s u l f a t e  as  descr ibed  in the  methods s e c t i o n ,  only 

one peak o f  enzymatic a c t i v i t y  was found, which had a molecular 

weight o f  40,346 + 2 , 7 0 0  d a l to n s ,  on Sephadex G-100 (shown in 

Figure 24).

Frac t ion  "B" enzyme which was c a r r i e d  through the  heat  

d ena tu ra t ion  s tep  and chromatography on mercuriphenyl agarose 

was chromatographed on a Sephacryl 200 column. One peak o f  

a c i t i v i t y  was seen which corresponded to  a molecular weight of  

42,135 + 3,500 d a l to n s .

Butanedione i n h i b i t i o n :

Urogen I synthase  was incubated with various concen tra t ions  

o f  BD as descr ibed  in (109) included as Appendix I I .  The enzyme 

was incubated with BD in bo ra te  b u f fe r  f o r  a s e r i e s  o f  time 

i n t e r v a l s .  The enzyme a l i q u o t s  were d ia lyzed  in d iv id u a l ly  ag a in s t  

bora te  b u f f e r  before  they  were assayed f o r  a c t i v i t y .  The a c t i v i t y
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F ig u r e  23: G-100 e l u t i o n  p r o f i l e  o f  enzyme, showing two

a c t iv e  peaks.
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Figure 24: G-100 e lu t io n  p r o f i l e  a f t e r  r e p r e c i p i t a t i o n  with 

ammonium s u l f a t e .
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o f  the enzyme, measured as PBG consumption (shown in Figure 25) 

and porphyrin formation (shown in Figure 26) ,  was severe ly  and 

rap id ly  reduced by BD in borate  b u f fe r .  Borate b u f fe r  alone 

had no e f f e c t  on urogen I synthase  a c t i v i t y .

In o rder  to  determine whether the  s u b s t r a t e  can p r o t e c t  the 

enzyme from in a c t iv a t i o n  by BD, urogen I synthase  was mixed with 

PBG (80 uM) before a dd i t ion  of BD (TO mM) in bora te  bu f fe r .

Aliquots  were removed a t  various time i n t e r v a l s  and dia lyzed  

a g a in s t  bora te  a t  4°C before  assay.  The s u b s t r a t e  showed a 

pronounced a b i l i t y  to p ro te c t  urogen I synthase  from BD i n a c t i v a t i o n ,  

as can be seen in Figure 27 (where PBG consumption was fol lowed).

For the  data  in the  f i r s t  90 min of  the r e a c t io n  p lo t t e d  as 

log % a c t i v i t y  remaining versus time a l i n e a r  r e l a t i o n s h i p  i s  

ob ta ined ,  as can be seen from Figure 28. The l i n e a r i t y  of t h i s  

p lo t  implies t h a t  the  modif ica t ion  i s  indeed fo l lowing f i r s t  

o rder  k i n e t i c s .  From the semi logar i thm ic  p l o t  th e  tg  g fo r  

the  i n a c t iv a t io n  of urogen I synthase by BD may be obta ined .  The 

t Q 5 f o r  the  in a c t iv a t io n  in the  absence of  PBG was 58 minutes 

and in the  presence PBG was 543 minutes.  Urogen formation in the 

presence and absence of  PBG in the  presence of  10 mM BD i s  shown 

in Figure 29.

In o rder  to  determine i f  the  com peti t ive  i n h i b i t o r  of  PBG,

OPDC ( Kj = 0.28 mM) could a lso  p ro te c t  urogen I synthase  from
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Figure  25 : In a c t iv a t io n  o f  urogen I synthase by BD in bora te  

b u f f e r .  The enzyme was incubated with various 

co ncen tra t ions  o f  BD. Aliquots  were removed a t  

the  in d ic a te d  times dia lyzed  a g a in s t  bora te  b u f fe r  

(50 mM, pH 8 .2 )  and assayed f o r  PBG-consuming 

a c t i v i t y .  The incubat ions  included BD in the  

fo l lowing c o ncen tra t ion s :

• ,  0 mM;

A ,  10 mM;

50 mM; 

o , 100 mM.
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Figure 26: In a c t iv a t io n  of  urogen I synthase  by BD in bora te

b u f fe r .  The enzyme was incubated with various  

concen tra t ions  o f  BD. Aliquots  were removed a t  the  

ind ica ted  times d ia lyzed  a g a in s t  bora te  b u f fe r  

(50 mM, pH 8 .2 )  and assayed f o r  urogen formation.  

The incubations  included BD in the  following 

c o n cen tra t io ns :

t ,  0 mM;

A ,  10 mM;

■  , 50 mM;

0, 100 mM.
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Figure 27: P ro tec t ion  by PBG of  urogen I synthase i n a c t i v a t i o n

by BD. The enzyme was incubated with 10 mM BD 

with and without  80 yM PBG a t  25°C. Aliquots  

were removed a t  ind ica ted  times and d ia lyzed  ove r­

n igh t  a g a in s t  50 mM b o ra te ,  pH 8.2  a t  4°C, and then 

assayed. A c t iv i t y  was nanomoles o f  PBG consumed 

in 4 hours a t  37°C. The incubation mixtures i n ­

cluded BD and PBG in  the  following f i n a l  c o n ce n t ra t io n s :

f ,  0 mM BD and 0 yM PBG;

A ,  10 mM BD and 80 yM PBG;

■  , 10 m BD and 0 yM PBG.
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Figure 28: The da ta  o f  Figure 26 expressed as log % a c t i v i t y  

remaining versus time.
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i n h i b i t i o n  by BD; urogen I synthase  was mixed with OPDC (0.56

mM) 5 minutes before  the  a d d i t io n  o f  BD (10 mM) in borate  b u f fe r .

A l iquots  were removed a t  various  time in t e r v a l s  d ia lyzed  a g a in s t

b o ra te  a t  4°C before  being assayed.  The a c t i v i t y  was expressed as

nanomoles o f  urogen formed a t  37°C in 4 hours. The competi t ive

i n h i b i t o r ,  OPDC was ab le  to  p r o t e c t  urogen I synthase  from BD

in a c t i v a t i o n .  This can be seen in F ig u r e 29 . The t  fo r
0.5

the  i n a c t i v a t i o n  in th e  absence o f  OPDC was 8 .5  minutes and in 

the  presence o f  OPDC a t  tg  5 o f  32 minutes was obtained .

This i n a c t iv a t i o n  o f  BD suggests  t h a t  th e re  i s  probably an 

a rg iny l  re s id u e  in the  enzyme's a c t iv e  s i t e .  The f a c t  t h a t  BD 

in a c t i v a t i o n  i s  r e l i e v e d  by PBG and OPDC shows t h a t  BD i s  a c t iv e  

s i t e - d i r e c t e d  and t h a t  the  arg iny l  res idue  which i s  modified 

l i e s  a t  the  PBG and OPDC binding locus .

K, and V „  were determined fo r  modified and unmodified m max
urogen I synthase  in 50 mM bora te  b u f fe r  pH 8 .2  a t  25°C. Un­

modified enzyme had a 1^ o f  26 + 3 .0  yM. When urogen I synthase 

was modified f o r  1 hour in 25 mM butanedione,  then dialyzed 

a g a in s t  bora te  and assayed with varying concen tra t ions  of PBG 

f o r  1 hour and 2 hours incubation  t im es ,  the  k in e t i c  parameters 

in Table 7 and Figure 30 were ob ta ined .  fo r  porphyrin 

formation was s l i g h t l y  h igher or  the  same f o r  modified enzyme 

and Vmax was lower by about a f a c t o r  o f  2. The r e s u l t s  suggest  

t h a t  th e  modified enzyme mixture c o n s i s t s  o f  roughly 50% t o t a l l y  

in a c t iv a te d  enzyme and 50% n a t iv e  enzyme. This data  a lso
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Figure 29: P ro te c t io n  by OPDC o f  urogen I synthase i n a c t iv a t i o n

by BD, in 50 mM bora te  pH 8 .2  a t  37°C. Aliquots

were removed a t  the  ind ica ted  times and d ia lyzed

overn igh t  a g a in s t  50 mM bora te  pH 8 .2  a t  4°C and 

assayed the  next  day. A c t iv i ty  i s  expressed as 

nanomoles o f  urogen formed a t  37°C in 4 hours.

The incuba t ion  mixtures  included BD and OPDC in 

th e  fo l lowing f i n a l  c o n ce n tra t io n s :

I ,  0 mM BD and 0 mM OPDC;

A ,  10 mM BD and 0.56 mM ODPC;

I ,  10 mM BD and 0 mM OPDC.
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Figure 30: Double rec ip roca l  p lo t  of urogen formation by

unmodified ( I )  and BD modified urogen I synthase 

( a ) .  Urogen I synthase  was incubated with 25 mM 

BD fo r  60 minutes a t  25°C. Ve loc i ty  i s  expressed 

as nanomoles o f  urogen formed per  ml per hour.
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Table 7: Kinetic  Parameters f o r  Urogen I Synthetase

Before and A f te r  In h ib i t io n  by 25 mM Butanedione 

Measured A f te r  One Hour and Two Hour Incubation 

. Times. A c t iv i t y  was Measured as Porphyrin 

Formation.

1 Hour 2 Hours

Incubation Time k„ wo
Max

(NMoles/Ml/Hr) ^  (yM)

Max
(NMoles/Ml/Hr)

Unmodified 26 7.5 22 7.3

Modified Run #1 36 2.9 42 3.4

Modified Run #2 24 3.3 27 3.1

Modified Run #3 30 2 . 6 24 2 . 2
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suggests  t h a t  m od if ica t ion  does not  occur a t  a locus ou ts id e  of  

the  PBG binding domain and e x e r t s  i t s  i n h ib i t o r y  e f f e c t s  through 

a conformational change—as t h i s  mechanism of  i n a c t i v a t i o n  would 

r e s u l t  in a changed Km fo r  the  BD modified enzyme (31, 48, 101,

103, 105, 109).

For da ta  in the  f i r s t  hour o f  r e a c t io n  when log 1 /  t  was p lo t te d
0.5

a g a in s t  log BD con cen tra t io n  (Figure 3 1 ) ,  according to  equat ion (2 .1)

log (1 /  t  ) = n log [ I ]  + K' (2 .1)
0.5

which was derived in the  i n t ro d u c t io n .  The slope n, the  o rder  of 

the  r e a c t io n ,  was 0.89 f o r  PBG and 0.65 f o r  porphyrin formation.

The r e s u l t s  suggest  t h a t  the  o rder  of the  r e a c t io n  o f  a rg in in e  

with BD i s  one.

A graph of  the  r e c i p r o c a l s  o f  the  f i r s t  o rder  r a t e  cons tan ts  

versus the  r e c ip r o c a l s  o f  the  BD c o n c e n t r a t io n s ,  where a c t i v i t y  

i s  expressed as nanomoles o f  urogen formed in 4 hours a t  37°C, 

i s  presented in Figure 32. The physical  s i g n i f i c a n c e  o f  the  l i n e a r  

f i t  o f  the  da ta  to  equat ion (2 . 2 ) and the  f a c t  t h a t  t h e r e  i s  a

1 /  k in a c t .  = KtT 1 _
J   1 + T (2.2)
0.693 [ I ]  0.693

f i n i t e  v e r t i c a l  i n t e r c e p t  i s  t h a t  i n a c t i v a t i o n  fol lows s a t u r a t io n  

k in e t i c s  and v a l id a t e s  the  idea t h a t  i n a c t i v a t i o n  occurs from 

preformed i n a c t i v a t o r .  All da ta  o f  t h i s  form a re  p lo t t e d  

according to the  Lineweaver-Burk type p lo t  shown in equat ion 

( 2 .2 ) .  The parameters Kj and T a re  obtained from equat ion  (2 .2)  

except where i t  i s  s t a t e d  t h a t  the  parameters Kj and T were

1 2 0



Figure  31: Logarithmic p lo t  o f  urogen I synthase  a c t i v i t y

a f t e r  t rea tm en t  with various c o n cen tra t ion s  o f  BD.

Half- t imes o f  in a c t iv a t io n  ( t .  _) values were
U. 5

c a lc u la t e d  from semi logar i thm ic  p lo t s  o f  log 

urogen I synthase a c t i v i t y  vs. time in minutes 

f o r  i n i t i a l  r ea c t io n  times up to  s i x t y  minutes.

• ,  PBG consumption;

A ,  uroporphyrinogen formation.
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Figure 32: A p lo t  o f  the  r e c i p r o c a l s  of  the  f i r s t  o rder  r a t e  

c o n s tan ts  f o r  i n a c t i v a t i o n  versus the  r e c ip r o c a l s  

o f  the  BD c o n cen tra t ion .  Urogen I synthase was 

modified with BD in 50 mM bora te  pH 8.2 a t  25°C. 

A c t iv i t y  i s  expressed as nanomoles of  urogen formed 

in 4 hours a t  37°C.
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obtained  from equation (2 .3)

k i n a c t .  = - K, (k i n a c t . )  + 0.693 (2 .3)1 mr~)
the  Eadie-Hofstee type equat ion .  In most cases  the  values obtained  

by using equation (2 .2)  agreed well with those  o f  equation (2 .3 ) .

In those few cases where th e re  was a d i f f e r e n c e  the  Eadie- 

Hofstee t rea tm ent  was considered l e s s - b i a s e d  (108).

For the  BD m odif ica t ion  data  shown in Figure 32 , a c t i v i t y

i s  expressed as nanomoles o f  urogen formed in 4 hours a t  37°C.

A Kj va lue of  49.0  + 1.3  mM was ob ta ined .  This d i s s o c i a t io n  

co ns tan t  f o r  BD from the  E • BD complex provides some measure of  

a f f i n i t y  o f  BD fo r  the  enzyme. T, the  h a l f  time f o r  i n a c t iv a t io n  

a t  i n f i n i t e  concen tra t ion  of  BD, when a l l  the  enzyme i s  in the

E • BD complex, was found to  be 7.00 minutes.  This value i s  a

measure o f  th e  maximal r a t e  o f  i n a c t i v a t i o n .  Both the  Kj and T 

were obtained from equation (2 .3)  the  Eadie-Hofstee type of 

equat ion .  The value o f  Kj was 50.0 + 0 . 1  mM and the  value of  

T was 8.50 minutes ,  where a c t i v i t y  was expressed as nanomoles 

o f  PBG consumed in 4 hours a t  37°C.

A p lo t  o f  the  f i r s t  o rder  r a t e  co n s tan t  f o r  i n a c t iv a t i o n  

versus the  concen tra t ion  o f  BD, has a s lope  equal to  the  ove ra l l  

second o rder  r a t e  cons tan t  f o r  the  r e a c t i o n ,  as can be seen from 

equat ion ( 2 .4 ) ,  where k in a c t .  i s  the  observed 

K in a c t ,  « k'2  [ I ]  (2 ,4)

f i r s t  o rder  r a t e  c o n s tan t  and k2  i s  th e  ov e ra l l  second o rder  r a t e  

c o n s tan t  and I i s  the  concen tra t ion  o f  i n h i b i t o r .
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F i g u r e  33 : A p lo t  o f  the  f i r s t  o rder  r a t e  cons tan t  f o r  the  

i n a c t i v a t i o n  versus the  concen tra t ion  of  BD. 

Urogen I synthase  was modified with BD in  50 mM 

bora te  pH 8 .2  a t  25°C. A c t iv i ty  i s  expressed 

as nanomoles o f  urogen formed in 4 hours a t  37°C.
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A p lo t  o f  t h i s  na tu re  where the  a c t i v i t y  i s  expressed as 

nanomoles o f  urogen formed in 4 hours a t  37°C i s  shown in  Figure 

33. A second o rder  r a t e  cons tan t  o f  0.607 (M)“  ̂ (m inutes )”  ̂

was ob ta ined .  A second order  r a t e  con s tan t  c a l c u l a t e d  from 

PBG consumption data  in nanomoles consumed in  4 hours a t  37°C 

was equal to  0.800 (M)~^ (minutes)"^.

Phenylglyoxal i n h i b i t i o n ;

Urogen I synthase  was incubated with phenylglyoxal (PG0) 

another  i r r e v e r s i b l e  i n h i b i t o r  s p e c i f i c  f o r  a rg in in e  r e s id u e s .  

Urogen I synthase was incubated with various c o n cen tra t io n s  of 

PG0 in bora te  bu f fe r  a t  37°C fo r  a s e r i e s  o f  time i n t e r v a l s .  

Aliquots  o f  enzyme were removed a t  various times and applied  

to  a G-25 column e q u i l i b ra t e d  and e lu ted  with bora te  pH 8 .2 ,  in 

o rder  to  remove excess PG0. The a c t i v i t y  of the  enzyme measured 

as urogen formation was severe ly  and r a p id ly  reduced by PG0, 

as shown in Figure 3 4 .

I t  was important  to  t e s t  i f  any PG0 was l e f t  a f t e r  the  G-25 

column chromatography and a lso  to  see i f  PG0 reac ted  with PBG.

I f  the  i n h i b i t o r  consumes s u b s t r a t e  and some excess i s  p resen t  

t h i s  could a l s o  be in te r p r e t e d  as i n a c t i v a t i o n  o f  the  enzyme.

As can be seen from Table 8 , the  most concen tra ted  m od if ica t ion  

mixture contained 50 mM PG0 and a f t e r  passage through the  G-25
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Figure 3 4 : I n a c t iv a t io n  o f  urogen I synthase  by PGO in 50 mM

bora te  pH 8 .2  a t  37°C. Aliquots  were removed a t  

the  in d ica ted  times and passed through a G-25 

column e q u i l i b r a t e d  with 50 mM bora te  pH 8 .2  and 

e lu ted  with the  same buf fe r  a t  4°C. A c t iv i t y  i s  

expressed as nanomoles of  urogen formed a t  37°C 

in 4 hours: The concen tra t ions  o f  PGO in the  

incubat ion  mixtures were:

X, 0 mM;

• ,  1 mM;

□  , 10 mM;

A, 25 mM;

0 , 50 mM.
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T ab le  8:  PGO Remaining in  a M o d i f i c a t i o n  M ix tu re  o f  PGO and Urogen I S y n th a se  A f t e r  Passage

Through a G-25 Column

mM PGO in  Modification 
Mixture

mM PGO Remaining 
a f t e r  G-25

% PBG Consumed Nonenzymatically in 
4 hours a t  37°C in Borate by the  
Remaining pro_______________________

CO

1.0

10.0

25.0

50.0

0.00

0.13

0.32

0.71

0.00

0.68

1.70

3.70



column 0.71 mM f r e e  PGO remained, as judged from the OD a t  250 

nm fo r  f r e e  PGO. This amount o f  PGO w i l l  cause the  nonenzymatic 

lo ss  o f  3.7% of  the  i n i t i a l  co ncen tra t ion  o f  PBG, used in these  

PGO in a c t i v a t i o n  a s sa y s ,  in 4 hours a t  37°C in 50 mM bora te  

pH 8 .2 .  This was determined by incubation  o f  various  concen tra ­

t io n s  of  PGO with PBG in bora te  b u f f e r  (50 mM, pH 8 .2 )  f o r  four  

hours a t  37°C. PBG concen tra t ion  a t  time zero and a f t e r  four  

hours was measured with E h r l i c h ' s  r ea g en t ,  and the  % PBG l o s t  

was c a lc u la t e d .

The i n i t i a l  concen tra t ion  o f  PBG used to  assay the  enzyme

a f t e r  passage through the  G-25 column was 23 times the  K f o r
m

s u b s t r a t e .  Hence, the  enzyme was always s a tu r a t e d  with s u b s t r a t e .

For data  in the  f i r s t  hour o f  r e a c t io n  when log 1 /  tg  

was p lo t t e d  a g a in s t  log PGO concen tra t ion  (Figure 36)  a s lope  of 

0.89 was found fo r  urogen formation in 4 hours a t  37°C and a 

slope o f  0.95 was found fo r  urogen formation in 6  hours a t  37°C. 

These r e s u l t s  suggest  t h a t  the  order  o f  the  i n a c t i v a t i o n  r e a c t io n  

with re sp ec t  to  PGO i s  one.

Although Takahash i 's  organic  model showed t h a t  two molecules 

of  PGO condense with one of  a rg in in e ,  Werber e t  a l .  (6 8 ) have 

shown t h a t  in  bora te  b u f fe r  only one PGO molecule i s  incorpora ted .  

The i n i t i a l  adduct which i s  formed may be s t a b i l i z e d  by a second 

molecule o f  bora te  as shown in Figure 15.

A p l o t  of  th e  r e c ip r o c a l s  of th e  f i r s t  o rder  r a t e  cons tan ts  

versus th e  r e c ip r o c a l s  o f  the  PGO c o ncen tra t io n s  i s  presen ted  in

132



F ig u r e  35 : Logarithmic p lo t  o f  urogen I synthase  a c t i v i t y  a f t e r  

t rea tm ent  with various concen tra t ions  o f  PGO in 

50 mM b ora te  pH 8 .2  a t  37°C. A c t iv i ty  was expressed 

as nanomoles o f  urogen formed in 4 hours a t  37°C.
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Figure 36-  The a c t i v i t y  i s  expressed as nanomoles of  urogen 

formed a t  37°C in 4 hours.  A Kj value o f  45.9 + 4 . 0  mM and a T 

o f  4.20 minutes were ob ta ined .  For the  urogen formation a f t e r  

6  hours a t  37°C; a Kj o f  51.3 + 0.1 mM and a T of  4.28 minutes were 

ob ta ined .  The s ix  hour and T values were obtained from 

equation (2 .3 ) .  PGO seems to  show the  same a f f i n i t y  f o r  enzyme 

as does BD. The r a t e  o f  maximal i n a c t i v a t i o n  o f  urogen I synthase 

by BD a t  25°C i s  one h a l f  th e  r a t e  o f  maximal i n a c t i v a t i o n  of  

urogen I synthase by PGO a t  37°C, as can be seen in Table 9.

As was mentioned in the  i n t r o d u c t io n ,  Chung and Fonda (6 6 ,

67, 124) p resented  evidence t h a t  b ica rbonate  b u f fe r  might be a 

su p e r io r  b u f fe r  fo r  the  m od if ica t ion  of  enzymes by PGO. The 

r e a c t io n  i s  f i r s t  o rder  in b ica rbona te  b u f fe r  and the  r a t e  of  

m odif ica t ion  o f  ly s in e  o r  c y s te in e  i s  low or  zero in t h i s  b u f f e r .  

A comparison of  the  f r e e  con cen tra t io n  of  PGO, as measured by 

i t s  o p t ic a l  d e n s i ty  a t  250 nm was undertaken f o r  PGO in 50 mM 

bora te  pH 8 .2 ,  in 0 .2  M b ica rbona te  -0.1 M carbonate  pH 8 .2  and 

H^O. This da ta  i s  shown in Figure  37  . I t  was assumed t h a t  PGO » 

in H20 e x is te d  as 100% uncomplexed PGO monohydrate. The OD 

a t  250 nm f o r  a given c o n cen tra t io n  o f  PGO in bo ra te  i s  g r e a t ly  

reduced as compared to  H2 0, with no change in *max* This i s  

presumably due to  a PGO bora te  complex which reduces the  f r e e  

c oncen tra t ion  o f  PGO. In 50 mM bora te  b u f f e r ,  a t  PGO concen tra ­

t io n s  ranging from 0.16 mM to  0.62 mM PGO, 95% of  the  PGO appears 

to  e x i s t  as a complex with b o ra te .  R e la t ive  to  water the  OD a t  

250 nm a t  a given c o n cen tra t io n  o f  PGO in b ica rbonate  b u f fe r  i s
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F i g u r e  36 : A p l o t  o f  the  r e c ip ro c a l s  o f  the  f i r s t  o rder  r a t e  

c o n s tan ts  f o r  i n a c t iv a t i o n  versus the  r e c ip ro c a l  

o f  the  PGO co nce n tra t io n s .  Urogen I synthase  was 

modified by PGO in 50 mM borate  pH 8.2  a t  37°C. 

A c t iv i ty  i s  expressed as nanomoles of  urogen formed 

in  4 hours a t  37°C.
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T a b le  9:  Summary o f  BD and PGO I n a c t i v a t i o n  o f  Urogen I S y n th ase  in  B o ra te  B u f f e r

BD in  Borate BD (mM) t  (min.) 
0.5

K (mi n . )  ^ Reaction Order Kj (mM) T (min.) l^fM

A c t iv i ty  measured as 10 72 0.0097
PBG u t i l i z a t i o n  a f t e r 54 21 0.033 0.89 50.0 + 8.50 0.800
4 hours 1 0 2 8.3 0.083 0 . 1

Urogen formation a f t e r 10 42 0.017
4 hours 54 14 0.049 0.64 49.0 + 6.98 0.607

1 02 9.5 0.073 1.3

W
00

PGO in  Borate *

A c t iv i t y  measured as 1 244 0.0028 0.89 45.9 + 4.20 1.97
Urogen formation a f t e r 10 32 0 . 0 2 2 0 4.0
4 hours 25 16 0.0430

50 6.9 0 . 1 0 0

Urogen formation a f t e r 1 278 0.0025
6 hours 10 29 0.0240

25 .15 0.0460 0.95 51.3 + 4.28 2.30
50 6 . 1 0.1140 0 . 1



F i g u r e  3 7 : A p l o t  o f  the  o p t ic a l  de n s i ty  a t  250 nm o f  the  con­

c e n t r a t i o n  o f  PGO (mM) fo r  th ree  d i f f e r e n t  b u f f e r  

systems:

■  , 50 mM borate  pH 8 .2 ;

A« 0 .2  M b icarbonate  -0.1 M carbonate pH 8 .2 ;  and 

• ,  water.
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only s l i g h t l y  reduced,  and again th e re  i s  no change in x .

In b ica rbonate  22% of  the  PGO appears to  be complexed r e l a t i v e  

to  water .  These s t r u c t u r e s  a re  p resented  in Figure 38. Chung 

and Fonda (6 6 , 67) a l s o  pointed out  t h a t  b icarbonate  lowers 

the  pk o f  the  guanidini.um group o f  N -ace ty la rg in ine .  I t  was
a

concluded by the  au thors  t h a t  b ica rbonate  bu f fe r  c a ta lyzes  a 

n uc le o p h i l i c  a t t a c k  by the  quanidinium group on the  carbonyl 

groups o f  PGO.

Urogen I synthase  was then incubated with various  concen­

t r a t i o n s  o f  PGO in b ica rbonate  b u f fe r  f o r  a s e r i e s  o f  time 

i n t e r v a l s .  Al iquots  were removed a t  various  times and added to 

about 10 mg o f  sodium borohydride,  pH ad jus ted  to 8 .2  as necessary 

and assayed f o r  a c t i v i t y .  A blank was t r e a t e d  in the  same way 

without  the  a d d i t io n  o f  PGO. The a c t i v i t y  o f  the  enzyme measured 

by urogen formation was severe ly  and r a p id ly  reduced by PGO in 

b ica rbonate  b u f f e r  as shown in Figure 39 .

For da ta  in the  f i r s t  hour o f  r e a c t io n  when log 1 /  t Q 5 

was p lo t t e d  a g a in s t  log PGO concen tra t ion  ( F i g u r e 40 ) a s lope 

o f  1.15 was found f o r  urogen formation in 4 hours a t  37°C and 

a s lope  o f  1.17 was found f o r  urogen formation in 6  hours a t  

37°C. These r e s u l t s  sugges t  t h a t  the  o rder  o f  the  i n a c t iv a t i o n  

r e a c t io n  with r e s p e c t  to  PGO i s  one.

Again these  r e s u l t s  d i f f e r  from Takahash i 's  (65) which 

in d ic a te s  t h a t  two molecules o f  PGO would be expected to  bind 

to  one a rg in in e  molecule. However, in h i s  study Takahashi used
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F i g u r e  38: Complex f o r m a t i o n  o f  PGO w i th  b o r a t e  and

carbonate .
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F ig u r e  39,: I n a c t iv a t io n  o f  urogen I synthase  by PGO in 0.2  M 

b ica rbona te  - 0.1 M carbonate  pH 8.2  a t  37°C. 

A c t iv i t y  i s  expressed as nanomoles o f  urogen formed 

in 4 hours a t  37°C. The incubations  included PGO 

in the  fol lowing c o n ce n tra t io ns :

R ,  0 mM;

▲, 1.3 mM;

0 , 1.9 mM:

•  , 4mM
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F i g u r e 4 0 :  Logarithmic p lo t  o f  urogen I synthase  a c t i v i t y  a f t e r

trea tm ent  with various concen tra t ions  o f  PGO in 

0 .2  M bicarbonate  - 0.1 M carbonate b u f f e r  pH 8 .2  

a t  37°C. A c t iv i ty  i s  expressed as nanomoles of  

urogen formed in 4 hours a t  37°C.

1 4 6



- 0.6

o >
o

0.2 0.5
log (Phenylglyoxal) (m M )

147



a high con cen tra t ion  o f  PGO. At low co ncen tra t ions  o f  PGO 

1.3 -  4 mM i s  used in t h i s  study, i t  may be t h a t  the  f i r s t  PGO 

molecule i n a c t i v a t e s  th e  enzyme by forming a g lyoxal ine  adduct 

with the  quanidino group of  an a rg iny l  re s idu e  as Takahashi 

proposed. However, a t  the  low PGO co ncen tra t ion  used the  r e a c t io n  

o f  a second molecule to  form the  proposed c y c l ic  a ce ta l  (shown 

in Figure  15) proceeds only to  a small degree.

Borders and Riordan (54) found t h i s  to  be t r u e  in the  

m od if ica t ion  o f  c r e a t i n e  kinase  with 0.20 mM PGO in 0.1 M b i ­

carbonate  pH 8 .2 .  Loss o f  a c t i v i t y  coincided with the  incorpora t ion
_ 1 4  _

of  1.2 [ C] - PGO molecules ,  and the  m odif ica t ion  o f  0 .9 a rg in in e

res idu es  per subun i t  as judged by amino acid a n a ly s i s .

P h i l ip s  and coworkers (77) a lso  deduced a 1:1 s to ich iom etry

f o r  the  PGO-arginine complex. They modified 3-phosphoglycerate

kinase  with from 0 .5  mM PGO - 4 .0  mM PGO in Veronal b u f fe r

pH 7 .5 .  A p l o t  o f  log (1 /  t  ) versus log concen tra t ion  of
0 .5

PGO r e s u l t e d  in a s t r a i g h t  l i n e  with a s lope o f  1.05 in d ic a t in g

t h a t  the  o rder  of  the  r e a c t io n  with r e s p e c t  to  PGO i s  one.
1 4  „

Incorpora t ion  o f  [ C] PGO showed t h a t  2 .3  molecules of  PGO 

a re  incorpora ted  per enzyme molecule. I t  might be the  r e s u l t  

o f  a success ive  r e a c t io n  o f  f i r s t  one and subsequently  a second 

molecule o f  PGO with a s in g ly  arg iny l  re s id u e .  A l t e r n a t iv e ly ,  

th e  l a t t e r  r e s u l t  might suggest  t h a t  two arg inyl  r es idues  which 

a re  both e s s e n t i a l  f o r  a c t i v i t y  a re  each modified by one molecule 

o f  PGO. This i s  confirmed by amino ac id  analyses  which show t h a t
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the  number of arg inyl  re s id u es  l o s t  correspond to  the  number o f  

moles o f  PGO incorpora ted .

A p lo t  o f  the  f i r s t  o rd e r  r a t e  co n s tan t  fo r  i n a c t i v a t i o n  

versus the  co ncen tra t ion  o f  PGO where the  a c t i v i t y  i s  expressed 

as nanomoles of  urogen found in 4 hours a t  37°C gave a second 

o rder  r a t e  cons tan t  o f  43 .8  (M)~^ (min. )  \  The data  where 

the  a c t i v i t y  i s  expressed as nanomoles o f  urogen formed in 6 

hours a t  37°C gave a second o rd e r  r a t e  cons tan t  o f  44.1 (M) ” 1 

( mi n. ) ^ .

A graph o f  the  r e c i p r o c a l s  o f  th e  f i r s t  o rder  r a t e  cons tan ts  

versus the  r e c ip ro c a l s  o f  th e  PGO c o n ce n tra t ion s  i s  presented in 

Figure 41 . The a c t i v i t y  was expressed as the  nanomoles of  urogen 

formed a t  37°C in 6 hours. A va lue  o f  36 + 2.1 mM and a T 

o f  0.42 minutes were ob ta ined .  For th e  urogen formation a f t e r  

4 hours a Kj value o f  26 + 2 . 8  mM and a T o f  0.87 minutes were 

obtained.

A summary o f  i n h ib i t i o n  s tudy r e s u l t s  a re  p resented  in Table

10.

Based on the  second o rder  r a t e  c o n s tan ts  the  r a t e  of  the  

in a c t iv a t i o n  process by PGO has inc reased  some 21 fo ld  in b i ­

carbonate  b u f fe r  r e l a t i v e  to  b o ra te  b u f f e r ,  as shown in Table 10. 

One reason f o r  the  increased  r a t e  i s  because the  e f f e c t i v e  f r e e  

concen tra t ion  of  PGO i s  g r e a t e r  in b ica rbona te  b u f f e r  as compared 

to  bora te .
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Figure 4 1 : A p lo t  o f  th e  r e c ip ro c a l s  o f  the  f i r s t  o rder  r a t e  

cons tan t  versus the  r e c ip r o c a l s  o f  the  PGO concen­

t r a t i o n .  Urogen I synthase i s  modified by PGO 

in 0.2 M b ica rbonate  - 0.1 M carbonate  b u f fe r  

pH 8.2  a5 37°C. A c t iv i ty  was expressed as nano­

moles of  urogen formed in 6 hours a t  37°C.
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T a b le  10: Summary o f  BB and PGO I n a c t i v a t i o n  o f  Urogen I S y n th ase  in  B o ra te  and B ic a r b o n a te

Buffers

BD in  Borate BD (mM) V s k (min.) ^ Reaction order Kj (mM) T (min.)

i

CM
.AC

a c t i v i t y  measured a s ; 10 72 0.0097
PBG u t i l i z a t i o n 54 21 0.033 0.89 50.0 + 8.50 0.800
a f t e r  4 hburs 1 0 2 8.3 0,083 0 . 1

urogen formation 10 42 0.017
a f t e r  4 hours 54 14 0.049 0.64 49.0 + 6.98 0.607

1 02 9.5 0.073 1.3

inro

PGO in Borate PGO (mM) t ft (m in .)
U. 0

k (min.) ^ Reaction order K (mM) 
I

T (min.)
-1

k2 (m)

a c t i v i t y  measured a s ;
urogen formation 1 244 0.0028
a f t e r  4 hours 10 32 0 . 0 2 2 0 0.89 45.9 + 4.20 1.97

50 16 0.0430 4.0
6.9 0 . 1 0 0 0

urogen formation 1 278 0.0025
a f t e r  6  hours 10 29 0.0240 0.95 51.3 + 4.28 2.32

25 15 0.0460 4.28
50 6 . 1 0.1140



T ab le  10 ( c o n t i n u e d ) :  Summary o f  BB and PGO I n a c t i v a t i o n  o f  Urogen I Sy n th a se  in  B o ra te  and B ic a r b o n a te
B u f f e r s

PGO in Bicarbonate 
Buffer PGO (mM) t n c (min.) 

u.o
k (min.) ^ Reaction o rder Kj (mM) T (min.) k2 (m;

a c t i v i t y  measured a s ; 1.32 16 0.045
urogen formation 1.90 6 . 8 0 . 1 0 1 1.15 26.0 + 0.87 43.8
a f t e r  4 hours 4.00 4.0 0.172 2 . 8  ^

urogen formation 1.32 16 0.045
a f t e r  6 hours 1.90 7.8 0.089 1.17 36.0 + 0.42 44.1

4.00 4.1 0.170 2 . 1  -



In ad d i t ion  Chung and Fonda (65) in d ica ted  t h a t  b icarbonate  

carbonate b u f fe r  forms a complex with N -ace ty la rg in ine  based on gel 

chromatography and k i n e t i c  s t u d i e s .  Bicarbonate a l s o  lowers the  

pka of the guanidinium group of  N -a ce ty la rg in in e .  They concluded
a

t h a t  b icarbonate  c a ta ly ze s  a n u c le o p h i l i c  a t t a c k  by the  guanidinium 

group on the carbonyl groups of PGO. These e f f e c t s  may account 

f o r  the r a t e  enhancement which was observed.

Having evidence ( to  be shown l a t e r )  t h a t  an e s s e n t i a l  lysyl  

res idue  i s  a lso  a t  th e  a c t iv e  s i t e  of urogen I syn thase ,  i t  was

considered t h a t  reducing the  excess PGO with borohydride might

a lso  reduce a S c h i f f  base formed between ly s in e  and a carbonyl group 

in the  PGO molecule. In o rder  to  t e s t  t h i s  hypo th es is ,  urogen I 

synthase was modified with various  con cen tra t ion s  of PGO in 

b icarbonate  b u f f e r ,  the  excess PGO was removed by d i a l y s i s  fo r  

15 hours a t  4°C a g a in s t  200 mM b icarbonate  b u f f e r .

The a c t i v i t y  o f  the  enzyme, measured as urogen formation in 

4 hours a t  37°C, was sev e re ly  and r a p id ly  reduced. One would 

expect  a S c h i f f  base formed between PGO and ly s in e  to  be r e v e r s ib l e

by d i a l y s i s  fo r  15 hours a t  4°C.
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Kantrowitz and Lipscomb (71) t e s t e d  the  r e v e r s i b i l i t y  o f

PGO by d i a l y s i s  f o r  the  enzyme a s p a r t a t e  transcarbaniylase .
14

The enzyme was modified with 1.0 mM [ C] - PGO a t  25°C in 

125 mM b icarbonate  b u f f e r ,  pH 8 .3 .  Excess reagen t  was removed, 

a f t e r  60 minutes ,  by gel f i l t r a t i o n  on Sephadex G-25. The 

sample was d ivided in to  0.5 ml por t ions  placed in to  d i a l y s i s  

bags and d ia lyzed  a g a in s t  50 mM bicarbonate  b u f f e r ,  pH 8 .2  a t  4°C. 

Bags were removed from d i a l y s i s ,  and the p ro te in  concen tra t ion  

and r a d i o a c t i v i t y  were determined a t  various  t imes.  A f te r  20 

hours a t  4°C 10% o f  the  modified a rg in ine  r es idues  were r e s to re d .  

A f te r  200 hours a t  4°C 45% of the  modified a rg in in e  re s id u es  

were r e s to r e d .  The a c t i v i t y  of the  enzyme a t  the  beginning

o f  the  r e v e r s i b i l i t y  was 2 0 % of  the  n a t iv e  enzyme and changed

very l i t t l e  over the  whole course of  d i a l y s i s .  I t  seems then 

t h a t  in  15 hours o f  d i a l y s i s  under these  cond i t ions  l e s s  than 

10% of  the  a rg in in e  - PGO d e r iv a t iv e  of  urogen I synthase,  would 

break down.

A comparison o f  the  data  fo r  the  PGO i n a c t i v a t i o n  o f  urogen 

I synthase  in b ica rbona te  bu ffe r  where excess PGO i s  removed by 

borohydride red u c t io n  o r  by d i a l y s i s  i s  presen ted  in Table 11.

Comparing th e  four-hour  urogen formation d a ta ,  one sees  a 

decrease  in the  r e a c t io n  order  by 38% r e l a t i v e  to  th e  r e a c t io n  

o rder  when borohydride reduction was used. This i n d ic a t e s  l e s s  

PGO in co rp o ra t io n  when d i a l y s i s  i s  used to  remove excess PGO.

A 21% reduc t ion  in the  speed of  the  r ea c t io n  r e l a t i v e  to  the
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T ab le  11: Comparison o f  PGO I n a c t i v a t i o n  o f  Urogen I S y n th a se  in  B ic a r b o n a te  B u f f e r  where  Excess PGO i s

Removed by Borohydride Reduction o r  by D ia lys is

PGO in  b icarbonate
b u f fe r  with borohydride PGO (mM) . t  (min.) k (min.) Reaction o rder  K (mM) T (min.) k (M) (
reduc t ion  0 .5  I 2

a c t i v i t y  i s  measured 
a s ,

urogen formation 
a f t e f  4 hours

urogen formation 
a f t e r  6 hours

1.32
1.90
4.00

1.32
1.90
4.00

16
6.8
4.0

16
7 .8
4.1

0.045
0.101
0.172

0.045
0.089
0.170

1.15

1.17

26.0 + 0.87 43.8
2 .8 “

36.0 + 0.42 44.1
2.1  “

PGO in b icarbonate  PGO (mM) 
bu f fe r  with d i a l y s i s ______________

^  ^ (min.) k (min.)
-1

Reaction order K (mM) T (min.) kg(M)_1(

a c t i v i t y  i s  measured 2.90 4.36 0.159
a s ,  3.20 . 4.19 0.165 0.71 10.0 + 1.05 34.8

urogen formation 4.00 3.66 0.189 2.7
a f t e r  4 hours



r e a c t io n  in b ica rbona te  followed by borohydride i s  seen,  as 

judged by the  second o rd e r  r a t e  cons tan ts  f o r  the  r e a c t io n .

1 0 % of the  decrease  in  r a t e  can be accounted f o r  by the 

r e v e r s i b i l i t y  of  10% o f  the  arginine-PGO complex (71). This 

leaves 1 1 % reduc t ion  in  r a t e  which may have been due to 

ly s in e  m od if ica t ion  by PGO with borohydride reduc t ion .  Since 

PGO reac ted  with PBG p ro te c t io n  experiments were conducted with 

the  s u b s t r a t e  analogue, OPDC. Urogen I synthase  was challenged 

with PGO (2.9  mM to  4 .0  mM) in the  presence and absence of  

various  c o n cen tra t io n s  o f  OPDC (0.11 to  8 .4  mM) in b icarbonate  

b u f fe r .  The excess PGO and OPDC was removed by d i a l y s i s  fo r  

48 hours a t  4°C a g a i n s t  200 mM bicarbonate  pH 8 .2 ,  in s tead  of  

borohydride r ed u c t io n .  OPDC seemed to  bind the  enzyme t i g h t l y  

and was d i f f i c u l t  to  remove by d i a l y s i s ,  as judged by the  

p o s i t iv e  Ehr l ich  t e s t  th e  enzyme plus OPDC gave. However, the  

p o s i t iv e  Ehr l ich  could have been due to  tryptophan on the  

enzyme which could a l s o  give a p o s i t iv e  Ehrlich  t e s t .  The data  

are  summarized in Table 12. A ty p ica l  p ro te c t io n  experiment 

i s  shown p lo t t e d  on semi logar i thm ic  form in Figure 43.  From 

t h i s  da ta  i s  i s  ev iden t  t h a t  OPDC p r o te c t s  the  enzyme well 

from i n a c t i v a t i o n  by PGO, and t h a t  the  p ro te c t io n  e f f e c t  i s  

concen tra t ion-dependen t  with r e sp ec t  to  OPDC.

The d i s s o c i a t i o n  co n s tan t  o f  th e  urogen I synthase  -  OPDC complex 

was c a lc u la t e d  from the  da ta  presented in Table 12, using equation (2 .3 )

K i n a c t .  -  k min. = Ko - k min. (9
T + T s J  . 1 ;

Ks

157



T a b le  12: P r o t e c t i o n  by OPDC o f  I n a c t i v a t i o n  o f  Urogen I S y n th a se  by PGO

PGO (mM) t  (min.) k (min . ) " 1 OPDC (mM) [OPDC] /  K*
0 .5  I

3.2 4.19 0.1654 0 -

3.2 9.10 0.0762 0 . 1 1 0

4.0 3.66 0.189 0 -

4.0 72.4 0.0096 0.84 3

2.9 4.63 0.149 0 -

2.9 90.9 0.0076 8 .4 30

*Kj f o r  OPDC i s  0.28 mM (26).



F i g u r e  42 : A graph o f  log % a c t i v i t y  remaining versus time 

f o r  p ro te c t io n  by OPDC a g a in s t  i n a c t i v a t i o n  of  

urogen I synthase  by PGO in 0.2  M b ica rbona te  -

0.1 M carbonate  b u f fe r  pH 8.2  a t  37°C. Excess 

PGO and OPDC were removed by d i a l y s i s  a g a in s t  

th e  same b u f fe r  fo r  48 hours a t  4°C.

B ,  0 mM PGO and 0 mM OPDC;

A ,  2.9  mM PGO and 8 .4  mM OPDC;

1 ,  2 .9  mM PGO and 0 mM OPDC.
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where; k i n a c t .  i s  the  observed f i r s t  o rder  r a t e  c o n s tan t ,  

k min. i s  the  r a t e  c o n s ta n t  a t  s a t u r a t i n g  l e v e l s  of  p ro te c t in g  

l ig a n d ,  ko i s  the  r a t e  c o n s ta n t  in the  absence o f  l ig a n d s ,

[S] i s  the  co n cen t ra t io n  o f  p ro te c t in g  l igand and Kg i s  the  

d i s s o c i a t i o n  c o n s tan t  f o r  the  enzyme-1igand complex (57, 102).

From th e  2 .9  mM PGO d a ta ,  presented in Table 12, a 

value  f o r  ko o f  0.149 and a value o f  k min. of  0.0076 were 

ob ta ined .  From the  3 .2  mM PGO d a ta ,  o f  the  same t a b l e  a 

k i n a c t .  o f  0.0762 a t  an OPDC concen tra t ion  of  0.11 mM was 

o b ta ined .  Equation (2 .3 )  assumes the  concen tra t ion  of PGO 

to  be held c o n s ta n t .  The v a r i a t i o n  in concen tra t ion  o f  PGO 

from 2.9  to 3.2 in troduces  a 10% e r r o r  in to  the  measurement 

o f  the  d i s s o c i a t i o n  con s tan t  o f  the  urogen I synthase  - OPDC 

complex. The d i s s o c a t io n  con s tan t  c a lc u la te d  from t h i s  data  

using equation 2.3 was 102 + 10.2 yM in 0.2 M bicarbonate  - 

0.1 M carbonate  b u f f e r  a t  pH 8 .2  a t  37°C, as compared to  a 

va lue  of  280 yM obta ined  by Carpenter  and Sco t t  (26) in 0.1 M 

T ris  pH 8.1 a t  37°C.

Formaldehyde i n h i b i t i o n :

Bogorad repo r ted  t h a t  formaldehyde a c c e le ra te s  the  non- 

enzymatic sy n th e s i s  o f  porphyrins from PBG although i t  appears 

to  i n h i b i t  the  enzymatic conversion o f  PBG to  porphyrins (3) .
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Bogorad did  h is  enzymatic assays  in the  presence o f  formaldehyde 

making i t  d i f f i c u l t  to  se p a ra te  i n h ib i t i o n  from nonenzymatic 

convers t ion  o f  PBG to  porphyrin .  Bogorad and Marks (28) 

presented evidence t h a t  formaldehyde was n e i t h e r  a s to ich io m e t r ic  

by-product  nor a r e a c t a n t  in t h i s  process although i t  was 

r e a d i ly  incorpora ted  i n to  urogen in the  non-enzymatic 

condensation o f  PBG.

Urogen I syn thase  was t r e a t e d  with 6 6  mM formaldehyde 

in 0.033 M phosphate b u f f e r  pH 8 .2 ,  f o r  30 minutes and reduced 

with borohydride. The enzyme was then d ia lysed  to  remove 

excess formaldehyde. The % in h ib i t i o n  o f  PBG was 65% and the 

% i n h i b i t i o n  of  urogen was 36%. To f u r t h e r  i n v e s t i g a t e  t h i s  

phenomenon, urogen I synthase  was t r e a t e d  with 96 mM formalde­

hyde in 0.033 M phosphate b u f f e r  pH 8 .2 ,  and reduced with 

borohydride.  Al iquots  were d ia lyzed  overn igh t  a t  5° ,  to 

remove th e  excess formaldehyde, and assayed the  following day.

As can be seen from Figure  4 3 ,  the  urogen-forming a b i l i t y  of  

the  enzyme was markedly reduced. The PBG consuming a b i l i t y  o f  

the  enzyme, however, was not as sev e re ly  decreased as shown 

in Figure 4 4 .  A tg  g o f  105 minutes was c a lc u la te d  f o r  the  PBG

data  and a t  o f  3 .6  minutes was c a lc u la te d  from the  urogen 
0 .5

data .
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F ig u r e  43 : Formaldehyde i n h i b i t i o n  (96 mM) in 0.033 M 

phosphate b u f f e r  pH 8 .2  a t  37°C. Samples were 

incubated with formaldehyde f o r  the  ind ica ted  

t im es ,  reduced with borohydride, d ia lyzed  

ove rn igh t  a t  4°C a g a in s t  0.033 M phosphate 

b u f fe r  pH 8 .2 ,  and assayed the  fol lowing day. 

Controls  were t r e a t e d  in the  same way, f o r  the 

in d ic a te d  t im es ,  except t h a t  formaldehyde was 

omit ted from the  incubat ion  mixture.  A c t iv i ty  

was expressed as nanomoles of urogen formed in 

4 hours a t  32°C.
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Figure 44: Formaldehyde i n h i b i t i o n  (96 mM) in 0.033 M

phosphate b u f fe r  pH 8 .2  a t  37°C. Samples were 

incubated with formaldehyde f o r  the  ind ica ted  

t imes,  reduced with borohydride,  d ia lyzed  

overnight  a t  4°C a g a in s t  0.033 M phosphate 

b u f fe r  pH 8 .2 ,  and assayed the  fol lowing day. 

Controls were t r e a t e d  in the  same way, fo r  the  

ind ica ted  t im es ,  except t h a t  formaldehyde was 

omitted from the  incubation  mixture .  A c t iv i ty  

was expressed as nanomoles o f  PBG consumed in 

4 hours a t  37°C.
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Pyridoxal- 5 1-phosphate i n h i b i t i o n :

Urogen I synthase was chal lenged by ano ther  l y s i n e - s p e c i f i c  

m od if ie r ,  p y r id o x a l -5 1-phosphate (PLP). The enzyme was 

modified by 9 .0  mM PLP a t  37°C in 0.075 M phosphate b u f fe r  

pH 8 .2  and assayed or  added to  10 mg or  borohydride and then 

assayed. The data  p resented  in Table 13, f o r  two d u p l ic a te  

experiments,  shows t h a t  the  enzyme without  borohydride 

reduc t ion  has on the average 82% a c t i v i t y  remaining.  The 

enzyme with borohydride reduc t ion  has only 25% a c t i v i t y  

remaining.  This behavior c h a r a c t e r i s t i c  o f  PLP m odif ica t ion  

i s  due to  reduc t ion  of  the  S c h i f f  base formed between PLP and 

ly s in e  as shown in Figure 17.

Urogen I synthase  was modified by various  con ce n tra t io n s  o f  

PLP in phosphate a t  pH 8 .2  a t  37°C. Aliquots  were removed a t  

various  times and added to  1 0  mg o f  borohydride,  and assayed.

As can be seen from Figure 4 5 ,  the  enzyme was r a p id ly  in h ib i t e d  

by PLP.

In o rder  to  determine whether the  s u b s t r a t e  can p r o t e c t  

urogen I synthase  from i n a c t i v a t i o n  by PLP, the  enzyme was 

mixed with PBG (80 yM) before  the  a d d i t io n  o f  PLP (10 mM). The 

s u b s t r a t e  showed a pronounced a b i l i t y  to  p r o t e c t  urogen I 

synthase  from i n a c t i v a t i o n ,  as can be seen in Figure 46.

This time and concen tra t ion-dependen t  lo ss  o f  a c t i v i t y  

on incubation  with PLP and the  f a c t  t h a t  PBG p r o t e c t s  a g a in s t
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T a b le  13: M o d i f i c a t i o n  o f  Urogen I S y n th a se  by PLP in  t h e

P r e s e n c e  and Absence o f  Sodium B oro h y d r id e

Enzyme

Enzyme + 9 .0  mM PLP

Enzyme + 9.0 mM 
PLP + 5 MM NaBH4

% A c t iv i ty  Remaining*

1 0 0 1 0 0

70 94

25 24

♦A ct iv i ty  was urogen formed in 3.5 h rs .  a t  37°C.



F i g u r e  45 : The in a c t i v a t i o n  o f  urogen I synthase  by PLP in

0.075 M phosphate b u f fe r  pH 8 .2  a t  37°C.

Aliquots  (2.75 ml) were removed a t  va r ious  times 

and added to  10  mg q u a n t i t i e s  o f  borohydride.  

A c t iv i ty  i s  expressed as urogen formation a f t e r  

4 hours a t  37°C. The co ncen tra t ions  o f  PLP 

employed were as fo l lows:

1, 0 mM;

□  :> 5 mM;

A, 10 mM;

0 , 25 mM.
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Figure  46: P ro te c t io n  of  PLP in a c t iv a t i o n  by su b s t r a te  PBG

(80 pM) in 0.075 M phosphate bu ffe r  pH 8.2 a t  37°C. 

Aliquots  (2.75 ml) were removed a t  various times and 

added to  tubes con ta in ing  10  mg o f  borohydride.

The samples were then dialyzed a g a in s t  0.075 M 

phosphate b u f fe r  pH 8.2  a t  4°C fo r  24 hours and 

then assayed. A c t iv i t y  i s  expressed as urogen 

formed a f t e r  4 hours a t  37°C. The concen tra t ions  

o f  PLP and PBG were as follows:

• ,  0 mM PLP and 0 pM PBG;

A, 10 mM PLP and 80 pH" PBG;

□  , 10 mM PLP and 0 pM PBG.
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t h i s  i n a c t i v a t i o n  suggests  t h a t  an e s s e n t i a l  ly s in e  res idue  i s  

a t  the  a c t iv e  s i t e  o f  urogen I synthase .

A r e a c t io n  o rde r  of  0.79 was c a lc u la t e d  from a p l o t  of  

log 1 /  t Q 5 as log PLP c o n ce n t ra t io n .  This in d ic a te s  

t h a t  one PLP molecule r e a c t s  with one ly s in e  res idue  forming 

an in a c t iv e  enzyme-PLP complex.
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DISCUSSION

The two d i f f e r e n t  molecular weight  forms o f  the  enzyme 

urogen I synthase  o f  roughly 30,000 and 40,000 dal tons may 

rep re sen t  two enzymes, one o f  which i s  removable by e i t h e r  

r e p r e c i p i t a t i o n  by ammonium s u l f a t e  or  by agarose chromatography.

In h ib i t io n  by BD and PGO and p ro te c t io n  a g a in s t  i n h ib i t io n  

by s u b s t r a t e  PBG and th e  com peti t ive  i n h i b i t o r  OPDC suggest  

t h a t  an a c t iv e  s i t e  a rg in in e  re s id u e  o f  urogen I synthase  i s  

e s s e n t i a l  f o r  c a t a l y s i s .  Reaction o rders  in the  range of 

0.64 to 0.95 f o r  m od if ica t ion  in bora te  b u f f e r  i n d ic a t e  t h a t  

one a rg in in e  res idue  in the  a c t i v e  s i t e  binds one molecule of 

e i t h e r  BD or PGO in th e  r a t e  determining s t e p .  The BD and 

PGO complexes a re  s t a b i l i z e d  by bora te  b u f fe r .

When PGO i n a c t i v a t i o n  was c a r r i e d  out  in  b ica rbona te  b u f fe r  

r ea c t io n  orders  o f  1.15 to  1.17 were ob ta ined .  This was again 

i n d ic a t iv e  o f  a 1:1 s to ich io m etry  between PGO and a rg in in e .  

Takahashi 's  (65) s tu d y ,  however, shows t h a t  two molecules of  

PGO bind to  one a rg in in e  r e s id u e .  In t h i s  s tudy a high con­

c e n t r a t io n  o f  PGO was used. At low con cen tra t io n s  Borders and 

Riordan (54) and P h i l i p s  and coworkers (97) found t h a t  only 

one PGO molecule was incorpora ted  per a rg in in e .
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A l te r n a t iv e ly ,  s t e r i c  r e s t r i c t i o n  in the  r e a c t io n  of  the 

second PGO molecule by the  lo c a l i z e d  environment of the  s p e c i f i c  

a rg in in e  res idue  of  urogen I synthase  could account fo r  the  

observed 1:1 s to ich iom etry .  The adduct formed a f t e r  the  r ea c t io n  

of  the  f i r s t  PGO molecule with a rg in in e  may by s t a b i l i z e d  by 

r e a c t io n  with another  group a t  the  a c t i v e  s i t e ,  perhaps the  

nearby ly s ine  r e s id ue .

In a d d i t i o n ,  f i r s t  one PGO molecule might be incorpora ted  

in the  ra te -de te rm in ing  s tep  and t h a t  i s  r e f l e c t e d  in n, the  

o rder  of the  r e a c t i o n ,  even i f  ano ther  PGO molecule i s  incorpora ted  

in a f a s t e r  s tep .

BD modified enzyme had the  same Km as unmodified enzyme, 

however, the Vmgx was 50% decreased .  This implies  t h a t

m odif ica t ion  does not occur a t  an a rg in in e  ou ts id e  of the  PBG

binding domain and e x e r t  i t s  i n h ib i t o r y  e f f e c t  through a 

conformational change a t  the  a c t iv e  s i t e .

Binding of BD in bora te  or  PGO in bora te  to  t h i s  a rg in ine

res idue  as measured by the  Kj i s  50 mM.

The r a t e  of the  m o d if ica t io n  r e a c t io n  i s  f a s t e s t  f o r  PGO 

in b icarbonate  b u f fe r  as judged from the  second o rder  r a t e  

cons tan t  fo r  the  o v e ra l l  r e a c t io n .

I n h ib i t io n  by formaldehyde and PLP and the  l i f t i n g  of PLP 

incubation  by PBG sugges t  t h a t  t h e r e  i s  a l so  an e s s e n t i a l  lysyl
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r e s id u e  a t  the  a c t iv e  s i t e  o f  urogen I synthase .

A r e a c t io n  o rder  o f  0.79 i n d ic a t e s  t h a t  one molecule o f  

PLP combines with one lysy l  r e s id u e  in  the  r a t e  determining 

s te p .

The r a p id  i n h i b i t i o n  of  urogen I synthase  by PLP a t  low 

c o n c e n t r a t io n s ,  could be due to  the  f a c t  t h a t  PLP i s  an a c t i v e  

s i t e  d i r e c te d  m odif ie r  o f  urogen I syn thase .  The PLP's 

phosphate group i s  recognized by the  enzyme's a rg in in e  group 

before  the  aldehyde p o r t ion  o f  th e  PLP molecule r e a c t s  with 

th e  e-amino group o f  l y s i n e .

The s t r u c t u r e  o f  PBG has severa l  f e a tu r e s  which could 

exp la in  i t s  unique r e a c t i v i t y .  I t  i s  an a-Mannich base o f  a 

p y r ro le ,  and as such i t  r e a c t s  by r e l e a s in g  ammonia and giv ing  

r i s e  to  a r e a c t i v e  p o s i t i v e  carbon (a carbonium ion o r  the  

e q u iv a le n t  d iene)  which i n i t i a t e s  the  polymeriza t ion  by an 

e l e c t r o p h i l i c  a t t a c k  on the  C-5 o f  a second PBG molecule 

(Figure47 ). The h e a d - t o - t a i l  condensat ion would lead  to  the  

unrearranged dipyrrolmethane shown in  Figure  5.

The enzyme can be thought  o f  as having two s i t e s  (see  

Figure  48). The f i r s t  incoming PBG molecule could i n t e r a c t  with 

ly s in e  to  form a cova len t  enzyme s u b s t r a t e  complex with the  

d isplacement  o f  an ammonium ion.  This can be followed by 

t r a n s lo c a t i o n  o f  the  PBG molecule to  s i t e  I I ,  by i n t e r a c t i o n  

o f  the  a rg iny l  group in s i t e  I I  and the  PBG m olecu le 's  prop ion ic  

ac id  r e s id u e .  The second molecule o f  PBG now e n te r s  s i t e  I and
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F i g u r e  4 7 : PBG as an a-Mannich base which polymerizes by 

a t t a c k  on C2 or  C5 o f  a second PBG molecule.
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Figure  4 8 :  Polymerizat ion o f  PBG by urogen I synthase .
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an an ion ic  reco g n i t ion  group could bind the  C2 NH3+ por t ion  

o f  the  incoming PBG molecule.  Since ly s in e  i s  not  a v a i l a b l e  

th e  CH2 + group binds to  the  f r e e  a -p o s i t i o n  o f  PBG 1 with 

displacement  o f  an ammonium ion ,  in a head to  t a i l  fash ion .

The second PBG molecule i s  now t r a n s lo c a te d  to  s i t e  I I ,  as the  

t h i r d  PBG molecule e n te r s  s i t e  I .  The pocket changes shape 

so t h a t  the  chain with ly s in e  i s  f u r t h e r  away from s i t e  I ,  

but  i s  coming around in a s p i r a l .  The t h i r d  PBG molecule binds 

to  the  second and a f t e r  t r a n s lo c a t io n  and binding o f  the  fo u r th  

PGB molecule th e  unrearranged t e t r a p y r r o l e  enzyme bound 

in te rm ed ia te  i s  formed. This then becomes pre-urogen which 

e i t h e r  re la x es  to  urogen I or in the  presence o f  cosynthase  

becomes urogen I I I .

I t  seems l i k e l y  t h a t  the  a rg in in e  binds to  the  carboxyl a t e  

group o f  the  propionic  acid res idue  of  PBG, s ince  Frydman and 

Fe in s te in  (33) have demonstrated the  need f o r  e f f e c t i v e  i n h i b i t o r s  

o f  urogen I synthase to  have a f r e e  propionic  re s id u e  a t  C-4.

Radmer and Bogorad (120) have repor ted  on the  i s o l a t i o n  

from a spinach urogen I synthase - PBG system in the  presence 

o f  an ammonium ion ,  a te t rapy rry lm ethane  which could be con­

ver ted  to  urogen I.

Davies and Neuberger (121) have repor ted  th e  accumulation 

o f  po lypyrro les  when PBG was incubated with urogen I synthase  

from Rhodopseudomonas spheroides in the  presence o f  ammonium ion ,  

hydroxyl amine or  methoxyamine. I t  i s  reasonable  to  conclude
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t h a t  the  amines a re  removing the  po lypyrro le  from the po in t  o f  

a t tachment  to  the  enzyme by n u c leop h i l ic  displacement on the  

methylene carbon which i s  the  po in t  o f  a t tachment.  This po in t  

o f  a t tachment in urogen I synthase  may be n i t rogen  with unshared 

e l e c t r o n s ,  such as th e  e-amino group o f  ly s in e .

One a rg in in e  group involved in binding s u b s t r a t e s  through 

a carboxyl group to the  enzyme's a c t iv e  s i t e  have a l so  been 

repor ted  f o r  carboxypeptidase  A (32), i s o c i t r a t e  dehydrogenase 

(44) ,  and a c o n i ta se  (38).

Glucose-6 -phosphate dehydrogenase (42, 97) and a s p a r t a t e  

t ranscarbamylase  (70, 71) both have one a rg in in e  and one ly s in e  

each a t  t h e i r  a c t iv e  s i t e .
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Appendix 1: I n h ib i t io n  o f  Wheat Germ Porphobilinogen Deaminase 

A c t iv i ty  by Butanedione
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1. Introduction

Porphobilinogen (PBG) deaminase or uropor­
phyrinogen I synthetase is the enzyme which catalyzes 
the tetranicrization o f  porphobilinogen. The structural 
requirements for competitive inhibitors o f  the enzyme 
[1,2] suggest that there is at Ihc substrate binding 
site at least one amino acid residue which binds 
carboxvlate ion.

Atginyl residties can serve as recognition sites on a 
variety o f  enzymes when the substrates contain car- 
boxylatc or phosphate groups [3 ,4 ] .  Butanedione in 
borate buffer inhibits such enzymes by binding to the 
guanidino groups o f  arginine residues in the binding 
sile. This paper reports the results o f  studies o f  the 
effect o f  butanedione on PBG deaminase.

2. Experimental

PBG was purchased from Porphyrin Products 
(Logan, Utah) and Sigma (St. Louis, MO). Butane­
dione was purchased from Aldrich Chemical 
(Milwaukee, WI). All other chemicals were reagent 
grade or better. Wheat germ was obtained from 
Sigma. Spectrophotometric measurements were made 
with the Cary 15 and Zeiss M4Q1II spectrophotom­
eters. Wheat germ PBG deaminase was prepared as 
in [5] and carried through the hcat-dcnaturation step. 
Protein was determined as in [6] with bovine scrum 
albumin as standard. Butanedione stock solutions 
were made up in borate buffer and the pH adjusted 
to pH 8.2 with solid sodium hydroxide.

Deaminase activity was measured in final reaction

Elsevier/North-Holland Biomedical Pt css

mixture vol. 5.0 ml containing: 50 mM borate buffer, 
pH 8.2, 0.001 M EDTA. 1 ml enzyme preparation 
(1.5  mgprotcin/ml assay mixture.spec. act. 2.97 nmol 
PBG consumed/h/mg protein) and PBG ( 6 0 - 7 0  nmol). 
After icmoving aliquolsfor zero time Stssays, the . 
reaction mixture was evacuated and flushed with 
nitrogen repeatedly and then incubated for 4 h at 
37°C. Aliquots were assayed for PBG with modified  
Ehrlich reagent [7 ] .  Uroporphyrinogen was oxidized  
as in [8] and determined as uroporphyrin at 405  nm.

Modification o f  deaminase with butanedione was 
carried out at 25°C in final vol. 8.0 ml containing:
5 ml enzyme preparation (62 me protein, spec. act. 
2.87 nmol PBG consumed;'h/mg protein), 50 ntM 
borate buffer, pH 8.2 and concentrations o f  butane­
dione ranging from 0 -  100 mM. Aliquots (1.4 ml) 
were removed after incubation from 0 - 1 5 0  min, 
chilled to 4°C and dialy/ed overnight at 4°C against 
50 ntM borate buffer. pH 8.2. Dialyzate, 1 ml, was 
assayed as described above. As a control, enzyme 
without butanedione was treated in the same way for 
the longest incubation time and then assayed.

When the ability o f  substrate to prevent inhibition 
was determined, PBG (SO/rM) was added to the 
modification reaction mixture before the addition o f  
butanedione (10  mM). PBG, uroporphyrinogen, 
uroporphyrin and butanedione were removed by 
extensive dialysis (24 h) at 4 rC against 50 mM borate 
buffer befotc the enzyme was assayed.

The kinetic parameters weic obtained using 
unmodified enzyme and enzyme which had been  
treated with 25 mM butanedione for 1 h at 25rC. 
dialy/cd overnight at 4 cC against 50 mM borate buffer, 
pH 8.2. PBG concentrations o f  25 /rM through
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145 /jM were used in separate incubation mixtures.  
Least squares analysis or data gave kinetic parameters 
with correlation coefficients greater than 0 .9 7 .

Reactivation o f  modified enzym e was attempted  
by treating deaminase at 25°C with SO mM butane­
dione and dialyzing the mixture against either SO mM 
borate buffer, pH 8.2  or against water for 23 h at 4°C.

3 . Results and discussion

PBC deaminase was incubated with various co n cen ­
trations o f  butanedione in borate buffer for a series 
o f  time intervals. In. some experiments, PBG, the  
substrate, was added before the inhibitor. The enzym e  
aliquots were dialyzed individually against borate 
buffer before they were assayed for activity. The  
activity o f  deaminase, measured as PBG consum ption  
and as porphyrin formation, was severely and rapidly 
reduced by  butanedione in borate ( f ig . l ) .  Borate 
alone had n o  effect on deaminase activity. Inhibition  
was not reversed by  dialysis against borate or against 
water. The rale o f  inhibition was a function o f  
butanedione concentration and the level o f  inhibition  
increased with time o f  incubation. For 100 mM 
butanedione, PBG uptake and porphyrin formation  
were almost com pletely inhibited before 6 0  min.

When deaminase was modified for 1 h in 25 mM 
butanedione, then dialy/.ed against borate and assayed 
with varying concentrations o f  PBG for I h and 2 h 
incubation times, the kinetic parameters in table 1 
and fig.2 were obtained. A'm for porphyrin formation  
was slightly higher or the same for m odified enzym e  
and P max was lower by about a factor o f  2 .  The  
results suggest that the modified enzym e mixture

consists o f  totally inactivated enzyme and some  
native enzyme.

In order to determine whether the substrate can
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Fip.l. Inactivation of PBG deaminase by butanedione in 
borate buffer. Tltc cni> me (7.6 mg/ml modification mixture; 
spec. act. 2.87 nmol PBG ctmsumed/h/mg protein) was incu- 
haled with various concentrations ofbutancdione. Aliquots 
(1.4 ml) were removed at indicated times and dialyrcd 
against 50 mM borate buffer. pH 8.2 at 4:C and 1 ml was 
assayed for PBG-consuminc activity. The incubations included 
butanedione in the following concentrations: (•) 0 mM;
(*) 10 mM; (•) 50 m M ;U) 100 m.M. Uroporphyrinogen 
formation pave similar curves.

Table 1
Kinetic parameters for wheat germ PBG deaminase before and after inhibition by 25 mM 

butanedione measured after one hour and two hour incubation times

Incuhation time
^*m 4.KT*
(nM)

V' max
(nmol/ml/h)

Am W  
OiM)

* max
(nmol/ml/lt)

Unmodified 26 7.5 22 7.3
Modified run 1 36 2.9 42 3.4
Modified run 2 24 3.3 27 3.1
Modified run 3 30 2.6 24 2.2

Activity was measured as porphyrin formation
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Fig.2. Double leciprocal plot for uioporphyrinopcn forma­
tion by unmodified (•) and 2,3-bulancdionc modified PBG 
deaminase (*). PBG deaminase wasincubaicd with 25 mM 
2,3-buiancdionc for 60 min at 25'C. Velocity is expressed 
as nmol uropoiphyrinopcn formcd/ml/h.

protect the enzyme from inactivation by butanedione, 
deaminase was mixed with PBG (8 0  pM) before addi­
tion o f  butanedione (1 0  ntM) and borate buffer. Ali­
quots were removed at various time intervals and 
dialyzed acainst borate buffer at 4°C before assay.

100-
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Fip.4. loparilhmic plot of PUG di-jminasc activity after 
treatment with various ronrcntiations of butanedione. Half- 
times of inactivation (r0-, ) values w rre calculated from 
scmileparithmic plots oflop PBG deaminase activity versus 
time (min) foi initial reaction times tip to 60 min. (•) PBG 
consumption: (A) uroporpliyrinnpen formation.

Fip.3. Protection by suhstrale of PBG deaminase acainst 
inactivation by butanedione. The enzyme (7.9 mp/ml modifi­
cation mixture with spec. act. 1.7 nmol/h/mp protein) was 
incuhnted with various concentrations of butanedione with 
and without PBG. Aliquots (1.4 in l)u n c  icmovedat indicated 
times and dinlyzrd overnight aeainsi 50 mM hoiatc huffer, 
pH 8.2 at 4rC and 1 ml was assayed foi PBG-ronsuminc and 
uroporphyrinoprn-foiminp activities. The incubation mixtures 
included butanedione and PBG in the followjnp concentra­
tions: PBG consumption: (•) 0 mM bnt.medionc and OjjM- 
PBG; (*) 10 mM hutancdiont and 80 PBG;(«) lOmM
butam dione and 0 pM PBG.
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Tlie substrale showed a pronounced ability to protect 
deaminase activity from butanedione inhibition.
Both PBG-uptake (fig.3) and porphyrinogen formation 
(results not shown) were appreciably protected by  
addition o f  PBG before inhibitor.

For data in the first hour o f  reaction when log  
l / f 0.s, where r0.s is ^1C t*n1e required for 5 0 a inhibi- 

' tion, was plotted against log butanedione concen­
tration the slope was 0 .89  for PBG and 0 .65 for por­
phyrin formation (fig.4). These preliminary results 
suggest that one aigininc is being inactivated and is 
required for deaminase activity [9 ] .

Carboxypcptidase A | 3 ] , aspartate amino trans­
ferase [ 1 0 ] ,  and isocitrate dehydrogenase (11) are 
enzymes which have substrates with carboxylate 
groups and which have been shown to require one or 
more arginine residues to  bind these substrates. PBG 
deaminase may be another enzyme o f  this kind 
because butanedione inhibits its activity and the sub­
strate lifts this inhibition. It is probable that PBG 
deaminase catalyzes at least tw o different types o f  
reactions: condensation o f  PBG units and cyclization 
o f  a linear letrapyrrole. How the PBG-binding site, 
the intermediate^) binding site and the cyclization 
site relate to each other is not known.

Acknowledgement

This work was supported by Biomedical Sciences 
Support Grant PHS 5 S 0 7  RR07132-06.

References

11J Frydman, R. B. and Fcinstcin. G. (1974) Biochim.
Biophys. Acia 350, 358-373.

12) Carpenter, A. T. and Scott. J. J. (1961) Biochim.
Biophys. Ada 52.195-198 .

131 Riordan, J. F. (1973) Biodumistty 12.3915-3923. 
|4 ) Riordan, J. F., McEbany, R. D. and Borders, C. L.,jr 

(1977) Science 195,884-886.
IS J Roporad. L. (1958)J. Biol. Chem. 233. 510-515.
|6 ) Lowry, O. H., Roscbrouph, N. J.. Farr, A. L. and 

Randall. R. 1. (1951) J. Biol. Chem. 193, 265-275. 
f 7] Maur.erall, D. and Granick, S. (1956) J. Biol. Chem.

219,435-446.
(8J Jordan, P. M. and Shcmin, D. (1953) J. Biol. Chem.

248,1019-1024.
(9J Hollenbcrp.Flashner.M.andCoon.M. J. (1971) J. Biol.

Chem. 246.946-953.
J10J Borders.C. L.,jr and Riordan, J. F. (1975) Biochemistry 

14.4600-4704.
111 ] FJilich. R. S. and Colnian. R. F. (J 977) Biochemistry 

16, 3378-3383.

5 0

187



Appendix II Appl ica t ion  of  A f f i n i t y  Chromatography to  the 

P u r i f i c a t i o n  o f  Wheat Germ Porphobil inogen 

Deaminase
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Porphobilinogen deaminase (uroporphyrinogen I synthetase) was first isolated  
from spinach* and wheat gcrnr by Bogorad. This enzyme catalyzes the hcad-to-tail  
condensation  and cyclization o f  four moles o f  porphobilinogen (PB G ) to form uro­
porphyrinogen J. Deaminase has been prepared from a variety o f  sources including  
avian3 and mammalian erythrocytes4, Btplcna yracilis* and Rhadopsvudtmutnas 
sphcroidcs*. The latter was purified by Jordan and Shem in7 by am m onium  sulfate pre­
cipitation, column chrom atography and preparative acrylamidc gel electrophoresis. 
Frydman and Frydman* have reported on the purification and properties o f  wheat  
germ deaminase. Deaminase from various sources appears to be a single protein o f  
molecular weight about 3.6 • 104 with a pH optim um  near 8.0 and K m values in the 
range o f  20 pM .

Wheat germ deaminase is inhibited by sulfhydryl reagents: A g 4 , H g 44 and  
/>-chloromcrcuribcn/oatc ( P C M B ) \  Inhibition by PCM D is reversed by cysteine. It 
was concluded that a cysteine residue is essential for enzymatic activity.

In connection with other studies on wheat germ deaminase, the need arose for 
a large-scale, hom ogeneous preparation o f  the enzyme. A form o f  affinity chrom ato­
graphy has been successful in removing mans impurities from deaminase in one rapid 
step. Chrom atography on organomcrcurial agarose has been used to purify plasma  
fa c t o r .X l l l ,  fraction 4 (ref. 9). The reaction o f  a sulfhydryl protein with oreano-  
mcrcurial agarose removes it from a crude mixture (reaction (If). After washing the 
colum n with buffer, a concentration gradient o f  mcrcaptoclhanol in the same buffer 
is used to elute the sulfhydryl protein from the organomcrcurial bond (2).

O
1!

(1) a g a ro sc -O -(C H 2) j - N H - C - 0 - H g C I  -  H S -p r o tc in  *•
O
1!

a g a r o s e - O - ( C H j ) y -N H - C - 0  Hg- S-protein
O
li

(2) a g a r o s c -0 - (C l  l j ) j -N H -C -  0  H g S - p r o t e in  ! HS- C H -C H j-O H
O
II

a g a r o s e - O ~ ( C H ,) j - N H - C - 0 - H g  S C H :C H ;O H  -1 HS protein
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The success o f  this approach depends on the removal o f  deaminase from a crude 
preparation because the sulfhydryl groups o f  the former will bind to mercury on the 
agarose support. Elution with a mercaploelhanol concentration gradient should  
release the enzyme from the solid support.

MATERIALS AND METHODS

P B G  was purchased from Porphyrin Products (Logan, U tah , U .S .A .)  and from  
Sigma (St. Louis, M o .,  U .S .A .) .  Afli-gel 501 was purchased from Bio-Rad Labs. 
(R ichm ond, Calif., U .S .A .) .  All other chemicals were reagent grade or better. Wheat  
germ w a s  obtained from Sigma.

Spcctrophotomctric measurements were made with the Cary 15 spectrophotom ­
eter. Fluorimclric measurements were made with the Pcrkin-Elmcr M P F -2A  spcclro- 
fluoromclcr.

Protein was determined by measuring absorbance at 280 nm  or according to  
Lowry ct al.i0 with bovine scrum albumin as standard. PBG was determined using the 
modified Ehrlich reagent o f  Mauzcrall and Granick". Uroporphyrinogen 1 ŵ as o x i ­
dized by the method o f  Jordan and Shemin7 and determined as uroporphyrin spcctro-  
photom clrically  or fluoriniclrically. Polyacrylamide disc gel electrophoresis was  
performed using the method o f  D avis” . Wheat germ deaminase was prepared ac­
cording to  Bogorad1 and carried through the hcat-trcalmcnt step.

Enzyme assay
The fractions eluted from agarose columns were assayed in the fo llow ing way.  

In a 400-//1 tube were placed 100 //I o f  the contents o f  the fraction and 2 5 //I o f  a PBG  
solution (0 .2  mg/ml). The tube was stoppered and incubated at 3 7 c. The assay tubes  
were evaluated when fluorescence appeared under ultraviolet (U V ) light in the control 
prepared from crude sample. The elution profile was obtained by adding one drop o f  
the iodine reagent o f  Jordan and Shemin7 to 5 0 //I from each tube and 3 5 0 //I o f  buffer 
and reading the intensity o f  fluorescence at 598 nm in the spcctrofluorimclcr with  
excitation at 410 nm.

Specific activities were determined by assaying for PBG consum ption and uro­
porphyrinogen formation [incubation mixtures containing 1.0 ml o f  enzyme prepara­
tion, 4 .0  ml o f  0.1 M  Tris buffer, pH 8.2, 0.50 ml 0.001 M E D T A  and 0 .20  ml o f  PBG  
(1 .0 m g/10  ml)) at zero lim e and at 4 to  5 h.

Enzyme purification with Afli-gel 501
In a typical run, a preparation o f  wheat germ deaminase prepared by the m eth­

od o f  B ogorad 1 and carried through hcat-trcatmcnl contained 9 m g prolein/ml and  
had a specific activity o f  0 .322 nm uroporphyrinogcn/h/mg. A TO-ml volume was  
mixed with 15 ml o f  Afli-gel 501 (mcrcuriphcnylagarosc) which had been washed three 
times with three volumes each o f  0.075 M Tris buffer, pH 8.0. The mixture was  
stirred at room temperature for 10 min w ith  a glass rod and then poured into a small 
chrom atography column and washed with the same buffer until the U V  monitor  
(254 nm) indicated that no more protein was being eluted from the colum n (fraction 9). 
A  large am ount o f  protein and the yellow -brown color o f  the crude mixture was re­
moved in this step. A linear gradient o f  Tris buffer 0.075 M, pH 8.0, containing 0.001
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hi  E D T A  and the same buffer with 0.02 hi mercaptocthanol was started and fracti 
o f  3 .3  ml collected.

Afli-gel 501 can be regenerated by washing firsl with 10 mA/ HgClj, 2 0 n 
E D T A  in 50 m M  sodium acetate pH 4.8. Excess HgClj is removed by  washing the 
with 0 .2  M  N aC l, 1 mM  E D T A  in 50 mA/ sodium acetate at pH 5.0. It is import 
to avo id  introducing phosphate ions during regeneration o f  the gel.

Chromatography on DEAE-cclluJosc
In a typical run, a sample o f  enzyme (6 m g protcin/5 ml) was dialyzed agai 

25%  glycerol, 10 m A/ m crcaplocthanol in 0.02 h i phosphate buffer pH 7.9 at 
overnight. The sample was put on a column 1 X 7 cm and eluted with a linear gradi 
o f  0 - 0 .4  hi  KC1 in the same buffer. Activity eluted in one peak at 0 .13 h i  KC1.

Analytical polyacrylamide disc gels o f  the active tubes from the chroma  
graphy runs were cut into 0.5-cm slices, and each slice incubated with 25 /d  PBG ( 
m g/m l 0 .75  hi  Tris, pH 8.0) at 37° and evaluated for fluorescence under U V  lig 
Parallel gels were stained w hole for protein with C oom assie  Blue.

RESULTS AND DISCUSSION

Because deaminase activity is vulnerable to sulfhydryl reagents, it was rcas< 
able to  expect rapid immobilization by mcrcuriphcnylagarose i f  the support arm v 
long enough  to reach an accessible sulfhydryl group. It was hoped that the extranet 
proteins in the crude preparations would be far less susceptible to  this inhibitor, 
ye l lo w -b ro w n  enzyme preparation which was the result o f  carrying Bogorad's whi 
germ preparation “ B" through the heat treatment step, and the mcrcuratcd chron  
tography support were mixed batch-wise and loaded onto  a colum n. A  ycllo  
fluorescent colored impurity and a large am ount o f  protein were removed by sim] 
elution  with buffer (Table 1). Elution with a mcrcaptoclhano! gradient show ed t' 
p /o tc in  peaks, one associated with enzymatic activity as determined by spectropho  
metric and fluorimetric assays o f  aliquots o f  the individual fractions which had be 
incubated with PBG. The activity and elution profiles appear in Fig. 1. Table 1 presci 
the results o f  enzyme assays. A large amount o f  non-enzym e protein is removed in o 
step by  this method. Recovery o f  activity was over 50%. The m ethod is fool-pro  
rapid and reproducible. Frjdm an and Frydman* have noted that purification o f  t 
enzym e lowers its stability considerably. We found the purified enzym e was fail 
stable in 0.1 hi Tris buffer and 20 mM  mercaptocthanol. but lost activity with frcezi 
and thaw ing and by removal or ’oxidation o f  mercaptocthanol.

TABLE 1

PURIFICATION OF WHEAT GERM DEAMINASE BY CHROMATOGRAPHY ON ME 
CUR1PHENYLAGAROSE

Total protein (ms) Units Specific activity'

Heat-treated enzyme 89.6 28.0 0.311
Fractions 21-30 2.12 9.79 4.62
Fractions 31-40 L72 4.21 2.45

• * Specific activity is expressed as nmoles of uroporphyrinogen produced per h per mg prole
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Fig. 1. Eluiion profile of PBG deaminase from mcrcuriphcnylagarose column. Conditions of ab­
sorption and elution arc described in the text. Enzyme activity is described in experimental meth­
ods. O , Absorbance at 278 nm; A , uroporphyrinogen-forming activity. Fractions of 3.3 ml were 
collected after tube 9 when gradient was started.

Analytical polyacrylamide gels o f  the active fractions off  mcrcuriphcnylagarose  
chrom atography showed a pronounced protein band at Rr 0.43 (using m obility  o f  
brom phcnol blue as reference) and a faint band at Rr 0.87. The latter band was the  
only  one with enzym atic activity. DEAE-ccllulosc chromatography in 25%  glycerol 
and 10 m / /  mercaptocthanol o f  the active fractions off  mcrcuriphcnylagarose, re­
m oved m ost but not all o f  the band with Rr 0.43. While much proicin was removed  
by D E A E -ce llu lose  chromatography the specific activity o f .th e  enzym e did not in­
crease, purification probably being offset by destabilization o f  the enzym e8. Prepara­
tive gel electrophoresis7 preferably in buffer containing mercaptocthanol after mcrcuri­
phcnylagarose chrom atography would be the method o f  choice for preparing h o m o ­
geneous wheat germ deaminase.
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