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ABSTRACT

N icotina te  Phosphoribosyltransferase From Yeast:

A New High Pressure Liquid Chromatography Assay Procedure,

A New P u r i f ic a t io n  Procedure and A K inetic  Analysis.

by

Lewis S. Hanna 

Adviser: Dr. Donald L. Sloan

N ico tina te  phosphoribosyltransferase (N PRTase) catalyzes the
a

formation o f  n ico t in a te  mononucleotide (N MN) from phosphoribosyl-o^-
a

pyrophosphate (PRPP) and n ic o t in ic  acid (N^). The enzyme from several 

sources hydrolyzes 1 mole o f  ATP to ADP and inorganic .phosphate fo r  

every 1 mole o f  N MN formed. This thesis describes the development of
a

a highly s e n s it iv e ,  r e l ia b le  and fa s t  assay procedure, u t i l i z i n g  high 

pressure l iq u id  chromatography (HPLC), fo r  N PRTase from baker's  

yeast. The concomitant u t i l i z a t i o n  o f the substrates ATP and N  ̂ is  

followed as is the formation o f  the products ADP and N.MN. The assay
a

procedure enabled me to demonstrate the 1:1 stoichiom etry between the 

hyrolysis  o f ATP and the formaton o f N MN. Moreover, i t  enabled me to
a

investiga te  the k ine tics  o f  the NgPRTase catalyzed reaction fa s te r  and 

with greater accuracy than the previously published procedure which 

made use o f rad ioactive  n ic o t in ic  ac id .



A p u r i f ic a t io n  procedure which provided a very good y ie ld  of  

p u r if ie d  enzyme has been developed employing Phosphocellulose, 

H ydroxylapatite , Blue-Sepharose CL-6B and DEAE-cellulose chromato­

graphic steps. The procedure produced a 5% y ie ld  (10 mg per 6 pounds 

o f  yeast) o f  enzyme with a s p e c if ic  a c t i v i t y  o f  4 .4  un its  per 

mg (1 u n it  = umole o f  N MN formed per m in). The molecular weight was
a

determined to be 45,000 by SDS-gel e lectrophores is .

K inetic  analysis  o f  the N^PRTase-catalyzed reaction y ie lded  thea

fo llow ing re s u lts .  U t i l i z in g  the HPLC assay procedure, double rec ip ro ­

cal i n i t i a l  v e lo c i ty  plots were constructed using data obtained by 

varying one substrate a t  d i f f e r e n t  concentrations o f  the second sub­

s t ra te  while maintaining the th ird  substrate constant (6 fam il ie s  of  

p lo ts ) and by varying one substrate a t  d i f f e r e n t  concentrations o f  the 

other two substrates which were maintained a t  a constant r a t io  

(3 fa m il ie s  o f  p lo ts ) .  In a d d it io n , product in h ib it io n  s tud ies, with  

the product pyrophosphate, was performed: 1) a t  various concentrations

o f  ATP and unsaturated and saturated conditions o f  N^, 2) a t  various 

concentrations o f  and unsaturated and saturated conditions o f ATP 

and 3) a t  various concentrations o f  PRPP a t  saturated conditions of  

N^. During these studies I observed a s ig n if ic a n t  substrate in h ib it io n  

a t  high concentrations of PRPP. In add ition  I demonstrated tha t  

p u r i f ie d  N PRTase possesses an ATPase a c t i v i t y  only in the presence o f  

e i th e r  product (pyrophosphate or N MN) and in the absence o f PRPP.
a

Exchange studies between [^ C ] -N ^ /N aMN in the presence and absence o f

32ATP and PRPP and exchange studies between [ Pj-PP^/PRPP in the presence 

and absence o f  ATP and were accomplished. Binding studies o f  

[^ C ] -N ^  to NgPRTase were also performed in the presence and absence



- V -

o f  ATP and PRPP, and e f fe c ts  o f  C r ^ A T P  and C r ^ P P .  on the N PRTase-I d
catalyzed reaction were in i t i a t e d .  CrI ] t IATP was observed to be a 

competitive in h ib i to r  o f  Mg-ATP function  whereas Cr***pp . and the 

product MgPP. in h ib ite d  the N PRTase a c t i v i t y  d i f f e r e n t ly .
I cl

A ll o f  the above k in e t ic  studies im p lica te  a Uni Uni Bi Ter Ter 

Quad Ping-Pong system, in which the second and th ird  products d issoc i­

a te  a t  random, as the k in e t ic  mechanism fo r  the N PRTase reaction .
a

The K values fo r  ATP, PRPP and were ca lcu la ted  to be 70±10 uM,
in r\

24±3 uM and 23±4 uM re s p e c t iv e ly , whereas a Vm,„  value of
iTlaX

2 .5±0 .4  x 10"2 umol N_MN/min and a value fo r  K ^ p Rpp  ̂ o f  5±1 uM were 

determined.
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INTRODUCTION

Nicotinamide adenine d inucleotide  (NAD) can be synthesized by 

three d i f f e r e n t  pathways in l iv in g  c e l ls  (F ig .  1).

In the de-novo pathway tryptophan is  metabolized to e i th e r  or 

both n ic o t in ic  acid (N^) and q u in o lin ic  acid (Q^). Quinolinate  

phosphoribosyltransferase, QPRTase, ( N icotinatenucleotide:pyrophos­

phate phosphoribosyltransferase (c a rb o x y la t in g ) , EC. 2. 4. 2. 1 9 ) ^  

then catalyzes the decarboxylation o f  q u in o lin ic  acid a t  the 2 -pos it ion  

and the formation o f  a 0 -g ly c o s id ic  bond between the base and the 

ribose-5'-phosphate moiety o f 5 '-phosphoribosyl- 1 '-pyrophosphate 

(PRPP), to produce n ic o t in a te  mononucleotide (N MN). N MN can also be
d a

synthesized from n ic o t in ic  acid (Preiss -  Handler p a th w a y )^  through 

the action o f n ic o t in a te  phosphoribosyltransferase, N PRTase,
cl

(Nicotinatenucleotide:pyrophosphate phosphoribosyltransferase,

EC. 2 .4 .  2. 11 ) ,  where n ic o t in ic  acid is obtained e i th e r  from n u t r i ­

t io n a l sources or from tryptophan metabolism. NAD can be synthesized 

from N MN in two steps, the add ition  o f  the AMP portion o f  NAD followed
a

by the formation o f  the amide group.(3>4) j n t he th ird  route , nico­

tinamide can serve as precursor fo r  the formation o f nicotinamide  

mononucleotide (NMN) through the action o f  nicotinamide phosphoribosyl 

t ra n s fe ra s e , ( N ic to t i  namidenucl eotide .-pyrophosphate phosphori bosyl -  

tran s fe rase , EC. 2. 4. 2. 1 2 ) . ^  T herea fte r  NAD is  synthesized 

d i r e c t ly  through the add ition  o f the AMP portion .

I t  appears th a t  there is more than a s ingle  pathway fo r  NAD 

synthesis in any s ingle  organism. Nicotinamide can serve as

precursor in b a c t e r i a ^  and y e a s t ^  whereas q u in o lin ic  acid can 

serve as precursor in r a t , ^  bovine and hog l i v e r , ^  castor
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Figure 1. Pathways fo r  NAD synthesis. The enzymes cata lyz ing  d i f fe r e n t  steps are (1) N icotinate  

phosphoribosyltransferase, (2) Quinolinate phosphoribosyltransferase, (3 ) Nicotinamide phosphoribosyl­

transferase , (4 ) N icotinatemononucleotide/adenylyltransferase, (5) Nicotinamidemononucleotide/adenylyl- 

transferase and (6) NAD+ synthetase.



bean e n d o s p e r m , " S h i i t a k e "  mushroom/13  ̂ pseudomonad^1^  and 

Alcaligenes eutrophus nov. subsp. qu inolin icus (A.E. q u in o l in ic u s ) . ^15  ̂

However, the main route fo r  the biosynthesis o f  NAD in mammalian t iss u e ,  

yeast and E. col i is the Preiss-Handler pathway. Moreover, i t  has been 

suggested th a t  d i f f e r e n t  precursors serve as the primary source o f NAD 

under d i f f e r e n t  c e l lu la r  growth conditions in E. c o l i .

The above-described phosphoribosyltransferases share the c e l lu la r  

PRPP with other purine and pyrimidine phosphoribosyltransferases.

The a l lo c a t io n  o f  PRPP to  th is  group o f enzymes depends on i t s  a v a i l ­

a b i l i t y  as well as the turnover ra te ,  s t a b i l i t y  and ra te  o f  synthesis  

o f  every enzyme, in add it ion  to the e f fe c t  o f the products and 

a l lo s te r ic  e f fe c to rs  on the reaction ra tes .  Any malfunction in th is  

s tr in g en t  regu latory  system can cause severe disorders in man. For 

example, hyperuricemia (the excessive production o f  u r ic  ac id) is  the 

re s u l t  o f  an increase in PRPP amidotransferase a c t i v i t y  (the f i r s t  

step in the de-novo purine b io syn th e s is ).^ 18, 19  ̂ Lesch-Nyhan syn­

drome is the re s u lt  o f  a complete defic iency in hypoxanthine-guanine 

phosphoribosyltransferase (HGPRTase), the enzyme cata lyz ing  the f o r ­

mation o f  inosine-5'-monophosphate (IMP) and guanosine-5'-monophos- 

phate (GMP).^28  ̂ Another metabolic disorder associated to the phos­

phoribosyl transferases is  o ro t ic  ac iduria  which is the re s u lt  o f  a 

complete defic iency in o ro ta te  phosphoribosyltransferase (OPRTase), 

the enzyme cata lyz ing  the formation o f orotidine-5'-monophosphate  

(OMP).^21  ̂ Gershon and Fox^22  ̂ have observed th a t  adm inistration  o f  

megadoses o f n ic o t in ic  acid produced hyperuricemia without increasing  

the u r ic  acid concentration in u r in e . This may suggest an in t e r ­

re la t io n  between the purine nucleotide and pyrid ine nucleotide b io-



synthetic  pathways, which needs to be investigated fu r th e r .

1. N icotinate  Phosphoribosyltransferase (N PRTase)
__________________________________________________________a__________

N icotina te  phosphoribosyltransferase (N=PRTase) catalyzes the
a

f i r s t  step in Preiss-Handler pathway fo r  the biosynthesis o f  NAD, 

producing N MN from PRPP and n ic o t in ic  acid . N PRTases iso la ted  from
a a

( 4  23 -291d i f fe r e n t  sources' ’ ‘  have an absolute requirement fo r  a

d iv a le n t  metal ion and ca ta lyze  the formation o f  N MN ir r e v e r s ib ly .
a

Moreover, phosphate ion seems to stim ulate  N PRTase a c t i v i t y .
a

However, molecular weights and nucleotide requirements d i f f e r

depending on the source of the enzyme. For example, the bovine l i v e r  

(231
N PRTase' '  has a molecular weight o f  86,000 which is twice tha t fo r

a

the yeast enzyme. The yea s t,  E. c o l i ^  and B. s u b t i l i s ^ 6^

NaPRTases require an essentia l (however nonspecific) nucleotide. In 

add ition  to ATP, these enzymes can u t i l i z e  GTP and ITP and to a lesser  

extent CTP and UTP. ATP, s p e c i f ic a l ly ,  is  a p o s it ive  a l lo s te r ic  

m odifier  o f the N^PRTases from bovine l i v e r , ^ ^  human e ry thro -a

c y t e s ^ )  and Ehrlich  Ascites turner c e l ls .  Moreover, N^PRTase from
a

protozoan Astasia longa^ ^  is ATP independent. The ATP requirement 

in c e r ta in  organisms may provide a control system crosslinking energy 

metabolism and NAD biosynthesis. I t  has been determined th a t  a 1:1 

stoichiometry ex is ts  between ATP consumption and the formation o f  N MN
cl

in B. sub ti l  i s , human erythrocytes and y e a s t . (24-27)

Because o f a time consuming C1^- n ic o t in a te  to C ^ -  N MN assay
a

procedure involving the separation o f  n ic o t in a te  from N MN by paper
cl

( 24)chromatography' '  and because o f  a lengthy p u r i f ic a t io n  procedure
I n  23 -291

with very poor y i e l d , '  5 ' l i t t l e  is  known about the mechanism



and properties o f NaPRTase from d i f f e r e n t  sources. One o f the most 

studied N PRTase is  from baker yeast.  The enzyme has a broad
a

pH optimum fo r  enzyme a c t i v i t y  centered near pH 8 .0 .  Kosaka e t  a l . , ^ 5  ̂

have demonstrated th a t  a phosphorylated enzyme is qu ite  l i k e ly  

to be a c a ta ly t ic  in term ediate . Moreover, they have suggested two 

d i f fe r e n t  k in e t ic  mechansims fo r  the action o f  yeast N_PRTase. These
a

two mechanisms are defined as a p a r t ia l  ordered substrate binding  

and/or a p a r t ia l  ping-pong substrate binding with p a r t ia l  random pro­

duct release.

2. Comparisons Between N PRTase and QPRTase_______________________ G____________________

Although N PRTase and QPRTase give r is e  to the same product (N MN), a a

they u t i l i z e  d i f f e r e n t  substrates (n ic o t in ic  acid and q u in o lin ic  acid 

re s p e c t iv e ly ) .  QPRTases p u r i f ie d  from hog kidney,^30  ̂ hog l iv e r ^ 3 ^  

and A.E. q u ino lin icu s^15  ̂ a l l  have a molecular weight o f about 210,000 

and are composed o f  6 id en t ic a l  subunits o f  34,200 M.W., whereas 

NaPRTase p u r i f ie d  from yeast consists o f a s ingle  polypeptide chain o f  

about 45,000 M.W.^3^  and N PRTase p u r i f ie d  from beef l i v e r  has a
a

molecular weight o f 8 6 , 0 0 0 . Li ke NgPRTase, QPRTase has an absolute  

requirement fo r  a d iv a le n t  metal ion and displays maximal a c t i v i t y  in 

the presence o f phosphate ion. The exception to th is  is QPRTase from 

A.E. qu inolin icus which is in h ib ite d  by phosphate ion. The pH optimum 

fo r  QPRTase from d i f f e r e n t  sources ranged from 6 .1 - 9 .5 ,  whereas 

N PRTases have pH optima o f  7 -8 .5  independent o f the enzyme source.
a

QPRTase from A.E. qu ino lin icus  displays maximal a c t i v i t y  a t  60°C, 

whereas N,PRTases from d i f f e r e n t  sources are heat l a b i le .  Moreover,
a



nucleoside triphosphates serve e i th e r  as substrates (yeast) or as 

p o s it ive  a l lo s te r ic  m odifiers (beef l i v e r )  fo r  N PRTase a c t i v i t y ,  

whereas these nucleotides in h ib i t  QPRTase from d i f f e r e n t  

sources.(1 5 ,30 ,31 )  Diphosphate nucleotides are in h ib ito rs  fo r  NaPRTases 

th a t  require  a triphosphate nuc leo tide , whereas they have no in h ib ito ry  

e f fe c t  on QPRTase a c t i v i t y .  Nucleoside monophosphates as well as 

ribose-l-phosphate (R - l -P )  and ribose-5-phosphate (R-5-P) have no 

in h ib ito ry  e f fe c t  on e i th e r  N PRTases o r  QPRTases from any source.
a

Amino acid m odifiers were employed to determine th a t  QPRTAase from 

hog l i v e r , h o g  kidney^3^  and A.E. q u in o l in ic u s 3̂^  contain lys in e ,  

h is t id in e  and cysteine a t  t h e i r  ac t ive  s i te s .  Such studies have not 

been conducted fo r  N3PRTase. Double rec iprocal plots o f the i n i t i a l
a

ra te  o f  N MN formation vs. substrate concentrations fo r  QPRTase from
a —

hog l iv e r ^ 3 ^  and hog kidney^33  ̂ are composed o f  sets o f  p a ra l le l  

l in e s  in d ic a t iv e  o f ping-pong k in e t ic  mechanisms, whereas these plots  

fo r  QPRTase from A.E. q u in o l in ic u s 3̂^  are composed o f  in te rs ec tin g  

l ines  in d ica t ing  th a t  th is  enzyme proceeds through the use o f  a 

sequential mechanism. Thus QPRTases from d i f f e r e n t  sources may 

cata lyze  t h e i r  reaction through d i f f e r e n t  k in e t ic  mechanisms.

3. Mechanisms o f  Action o f  Other PRTases

D if fe re n t  PRTases from d i f f e r e n t  sources show a wide range in 

molecular weight, Km values f o r  PRPP and Km values fo r  the nitrogenous 

substrates. These d iffe rences  e x is t  fo r  the same PRTase enzyme from 

d i f fe r e n t  sources and fo r  d i f f e r e n t  PRTases from the same source. 

Moreover, d i f f e r e n t  PRTases cata lyze  th e i r  reaction through d i f fe r e n t



k in e t ic  mechanisms. For example, e a r l i e r  studies on HGPRTase from

( 35lhuman ery throcy tes ' '  suggested a ping-pong Bi Bi k in e t ic  mechanism

because o f the appropriate p a ra l le l  double-reciprocal i n i t i a l  v e lo c ity

l ines  were obtained and because o f an i n i t i a l  burst o f  IMP synthesis

upon the add ition  o f hypoxanthine to an enzyme preincubated with
2+and p u r i f ie d  from PRPP and Mg was also observed. However, l a t e r  

studies^36  ̂ indicated th a t  the HGPRTase catalyzed the reaction through 

an ordered b ib i mechanism in which the products IMP and pyrophosphate 

(PPi) were released from the enzyme by rapid equ ilib r ium  random d is ­

soc ia tion . Henderson e t  a l . ^ 3^  in te rp re ted  the i n i t i a l  v e lo c ity  

patterns by proposing th a t  is  much smaller than which would 

re s u lt  in an apparant p a ra l le l  pattern  o f  l in e s ,  whereas the ordered 

mechanism is ,  in f a c t ,  function ing . Papaioannou and his colleagues,^33) 

l a t e r  showed th a t  the r a t io  o f  to  Km̂  was greater than 0.1  and 

th a t  in te rs ec tin g  l ines  should be observed. Furthermore, they proposed 

th a t ,  a t  an optimum metal ion concentration, a ping-pong mechansim is

in e f fe c t  whereas ordered mechanism is in e f fe c t  a t  low concentration

o f metal ion. Giacomello and Salerno^33) have disagreed with th is

proposal and the question is s t i l l  unresolved.

I t  has been observed by V ic to r  e t  a l . ^ 3^  th a t  OPRTase from 

baker yeast catalyzes the formation o f  OMP through a ping-pong Bi Bi 

k in e t ic  mechanism a t  optimal metal ion concentrations. Double re c ip ­

rocal i n i t i a l  v e lo c ity  ana lys is , product in h ib it io n  studies and 

exchange studies between rad ioactive  substrate/product pairs led to 

th is  conclusion.



ATP-PRTase from Salmonella t,yphimurium proceeds through the use 

o f an ordered k in e t ic  mechansim as determined by k in e t ic  analy­

s is ,  even though e a r l i e r  studies^44) had suggested a ping-pong

mechanism because o f  the apparent is o la t io n  o f  a lab e lle d  phosphori-  

bosylated enzyme in term ediate.

G enera lly , ping-pong mechanisms in a Bi Bi reaction  system w i l l  

define a double displacement mechanism which usually  leads to re ­

ten tion  o f  con figura tion , whereas PRTases cata lyze an inversion of  

the g lycos id ic  bond con figura t ion . 45  ̂ This has been the main 

objection  to a ping-pong mechanism as the mechanism o f  action fo r  

some PRTases. An S^2 mechanism, based on stereochemical consideration  

on ly , has been proposed fo r  OPRTase.^46  ̂ One has to keep in mind tha t  

fo r  those PRTases with a suggested ping-pong k in e t ic  mechanism, a more 

complicated mechanism than double displacement must be proposed. 

Formation o f  a carbonium ion interm ediate as the mechanism by which 

yeast OPRTase proceeds has been proposed by Parsons and colleagues.^4^

4. Rationale

Work in th is  laboratory  has been d irected  toward the p u r i f ic a t io n

and chara c te r iza t io n  o f  several PRTase enzymes from a s ingle  source

(y e a s t ) ,  so th a t  a comparison can be made o f  t h e i r  p ro p e r t ie s . (48-50)

Out of th is  work should come a de linea t ion  o f how PRPP is  a llocated

among the various b iosynthetic  pathways in th is  organism. The present

work describes our p u r i f ic a t io n  and chara c te r iza t io n  o f  N PRTase fromr a
yeast which has been f a c i l i t a t e d  with design o f  a new HPLC assay fo r  

th is  enzymatic a c t i v i t y .  Because our assay procedure is fa s t  and very



s e n s it iv e ,  we wished to showcase i t s  po ten tia l  by accomplishing a de­

ta i le d  k in e t ic  analysis o f  the N PRTase catalyzed reaction .
a

In th is  thesis I present: a) i n i t i a l  v e lo c i ty  determinations over 

a range o f ATP, PRPP and n ic o t in a te  concentrations, b) i n i t i a l  

v e lo c i ty  determinations o f  the ATPase a c t i v i t y  th a t  th is  enzyme d is ­

plays under ce rta in  conditions , and c) the in h ib it io n  o f  N PRTase
a

a c t i v i t y  by newly synthesized C r ^ A T P  and C r***P P i.  A ll o f  th is  work 

sets the stage fo r  NMR studies o f  the N PRTase-catalyzed reaction .
a



MATERIALS

Pressed baker's yeast (Budweiser brand) was obtained from Va len ti  

Yeast, In c . ,  Flushing, New York. ATP (disodium s a l t ) ,  ADP (sodium 

s a l t ) ,  AMP (sodium s a l t ) ,  n ic o t in ic  ac id , N MN (ac id  form) and PRPP
a

(sodium s a l t )  were purchased from Sigma Chemical Company, St. Louis,

MO. Ammonium phosphate, potassium phosphate (mono- and d i-b a s ic  

s a lts )  were purchased from Fisher whereas sodium pyrophosphate was a 

Baker A naly tica l reagent. Orotic acid was purchased from Calbiochem., 

In c . ,  La J o l la ,  CA. Phosphocellulose was purchased from Brown Company, 

B e r l in ,  N.H. Hydroxyl a p a t i te  HT, DEAE-cellulose (C e llex  D .) and Dowex 

AG-1-X8 anion exchange resin  (formate form) were purchased from Bio-Rad 

Laboratories, (Richmond, CA.) whereas Blue-Sepharose CL-6B was

purchased from Pharmacia Chemicals, Piscataway, N.J. 7 - [ ^ C ] - n i c o t in i c

32acid ( fre e  acid) and [ P]-pyrophosphate (sodium s a l t )  were obtained  

from New England Nuclear, Boston, MA. The reagents fo r  polyacrylamide  

gel electrophoresis and SDS gel e lectrophoresis including protein  

standards were purchased from Bio-Rad Laboratories. All o ther  

m ateria ls  were a n a ly t ica l  grade.



11.

METHODS

Radioactive Assay

The a c t i v i t y  o f N PRTase was monitored i n i t i a l l y  by fo llow ing the
a

formation o f [ 1^C]-N_MN from [ ^ C ] - n ic o t in a t e .  The reaction  

mixture contained 0 .1  mM 7 - [ ^ C ] - n i c o t in i c  acid (1 .0  u C i) ,  1.0 mM ATP, 

0.5 mM PRPP, 5 .0  mM MgCl2 and 50.0 mM Tris-phosphate b u ffe r  a t  pH 8 .0 .  

The reaction was in i t ia t e d  by the add it ion  o f  approximately 0.1 m i l l i -  

u n it  o f the enzyme and was terminated ( a f t e r  incubation fo r  15 minutes 

a t  37°C) by heating in b o il in g  water bath fo r  2 minutes. The denatured 

protein was removed by c en tr ifu g a tio n  and 25 u l o f the reaction mixture  

was applied to 1.5 x 13.0 inch s tr ip s  o f  Whatman #1 f i l t e r  paper. The 

separation o f  [ ^ C ] - n ic o t in a te  from [ ^ C ] - N  MN was achieved by descend-
a

ing chromatography in 95% ethanol-lM  ammonium acetate  pH 5.0 (7:3  v /v )  

fo r  5 hours. The paper s t r ip  was cut in to  2 cm s t r ip s ,  in the 

d ire c t io n  o f  solvent f low , and the r a d io a c t iv i ty  was counted by placing  

i t  in v ia ls  w ith 4 .0  ml s c in t i la t io n  f lu id  (to luene-e thanol-om nifluor  

3 :2 :0 .025  v /v /w ) and counted by a Nuclear-Chicago s c in t i l l a t io n  

counter. NMN w i l l  migrate shorter distances (stays near the o r ig in )
a

than n ico t in a te  (migrates near the solvent f r o n t ) .

High Pressure Liquid Chromatography (HPLC) Assay

A Waters Associates HPLC instrument equipped with a model 6000 A 

solvent d e l ive ry  system, model U6K sample in je c to r ,  model 440 absor­

bance d etec to r ,  and a Houston Omni scribe chart recorder was employed.

A s ingle  4 mm x 30 cm u-Bondapack C^8 column (e q u i l ib ra te d  with 25.0  mM 

( NH^)^ PÔ  a t  the appropriate pH and stored in 100% methanol when not



12.

in use) was placed on l in e  with the solvent d e l iv e ry  system. Sample 

volumes o f  5 ul were in jec ted  onto the column using a Hamilton 801 

m ic ro l i te r  syringe. These samples were e luted  using a solvent flow ra te  

o f  0 .7  ml/min (700-1000 p s i ) .  Nucleotides and/or bases in the e luent  

were detected a t  254 nm (0 .1  -0 .0 1  scale s e t t in g s ) . (51-52)

The standard N PRTase assay mixture which was in je c te d  onto the
a

C^g column contained 5 .0  mM MgCl^s 0.1  mM n ic o t in a te ,  0 .1  mM ATP and 

0.1 mM PRPP in  50.0 mM Tris-phosphate b u f fe r  a t  pH 8 .0 .  The reaction  

was in i t ia t e d  with the add ition  o f  approximately 0.1 m i l l i u n i t  of  

enzyme and was terminated ( a f t e r  incubation fo r  15 min a t  37°C) by 

heating in a b o il in g  water bath fo r  2 minutes. The samples were then 

c l a r i f i e d ,  f i r s t  by ce n tr ifu g a tio n  and then by passage through a 

0.45 micron HA-type M il l ip o re  f i l t e r .  Volumes o f  5 .0  ul o f  these 

samples were then in jec ted  onto the column.

During the k in e t ic  an a lys is ,  various concentrations o f ATP,

PRPP, n ic o t in ic  acid and pyrophosphate were employed. These con­

centrations are described in the appropriate  f ig u re  legends.

P u r i f ic a t io n  o f  N icotinate  Phosphoribosyl Transferase from Baker's Yeast 

Step 1. Autolysis procedure: Forty e igh t pounds o f pressed baker's  

yeast were suspended in a mixture o f  14.4 l i t e r s  o f  0 .3  M potassium 

phosphate b u ffe r  a t  pH 8 .0  and 2 .4  l i t e r s  o f  toluene and gently s t ir re d  

fo r  4 hours a t  30°C in a constant temperature bath. The pH was main­

tained a t  8 .0  by the periodic add ition  o f  5N K0H so lu tion . The 

suspension was centrifuged in a Sorvall RC-2B re f r ig e ra te d  cen tr ifuge  

fo r  20 minutes a t  13,000 x g (10,000 rpm) a t  4°C. The supernatant



was f i l t e r e d  through glass wool to remove f l u f f y  l i p i d  m ateria l mixed 

with toluene. A ll steps h e re a fte r  described were performed in a cold  

room maintained a t  4°C, except where otherwise spec if ied .

Step 2. Ammonium s u lfa te  f r a c t io n a t io n : The auto lysate  (24 .0  1) was 

adjusted to pH 5.0  with 8 N ace tic  acid with s t i r r in g  in the presence 

o f  2-3 ml octanol (an antifoaming agent) . The a c id i f ie d  autolysate was 

brought slowly to 50% sa tu ra t io n  w ith  ammonium s u lfa te  (313 g ammonium 

s u l f a t e / l i t e r ) .  The so lu tion  was allowed to stand overnight to e f fe c t  

complete p re c ip i ta t io n .  The p re c ip i ta te  was co llec ted  by c e n t r i ­

fugation fo r  20 minutes a t  13,000 x g a t  4°C, and redissolved in a 

minimum volume of 10 mM potassium phosphate b u ffe r  a t  pH 8 .0 .  The 

solution was adjusted to pH 8 .0  and recentrifuged  under the same con­

d i t io n s .  The so lution was then d ia lyzed overnight against 40.0  1 of

10.0 mM potassium phosphate bu ffe r  a t  pH 8 .0 .

Step 3. Manganese ch loride treatm ent: The dia lyzed ammonium s u lfa te  

(6 .65  1) was brought to  50.0 mM with respect to MnC^ by the add it ion  of

1.0 M MnCl^ so lution  to p re c ip i ta te  nucleic  acids. The so lution  was 

then centrifuged and the p re c ip i ta te  was discarded.

Step 4. Ethanol f ra c t io n a t io n : The so lu tion  from the MnCl^ treatment 

(6 .50  1) was brought to  0.25 M sodium acetate  b u ffe r  a t  pH 6 .0  by the 

add it ion  o f  2 .0  M sodium acetate  b u ffe r  a t  pH 6 .0 .  Solid o ro t ic  acid  

also was added to make the so lution  1.0 mM with respect to o ro ta te .

These additions were employed to protect o ro ta te  phosphoribosyltrans­

ferase which can be p u r i f ie d  from the same preparation o f yeast. The 

solution  was s t ir re d  fo r  30 minutes then cooled to -2°C. To th is  mix­

ture  95% ethanol (cooled to -20°C by a dry ice-acetone bath) was added



slowly with sw ir l in g  to a concentration o f  50% (temperature was main­

tained a t  -10°C by a dry ice-acetone b ath ).  The p re c ip ita te  was c o l­

lected  immediately by c e n tr i fu g a tio n  a t  -15°C (speed o f  13,000 x g fo r  

20 minutes) and redissolved in a minimum volume o f  10.0 mM potassium 

phosphate b u ffe r  a t  pH 8 .0  and the suspension was s t ir re d  fo r  1.0  hour 

(to  a homogenous suspension). This so lu tion  was centrifuged and the 

p re c ip i ta te  was extracted once again with the same bu ffe r  and the 

combined ex tracts  were d ia lyzed twice fo r  periods o f  18.0 hours and

8 .0  hours against 20.0 1 o f  5 .0  mM potassium phosphate b u ffe r  a t  pH

6 .0 .  The above p u r i f ic a t io n  steps were adapted with some m o d if i -

(531cations from Umezu e t  a l . v ' .

Step 5. Phosphocellulose column chromatography: The dia lyzed solution  

from ethanol f ra c t io n a t io n  (4 .60  1) was layered onto a phosphocellulose 

column (5 .0  x 60.0 cm) p re -e q u i l ib ra te d  with 5 mM potassium phosphate 

b u ffe r  a t  pH 6 .0 ,  then washed with the same b u ffe r .  The portion o f the 

protein  which was not reta ined on the column, contained the OPRTase 

a c t iv i t y  which could be p u r i f ie d  fu r th e r  by the method o f  V ic to r  e t  a l . ^ 39  ̂

N PRTase was eluted with 40 .0  mM potassium phosphate b u ffe r  a t  pH 6 .7 .
a

The column was washed w ith  0 .5  M potassium phosphate a t  pH 6 .7  to  

e lu te  the remainder o f the reta ined pro te ins . This portion o f  the eluant  

did not contain OPRTase or N PRTase a c t i v i t y .  The fra c tio n s  containing
a

the FLPRTase a c t i v i t y  were pooled and brought slowly to 70% saturation
a

with so lid  ammonium s u lfa te  (472 g / l i t e r ) .  The solution was allowed to 

stand overnight a t  4°C and the p re c ip i ta te  was co llected  by cen tr ifu g a tio n  

fo r  20 minutes a t  13,000 x g a t  4°C and redissolved in a minimum volume 

o f 5 .0  mM potassium phosphate a t  pH 7 .5 . The solution was adjusted to 

pH 7.5  w ith  1.0 N K0H solution and d ia lyzed twice fo r  periods of



8 .0  hours and 18.0 hours against 20.0  1 o f  5 .0  mM potassium 

phosphate bu ffer  a t  pH 7 .5 .  A typ ica l  e lu t io n  p r o f i le  fo r  N PRTase
a

from phosphocellulose column is i l lu s t r a te d  in Figure 2.

Step 6. Hydroxyl a p a t i te  column chromatography: The d ia lyzed solution  

from phosphocellulose column chromatography (165 ml) was brought to

10.0 mM MgCl^, 5 .0  mM n ic o t in a te  and 2.0 mM PRPP by add ition  o f  so lid  

MgCl^j n ic o t in ic  acid and PRPP re s p e c t iv e ly . This was done to change 

any phosphorylated enzyme to i t s  unphosphorylated form. The solution  

was allowed to stand a t  room temperature fo r  15 minutes. The solution  

was then cooled and layered onto a hydroxylapatite  column (6 .0  x 10.0 cm) 

p re -e q u i l ib ra te d  with 5 .0  mM potassium phosphate pH 7.5  and washed with  

the same b u ffe r .  NgPRTase was e luted using a l in e a r  gradient

(5-100 mM) o f potassium phosphate a t  pH 7.5 followed by 0 .5 - M potassium 

phosphate a t  pH 7 .5 .  The fra c tio n s  containing the N.PRTase a c t i v i t y  were
a

pooled and brought slowly to 70% satura tion  with so lid  ammonium s u lfa te .  

The solution  was allowed to stand overnight and the p re c ip i ta te  was c o l­

lected  by cen tr ifu g a tio n  and redissolved in a minimum volume o f  2 .0  mM 

Tris/HCl b u ffe r  a t  pH 6 .0  and d ia lyzed fo r  24 hrs against the same 

b u ffe r .

Step 7. Blue-Sepharose CL-6B column chromatography: The dialyzed  

solution was divided in to  three equal parts o f  22.0  ml each and each 

part  was layered onto a Blue-Sepharose CL-6B column (2 .5  x 30.0 cm) 

p re -e q u i l ib ra te d  with 2 mM Tris/HCl b u ffe r  a t  pH 6 .0 ,  then washed 

with the same b u ffe r .  N,PRTase was eluted by a l in e a r  gradient
a

(2-200 mM) o f  Tris/HCl b u ffe r  a t  pH 6 .0  followed by 0.5  M Tris/HCl bu ffer  

a t  pH 6 .0 .  The frac tions  containing the NaPRTase a c t i v i t y  were pooled
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Figure 2 . Phosphocellulose e lu t io n  p r o f i le  fo r  the p u r i f ic a ­

tion  o f NaPRTase from yeast. The a c t i v i t y  o f the enzyme 

(closed tr ia n g le s )  was monitored using the HPLC assay 

procedure and the un its  are uM N MN formed/min/ml enzyme 

so lu tion . Protein e lu t io n  was monitored using the absorbance 

(280 nm) o f each fra c t io n  (open c i r c le s ) .  Conditions fo r  the 

run were as described in the "Methods" section.



and lyophilyzed to dryness, then dissolved in a minimum volume o f  5 .0  mM 

potassium phosphate b u ffe r  a t  pH 7 .5  and dia lyzed again fo r  24 hrs 

against the same bu ffe r .

Step 8. DEAE-cellulose column chromatography: A pool o f  the dialyzed  

fra c tio n s  from Blue-Sepharose column (37 .0  ml) was layered onto a 

DEAE-celullose column (2 .5  x 30.0 cm) p re -e q u i l ib ra te d  with 5 .0  mM 

potassium phosphate b u ffe r  pH 7 .5 .  N PRTase was eluted by a l in e a r
a

grad ient (5-100 mM) o f  potassium phosphate b u ffe r  a t  pH 7.5 followed by 

a 0.5  M concentration o f the same b u ffe r .  The fra c t io n s  containing  

NgPRTase a c t i v i t y  were pooled and lyophilyzed to dryness and red is ­

solved in a minimum volume o f  5 .0  mM potassium phosphate bu ffe r  a t  

pH 7.5 and dialyzed against 20 .0  1 o f  the same b u ffe r  fo r  4 .0  hours.

Gel Electrophoresis

Disc gel e lectrophores is  was performed by the method o f D a v is ^ ^  

u t i l i z i n g  7.5% polyacrylamide gel preparations a t  room temperature a t  

pH 8 .9 .  Protein sta in ing was accomplished in 2 .0  hours using 1%

Coomassie blue solution in  10% ace tic  acid and 30% methanol. Gels 

were destained overnight in 10% ac e tic  acid and 30% ethanol so lution .  

Polyacrylamide gel e lectrophoresis in the presence of sodium dodecyl 

s u lfa te  (SDS) and in the presence or absence o f  mercaptoethanol were 

performed by a modified procedure^55  ̂ o f Shapiro e t  a l . ^ 56  ̂ u t i l i z i n g  

the same procedure o f s ta in in g  and destaining mentioned previously.  

Polyacrylamide gel e lectrofocusing was performed by the method o f  

Wrigley^5^  in  c y l in d r ic a l  gels (0 .5  x 14 cm) u t i l i z i n g  a Shandon gel 

electrophoresis apparatus. Gels were immersed in 10% tr ic h lo ro a c e t ic



acid fo r  48 .0  hours to e x tra c t  the ampholite which in te r fe re s  with  

the s ta in ing  and destain ing processes. The protein  w i l l  p re c ip i ta te  

in white bands which can be seen on a black background. Staining  

and destaining was accomplished by the method o f  Reghetti and 

D r y s d a le .^ 8 ) S tain ing was performed in 0.05% Coomassie blue and

0.1% copper I I  s u lfa te  in ace tic  ac id -e thano l-w ater  (10:25:65 v /v /v )  

overn ight, whereas destain ing was performed in ace tic  ac id -e th an o l-  

water (10:25:80 v / v / v ) .

Protein  determination

The concentrations o f  prote in  in d i f f e r e n t  p u r i f ic a t io n  steps were

(591determined by the Lowry procedure. '

Iso top ic  exchange studies

1. Exchange o f  [ ^ C ] - n ic o t in a t e  in to  N,MN: A reaction  mixture contain
____________________________________________________a

ing 50.0 mM Tris-phosphate b u ffe r  a t  pH 8 .0 ,  5 .0  mM MgCl2 , 0 .01 -0 .03  mM 

[ ^ C ] - n ic o t in a t e  and 1 .0  mM NaMN and approximately 0.1 m i l l i u n i t  enzyme 

was incubated a t  37°C fo r  15.0 minutes. The reaction was terminated by 

heating in a b o ilin g  water bath fo r  2 .0  minutes. N icotinate  and N,MN
a

were separated and the r a d io a c t iv i ty  was counted as described in an 

e a r l i e r  section. The above procedure was repeated in the presence o f  

e i th e r  0.05 mM PRPP or 0 .2  mM ATP and with a control containing no enzyme. 

The data was represented as % exchange using the equation shown below.

number o f counts incorporated in N MN x 100

% exchange = ---------------------------------------------------------------------------------------------

number o f  counts of N MN + number of counts of



322. Exchange o f  [ P]-pyrophosphate in to  PRPP: A reaction mixture con­

ta in in g  50.0 mM Tris-phosphate b u ffe r  a t  pH 8 .0 ,  5 .0  mM MgCI2 » 0 .2 -0 .5  mM
32

[  P]-pyrophosphate, 1 .0 -3 .0  mM PRPP and approximately 0.1 m i l l i u n i t  

enzyme was incubated a t  37°C fo r  15.0 minutes. 1.0 ml o f  2.5 mM 

pyrophosphate so lution was added a t  the end o f  the incubation period 

and the e n t i re  so lution  was layered on a Dowex AG 1-X8 (ion exchange 

res in ,  formate form) column (1 .5  x 5 .0  cm). PRPP and pyrophosphate 

were eluted separately  by a l in e a r  gradient o f  0 -1 .5  M ammonium 

formate a t  pH 5.0  (250.0  ml o f each s o lu t io n ) .  Fractions o f  5 .0  ml 

each were co llec ted  and 1 .0  ml o f each f ra c t io n  was added to  5 .0  ml 

Bray's so lution  and counted. Pyrophosphate and PRPP were located  

in the e luant by established methods. (60 ,61 )  y ^  - ^ y g  procedure 

was repeated in the presence o f e i th e r  1 .0 -3 .0  mM ATP or 4 .0  mM 

n ic o t in a te  and with a control containing no enzyme.

Synthesis o f  C r***  PPi and C r * * 1 ATP

C r*1* PPi and C r *11 ATP (£,TS bidendate) were synthesized in th is  

laboratory  according to C leland's  methods^62" ^  in co llabora tion  with  

Danyel Syed. Total chromium, to ta l  phosphate and inorganic phos­

phate analyses were performed on synthesized Cr*11 PPi according to  

established methods.(^5-67) y ^  synthesized C r***  PPi showed absorp­

t io n  maxima a t  604 and 435 nm and showed 1 .0 :0 .9 9  Cr:PPi and 98.0% 

p u r i ty .  C r*11 PPi concentration was determined to be 20.0  mM.

The synthesized C r * *1 ATP showed absorption maxima a t  605 ±1 and 

425 ±1 nm. Cr1**  ATP concentration was determined to be 7 .5  mM.



Binding Studies with Flow D ia lys is

A Technilab (F isher S c ie n t i f ic )  flow d ia ly s is  apparatus, f i r s t  

described by Colowick and W o m a c k , w a s  used to study the binding o f  

n ic o t in a te  to N=PRTase. The apparatus consists o f  two chambers, the
a

upper chamber contains the enzyme and the la b e lle d  substrate whereas 

the lower chamber contains b u ffe r  which is  pumped through th is  chamber 

a t  a constant ra te  and then co llec ted  in f ra c t io n s .  The two chambers 

are separated by a membrane, permeable only to the small molecules, 

and each chamber contains a s t i r r in g  bar. The assembled apparatus is  

placed onto a magnetic s t i r r e r .

Concentrations o f  20 uM N PRTase, 5 mM MgCl0 and 1 mM ATP werea c

incubated fo r  10 minutes a t  room temperature, then placed in to  the 

upper chamber and a f te r  1 minute 40 uM 7 - [ 14C ] -n ic o t in ic  acid (0 .1  uCi) 

was added to the upper chamber. The buffer  flowing through the lower 

chamber was 50 mM potassium phosphate (pH 7 .4) containing 5 mM MgC12 • 

The flow ra te  o f  3 ml/min was accomplished using a LKB-2120 

Varioperpex I I  pump and 3 ml fra c tio n s  were co llec ted . A f te r  the 

c o l le c t io n  o f f iv e  f ra c t io n s ,  the fo llow ing concentrations o f  

unlabelled  n ic o t in a te  were added to the upper chamber in sequence:

1, 2, 5, 10 and 100 ul o f  20 mM n ico t in a te  so lution  (followed by 100 ul 

o f 0 .5  M n ic o t in ic  a c id ) .  This experiment was repeated in the absence 

o f ATP and in the absence o f enzyme, and an add it iona l experiment was 

run in the presence o f  0 .5  mM PRPP.



RESULTS 

HPLC Assay

Studies o f  the HPLC e lu t io n  p ro f i le s  o f a mixture o f  ATP, ADP,

NQMN and n ic o t in ic  acid (F igure 3) suggested th a t  over the pH range o f  

5 -8 ,  N MN (3 minutes e lu t io n  time) can be resolved from the other
a

reactan ts . However, maximal separation of a l l  the reactants can be 

achieved using 25.0  mM (NH^gPO^, pH 8 .0 .  I have elected to employ 

th is  e luant a t  pH 8 .0  in order to examine how the reaction catalyzed by 

N PRTase proceeds using four measurements, namely, the changes in ATP,
a

ADP, N MN and n ic o t in ic  acid concentrations with time (v ide i n f r a ) .
a

I am aware, however, th a t  u-Bondapak Cjg column m ateria l is  

r e la t i v e ly  unstable in a lk a l in e  so lu tions. The enzymatic a c t i v i t y  is  

monitored a t  pH 6 .0  and the average o f  the changes in N,MN and ATP
a

concentrations with time is  used as the measure o f  a c t i v i t y .  Employing 

known concentrations o f the reac tan ts , we have established a d ire c t  

re la t io n s h ip  between the concentrations of the in jec ted  substrate and 

product solutions and the peak heights and peak areas o f  the resu lt ing  

e lu t io n  p r o f i le  (F igure 4 ) .  Peak height measurements and these 

standard curves were used to ca lcu la te  the concentration o f  each 

reactant during the time course o f  the reaction .

Figure 5 represents a typ ica l e lu t io n  p r o f i le  o f the incubation  

mixture over a period o f  15 minutes, i t  also shows th a t  the disappear­

ance o f  the n ic o t in a te  peak occurs concomitant with th a t  o f  ATP. This 

coordinate re la t io n s h ip  is  i l lu s t r a te d  q u a n t i ta t iv e ly  in Figure 6. As 

shown in Figure 6 , the i n i t i a l  v e lo c ity  fo r  the two substrate disappear­

ances and the two product appearances are equ ivalent u n t i l  the PRPP 

concentration in the incubation mixture is exhausted. Thus, ADP and



Figure 3 . E lutions o f a stock so lu tion  o f  ATP, ADP, 

n ic o t in a te ,  and NflMN through a u-Bondapak C^g column 

using 25 mM (NH^)gPO^ over a range o f  pH values.

Stock solutions of each reactan t were used to assign 

the peaks (the assignments o f which are shown in  Figure 

Elution conditions: 5 ul sample in je c t io n  volumes,

0.7-m l/m in  flow ra te  25°C.
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Figure 4 . Measurements of the area under the absorption  

peaks fo llow ing an e lu t io n  o f standard samples o f  known 

concentration through a u-Bondapak C^8 column (top) and 

measurements o f the peak heights fo llow ing these same 

elu t io n s  (bottom). E lution  conditions: 5 ul sample 

in je c t io n  volumes, 0 .7-ml/min flow r a te ,  25 mM (N H ^P O ^  

(pH 8) e lu t io n  b u f fe r ,  25°C.
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Figure 5 . Elutions o f the n ic o t in a te  phosphoribosyl-  

transferase (N,PRTase) assay so lu tion  through a u-Bondapak
a

Cjg column a f t e r  various incubation times. The incubation  

mixture contained 5 mM MgC^ 100 uM n ic o t in a te ,  75 uM ATP, 

30 uM PRPP, and 25 ul o f  4-mg/ml N PRTase in 50 mM T r is /
a

phosphate (pH 8 ) .  The reaction  was in i t i a t e d  and term­

inated a f te r  each incubation time as described under 

"Methods". E lution conditions: 5 ul sample in je c t io n  

volumes, 0.7-m l/m in flow r a te ,  25 mM (NH^JgPO^ (pH 8) 

e lu t io n  b u ffe r ,  25°C.
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Figure 6 . Time-dependent changes in the concentrations o f  

N MN (so lid  c i r c le s ) ,  n ic o t in a te  (open c i r c le s ) ,  ATP (so lid
a

t r ia n g le s ) ,  and ADP (open t r ia n g le s )  over a 15-min incubation  

with N PRTase as determined by e lu t io n s  o f  a liquots  o f the
a

incubation so lu tion  through a u-Bondapak Cjg column. The 

incubation so lution  contained 5 mM MgClgj 60 uM ATP, 100 uM 

n ic o t in a te ,  and one o f  the fo llow ing concentrations o f  

PRPP: 100 uM (A ) ,  60 uM (B ) ,  40 uM (C ) ,  20 uM (D ) ,  16 uM 

( E ) ,  12 uM ( F ) ,  6 uM (G ), or 4 uM (H ) .  E lution  conditions:

5 ul sample in je c t io n  volumes, 0 .7-m l/m in flow r a te ,  25 mM 

(N H ^ P O ^ p H  8) e lu t io n  b u ffe r ,  25°C.
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N MN are formed to the same extent a t  an equ iva len t v e lo c i ty .  ATP
a

hydrolysis continues in the absence o f  PRPP but a t  a g re a t ly  reduced 

ra te .  The s ign if icance  o f  th is  observation w i l l  be discussed l a t e r .

Enzyme P u r i f ic a t io n

N^PRTase from 48 pounds o f  baker's yeast was p u r i f ie d  according
a

to the procedure described in the "Methods" section . Table 1 i l l u s ­

t ra te s  the to ta l  p ro te in ,  to ta l  a c t i v i t y ,  s p e c if ic  a c t i v i t y  and the 

y ie ld  fo r  every step in the p u r i f ic a t io n  procedure.

The p u r i f ie d  N PRTase was homogeneous by the c r i t e r i a  o f poly-
a

acrylamide gel e lectrophores is  (F igure  7 ) ,  SDS gel electrophoresis  

(F igure 8) and is o e le c t r ic  focusing gel e lectrophoresis (Figure 9 ) .

As shown in Figure 8, SDS gel e lectrophores is  performed in the pres­

ence and absence o f  mercaptoethanol shows one band o f  protein  which has 

a molecular weight o f  approximately 45,000 as determined using separate  

runs with proteins o f  known molecular weights. Since Kosaka e t  a l . ^ 2^  

have shown th a t  N PRTase from yeast has a molecular weight o f  43,000
a

using a Sephadex G-100, th is  re s u lt  demonstrates tha t N,PRTase iso la ted
a

from baker's yeast consists o f  a s ing le  polypeptide with molecular 

weight o f 45,000±2000. As shown in Figure 9, is o e le c t r ic  focusing gel 

electrophoresis experiments with N PRTase also provided a single protein
a

band which focused a t  pH 6 .9±0 .3  (presumably the pi o f  th is  enzyme). 

Figure 10 i l lu s t r a t e s  a slab gel e lectrophoresis run fo r  a l l  d i f f e r e n t  

steps in the p u r i f ic a t io n  procedure. In th is  experiment samples from 

d i f fe r e n t  steps were applied in d u p lica te . Two hydroxylapatite  columns 

were u t i l i z e d  in th is  p a r t ic u la r  preparation. L a te r ,  I observed th a t  

one hydroxylapatite  chromatographic step would s u f f ic e .  In addition



Table 1. P u r i f ic a t io n  o f n ico tina te  phosphoribosyltransferase from baker's yeast

Step Total Protein  
mg

Total A c t iv i ty  
u n its *

Specific  A c t iv i ty  
units/mg

Yield
%

1) Autolysis 984,000 5,040 0.005 ---

2) Ammonium su lfa te  
fra c tio n a tio n

446,000 3,200 0.007 ---

3) MnC^ fra c t io n a tio n 312,000 6,820* 0.02 100.0

4) Ethanol fra c t io n a tio n  74,000 5,940 0.08 87.0

5) Phosphocellulose 
Chromatography

5,750 884 0.15 13.0

6) Hydroxylapatite  
Chromatography

3,100 510 0.17 7.5

7) Blue-Sepharose 
Chromatography

400 420 1.10 6.2

8) DEAE-Cellulose 
Chromatography

80 350 4.4 5.1

*  1.0 Unit = 1 u mol o f NgMN formed/min with the standard rad ioactive  assay

procedure described under "Methods".

± Considered as 100% y ie ld .  A l lo s te r ic  in h ib ito rs  o f  N PRTase might be 
removed a t  step 3. a



Figure 7 . Polyacrylamide disc gel e lectrophoresis of 

p u r i f ie d  N PRTase from baker's yeast. 50 ug and 25 ug
a

prote in  samples were placed onto gel A and B resp ec tive ly .  

Polyacrylamide gel e lectrophoresis was then performed by 

the method o f  Davis^5^  u t i l i z i n g  7.5% polyacrylamide gel 

preparations a t  room temperature and a t  pH 8 .9  and 4 mA/gel 

cu rren t.  Protein was stained with Coomassie blue and de­

stained in  10% ace tic  acid and 30% ethanol so lu tion . Gel A 

was then scanned spectrophotom etrically  a t  500 nm (C).





Figure 8 . SDS-Polyacrylamide disc gel electrophoresis  

o f p u r i f ie d  NgPRTase from baker's yeast.  Protein (50 ug) 

in  1% solution  o f  SDS was placed onto gel A ( in  the 

presence o f mercaptoethanol) and on gel B ( in  the absence 

o f  mercaptoethanol). Experiments were performed by a 

modified procedure^5) o f  Shapiro e t  a l . ^ 6  ̂ Protein  

was stained with Coomassie blue and destained in 10% 

ace tic  acid and 30% ethanol so lu t io n . Gel A was then 

scanned spectrophotom etrically  a t  500 nm (C ).
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Figure 9 . Polyacrylamide gel isoelectrofocusing of:

A) 50 ug hemoglobin, B) 50 ug BSA and (C-E) p u r i f ie d  

NgPRTase from baker yeast.  50 ug (C and E) and 30 ug 

(D) samples o f the enzyme were employed. The samples 

were placed onto the gels and the experiment was carr ied  

out a t  30 v o l t  per gel by the method o f  W r ig l e y . ^ ^

Gels were immersed in 10% t r ic h lo r o a c e t ic  acid fo r  48 

hours and stained with Coomassie blue in the presence 

o f 0.1% copper ( I I )  s u l fa te  and then destained in 10% 

ace tic  acid and 25% ethanol so lu t io n . Gel E was scanned 

spectrophotom etrically  a t  500 nm (F ) .
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Figure 10. Slab gel polyacrylamide electrophores is  

a t  d i f f e r e n t  stages o f N PRTase p u r i f ic a t io n .  Ap-
a

proximately 50 ug o f  protein  were placed in to  the 

slots  in dup lica te : A) Autolysate, B) Redissolved 

ammonium s u lfa te  p re c ip i ta te ,  C) MnClg f ra c t io n a t io n  

supernatant, D) Redissolved ethanol p r e c ip i ta te ,

E) Pooled ac t ive  phosphocellulose f ra c t io n s ,  F) Pooled 

ac tive  hydroxyl a p a t i te  chromatography f ra c t io n s ,  G)

Pooled ac t ive  hydroxylapatite  chromatography fra c tio n s  

before which the enzyme was incubated with the sub­

s tra tes  PRPP and N^, H) Pooled ac t ive  Blue-Sepharose 

CL-6B chromatography f ra c t io n s ,  I )  and J) Pooled ac t ive  

DEAE-cellulose fra c t io n s  from two analogous preparations. 

Polyacrylamide electrophorosis was performed u t i l i z i n g  

7.5% polyacrylamide gel preparation a t  10° C a t  pH 8.9  

and 40 mA curren t.  Protein was stained with Coomassie bl 

and destained in 10% ace tic  acid and 30% ethanol solution
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(F igure 10 ) ,  samples from two p u r i f ie d  preparations were applied to 

the slab to show the consistency o f  the procedure.

K inetic  Analysis o f N PRTase_______________________ a_______

1. I n i t i a l  v e lo c ity  double-reciprocal p lo ts : I n i t i a l  v e lo c i t ie s  (v)

of the NaPRTase catalyzed reaction were measured over a range o f  PRPP 

concentrations a t  four d i f f e r e n t  ATP concentrations and a t  a f ixed  

concentration o f n ic o t in ic  ac id . Substrate and product concentration  

changes observed using HPLC were averaged to a r r iv e  a t  a s ing le  value 

fo r  v fo r  each measurement. Double-reciprocal p lots o f  (v )  vs PRPP 

concentration a t  the four ATP concentrations are shown in  Figure 11.

Two in te re s t in g  features o f  the reaction  are i l lu s t r a te d  in th is  p lo t:  

1) There appears to be considerable in h ib i t io n  o f  ATP function  a t  

r e la t iv e ly  high concentrations o f  PRPP and a t  a l l  concentrations o f  

ATP. The in h ib it io n  is most pronounced a t  low ATP concentrations,  

suggesting th a t  PRPP competes with ATP fo r  the ATP binding s i te  on 

the enzyme; 2) At r e la t i v e ly  low PRPP concentrations a pattern  of  

p a ra l le l  l ines  is  observed. This p re lim inary  study was performed with  

p a r t ia l l y  p u r if ie d  N PRTase to demonstrate the r e l i a b i l i t y  o f  the HPLC
a

assay procedure.

This study was repeated with homogeneous enzyme and HPLC e lu t ion  

bu ffe r  a t  pH 6 .0 ,  a f te r  which the i n i t i a l  v e lo c i ty  (v )  was calculated  

based on the average o f the concentration changes o f N MN and ATP.

Again a slow hydrolysis o f ATP was observed a f t e r  PRPP had been 

exhausted and NQMN formation had ceased, and again substrate in h ib it io n  

was observed a t  high concentrations o f  PRPP. Figure 12 shows double­

reciprocal plots o f the i n i t i a l  v e lo c i t ie s  vs varied concentrations o f



Figure 11. Double-reciprocal p lots o f PRPP concentration  

on the assay so lu tion  vs. the i n i t i a l  v e lo c i ty  (v )  of the 

I^LPRTase catalyzed reaction  in the presence o f various con-
a

centrations o f  ATP. Each data point represents, as de te r­

mined by the HPLC assay procedure, an average o f  the calcu­

la ted  rates o f NaMN, ATP, n ic o t in a te ,  and ADP concentration
a

changes. ATP concentrations used in these experiments were 

240 uM (s o lid  c i r c le s ) ,  120 uM (s o lid  t r ia n g le s ) ,  60 uM (open 

c i r c le s )  and 30 uM (open t r ia n g le s ) .  The incubation solution  

contained 5 mM MgCl^ and 100 uM n ic o t in a te  in 50 mM 

Tris/phosphate (pH 8) b u ffe r .  The reaction was in i t ia te d  and 

terminated over a series  o f  incubation times as described 

under "Methods". E lution  conditions: 5 ul sample in je c t io n  

volumes, 0 .7-m l/m in  flow r a t e ,  25 mM (N H ^P O ^ (pH 8) 

e lu t io n  b u ffe r ,  25°C.
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ATP a t  d i f f e r e n t  values o f  PRPP (A) and vs varied concentrations of  

PRPP a t  d i f f e r e n t  values o f  ATP (B ). A constant concentration o f  

n ic o t in ic  acid was used throughout these experiments. In Figure 12 

we i l l u s t r a t e  the measurements carr ied  out a t  low ( 40 uM) concentra­

tions o f  PRPP only where the above-described substrate in h ib it io n  

e ffe c ts  were not observed. These l in e s  are deemed to be p a ra l le l  ( in  

s p ite  o f the fa c t  th a t  a point o f  in te rs ec tio n  can be constructed fa r  

to the l e f t  o f  each graph) because the lowest concentrations o f  ATP and 

PRPP used in the experiments are equal to or f a r  less than the calcu­

la ted  Km values fo r  these substrates (v ide i n f r a ) .  Although not shown 

in Figure 12, the plots o f  Y -in te rcepts  o f  each graph vs the reciprocal 

of the concentrations o f  PRPP (A) or ATP (B) were l in e a r .

Figure 13 shows double reciprocal p lots o f  the i n i t i a l  v e lo c i t ie s  

vs varied concentrations o f  ATP a t  d i f f e r e n t  values o f  n ic o t in ic  acid  

(A) and vs varied concentrations o f n ic o t in ic  acid a t  d i f f e r e n t  values 

of ATP (B ),  and constant value o f  PRPP. P a ra l le l  sets o f  l in e s  were 

obtained and the plots o f  Y -in te rcepts  o f  each graph in Figure 13 vs 

the reciprocal o f the concentrations o f  n ic o t in ic  acid (A) or ATP (B) 

were also l in e a r .  Figure 14 i l lu s t r a t e s  double reciprocal plots of  

the i n i t i a l  v e lo c i t ie s  vs varied concentrations o f  n ic o t in ic  acid a t  

d i f f e r e n t  values o f PRPP (A) and varied concentrations of PRPP a t  

d i f fe r e n t  values o f n ic o t in ic  acid (B ).  The concentrations o f nico­

t in a te  used in these experiments were equal to or greater than th is

sub stra te 's  K value ( in  order to f a c i l i t a t e  measurements o f ATP con- m v

cen tra tion  changes) and thus the point o f in te rsec tio n  o f the l ines  o f  

graph 14A should be located fa r  to the l e f t  o f  the graph. Nevertheless,



the lines  do in te rs e c t ,  as exem plified by the l in e  pattern  o f  Figure 

14B. In a d d it io n ,  the rep lo ts  o f  l / vmax(appj vs the reciprocal o f the 

concentrations o f  PRPP (A) or n ic o t in ic  acid (B) (not shown) were 

observed to be l in e a r .

According to the th e o re t ic a l  ca lcu la t io n s  presented by S e g e l ,^ 8  ̂

the pattern observed (Figures 12, 13 and 14) are c losest to the  

uni uni bi bi t e r  te r  k in e t ic  mechanism. However, one cannot exclude 

the hexa uni ping-pong te r  t e r  k in e t ic  mechanism. Moreover, the 

various k in e t ic  constants could not be ca lcu la ted  from these i n i t i a l  

v e lo c ity  double rec iprocal plots because there are three d i f f e r e n t  

va r ia b le  unknowns in the v e lo c i ty  equation. In order to overcome th is  

problem, two substrates must be maintained a t  constant r a t io  as has 

been suggested by S e g e l / 88  ̂ Thus such experiments were in i t ia t e d .

Figures 15A and 15B show the double reciprocal p lots o f  i n i t i a l  

v e lo c i t ie s  vs varied concentrations o f  PRPP and n ic o t in ic  acid  

(maintained a t  constant r a t io )  a t  d i f f e r e n t  concentrations o f  ATP. As 

shown in Figure 15, p a ra l le l  sets o f l ines  were obtained with a l in e a r  

rep lo t  o f  1/Vmax(app) vs the reciprocal o f the concentrations o f ATP 

(Figure 15C). Figures 16A and 16B are double reciprocal p lots o f the 

i n i t i a l  v e lo c i t ie s  vs varied concentrations o f ATP and n ic o t in ic  acid  

(maintained a t  constant r a t io )  a t  d i f f e r e n t  concentrations o f  PRPP.

The observed sets o f l ines  appear to be p a r a l l e l ,  however, the possi­

b i l i t y  th a t  they can in te rs e c t  a t  a point f a r  to the l e f t  is present. 

The rep lo t  o f the Y -in te rcepts  vs the reciprocal o f the concentrations  

o f  PRPP is  l in e a r  (Figure 16C). A s im ila r  study o f  the double 

reciprocal p lots o f the i n i t i a l  v e lo c i t ie s  vs varied concentrations of



ATP and PRPP (maintained a t  constant r a t io )  a t  d i f f e r e n t  concentrations  

o f n ic o t in ic  acid is shown in Figures 17A and 17B. In te rsecting  l in e  

patterns are observed with a l in e a r  rep lo t  o f  the Y-in tercepts  vs the 

reciprocal o f the n ic o t in ic  acid concentrations (F igure 17C).

These data were then rep lo tted  in a d i f f e r e n t  manner, the double 

reciprocal plots o f the i n i t i a l  v e lo c i t ie s  vs the concentrations o f the 

varied substrate a t  d i f f e r e n t  concentrations of the other two sub­

s tra te s  maintained a t  constant ra t io  (Figures 18A, 19A and 20A). As 

shown in these three f ig u re s ,  p lots o f v"* vs [ATP]"'*' and vs [PRPP]"'1' 

are composed o f sets o f p a ra l le l  l ines  whereas a p lo t  o f v"1 vs [N ^ ]"1 

is  composed o f an in te rs e c t in g - ! in e  pattern . The secondary plots of  

Vmax(app)~* vs tlie r e c iProcal ° f  ^ e  concentrations o f each o f the 

substrates th a t  were maintained a t  constant r a t io ,  were a l l  l in e a r  

(F igures 18B, 19B and 20B).

Table 2 defines the expected double-reciprocal l in e  patterns and 

secondary p lo ts ,  Vmax(app)~* vs ^ e  reciprocal concentration of the 

appropriate  substrate, based on th eo re t ic a l  ca lcu la tio ns  as presented 

by Segel.

The experimentally-determined double reciprocal plots (Figures  

12-20) and th e i r  secondary plots do not agree with the theore tica l  

plots o f  any mechanism e x c lu s ive ly .  Again, however, the observed 

double reciprocal plots may be considered to define (w ith in  the 

experimental e r ro r )  a Uni Uni Bi Bi ping-pong Ter Ter mechanism.

To fu r th e r  inves tiga te  the p o s s ib i l i t y  th a t  th is  k in e t ic  mechanism 

is  the mechanism by which N PRTase proceeds, s p e c if ic  product in h ib i -
a

t ion  studies were i n i t ia t e d .



Figure 12. Double-reciprocal p lots o f  the i n i t i a l  

v e lo c i ty  (v) vs. varied concentrations o f  ATP (A) and 

PRPP (B) in the assay o f the N PRTase catalyzed reaction
a

in the presence o f  d i f f e r e n t  concentrations o f  PRPP (A) 

and ATP (B ).  Each data point represent (as determined 

by HPLC assay procedure) an average o f the calcu lated  

rates o f  NaMN and ATP concentrations changes. PRPP 

concentrations used in these experiments were 40 uM 

(A a),  20 uM (Ab), 16 uM (A c),  12 uM (Ad), 8 uM (Ac) 

and 4 uM (A f ) .  ATP concentrations used were 240 uM 

(B a), 120 uM (Bb), 60 urn (Be) and 30 uM (Bd). The 

incubation solutions contained 5 mM MgClg and 100 uM 

n ic o t in ic  acid in 50 mM Tris-phosphate b u ffe r  a t  pH 

8 .0 .  The reaction was in i t ia t e d  and terminated over 

a series o f incubation times as described under "Methods" 

Elution conditions: 5 ul sample in je c t io n  volumes, 0 .7  

ml/min flow r a te ,  25 mM (N H ^P O ^ pH 6 .0  e lu t io n  b u ffe r ,
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Figure 13. Double-reciprocal p lots o f the i n i t i a l  v e lo c ity  

(v ) vs. varied concentrations o f  ATP (A) and (B) in the 

assay o f  the N PRTAse catalyzed reaction in the presence
a

o f d i f f e r e n t  concentrations o f  (A) and ATP (B ).  Each 

data point represents (as determined by HPLC assay procedure) 

an average o f the ca lcu la ted  rates o f  N MN and ATP con-
a

centrations changes. concentrations used in these ex­

periments were 20, 40, 100 and 200 uM (A ). ATP concentrations  

used were 30, 60 and 120 uM (B ) .  The incubation solutions  

contained 5 mM MgClg and 20 uM PRPP in  50 mM Tris-phosphate  

b u ffe r  a t  pH 8 .0 .  The reaction  was in i t ia t e d  and terminated  

over a series o f  incubation times as described under "Methods". 

Elution  conditions: 5 ul samples in je c t io n  volumes, 0 .7  ml/min 

flow r a te ,  25 mM (N H ^P O ^ pH 6 .0  e lu t io n  b u f fe r ,  25°C.
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Figure 14. Double-reciprocal p lots o f  the i n i t i a l  v e lo c ity  

(v) vs. varied concentrations o f (A) and PRPP (B) in the 

assay o f the NgPRTase catalyzed reaction in the presence o f  

d i f fe r e n t  concentrations o f  PRPP (A) and (B ). Each data 

point represents (as determined by HPLC assay procedure) an 

average o f the ca lcu la ted  rates o f  N.MN and ATP concentrations
a

changes. PRPP concentrations used in these experiments were 

80 uM (A a), 40 uM (Ab), 20 uM (A c), 16 uM (Ad), 12 uM (Ae),

8 uM (A f) and 4 uM (Ag). concentrations used were 200 uM (B a),  

50 uM (Bb) and 20 uM (Be). The incubation solutions contained 

5 mM MgCl^ and 240 uM ATP in  50 mM Tris-phosphate b u ffe r  a t  

pH 8 .0 .  The reaction  was in i t ia t e d  and terminated over a 

series o f incubation times as described under "Methods".

Elution conditions: 5 ul samples in je c t io n  volumes,

0 .7  ml/min flow r a te ,  25 mM (NH4 ) 3P04 pH 6.0  e lu t io n  b u ffe r ,

25°C.
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Figure 15. Double-reciprocal p lots o f  the i n i t i a l  v e lo c ity  

(v) vs varied concentrations o f  PRPP (A) and (B) main­

tained a t  constant r a t io  (N^ = 5 x PRPP) in the assay o f  

the N PRTase catalyzed reaction in the presence o f  various
a

concentrations o f  ATP. Each data point represent (as d e te r­

mined by HPLC assay procedure) an avrage o f  the calculated  

rates o f  NaMN and ATP concentration changes. ATP concen­

tra t io n s  used in these experiments were 120 uM ( a ) ,  60 uM (b) 

and 30 uM ( c ) .  The incubation solutions contained 5 mM 

MgCl2 and varied concentrations values o f  the N^/PRPP 

r a t io  (2 0 /4 ,  4 0 /8 ,  80/16 and 160/32) in 50 mM Tris-phosphate  

buffer  a t  pH 8 .0 .  The reaction was in i t ia t e d  and terminated  

over a series o f  incubation times as described under "Methods" 

Elution conditions: 5 ul samples in je c t io n  volumes,

0 .7  ml/min flow r a te ,  25 uM (N H ^P O ^ pH 6.0  e lu t io n  b u ffe r ,  

25°C. Figure 15C, is  a rep lo t  o f the Y -in te rcepts  vs the 

rec iprocals  o f  the ATP concentration.
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Figure 16. Double-reciprocal p lots o f  the i n i t i a l  v e lo c ity  

(v ) vs varied  concentrations o f  ATP (A) and (B) maintained  

a t  constant r a t io  (N^ = 0 .67 x ATP) in the assay o f the 

NaPRTase catalyzed reaction  in the presence of various  

concentrations o f PRPP. Each data point represents (as 

determined by HPLC assay procedure) an average o f  the 

ca lcu la ted  rates o f  NaMN and ATP concentration changes.

PRPP concentrations used in these experiments were 32 uM (a ) ,  

16 uM ( b ) ,  8 uM (c) and 4 uM ( d ) .  The incubation solutions  

contained 5 mM MgCl2 and varied concentration values o f  the 

ATP/Na r a t io  (3 0 /2 0 ,  60 /40 ,  120/80 and 240/160) in 50 mM 

Tris-phosphate b u ffe r  a t  pH 8 .0 .  The reaction was in i t ia te d  

and terminated over a series  o f  incubation times as 

described under "Methods". E lution conditions: 5 ul

sample in je c t io n  volumes, 0 .7  ml/min flow r a te ,  25 mM 

(NH4 ) 3P04 pH 6 .0  e lu t io n  b u f fe r ,  25°C. Figure 16C, is a 

re p lo t  o f the Y - in te rcep ts  vs the reciprocals  o f  the PRPP 

concentration.
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Figure 17. Double-reciprocal p lots o f  the i n i t i a l  v e lo c ity  

(v )  vs varied concentrations o f  PRPP (A) and ATP (B) maintained 

a t  constant r a t io  (ATP = 7.5  x PRPP) in the assay of the  

N PRTase catalyzed reaction in the presence o f  various  

concentrations o f  N^. Each data point represents (as 

determined by HPLC assay procedure) an average o f the  

calculated  rates o f NQMN and ATP concentration changes. 

Nicotinate  concentrations used in these experiments were 

80,uM ( a ) ,  40 uM (b) and 20 uM ( c ) .  The incubation  

solutions contained 5 mM MgCl^ and varied concentration  

values o f the ATP/PRPP r a t io  (3 0 /4 ,  6 0 /8 ,  120/16 and 

240/32) in  50 mM Tris-phosphate b u ffe r  a t  pH 8 .0 .  The 

reaction was in i t ia t e d  and terminated over a series o f  

incubation times as described under "Methods". E lution  

conditions: 5 ul samples in je c t io n  volumes, 0 .7  ml/min

flow ra te ,  25 mM (N H ^P O ^ pH 6 .0  e lu t io n  b u f fe r ,  25°C.

Figure 17C, is a rep lo t  o f  the Y -in te rcep ts  vs the 

reciprocals o f the n ic o t in ic  acid concentration.
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Figure 18. A) Double-reciprocal p lots o f the i n i t i a l  v e lo c ity  

(v) vs varied concentrations o f  ATP in the assay o f the 

N^PRTase catalyzed reaction in the presence o f  various concen-
a

t ra t io n s  o f  PRPP and maintained a t  constant ra t io  

(N^ = 5 x PRPP). Each data point represents (as determined 

by HPLC assay procedure) an average o f  the calcu lated  rates  

o f  NaMN and ATP concentration changes. N^/PRPP concentration  

ra t io s  used in these experiments were 160/32 ( a ) ,  80/16 (b ) ,  

40/8 (c) and 20/4  (d ) .  The incubation solutions contained 

5 mM MgClg and varied concentration values o f  ATP (30, 60

and 120 uM) in 50 mM Tris-phosphate b u ffe r  a t  pH 8 .0 .  The

reaction was in i t ia t e d  and terminated over a series o f  

incubation times as described under "Methods". E lution  

conditions: 5 ul samples in je c t io n  volumes, 0 .7  ml/min

flow ra te ,  25 uM (N H ^P O ^ pH 6 .0  e lu t io n  b u f fe r ,  25°C.

Figure 18B, is a rep lo t  o f the Y -in te rcepts  vs the

reciprocals  o f the PRPP concentration.
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Figure 19. A) Double-reciprocal p lots o f  the i n i t i a l  v e lo c ity  

(v ) vs varied concentrations o f  PRPP in the assay o f  the 

N,PRTase catalyzed reaction in the presence o f  various concen-
a

t ra t io n  o f  ATP and maintained a t  constant ra t io

(N^ = 0.67 x ATP). Each data point represents (as determined

by HPLC assay procedure) an average o f the ca lcu la ted  rates o f  

NaMN and ATP concentration changes. N^/ATP concentration  

ra t io s  used in these experiments were 160/240 ( a ) ,  80/120 (b ) ,  

40/60 (c) and 20/30 (d ) .  The incubation solutions contained  

5 mM MgCl^ and varied concentration values o f  PRPP (4 ,  8 , 16,

and 32 uM) in 50 mM Tris-phosphate b u ffe r  a t  pH 8 .0 .  The

reaction was in i t i a t e d  and terminated over a series o f  

incubation times as described under "Methods". E lu tion  

conditions: 5 ul sample in je c t io n  volumes, 0 .7  ml/min flow

r a te ,  25 mM (N H ^P O ^ pH 6 .0  e lu t io n  b u f fe r ,  25°C.

Figure 19B, is a rep lo t  o f  the Y -in te rcepts  vs the reciprocals  

of the ATP concentration.
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Figure 20 . A) Double-reciprocal p lo ts  o f  the i n i t i a l  v e lo c ity  

(v ) vs varied concentrations o f  Nn in the assay o f the N PRTase
n  cl

catalyzed reaction in the presence o f  various concentrations o f  

PRPP and ATP maintained a t  constant r a t io  (ATP = 7 .5  x PRPP). 

Each data point represents (as determined by HPLC assay 

procedure) an average o f the ca lcu la ted  rates o f  N.MN and
a

ATP concentration changes. ATP/PRPP concentration ra t io s  

used in these experiments were 240/32 ( a ) ,  120/16 (b ) ,

60/8 (c) and 30 /4  (d ) .  The incubation solutions contained 

5 mM MgCl^ and varied concentration values o f  (20, 40 and 

80 uM) in 50 mM Tris-phosphate b u ffe r  a t  pH 8 .0 .  The 

reaction was in i t ia t e d  and terminated over a series o f  

incubation times as described under "Methods". E lution  

conditions: 5 ul sample in je c t io n  volumes, 0 .7  ml/min

flow  r a te ,  25 mM (NH4 ) 3P04 pH 6 .0  e lu t io n  b u f fe r ,  25°C.

Figure 20B, is  a re p lo t  o f  the Y - in te rc e p ts ,  vs the 

rec iprocals  o f  the ATP concentration.
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Table 2. Double-reciprocal i n i t i a l  v e lo c ity  patterns based on theore t ica l ca lcu la tions  
as represented by Segel (68 ).

BiBi Uni Uni, Bi Uni
Procedure Ordered Ter Ter Uni Bi & Bi Uni Uni Hexa Uni ping-pong

Uni ping-pong

Vary one substrate  
at d i f fe r e n t  values 
the second substrate  
maintaining the 
th ird  substrate  
constant.

Vary two substrates  
maintained a t  con­
stant ra t io  a t  d i f ­
fe ren t values of  
the th ird  substrate.

Vary one substrate  
a t  d i f fe r e n t  values 
o f the other two 
substrates main­
tained a t  a constant 
r a t io .

Six sets of p lo ts ,  a l l  
are l in e a r  and consist 
of in te rsecting  l in e  
patterns.

A ll sets o f plots are 
parabolic with l in e a r  
secondary plots o f Y- 
in te rcepts .

A ll sets o f plots are  
l in e a r  and in te rsecting  
whereas two o f the 
secondary plots are 
parabolic and one is 
1 inear.

Six sets o f  p lo ts ,  a l l  
are l in e a r  and 4 consist 
of p a ra l le l  l in e  patterns  
and 2 consist o f  in te r ­
secting l in e  patterns.

Two sets o f  plots are 
l in e a r  and in te rsecting  
whereas the th ird  set is 
p arab o lic . A ll produce 
l in e a r  secondary plots  
o f Y -in te rcepts .

A ll sets o f plots are 
l in e a r ,  two patterns  
consist o f in te rsecting  
l ines  with l in e a r  
secondary p lo ts ,  a th ird  
pattern consists o f  
p a ra l le l  l ines  with a 
parabolic secondary 
p lo t .

Six sets o f  p lo ts ,  a l l  
are o f  l in e a r  and consist 
o f p a ra l le l  l in e  patterns  
with l in e a r  secondary 
p lo ts . *

A ll sets o f  plots are 
l in e a r  and consist o f  
p a ra l le l  sets o f l ines  
with l in e a r  secondary 
plots o f  Y -in te rcep ts .

A ll sets o f  plots are 
l in e a r  and consist of  
p a ra l le l  sets o f  l ines  
with l in e a r  secondary 
p lo ts .

*  Secondary plots are the plots o f the Y -in tercepts  vs. the reciprocal concentration o f  
the substrate held constant fo r  the generation o f  each l in e  o f  the pattern .



2. Product In h ib i t io n  Studies with Pyrophosphate

Double rec iprocal p lots o f  the i n i t i a l  v e lo c i ty  vs n ic o t in a te  

concentrations a t  d i f f e r e n t  concentrations o f  the product pyrophosphate 

(PP.j) a t  constant PRPP and ATP concentrations are shown in Figure 21. 

Mixed type patterns were observed a t  both conditions o f  saturated ATP 

(F igure 21A) and unsaturated ATP (F igure  21B) and where PRPP was kept 

constant a t  an unsaturated concentration (40 uM). Figure 22A shows a 

mixed type in h ib i t io n  by the product pyrophosphate in a double 

reciprocal p lo t  o f  (v) vs varied concentrations o f PRPP a t  a constant 

and unsaturated value o f ATP and a saturated value o f  n ic o t in a te .

Figure 22B and 22C i l l u s t r a t e  the e f fe c ts  o f increasing n ico t in a te  

concentration from an unsaturated leve l to a saturated leve l using 

double reciprocal p lots o f  i n i t i a l  v e lo c i ty  vs varied concentrations  

of ATP in the presence o f  a constant concentration value o f the 

product pyrophosphate and a t  constant and unsaturated leve l o f PRPP.

As shown in Figure 22B and 22C, mixed type patterns were observed at  

both saturated and unsaturated leve ls  o f  n ic o t in a te .  Product in h ib i ­

t ion  a t  saturated leve ls  o f  PRPP were not examined because such studies  

would not be o f  any importance in e lu c id a t in g  the k in e t ic  mechanism 

(because o f the substrate in h ib i t io n  produced by high concentrations  

o f PRPP). A summary o f the product in h ib i t io n  studies is represented 

in Table 3. In Table 4, are represented the expected l in e  patterns  

fo r  the product in h ib ito n  studies fo r  d i f f e r e n t  types o f  k in e t ic  

mechanism based on th e o re t ic a l  ca lcu la t io ns  represented by Segel.^®^  

Once again the obtained resu lts  are not in f u l l  agreement with  

any o f the above patterns . However, i f  the order o f substrate addition



is  assumed to be ATP, PRPP and n ic o t in a te  in a Uni Uni Bi Bi ping-pong 

Ter Ter mechanism, then pyrophosphate may be assigned as the second 

product released (Q). These th e o re t ic a l  patterns ( l i n e  5 o f  Table 4) 

most c lose ly  resemble the observed re s u lts .  One has to keep in mind 

th a t  I am a c tu a l ly  dealing with a t e r  quad system and not a te r  t e r  

system and th a t  w i l l  have a profound e f fe c t  on the product in h ib it io n  

patterns . To explain the obtained product in h ib i t io n  patte rns , one 

has to fo llow  three general ru le s ;  1) i f  the product and the substrate  

bind to d i f f e r e n t  forms o f  the enzyme, th is  product w i l l  a f fe c t  the 

Y - in te rc e p t ,  2) i f  the point o f  attachment o f  these two forms of  

enzyme are connected via  a re v e rs ib le  sequence, th is  product w i l l  have 

a slope e f f e c t ,  3) a product cannot a f fe c t  e i th e r  the slope or the 

Y - in te rc e p t  fo r  an enzyme form whose s teady-s ta te  leve l is  zero. In 

order to explain the obtained product in h ib i t io n  patterns based on 

these ru le s ,  more information about the re v e rs ib le  steps in the 

reaction  is required.

3. Isotope Exchange Studies

Because the i n i t i a l  v e lo c i ty  and product in h ib it io n  studies could 

not be used to e lim inate  the hexa-uni ping-ping mechanism as the 

k in e t ic  mechanism by which N PRTase proceeds, isotope exchange studies
a

between ce rta in  substrate/product pairs  were i n i t i a t e d .  Exchanges o f  

label between n ic o t in a te  and N MN and between PRPP and PP. would be
a I

expected during the course o f such a mechanism.
1 4

A slow [ C j-n ic o tin a te /N  MN exchange was observed in the presence
a

of ATP and the absence o f  PRPP. No exchange has been observed in the



Figure 21 . Product in h ib i t io n  studies o f  NaPRTase a c t i v i t y .  

Double rec iprocal p lots o f  the i n i t i a l  v e lo c i ty  (v )  vs the 

n ic o t in a te  concentration in the presence o f a d i f f e r e n t  

concentration values o f  the product pyrophosphate (PP^) and 

saturated concentration o f  ATP (A) or unsaturated concentra­

t ion  o f  ATP (B ).  Each data point represents (as determined 

by HPLC assay procedure) an average o f the calcu lated  rates  

of NMN and ATP concentration changes. Pyrophosphate con-
a

centra tions used in these experiments were 0 uM ( a ) ,  60 uM ( b ) ,  

120 uM (c) and 240 uM (d ) .  The incubation solutions con­

tained 5 mM MgC^j 40 uM PRPP, varied concentrations o f  

n ic o t in a te  (20, 40, 100 and 200 uM) and 1 mM ATP (A) and 

60 uM ATP (B) in 50 mM Tris-phosphate b u ffe r  a t  pH 8 .0 .

The reaction was in i t i a t e d  and terminated over a series o f  

incubation times as described under "Methods". E lution  

conditions: 5 ul sample in je c t io n  volumes, 07. ml/min

flow  r a te ,  25 mM (N H ^P O ^ pH 6 .0  e lu t io n  b u ffe r ,  25°C.
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Figure 22. Product in h ib i t io n  studies o f  NgPRTase a c t i v i t y .  

Double reciprocal plots o f  the i n i t i a l  v e lo c i ty  (v ) vs PRPP 

concentrations (A) and ATP concentrations (B and C) in the 

presence o f  d i f f e r e n t  concentration values o f  the product 

pyrophosphate (PP^). Each data point represents (as de te r­

mined by HPLC assay procedure) an average o f  the calculated  

rates o f N MN and ATP concentration changes. Pyrophosphate
a

concentrations used in these experiments were 0 uM (Aa),

240 uM (Ab), 0 uM (Ba and Ca), 240 uM (Bb, Be, Bd, Be and 

Cb) and 2000 uM (Cc and Cd). The incubation solutions con­

tained A) 5 mM MgC^. 60 uM ATP and 600 uM n ic o t in a te ,

B) 5 mM MgClg* 40 uM PRPP and varied  concentrations o f  

n ic o t in a te ,  600 uM (a and b ) ,  400 uM ( c ) ,  200 uM (d) and 

100 uM ( e ) ,  C) 5 mM MgCl2 , 40 uM PRPP and varied concen­

t ra t io n s  o f  n ic o t in a te ,  600 uM (a ,  b, and c) and 100 uM ( d ) ,  

in  50 mM Tris-phosphate b u ffe r  a t  pH 8 .0 .  The reaction was 

in i t i a t e d  and terminated over a series  o f  incubation times 

as described under "Methods". E lution  conditions: 5 ul

sample in je c t io n  volumes, 0 .7  ml/min flow r a te ,  25 mM 

(N H ^P O ^ pH 6 .0  e lu t io n  b u f fe r ,  25°C.
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Table 3. Product in h ib it io n  studies by pyrophosphate

Varied Substrate

Product ATP PRPP Nicotinate

unsaturated saturated Nn saturated  
n ico tina te

unsaturated saturated ATP

Pyrophosphate MTa MT MT(C)b MT MT

a MT, mixed type, l ines  in te rs ec t a t  the l e f t  o f  the Y -ax is .  

b C, competitive type, l ines  in te rs e c t  on the Y -ax is .



Table 4. Product in h ib it io n  patterns based on th eo re t ica l ca lcu lations as represented by S e g e l . ^ ^

Mechanism Product A
Varied Substrate

B C

unsat. sa t.  B sa t.  C unsat. sa t.  A sat.  C unsat. sat. A sat. B

P MTa UC UC MT MT UC MT MT MT
Ordered Ter Ter Q UC^ UC UC UC UC UC UC UC UC

R C c C C MT — MT MT — UC

Uni Uni Bi Bi P MT _  __ MT C C C MT MT _  _

Ping-Pong Q UC UC UC MT MT UC MT MT MT
Ter Ter R C c C UC — UC UC — UC

Hexa Uni R MT —  — MT C C C UC UC
Ping-Pong Q UC UC — MT MT — C c C

R C c C UC *" “ UC MT “  ■“ MT

a MT, mixed type, l ines  in te rsec t a t  the l e f t  o f  the Y-axis ,  

k UC, uncompetitive type, l ines  are p a r a l le l .

c C, com petititve type, l ines  in te rs e c t  on the Y -ax is .



absence o f  ATP, and in the presence or absence o f PRPP. Table 5 

summarizes the to ta l  [ ^ C l - a c t i v i t y  (o f  both n ic o t in a te  and N=MN), the
a

[ ^ C ] - a c t i v i t y  incorporated in to  NQMN and the % a c t i v i t y  a f t e r  one hour

incubation using d i f f e r e n t  exchange conditions.

The % exchange seems to decrease with the increase o f  n ic o t in ic

acid concentrations, whereas i t  increased with the increase o f  N MN
a

concentrations. Because o f  the slow ra te  o f  exchange seen (approxi­

mately 30 times slower than the ra te  o f the re a c t io n ) ,  fu r th e r  studies

o f  th is  exchange were unnecessary a t  th is  stage. Furthermore, no

32exchange has been observed between [  P]-pyrophosphate and PRPP under

any condition ( in  the presence or absence o f e i th e r  ATP or n ic o t in a te ) .

32Table 6 summarizes the [ P]-count/minute o f  the top o f  PP̂  peak and 

32[  P]-count/minute o f the top o f  PRPP peak. Thus i t  would appear 

u n l ik e ly  th a t  a "ping-pong" step occurs during the course o f  the 

r ib o s y lt ra n s fe r  or pyrophosphorolysis reac tions . However, these 

resu lts  may ind ica te  th a t  PRPP and n ic o t in a te  bind to the enzyme in  

order (where PRPP adds f i r s t )  and th a t  the inorganic phosphate group 

leaves the enzyme a f t e r  N MN.d

4. ATPase A c t iv i ty  o f  N PRTase
_____________________________ a_________

As was denoted prev ious ly , N^PRTase catalyzes the hydrolysis of
a

ATP to ADP and inorganic phosphate in the absence o f the substrate PRPP 

but in the presence o f  e i th e r  product pyrophosphate or N,MN. This
a

unique aspect o f the fJPRTase catalyzed reaction  has been used to
a

reveal portions o f  the k in e t ic  mechanism o f  the enzyme. Figure 23 

represents a typ ica l e lu t io n  p r o f i le  o f the incubaion mixture over



Table 5. Isotope exchange studies with [ ^ C j - N . / N  MN.
A cl

Additions Total A c t iv i ty NgMN A c t iv i ty % A c t iv i ty

10 uM [ 14C]-Na , 1 mM N MN 1) 17881.0 752.0 4.2

and 250 uM ATP 2) 17825.0 728.0 4.1

40 uM [ 14C]-Na , 1 mM N MN 1) 17633.0 583.0 3.3

and 250 uM ATP 2) 17891.0 550.0 3.1

10 uM [ 14C]-Nfl and 1 mM N MN
A Q

1) 16682.0 198.0 1.2

2) 16752.0 199.0 1.2

40 uM [ 14C]-Na and 1 mM NgMN 1) 17391.0 207.0 1.2

2) 17284.0 217.0 1.3

10 uM [ 14C]-Na , 1 mM NgMN 1) 16940.0 319.0 1.9

and 30 uM PRPP 2) 17294.0 314.0 1.8

40 uM [ 14C]-Na , 1 mM N MN 1) 16934.0 284.0 1.7

and 30 uM PRPP 2) 16968.0 308.0 1.8

10 uM [ 14C]-Na> 1 mM NgMN 1) 17904.0 312.0 1.7

and 250 uM ATP in the 2) 17930.0 280.0 1.6

absence o f  enzyme



3?
Table 6. Isotope exchange studies with [ P]-PPi/PRPP.

Additions [ 32P]-PPi A c t iv i ty C32P ] - PRPP

0 .5  mM [ 32P ]-P P i,  1 mM PRPP

and 1 mM ATP 17,000 500

0.5 mM [ 32P ]-P P i, 3 mM PRPP

and 3 mM ATP 17,000 600

0 .5  mM [ 32P]-PP i, 4 mM PRPP

and 4 mM n ic o t in a te  22,000 200

0 .5  mM [ 32P]-PPi and 4 mM PRPP 20,000 150

0 .5  mM [ 32P ]-P P i,  3 mM PRPP and

3 mM ATP in the absence o f 18,000 500

enzyme



a period o f  30 minutes fo r  the ATPase a c t i v i t y  of  the NaPRTase in the 

presence o f  pyrophosphate and the absence o f  both PRPP and n ico t in a te .  

I t  also shows the concomitant disappearance o f  ATP with the appearance 

of  ADP. Figure 24 shows the breakdown of  ATP with time under d i f f e r e n t  

condit ions. NaPRTase does not cata lyze the hydrolysis of  ATP in the
a

absence or the presence of  e i t h e r  PRPP or n ico t ina te  and in the absence 

of  the products pyrophosphate and N MN. Whereas in the presence of
a

e i th e r  pyrophosphate or N MN, NaPRTase catalyzes the hydrolysis o f  ATP
a a

in the absence o f  PRPP and in the presence or absence of  n ico t ina te .  

However, N PRTase w i l l  not demonstrate ATPase a c t i v i t y  in the presence 

of  pyrophosphate or N MN with the presence of  PRPP. This may indicate
a

tha t  pyrophosphate and N MN bind to the PRPP binding s i t e  in order to
a

t r ig g e r  the ATPase a c t i v i t y .  The fa c t  tha t  PRPP and not n ico t ina te  

inh ib i ted  th is  ATPase a c t i v i t y  indicates tha t  PRPP must bind before 

n ico t in a te .  Moreover, one can conclude that  pyrophosphate and N MN may
a

leave the enzyme in random order and before the organic phosphate can 

leave the enzyme.

Figure 25 i l l u s t r a t e s  the pH p r o f i l e  of the ATPase a c t i v i t y  

tr iggered by pyrophosphate in the absence of  PRPP and n ico t in a te .  The 

N^PRTase was shown to have maximum ATPase a c t i v i t y  at  pH range of
a

7 - 8 . Moreover,  we have demonstrated in Figure 25 that  ju s t  a 

change of  pH in the absence of  pyrophosphate f a i l e d  to t r ig g e r  the 

ATPase a c t i v i t y .

5. Cr^^-P.yrophosphate and Cr^^-ATP In h ib i t io n  Studies

One of  the most d i f f i c u l t  areas to def ine in many enzyme mechan­

isms, is the ro le  of the metal ion ac t iv a to rs .  Some information can



Figure 23 . Elutions o f  the NaPRTase assay so lut ion ,  in the 

absence o f  PRPP and n ico t ina te  (which demonstrate the ATPase 

a c t i v i t y  of  the enzyme) through a u-Bondapak HPLC column 

a f t e r  various incubation t imes. The incubation mixture con­

tained 5 mM MgC^j 60 uM ATP and 100 uM pyrophosphate in 

50 mM Tris-phosphate bu f fer  a t  pH 8 .0 .  The reaction was 

i n i t i a t e d  and terminated as described under "Methods". 

Elut ion condit ions: 5 ul samples in je c t io n  volumes,

0 .7  ml/min f low r a t e ,  25 mM (N H ^ P O ^  pH 6.0  e lu t ion  

b u f fe r ,  25°C.
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Figure 2 4 . Time-dependent changes in the concentration of

ATP over a 30 minute incubation with N PRTase as determineda

by procedures described in Figure 23. The incubation

solut ions contained 5 mM MgCl2> 60 uM ATP and the fol lowing:

a) no fu r th e r  add i t ions ,  b) 40 uM PRPP and 100 uM PP.,

c) 100 uM PP., d) 200 uM n ic o t in a te ,  e) 200 uM n ico t ina te

and 100 uM PP.,  f )  200 uM n ic o t in a te  and 100 uM N MN, i a

g) 40 uM PRPP, h) 100 uM N MN and 40 uM PRPP andd

i )  100 uM N=MN, in 50 mM Tris-phosphate bu f fer  a t  pH 8 .0 .
a

The reaction was i n i t i a t e d  and terminated as described 

under "Methods". Elut ion condit ions: 5 ul sample in jec t ion

volumes, 0 .7  ml/min f low r a t e ,  25 mM (N H ^ P O ^  pH 6.0  

e lu t io n  b u f fe r ,  25°C.



60

Q_
I—

< 4 0

20

1--------T

a

\

_ j_________ i__

1 5  3 0
------------1------------1_____I________ i________i_

1 5  3 0  1 5  3 0
Time ( min. )



Figure 25 . Specif ic  a c t i v i t y  ( in  uM ADP formed/min/mg 

prote in)  plot ted against pH fo r  the ATPase a c t i v i t y  of  

N PRTase in the presence o f  pyrophosphate but in the absence
a

of both PRPP and n ic o t in a te .  The incubation mixtures con­

tained 5 mM MgClg* 60 uM ATP and the fol lowing:  (so l id

t r ia n g le s )  no more add i t ion ,  (so l id  c i r c le s )  100 uM C r ^ P P .  

and (so l id  squares) 100 uM PP., in 50 mM Tris-phosphate  

buf fer  a t  pH 6-9 and 50 mM acetate containing 50 mM potassium 

phosphate a t  pH 5 .0 .  The reaction was i n i t i a t e d  and 

terminated as described under "Methods". Elution condi­

t ions:  5 ul sample in je c t io n  volumes, 0.7  ml/min f low

r a te ,  25 mM (NH^P O ^ pH 6 .0  e lu t ion  b u f fe r ,  25°C.
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be provided by using substrate-  and product-Cr111 complexes from which 

the metal ion does not d issoc ia te  re a d i ly .  (62-64)  p j f ot  studies of  the 

e f f e c t  o f  two such complexes on the N PRTase-catalyzed react ion ,  are
a

presented here.

Double reciprocal  plots o f  the i n i t i a l  v e lo c i ty  vs var ied con­

centrat ions o f  n ico t ina te  in the presence o f  d i f f e r e n t  concentrations  

o f  Cr*^-pyrophosphate (and a t  constant and unsaturated concentration  

o f  PRPP and n ico t in a te )  defined a p a r a l le l  set of  l ines  (uncompetitive 

i n h i b i t i o n ) .  Independent studies o f  the in h ib i t io n  by Mg-pyrophosphate 

at  the same conditions were performed (Figures 26 and 27) and, as has 

been demonstrated before,  a mixed-type i n h ib i t io n  by Mg-pyrophosphate 

was observed. In h ib i t io n  studies in the presence of  both Cr^^-PP.  and 

Mg-PPi gave r is e  to non- l inear  plots (Figures 26 and 27 ) .  This may 

indicate  tha t  Mg-PP^ and Cr^^ -P P .  are not s t r i c t l y  competit ive fo r  

s i t e ( s )  on the enzyme.

Cr^^ -P P .  has the c a p a b i l i t y  to t r ig g e r  the ATPase a c t i v i t y  to a

lesser extent (under the same condit ions) as Mg-PP.. A pH p r o f i l e  of

the ATPase a c t i v i t y ,  determined in the presence of  C r * * * - P P . , is shown 

in Figure 25. In te re s t in g ly  N PRTase shows a maximum ATPase a c t i v i t y
a

between pH 6-9 when i t  is tr iggered by C r ^ ^ - P P . .

Double reciprocal plots o f  the i n i t i a l  v e lo c i ty  o f  N PRTase
cl

a c t i v i t y  vs var ied concentrations o f  ATP, a t  d i f f e r e n t  concentration  

values of  C r ^ A T P  and a t  constant and unsaturated values o f  PRPP and 

n ic o t in a te ,  is shown in Figure 28A. C r ^ A T P  is  shown to be a 

competit ive i n h ib i t o r  with K. value approximately equal to 540 uM 

(Figure 28B). Thus these two compounds associate with N PRTase but
a

do not serve as substrates.



Figure 26. Double reciprocal  plots of  the N,PRTase i n i t i a l
a

v e lo c i ty  (v) vs the n ic o t in a te  concentrations in the 

presence of  a) no i n h i b i t o r ,  b) 100 uM C r ^ ^ P P . , c) 100 uM 

PP.. and d) 100 uM C r ^ P P ^  and 100 uM PP̂  together.  Each 

data point represents (as determined by HPLC assay procedure) 

an average of  the calculated rates o f  NgMN and ATP concentra­

t ion  changes. The incubation solutions contained 5 mM MgCl^s 

50 uM ATP, 40 uM PRPP and var ied concentrations o f  n icot ina te  

(20 ,  40, 100 and 200 uM) in 50 mM Tris-phosphate buf fer  a t  

pH 8 .0 .  The reaction was i n i t i a t e d  and terminated over a 

ser ies o f  incubation times as described under "Methods". 

Elution condit ions: 5 ul sample in je c t io n  volumes,

0 .7  ml/min f low r a te ,  25 mM (NH^PO^^ pH 6.0  e lu t ion  

b u f fe r ,  25°C.
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Figure 27 . Double reciprocal plots of  the NgPRTase i n i t i a l  

v e lo c i ty  (v) vs the n ico t ina te  concentrations in the presence 

of  no in h ib i t o r  ( —• — ) ,  100 uM PP.. ( —O — 5 26A),  100 uM 

CrI I I PPi ( - C - ,  26B), 500 uM PP. ( - A - ,  26A), 500 uM 

CrI I I PPi ( - A - ,  26B), 500 uM PP. and 500 uM CrI I I PPi

26A), and 100 uM PP. and 100 uM CrH I PP. ( - n - ,  26B).I I

Each data point represents (as determined by HPLC assay 

procedure) an average of  the calculated rates of  N MN and
a

ATP concentration changes. The incubation solutions con­

tained 5 mM MgCl,,, 60 uM ATP, 40 uM PRPP and varied concen­

t ra t io n s  of  n ico t ina te  (20, 40, 100 and 200 uM) in 50 mM 

Tris-phosphate buf fer  a t  pH 8 .0 .  The reaction was i n i t i a t e d  

and terminted over a ser ies of  incubation times as described 

under "Methods". Elution condit ions:  5 ul sample in je c t ion

volumes, 0.7  ml/min f low r a te ,  25 mM (NH^P O ^ pH 6.0  

e lu t ion  bu f fe r ,  25°C.
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Figure 2 8 . A) Double reciprocal  plots of  the NaPRTase i n i t i a l  

v e lo c i ty  (v) vs the ATP concentrations in the presence of  

d i f f e r e n t  concentration values of  Cr^^ATP. Each data point  

represents (as determined by HPLC assay procedure) an average 

o f  the calculated rates of  N MN and ATP concentration
a

changes. Cr^^ATP concentrations,  used in these experiments 

were 0 uM ( a ) ,  100 uM ( b ) ,  200 uM (c) and 400 uM ( d ) .  The 

incubation solutions contained 5 mM MgCl2 , 40 uM PRPP,

100 uM n ico t ina te  and varied concentrations of  ATP (30, 60,

120 and 240 uM) in 50 mM Tris-phosphate bu f fer  a t  pH 8 .0 .

The reaction was i n i t i a t e d  and terminated over a series of  

incubation times as described under "Method". Elution  

condit ions: 5 ul sample in je c t io n  values, 0 .7  ml/min f low

ra te ,  25 mM (N H ^ P O ^  pH 6 .0  e lu t ion  b u f fe r ,  25°C. B) The 

rep lo t  o f  the K / , nn\ of  A vs the C r ^ A T P  concentrations.
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Binding Studies with Flow Dia lys is

Elut ion p r o f i l e s  of  the labe l led  n ic o t in a te  are i l l u s t r a t e d  in 

Figure 29. In these experiments, i t  was observed th a t  n ico t ina te  does 

not bind to the phosphorylated-N PRTase, whereas in the presence o f  the
a

phosphorylated-N PRTase and PRPP, n ic o t in a te  bound t i g h t l y  to the
a

enzyme. Such experiments strongly suggest tha t  PRPP must bind to the 

phosphorylated enzyme before n ico t ina te  can bind. Moreover, a second 

study showed that  n ico t ina te  may associate with the unphosphorylated 

enzyme, in an unspecif ied manner. However, from other  studies con­

ducted and previous studies by Kosaka e t  a l . , ^ * ^  t h is  binding may 

be considered to be a non-productive binding from a k in e t ic  point of  

view.

Calcula t ion of  K inet ic  Constants

As shown by Segel^68  ̂ the i n i t i a l  v e lo c i ty  equation f o r  bi uni 

uni uni ping-pong t e r  bi system is represented by equation 1.

v  ____________________________[A ] [B ] [C ]____________________________  (1)

Vmax Kia  ^  + + Km W ™  + CHCC] + [A][B][C]

This system and equation can be used to ca lcu la te  k in e t ic  constants 

fo r  the N PRTase catalyzed react ion i f  the fo l lowing adjustments are
a

made. As shown in equation 2,  the Cleland notat ion f o r  the above 

described system also describes N PRTase system i f  we begin the
a

sequence a t  substrate C.



Figure 29 . Flow d ia lys is  study with C14-n ic o t in a t e .  The 

incubation mixtures in the upper chamber is as fol lows:

5 mM MgCl2 and 1 mM ATP ( —0— ),  5 mM MgClg* 1 mM ATP and 

20 uM N PRTase ( - • - ) ,  5 mM MgCl, and 20 uM N PRTase ( —& — )
3 l. 3

and 5 mM MgCl,, 1 mM ATP, 0 .5  mM PRPP and 20 uM N PRTasec 3

( —A — )• A f te r  1 minutes 40 uM 7 - [ C ^ ] - n i c o t i n a t e  acid 

(0 .1  uCi) was added to the upper chamber. The time and the 

amount o f  added unlabelled n ic o t in ic  acid is indicated on 

the graph. The lower chamber bu f fe r  is 50 mM potassium 

phosphate containing 5 mM MgCl^j f low ra te  is 

3 m l /m in u te / f rac t io n ,  25°C.
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(N JIN
a

(ATP) (ADP) (PRPP) (Na ) PP. & P.)

A B P C  Q A B P C O

I  I  t  I  t  i  I  t i t  ( 2)

Thus equation 1 can be represented by equation 3 and from reciprocal  

rearrangements o f  th is  equation (equation 4 provides one such example) 

the appropriate k in e t ic  constants can be calcu la ted  using the data 

shown in Figures 15-17.

v [PRPP][Na][ATP]

V K. K [ATP] + K [PRPP][NJ + K [ATP][PRPP] 
max i p Rpp mN mATp a mN̂

(3)

+ K [ATP][N.]  + [PRPP][N.][ATP]  
PRPP A

k r K K
1 _ mPRPP 1 + PRPP mNA

V I K, x 0 .6 7 [ATP]_max mpRpp [PRPP]

K_ v ( 4 )

Vmax

f l ♦ %  . "“ ATP 1L 0.67[ATPJ T A W  J

These constants are represented in Table 7. As shown in Table 7,  the

value o f  Km of  ATP is approximately 4 times those o f  n ico t ina te  and

PRPP which are approximately equal. Also the value o f  f o r  PRPP is

one-fourth the K fo r  th is  substrate,  m



Table 7. Kinet ic  constants fo r  N PRTase.
a

Kinet ic  Constant Value

V ,  2 .5 ± .4  x 10"2 umol N MN/minmax a

Km(ATp) 70 ± 10 uM

Km(PRPP) 24 ± 3 uM

^ ( n i c o t i n a t e )  23 ± 4 uM

Ki ( PRPP) 5 1 1 uM



DISCUSSION

In order to study any enzyme, a sens it ive  and r e l i a b l e  assay must 

be developed. Spectrophotometers provide an exc e l len t  tool for  

monitoring enzyme catalyzed reaction whenever one o f  the substrates or 

the products has an absorption maximum a t  sp e c i f ic  wavelength whereas 

the other substrates and products do not. NADH dependent dehydro­

genases are ideal examples of  such a group of  e n z y m e s . I n d i r e c t  

spectrophotometric assay procedures also have been designed where a 

second enzyme, which e i th e r  produces one of  the substrate or u t i l i z e s  

one of  the products and which can be monitored spectrophotometr ica l ly , 

is added to the assay mixture fo r  the desired enzyme. Commercially 

a v a i la b le  (Sigma Chemical) mixtures o f  Pyruvate Kinase and Lactate  

Dehydrogenase provide an example o f  such procedures. However, in d i r e c t  

assay procedures may give r is e  to a number of  complications,  

esp ec ia l ly  in k in e t ic  studies. In the past few decades, the 

u t i l i z a t i o n  o f  rad ioact ive  isotopes has become a very useful tool to 

assay fo r  many enzymes fo r  which a spectrophotometric assay is not 

possible.  During th is  type of  procedure, a rad ioact ive  substrate is 

incubated with the enzyme in the assay mixture to form a radioact ive  

product, then through the use of  chromatographic methods the product 

is separated from the substrate and id e n t i f i e d .  These procedures 

provide the s e n s i t i v i t y  required fo r  k in e t ic  analysis but they are 

time consuming. Recently,  because of  r is in g  costs and waste disposal  

problems (and because of  the hazards involved) ,  sc ie n t is ts  have searched 

f o r  a l te rn a t i v e  methods. HPLC lends i t s e l f  as an exc e l len t  tool fo r  

rapid separation and id e n t i f i c a t io n  o f  spec if ic  substrates and



products. I t  also provides the s e n s i t i v i t y  and r e l i a b i l i t y  required  

fo r  k in e t ic  studies to be accomplished. The most in te re s t ing  aspect  

o f  such a method, is tha t  one can observe the u t i l i z a t i o n  and the 

formation of  most o f  the substrates and products a t  the same time.

In th is  thesis I describe the development o f  an HPLC assay method 

to monitor the enzymatic a c t i v i t y  o f  n ico t ina te  phosphoribosyltrans-  

fe rase ,  in which I was successful in separating two substrates and two 

products of  the react ion ,  namely ATP, n ic o t in a te ,  ADP and N MN and in 

id e n t i f y in g  them spectrophotometr ical ly  a t  254 nm. I also established  

a d i r e c t  re la t ions h ip  between the concentrations o f  the in jected  

substrate and product solutions and the peak areas and peak heights of  

the resu l t ing  e lu t io n  p r o f i l e .  Peak height measurements and these 

standard curves were used to ca lculated the concentration of  each 

reactant during the time course of  the react ion .  This new method 

allows a sens it ive  and r e l i a b l e  q u a n t i t a t iv e  measurement of  the 

n ico t ina te  phosphoribosyltransferase in a short time without the use 

o f  rad ioact ive  m ater ia ls .

Moreover, a p u r i f i c a t io n  procedure which can provide an adequate 

amount of  highly p u r i f ie d  enzyme is es s e n t ia l .  Kosaka e t  a l .  f i r s t  

developed a p u r i f i c a t io n  procedure fo r  N PRTase from y e a s t , a n d
a

then modified th is  p r o c e d u r e ^ ^  by making use of  a f f i n i t y  chromato­

graphy. Although th is  procedure provided highly p u r i f ie d  enzyme with a 

high spec if ic  a c t i v i t y ,  t h e i r  method is lengthy and gave a very poor 

y ie ld  (0 .3  mg 16 lbs of  y e a s t ) . Since thorough k in e t ic  studies,  binding 

studies and ( l a t e r  on in th is  laboratory)  studies of  the act ive  s i te  

geometry by NMR spectroscopy were planned, a p u r i f i c a t io n  procedure



with be t te r  y ie ld  became ess en t ia l .  I have succesful ly  developed a

procedure which y ie lded a highly p u r i f i e d  protein with spec if ic

a c t i v i t y  equal or s l i g h t l y  higher than that  o f  Kosaka et  a l . ^ 5  ̂ when

the same assay conditions were u t i l i z e d .  Most important,  however,

t h is  procedure provides very good y ie ld  o f  enzyme (10 mg/6 lbs of

yea s t ) .  Moreover, th is  procedure enabled us to obtain another enzyme

OPRTase from the same yeast preparation.

In order to e luc idate  the k in e t ic  mechanism of N PRTase,a
Kosaka et  a l . ^ ’ ^  have represented convincing evidence fo r  the

formation of a phosphorylated-NaPRTase when incubated in the presence 

2+o f  ATP and Mg and in the absence o f  the other  substrates.  They have 

been able to is o la te  the enzyme intermediate and demonstrate tha t  the 

inorganic phosphate did not disassociate from the enzyme except when 

a l l  other substrates are present.  However, the double-reciprocal  

i n i t i a l  v e lo c i ty  plots and the se lec t ive  product in h ib i t io n  studies 

they performed suggested tha t  ADP may not leave the enzyme except a f t e r  

the addit ion of  the other two substrates. These results  are un in ter ­

pretable because of  the demonstration of  substrate in h ib i t io n  caused

by high concentrations of  PRPP (Figure 11) .  The concentrations of  PRPP
( 25)

u t i l i z e d  in t h e i r  experimentsv ' were in the region of th is  profound 

i n h ib i t io n .  Employing the HPLC assay, double reciprocal  i n i t i a l  

ve lo c i ty  patterns have suggested a ping-pong step involved in the ATP 

addit ion to the enzyme. However, these studies do not d ist inguish the 

order of  addit ion o f  the other two substrates. The lack o f  any
Op

exchange between [  P]-PP^/PRPP whereas a slow exchange between 
14

L C]-NA/N_MN only in the presence of  ATP may suggest tha t  PRPP must



add before n ic o t in ic  acid and tha t  the inorganic phosphate leaves 

a f t e r  N MN. However, stronger evidence fo r  th is  in te rp re ta t io n  came
a

from studies o f  the ATPase a c t i v i t y  o f  the enzyme, tr iggered by e i th e r  

products PP. or N MN. The fa c t  tha t  PRPP, and not n ic o t in a te ,  in h ib i ts
1 a

the hydrolysis o f  ATP in the presence o f  e i th e r  PP. or N MN indicates
i a

th a t  PRPP may bind to the phosphorylated enzyme with a higher a f f i n i t y  

than e i th e r  PP. or N MN preventing these products from binding. On
1 a

the other hand, because n ico t ina te  could not bind to the phosphorylated 

enzyme e i th e r  o f  the two products, PP. or N MN, were able to bind toI 8

the phosphorylated enzyme and cause the release of  the phosphate group. 

In addit ion these results  provide evidence tha t  PP. also has to d is ­

sociate from NaPRTase before the phosphate group, and th a t  PP. and 

N,MN may d issocia te  from the enzyme a t  random. Supportive evidence
a

fo r  the order of  addit ion o f  PRPP and n ico t ina te  came from binding

studies in which we demonstrated that  n ico t ina te  f a i l e d  to bind to the

phosphorylated enzyme. Whereas in the presence o f  PRPP, n icot ina te

bound t i g h t l y  to the phosphorylated enzyme. Product in h ib i t io n

studies conducted with PP. ( e i t h e r  the second or th i r d  product

released) support the random release of  the second and th i rd  products

(PP. and N MN).1 8

Figure 30 represents, in the Cleland nomenclature, the proposed

k in e t ic  mechanism fo r  N PRTase a c t i v i t y .  This is a Uni Uni Bi Ter Ter

Quad system in which the second and t h i r d  products can leave at

random. Also represented in Figure 30 is the enzyme catalyzed ATPase

a c t i v i t y  (dotted l ines )  promoted by PP. and N MN.i a
In order to determine the ro le  of metal ions in the act ion of



N PRTase, we have i n i t i a t e d  in h ib i t io n  studies by Cr1** complexes of
a

ATP and PP. . The competit ive in h ib i t io n  o f  MgATP funct ion by C r ^ - A T P  

may suggest that  metal-bound ATP is  the actual substrate fo r  N PRTase,
cl

whereas the non- l inear  in h ib i t io n  by Cr*** -PP.  in the presence of  

Mg-PP. indicates tha t  these complexes are not s t r i c t l y  competitive  

i n h ib i to rs  of  the N PRTase forward react ion .  Although these studies
a

by themselves are not conclusive, they set the stage fo r  the NMR 

studies o f  the ac t ive  s i t e  geometery fo r  the N PRTase. C lear ly ,  

knowledge o f  the k in e t ic  mechanism o f  the N PRTase reaction and the
a

design o f  new and be t te r  assay and p u r i f i c a t io n  procedures fo r  

N^PRTase, f a c i l i t a t e  fu r th e r  studies o f  th is  enzyme-catalyzed reaction.
a



N a M N
I
I

PP; N M N
MgH ?

A D P  PRPP N
4 i

E-R

PP; N M N PP;

p.-E • P P.
Mg U

Figure 30. The Cl el and nomenclature fo r  the proposed Uni Uni Bi Ter Ter Quad k ine t ic  mechanism 

fo r  N PRTase enzyme, in which the second and th i rd  substrates can dissociate  in random. Dotteda

lines  represent the NaPRTase-catalyzed ATPase a c t i v i t y .
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