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by

Leonard Mayer 

A d v iser: Professor Donald L . Sloan
2+The p u rp o se  o f th is  investigation  was to explore the role that Mg 

p lays in the  s tru c tu re  and mechanism o f orotate phosphorlbosy ltrans-  

ferase  (OPRTase) and nicotinate phosphoribosy ltransferase  (NPRTase) 

using  nuclear magnetic relaxation (NMR) and SDS acrylamide gel e lectro­

phoresis . C rosslinking  o f OPRTase b y  g lu tara ldehyde (G TA) in the  
2+presence o f  Mg did reveal b y  SDS electrophoresis the ex is ten ce  o f  a 

dimeric form o f yea st OPRTase. A t low concentrations o f GTA (0.05%)
2-fin the absence o f Mg , detectable dimer was no t o b served  while a t h igh

9 x
concentrations o f GTA (0.2%) in the absence o f Mg , the dimer was 

detectable as a band on SDS electrophoresis gels. The appearance o f

the crosslinked  dimer depended  on the concentration o f GTA employed
2+ 2+ 

and on w hether or no t Mg was p resen t. Mg enhances the appearance
2+o f the dimer. Mg -phosphoribosylpyrophospha te  (PRPP) did not p ro tec t 

the enzym e against crosslink ing  b u t may have p ro tec ted  against inactiva­

tion by GTA. Whereas GTA inactiva tes OPRTase, d im ethyl suberim idate  

(DMS) does no t. C rosslinking  o f NPRTase a t all concentrations o f GTA 

or DMS te s ted  did not occur. N either GTA nor DMS succeeded in ren ­

dering  NPRTase inactive. N either Mg2+, Mg2+-PRPP, nor Mg2+-adenosine  

trip h o sp h a te  (ATP) a ffec ted  the electrophoretic p a tte rn  or the  ac tiv ity  o f  

NPRTase trea ted  w ith  e ith er  GTA or DMS. From the SDS electrophoresis



re su lts , it has been  p roposed  tha t the  OPRTase monomer is in equilibrium
2+w ith  a dimeric form  and tha t Mg prom otes the e x te n t o f dimer formation.

In  con trast, NPRTase e x is ts  as a monomer in the native form  and does

not in terco n vert to h igher molecular w eigh t form s.

Proton-NMR was employed to characterize the  formation o f OMP-metal

ion, PRPP-metal ion, and O P RTase-substrate-m etaI ion com plexes. More- 
2+over, when Mg was added to solutions o f  PRPP, OMP, and OPRTase, 

the changes in the proton resonance am plitudes o f  PRPP (decreases) and  

OMP (increases) su g g e s t tha t a new equilibrium  betw een th is s u b s tra te /  

p roduct pair has been estab lished . Such an alteration in the equilibrium  

in the absence o f orotate and PP^ the  o ther su b s tra te /p ro d u c t pair, can 

only occur i f  the k ine tic  mechanism is B i B i P ing  Pong. T h u s the NMR 

experim ents p rovide  independent evidence o f a mechanism tha t has been  

su g g ested  from  k inetic  analysis.
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INTRODUCTION

5-Phosphortbosyl-l-pyrophosphate (PRPP) is the donor o f ribose-  

S'-phosphate in pyrim idine nucleotide b iosyn thesis  (1 ), in do. novo 

purine nucleotide b iosyn thesis  (2 ), in salvage purine nucleotide bio­

syn th esis  (3), in nicotinic acid mononucleotide syn th esis  (4 ), in tr y p ­

tophan b iosyn thesis (5), and  in the f ir s t  step  o f histidine  b iosynthesis 

(6 ), The enzym es which tra n sfer  the phosphoribosyl moiety o f PRPP 

are called phosphoribosyltransferases. D ivalent metal ions are required  

fo r  the enzyme catalyzed tra n sfer  o f the phosphoribosyl group from  

PRPP to the nitrogenous, generally aromatic base. The phosphoribosyl 

transfer  is accompanied b y  the anomeric inversion o f configuration o f 

the ribofuranose r in g . The configuration  in PRPP o f C - l ,  to which  

pyrophosphate is a ttached, is a. The configuration o f the base attached  

to C -l o f r ibose-S’ -phosphate is  3. The phosphoribosyltransferase reac­

tion is reversib le in the presence o f pyrophosphate (PP^) b u t inorganic 

pyrophosphatase may render the reaction irreversib le  Mi vMvo.

Orotate Phosphoribosyltransferase

The two enzym es o f do. novo pyrim idine nucleotide b iosyn thesis  

o f in terest to th is discussion are orotate phosphoribosyltransferase  

(orotidine phosphate: pyrophosphate  phosphoribosy ltransferase; OPRTase; 

EC 2.4 .2 .10) and oro tid ine-5'-phosphate decarboxylase (ODCase;

EC $. 1.1. 23). OPRTase catalyzes the Mg -d ep en d en t reversib le  forma­

tion o f a 8-glycosidic bond between orotate and the phosphoribosyl 

moiety o f a.-PRPP (equation 1). This stereospecific reaction is accom­

panied b y  the release o f pyrophosphate. O rotidylate decarboxylase  

catalyzes the decarboxylation o f orotidylate (OMP) to form uridyla te (UMP)

1



+  PRPP

H

&L-
R P

+  p p .
(1 )

)



(equation 2).

In  all organisms th u s  fa r  examined, OPRTase requires magnesium  

fo r  optimal a c tiv ity  (1 ,7 ,8 ,9 ,1 0 ,1 1 ,1 2 ). The enzyme is completely inh i­

bited  by 5 mM EDTA which removes magnesium  ton. The p roduct o f the 

forward reaction, orotidylate (OMP), inh ib its the reaction by  competing 

w ith  e ither orotate or PRPP. O rotidylate decarboxylase does not require  

magnesium fo r  activ ity  (8 ).

The purification procedure fo r  the yea st enzym e has been improved 

in e x ten t o f p u r ity  and  in length  o f time necessary fo r  purification. L ie- 

berman, e t. al. (1) were the f ir s t  to isolate OPRTase from brew er's yea st. 

Umezu, e t. al. (11) p urified  OPRTase to homogeneity from baker's  yeast 

and determ ined some o f  i ts  properties. Victor, e t. al. (13) purified  

OPRTase from b a ker 's  y ea s t b y  a modified procedure o f Umezu. R eyes, 

e t. al. (14) dem onstrated that yea st OPRTase is tigh tly  bound to ciba- 

cron b lue-linked  Sepharose and can be elu ted  by  PRPP and OMP. Maximal 

purification o f OPRTase (1200-1500 fold) was achieved using  th is  single 

step  procedure. B ind ing  o f an enzym e to a dbacron  blue derivative  

(a sulfonated aromatic chromophore) suggested  b u t did not prove that 

OPRTase from b aker 's  yea s t possesses  a dinucleotide fo ld . Dodin (15) 

developed a rapid purification o f OPRTase from E&akeAiofua. c o t i  K-12 

b y OMP-Sepharose Column Chromatography.

OPRTase has been p u rified  from a num ber o f sources. Mammalian 

sources include ca lf thym us (17), cow brain (18), Ehrlich ascites car­

cinoma (19), ra t liver  (20), murine leukemia (21), and  human ery th ro ­

cy te s  (22). Yeast (1) and E^che/ucfua c o l l  (15) have also served  as 

sources. R ecen t sources include the human pathogen, Lel&hmanla. 

me.xla.am m exicam  (23), the rela ted  flagellate protozoan, CHltkiAia. (,<ucl-

3



cjuZouta (23) , and  the livers (24) o f  sparse fu r  mice (m utant mice w ith  

ornithine transcarbamylase defic iency).

OPRTases from all organisms s tud ied  th u s  fa r  excep t yea st are found  

Jji vivo as bifunctional enzyme complexes w ith ODCase (12). A large 

body o f evidence supports the view tha t OPRTase and ODCase form a 

multienzymic protein . OPRTase and ODCase copurify  from a num ber o f 

mammalian tissues or cells (17-24). The two activ ities cosediment in a 

centrifugal field , coelute b y  molecular sieve chrom atography, and comi- 

grate in an electric field  (25). The protein  comprising the two activ ities  

has been termed Complex V b u t is now called pyti5,6 (25-30). In  animals, 

the multienzyme pynSt b which is in the cytosol channels orotate directly  

through to VMP w ithout significantly accumulating the OMP intermediate 

(27). The activ ities o f both  enzym es show a coordinate relationship in 

rat and human tissues and in e ry th ro cy te s  from various mammalian sources 

(31). The two activ ities remain coordinate as described above in feta l, 

neonatal, immature, and adult liver and brain o f mouse. In  y eas t, the 

two catalytic activities are associated w ith  separate p ro te in s; there is 

no channeling o f OMP (16).

The regulation o f OPRTase in yea s t {Sa.c.dwiomyceA ceAev-u-cae) is 

d iffe ren t from  tha t in mammals. The gene coding for OPRTase in yeast 

is designated unaSand is  unlinked to the gene coding fo r  ODCase: una.3 

(33, 34, 35). Whereas ODCase is inducible, OPRTase is neither rep ress­

i v e ,  derepressib le, or inducible in yea s t (32): OPRTase levels do not 

change in response to the pyrim idine pool or to the pool levels o f prior  

interm ediates. In  mammals, the genes fo r  OPRTase and ODCase are linked  

(25). The linked  genes produce a single polypeptide Which, as previously  

sta ted , is called the multienzym e pyKS,6. OPRTase and ODCase levels

4



appear to be regulated by  induction in mammals (30).

Victor, J . , e t. al. (13) provided  evidence that the kinetic  mecha­

nism o f formation o f OMP from orotate is a B i B i Ping Pong mechanism. 

The double-reciprocal initial velocity pa tterns for both the forward  

and reverse reactions were composed o f parallel lines. Isotopic e x ­

change stud ies showed that each half reaction proceeded in the absence 

o f su b stra tes  fo r  the o ther half reaction. Product inhibition stud ies  

supported the view that PRPP is the fir s t  bound substra te  and the 

interpretation o f the kinetic  mechanism as p ing  pong. A Bi B i Ping 

Pong kinetic mechanism pred ic ts  the existence o f two stable enzyme 

forms: the free  enzym e and the enzym e bound w ith a portion o f the 

substra te . However, Victor, J, e t. al. (13) did not isolate such an 

intermediate. Goitein, R .K . e t. al. (36) provided  evidence based  

on kinetic isotope e ffec ts  which indicate that OPRTase u tilizes a 

carbocation mechanism. The inversion o f configuration during  forma­

tion o f OMP and the carbocation mechanism have prom pted Victor, J. 

e t. al. (13) to propose the existence o f a tigh tly-bound  noncovalent 

enzyme interm ediate, a carbocation interm ediate.

Recent stud ies o f divalent metal ion activation o f yeast OPRTase
++ " h 'bcatalyzed reaction suggest that the role o f Mg or Mn is multi­

functional and that a metal ion-enzym e complex is the species which  

catalyzes the reaction via the p ing  pong mechanism (37). Electron 

paramagnetic resonance (EPR), VV spectroscopy, and water proton  

relaxation rate (PRR) measurements have been employed to calculate 

dissociation constants (K~) fo r  the formation o f binary complexes 

between Mn** and orotate (K ^ = 500 pM), PRPP (K~ = 30 yiM J,

PP. (K~ = 12 yM), and OMP (K ^ = 200 yM). EPR and PRR m easure­

5



m ents support th e  view that a b inary■ Mn -enzym e complex forms w ith a

maximal stoichiometry o f 4:1. The shape o f  the binding isotherm for  
2+Mn - enzym e formation is sigmoidal, su g g estin g  cooperation between  
2+Mn bind ing  s ites . The  initial velocity p a ttern s  fo r  the  activation o f

phosphoribosyl tra n sfer  are biphasic. These resu lts  can be a ttribu ted

to catalysis at d ifferen t rates by  an enzyme-metal ion complex and a

metal free enzym e. The two se ts  o f in tersec ting  lines exh ib ited  by

the initial velocity p a ttern s  can be described in terms o f two typ es o f 
2+Mg bind ing  s ites  on the enzym e, one o f which is allosteric in charac-

2+ter. The role that Mg plays in the OPRTase reaction warrants fu r th e r  

s tu d y , although kinetic  analysis (37) su g g ests  the formations o f metal 

ion-enzym e and metal ion-PRPP complexes lead to optimal activation  

(equations 3 and 4).

M +  PRibPP
Ko

± !  M -P R ib P P (3)

K

orotate, PP;

V  J
E-MPRibPP ^  E-OMP

m f   ̂ -  -  M F - M P R i h P P  M E - O M P -

t '  M F R i h P  _ U
PP: o ro ta  te

i

KA

ME

(4)
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Nicotinate Phosphoribosyltransferase

Nicotinate phosphoribosyltransferase (nicotinate nucleotide: 

pyrophosphate phosphoribdsyltransferase; NPRTase; EC 2 .4 .2 .11)  

catalyzes the transfer o f the ribose-5-phosphate moiety o f PRPP 

to nicotinic acid to form nicotinate mononucleotide (NaMN). I t  catalyzes 

the f ir s t  step  in the Preiss-H andler pathway (38, 39,40) which  is 

the main route fo r  the b iosyn thesis  o f NAD in mammalian tissue, yeast, 

and B. c o t i  (equations 5-7). Nicotinic acid is obtained e ither through  

nutritional sources or from the biodegradation o f tryptophan (41).

ATP ADP + P:

N ico tina te  + PRibPP N a MN + PPj (5)

Na MN + ATP --------► N a AD + PPj ^ ( 6)

NAD + Glu ' (7)

ATP A M P + P P :

7



NPRTase was f ir s t  purified  from b e e f liver b y  Imsande and  

Handler (42) who dem onstrated an absolute requirem ent for a di­

valent metal ion , the irreversib ility  o f the reaction, and a stim u­

lation o f NPRTase ac tiv ity  by orthophosphate and by  ATP. The 

enzyme has subsequen tly  been isolated from BaeUlZuA AubtiLU (43), 

yeast (44-47), Ehrlich ascites cells (48), the protozoan AAlaAla 

tonga (49), human ery th ro cy tes  (50), and E. c o l t  (51).

The regulation o f  NPRTase in Salmonella typfumusum has been 

stud ied  (53). The genetic m arker fo r  NPRTase is designated  pncB. 

NPRTase is not controlled by feedback  inhibition, b u t does exhib it 

end-product repression . Foster, J.W. et. al. (53) has suggested  

that NAD is the corepressor molecule since repression o f NPRTase 

by  various pyrid ine nucleotides appears to resu lt from conversion  

o f these nucleotides to NAD.

Kosaka, A . e t. al. (46,47) purified  yea st NPRTase and reported

some o f its  ch arac te ris tics . Yeast NPRTase absolutely requires ATP

for reaction. Honjo, T. e t. al. (45) reported that ATP is stoichio-

metrically cleaved to ADP and orthophosphate in the reaction catalyzed

by the yea st enzym e. The molecular w eight o f the yeast enzym e was

estim ated from Sephadex Chromatography to be 43,000. Magnesium

ion is required fo r  the reaction. Kosaka, A . e t. al. (46) have su g -
2+gested  that ATP-M g is the true substra te  o f the reaction and that 

nicotinate mononucleotide production is catalyzed by two d ifferen t 

kinetic  mechanisms; a p artia l o rdered  su b s tra te  bind ing  w ith  partial 

random product release and a partial p ing  pong substra te  b inding  

w ith  partial random product release (47).

8



Sloan e t. al. (52) proposed that NPRTase proceeds via an O rdered  

Uni Uni B i B i Ping Pong kinetic  mechanism on the basis o f  initial velocity  

stud ies  (using  d ifferen t fixed  concentration ratios o f  two o f the three  

su b stra tes) , p roduct (pyrophosphate) inhibition analysis, isotope e x ­

change between su b stra te  /p roduct pairs and flow dialysis s tud ies  o f 

the nicotinate-NPRTase interaction. A ccording to th is  mechanism, ATP  

binds initially to form P^-NPRTase and ADP. PRPP and nicotinate then  

bind Pj-NPRTase (in that order) whereupon  PPf and nicotinate mononucleo­

tide are released randomly (followed b y  phosphate release).

Niedel, J. e t. al. (50) have p urified  NPRTase from human e ry th ro ­

cy tes . ATP stim ulates the enzymatic reaction b u t is not an obligatory  

substra te . When ATP is p resen t, ATP  hydro lysis is stoichiometric 

w ith  nicotinate mononucleotide formation. ATP stim ulates activ ity  by  

lowering the Km o f  both  nicotinate  and  PRPP by one or two orders o f 

magnitude. The molecular w eight o f the human ery th ro cy te  enzym e was 

found to be 86, 000 by  gel filtration.

The analysis o f metal ton activation has not y e t  been done. Kosaka,

A . e t. al. (46) showed the e ffec ts  o f metal ions on ac tiv ity  and suggested  

that a metal ion-enzym e complex may form . Metal activation analysis 

should be complicated since the enzym e, PRPP, and ATP  all bind metals. 

The role o f the metal m ust therefore be m ultifaceted.
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RATIONALE

Traut, T. W. (16) suggested  that su b u n it association/dissociation

may be the primary route fo r  the control o f the phosphoribosyltrans-

ferases. The research  described  in th is thesis  was in itiated  to examine

the role that metals play in the OPRTase mechanism o f  action using  NMR

and SD S-gel electrophoresis w ith  the idea that perhaps the metal ions

may a ffec t a monomer/oligomer equilibrium . Because  NPRTase can also

be purified  from the same baker's  yea s t ex tra c t, the SD S-gel stud ies

were also carried out fo r  th is enzym e. A s  will be described in detail, an
2+e ffec t on OPRTase monomer/dimer equilibrium  b y  Mg has been revealed, 

whereas NPRTase has been proven  to be composed o f a single polypeptide  

chain which does not form oligomers.
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MATERIALS AND METHODS

Materials

B ak er's  y east (Budweiser brand) was obtained from Valenti Yeast 

In c .,  F lushing, N .Y . Supplies purchased from Sigma Chemical Co.,

S t. Louis, Mo., included PRPP (sodium  s a lt j ,  ATP (disodium sa lt), 

nicotinic acid, dithiothreitol, coomassie brilliant blue R , SDS molecular 

weight m arkers 70 k it, 2-mercaptoethanol, dimethyl suberim idate,

Trizma HCl, Trizma Base, acrylamide, hemoglobin, fe rr itin , and 

bovine serum albumin. Hydroxy apatite HT, Cellex D, SDS, TEMED, 

glycine, ammonium persu lfa te , AG 501-X8, ribo flav in -5' -phosphate, 

and Bio-Rad protein assay k it  were purchased from Bio-Rad Labora­

tories, Richmond, Ca. Glutaraldehyde was obtained from Aldrich  

Chemical C o ., Milwaukee, Wisconsin. Sodium pyrophosphate  was 

purchased from Merck Co., Rahway, N .J . Sodium dichromate, 

glatial acetic acid, methanol, potassium hydroxide, ammonium phos­

phate, potassium phosphate (monobasic and dibasic), phenol reagent, 

sodium carbonate, copper su lfa te, sodium potassium tartra te, sodium 

hydroxide, toluene, octanol, sodium chloride, glycerol, and triethanol- 

amine were purchased from Fisher Scientific Co., Spring field , N .J . 

Kodak Photo-Flo 200 solution, Kodak technical pan film 2415, b isacryl-  

amide, and bromophenol blue were purchased from  Eastman Kodak C o ., 

R ochester, N .Y . Blue Sepharose CL-6B and Sephadex G -100 were 

purchased from Pharmacia Fine Chemicals, Piscataw ay, N .J . Orotic 

acid was bought from Calbiochem, La Salle, Ca. Phosphocellulose was 

obtained from Brown C o., Berlin , N .H . Magnesium chloride was bought 

from Thiokol A lfa Products, D anvers, Ma. All o ther chemicals were 

reagent grade.
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Enzyme A ssays

Orotate Phosphoribosyltransferase

The ac tiv ity  o f OPRTase was monitored by  the decrease in absorp­

tion at 295 nm. due to depletion o f orotate. The reference cuvette  

contained 0.29 ml. H^D, 0 .5  ml. 100 mM Tris/H Cl (pH = 8), 0.1 ml. o f  

200 mM M gCl^ 6H jP , 0.1 ml. o f 1 mM orotate, and 0.01 ml. o f enzyme 

ex tra c t. The sample cu ve tte  contained 0.090 ml. o f H g), 0 .5  ml. o f 

100 mM Tris/H Cl (pH = 8), 0.1 ml. o f 200 mM MgCl2'6H 20 , 0.1 ml. o f 

1 mM orotate, 0.01 ml. o f  enzyme ex tra c t, and 0. 2 ml. o f 1 mM PRPP.

In  certain situations such as the assay o f fractions eluted from a 

column o f Blue Sepharose CL-6B, 10 mM PRPP was used in place o f 

1 mM PRPP. In  general the PRPP aliquot was added last, b u t in some 

cases such as the monitoring o f ac tiv ity  during  crosslinking, the enzyme 

aliquot was added last.

Nicotinate Phosphoribosyltransferase

A previously described HPLC assay procedure (54) was employed 

during  NPRTase purification and therea fter to monitor the activity  

o f NPRTase during  crosslinking . The standard NPRTase assay m ix­

ture contained 5.0 mM MgCl 2 6 H , 0.1 mM nicotinate, 0.1 mM ATP  

and O.lmM  PRPP in 50.0 mM T ris-phosphate b u ffe r  (pH = 8). The 

reaction was initiated w ith the addition o f approximately 0.1 milliunit 

o f enzym e and was terminated (a fter  incubation for 15 min. at 37°C) 

by heating the solution in a boiling water bath  for 2 m inutes. The 

samples were then clarified, f ir s t  by centrifugation and then by p as­

sage through a 0,45 micron H A -type Millipore filter. Volumes o f 5.0  y l. 

o f these samples were then injected into a Waters pbondpak C ^  column.
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Protein Determination

The concentrations o f OPRTase and NPRTase were determined  

b y  both  the Lowry method (55) and  the B io-Rad protein  assay (56).

The Lowry reaction fo r  protein  determination involves the formation 

in alkaline solution o f a copper-protein  complex which reduces the 

phosphom olybdtc-phosphotungstate reagent (Folin-Ciocalteu phenol 

reagent) to y ie ld  an in tense blue color whose absorption can be mea­

sured  at 650 nm. A ny substance that can reduce copper in terferes  

w ith  the Folin reagent: ammonium sa lts  (such  as Trizma B ase), organic 

amines, and su lfh yd ry l reagents. S trongly acidic samples m ust be 

neutralized  prior to assay b y  the Lowry method because the reduc­

tion o f the Folin reagent occurs only a t pH o f 10.

The B io-Rad protein assay is based on the differentia l color change 

o f a dye  in response to various concentrations o f pro tein . The absor­

bance at 595 nm. o f the dye-protein  complex is stable fo r  more than 

one hour. 2-Mercaptoethanol and  Trizma Base do not in terfere  w ith  

the Bio-Rad A ssa y . However, basic samples m ust be neutralized prior  

to assay by the Bio-Rad method.

Determination o f Specific A c tiv ity  o f Enzymes

The specific a c tiv ity  o f OPRTase is  the num ber o f  umoles of orotate 

which are converted  to OMP p er  m inute p er  mg. o f pro tein . The d e ter­

mination o f  ac tiv ity  o f OPRTase is based on the disappearance o f the 

absorbance o f the orotate a t 295 nm. as OPRTase converts  orotate to 

OMP. The extinction  coeffic ien t o f orotate is 3950 M~* cm~*.

The specific a c tiv ity  o f  NPRTase is the num ber o f  ymoles o f 

nicotinate mononucleotide (NaMN) formed p e r  m inute p e r  mg. o f pro tein .
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Purification o f Enzymes

All s tep s  were perform ed at 4°C unless otherw ise indicated. The 

purification procedure was adapted from Vmezu, K . , e t .  al. (11).

A u to lysis

Pressed b aker 's  y ea s t was suspended  in 15 I. o f 0 .3  M phosphate  

b u ffe r  (pH = 8) and 2.4 I. o f toluene. The suspension was s tirred  for  

4 hours at 30°C, while maintaining the pH at 8, and then allowed to 

stand  overn igh t. Cell debris was removed b y  centrifugation and the 

supernatan t was clarified by filtration.

Ammonium Sulfa te Fractionation

The filtered  solution (24 I.) was adjusted  to pH o f 5 w ith  8 N acetic 

acid, b rough t slowly to 50% sa tu ra tion  w ith ammonium sulfa te (in the 

presence o f octanol), and allowed to stand overn igh t. The protein  

precip ita te was collected by centrifugation , dissolved in 10 mM phos­

phate (pH = 8), and dialyzed against th is  same b u ffe r . Crystalline  

MnClg (50 mM final concentration) was then added to the protein solution 

which was clarified b y  cen trifugation . Orotic acid was added to the solu­

tion (1 mM final concentration) and the pH was adjusted  to 6 w ith con­

cen tra ted  acetate b u ffe r  (pH = 5 .5 ).

Ethanol Fractionation

The protein  solution was then cooled to 0°C in preparation fo r  the 

ethanol fractionation procedure. Protein was precip ita ted  from the solu­

tion w ith  the addition o f pre-cooled (-20°C) ethanol to a final volume 

fraction o f 50% while maintaining the solution tem perature below 0°C 

(final tem perature - 10°C) . The precipitate was collected by  cen tr ifu ­

gation (at -15°C ), dissolved in 10 mM phosphate (pH = 6) and dialyzed
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against this b u ffe r  in preparation fo r  phosphocellulose chromatography. 

The final volume o f th is protein extract was 4 ,6  I.

Phosphocellulose Column Chromatography

The extract, which contained both OPRTase and NPRTase activities, 

was eluted through a 5 X 60 cm. phosphocellulose column equilibrated  

with 5 mM phosphate (pH = 6). Both activities were retained on the  

column, b u t continued washing w ith this b u ffe r  eluted  OPRTase. The 

NPRTase activ ity  was then eluted with 40 mM phosphate (pH = 6 .7 ).

Active fraction were pooled and NPRTase was precipita ted from the solu­

tion w ith the addition o f ammonium sulfate (to 70% sa tura tion). The 

enzyme was dissolved in S mM phosphate (pH = 7.5) and dialyzed  

against the same b u ffe r  (final volume 165 m l.) .

H ydroxylapatite Chromatography o f NPRTase Extract 

The NPRTase solution was incubated at 25°C (15 min) w ith 10 mM 

MgC^'OHgO, 5 mM nicotinate, and 2 mM PRPP in order to convert any 

phosphorylated-enzym e to its  native form. Thereafter, NPRTase was 

adsorbed onto a 6 X 10 cm. hydroxylapatite column equilibrated w ith  

5 mM phosphate (pH = 7. 5) and eluted w ith a linear phosphate gradient 

(5-100 mM, pH = 7.5). A ctive  fractions were pooled and the NPRTase 

was concentrated using  the above described ammonium sulfate precip i­

tation technique. The enzyme was then dissolved  in 2 mM Tris/H Cl 

(pH = 6.0) and dialyzed against th is b u ffe r  (final volume = 60 m l.) .

Blue Sepharose Chromatography o f NPRTase Extract 

The dialyzed NPRTase solution was divided into three 20 ml. parts  

and each aliquot was layered onto a 2. 5 X 30 cm. Blue Sepharose CL-6B 

column equilibrated w ith 2 mM Tris b u ffe r  (pH = 6). A fte r  w ashing the 

column to remove extraneous protein , NPRTase was elu ted  w ith a 2-200 mM

15



Tris/H Cl linear gradient (pH -  6). A c tive  fractions were pooled and 

lyophilized, and the enzym e was dissolved  and dialyzed in 5 mM phos­

phate (pH = 7.5). The volume o f the NPRTase solution was 57 ml.

DEAE Cellulose Chromatography o f NPRTase Extract 

A 2.5 X 30 cm. DEAE cellulose column was used to p u r ify  NPRTase. 

The enzyme solution was layered  onto the column equilibrated w ith 5 mM 

phosphate (pH = 7.5). A linear phosphate gradient (5-100 mM) was 

employed to elute the enzym e which was concentrated once again using  

lyophilization. The final volume o f the p urified  NPRTase was 10 ml. 

Ammonium Sulfate Fractionation o f OPRTase Extract 

The protein fractions which did not b ind  to the phosphocellulose 

column were pooled and sub ject to 70% saturation w ith ammonium sulfate  

(472 gms. / lite r ) . The precipita te was collected by filtration through  

Whatman #1 filte r  paper. The precipita te was dissolved in 1250 ml. o f  

10 mM Tris/H Cl (pH = 8), 3 mM orotate. The solution was dialyzed  

against 16 liters o f 10 mM Tris/H Cl (pH =8), 3 mM orotate fo r  5 hours. 

Sephadex G-100 Gel Chromatography o f OPRTase E xtract 

25 gram s o f Sephadex G-100 was swelled  in a b u ffe r  consisting  o f  

10 mM Tris/H Cl (pH = 8) , 1 mM orotate, and 40 mM NaCl. The Sephadex  

G-100 was then degassed  in the cold room and packed continuously in a 

column (2. 5 cm. X 60 cm .) o f volume 290 ml.

1250 ml. o f dialysate was divided into 25 portions o f 50 ml. Each 

50 ml. aliquot was applied to the column o f  Sephadex G-100 equilibrated  

with b u ffe r  consisting  o f 10 mM Tris/H Cl (pH = 8), 1 mM orotate, and 

40 mM NaCl. A fte r  loading, the column was developed w ith the a fore­

mentioned equilibrating b u ffe r . 9 racks o f  10.6 ml. per  fraction were 

collected. Those fractions whose decrease in absorption  was greater
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than or equal to 0.01 at 295 nm. were collected. The total ex tract 

volume from 25 ru n s  o f Sephadex G-100 from 285 pooled te s t tubes  

was 3025 ml.

DEAE Cellulose Chromatography o f OPRTase E xtract

The pooled extract from Sephadex G-100 was dialyzed against 15 

liters  o f 10 mM KP. (pH = 8), 1 mM orotate. Cellex D was swelled in 

10 mM KP. (pH = 8), 1 mM orotate, degassed, and packed in sections 

in a 290 ml. volume column (2 .5  cm. X 60 cm .) . The DEAE cellulose 

was equilibrated w ith 1 liter o f b u ffe r  consisting  o f 10 mM KP^ (pH = 8) 

and 1 mM orotate.

Five ru n s  o f DEAE cellulose chromatography were perform ed. In  

each run , 600 ml, o f dialyzed G-100 ex tra c t was applied to the column. 

The column was washed w ith 3 liters o f equilibrating b u ffe r . A protein  

whose fractions exh ib ited  a yellow discoloration and no OPRTase activity  

eluted  during  the wash. The enzym e was elu ted w ith a linear gradient 

between 750 ml. each o f 10 mM KP. (pH = 8), 1 mM orotate, and of 

200 mM KP. (pH = 8), 1 mM orotate. The 1 mM orotate was not completely 

soluble in 200 mM KP^ (pH = 8); so the precipita te was filtered  before  

the b u ffe r  was placed in the reservo ir o f the linear gradient apparatus. 

Fractions o f 10 ml. were collected. I t  was observed  that two peaks 

exh ib iting  OPRTase elu ted . The f ir s t  peak rep resen ts  isozyme I while 

the second peak represen ts  isozyme II. The column was washed w ith  

300 ml. o f 200 mM KP. (pH = 8). The column was reequilibrated w ith  

2000 ml. o f 10 mM KP^ (pH = 8), 1 mM orotate. Failure to reequilibrate  

w ith at least 2000 ml, o f equilibrating b u ffe r  or to remove the insoluble 

orotate from the 200 mM KP^ (pH = 8) reservo ir resu lts  in ea rlie r elution  

and less separation o f isozymes I and  II. The total ex tra c t from the
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5 ru n s  yielded  1480 ml. o f OPRTase ex tra c t.

H ydroxylapatite Chromatography o f OPRTase Extract 

The ex tra c t from the pooled DEAE cellulose fractions was dialyzed  

twice against 10 mM KP^ (pH = 8), 1 mM orotate. 37, S gms. o f h yd ro xy l­

apatite were swelled in b u ffe r  containing 10 mM KP^ (pH = 8) and 1 mM 

orotate. The hydroxylapatite  was packed in a column (2 .5  cm. X 30 cm .) 

o f 150 ml. volume. The column was equilibrated w ith 1 liter o f the 

aforementioned b u ffe r .

Three hydroxylapatite  columns were run . In  the f ir s t  column,

500 ml. o f ex tra c t were loaded. A c tive  fractions elu ted  during  the  

la tter part o f loading. So in the second and th ird  ru n s , 330 ml. o f 

extract were loaded. The enzym e was e lu ted  w ith  a  linear gradient 

o f 500 ml. o f 10 mM KPf (pH = 8 ), 1 mM orotate, and o f 500 ml. o f 

200 mM KPj (pH -  8), 1 mM orotate. Each fraction had 10 ml. volume.

150 te s t tubes were collected.

In  each o f three ru n s , the  active peak appeared as an asymmetrical 

sing let. The volume o f pooled fractions  in the f ir s t  ru n  was 280 m l., 

in the second run  was 130 m l., and in the th ird  run  was 100 ml. The 

fractions collected during  the development exh ib ited  no detectable  

a c tiv ity . The hydroxylapatite  column was regenerated by  application  

o f 1 liter o f 0 .5  M KP^ (pH -  8) and was reequilibrated by  1 liter o f  

equilibrating b u ffe r . The pooled hydroxylapatite  fractions appeared  

clear w ith  no discoloration.

Blue Sepharose CL-6B Chromatography o f  OPRTase E xtract 

The pooled hydroxylapatite  fractions were dialyzed twice against 

16 liters  o f 10 mM Tris/H C l (pH = 8) . A fre sh  batch o f  B lue Sepharose  

CL-6B was allowed to swell in 2 mM Tris/H C l (pH = 8) and poured into
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a column o f 2 .5  cm. X 30 cm. The Blue Sepharose CL-6B column was 

equilibrated with 1600 ml. o f 2 mM Tris/H Cl (pH = 8). 200 ml. o f

dialyzed OPRTase ex tra c t was loaded onto the column. Development 

succeeded the loading w ith application o f 2 mM Tris/H Cl (pH = 8).

Thirty test tubes w ith 25 ml. per fraction were collected during  

loading and development. The enzyme was elu ted  b y  application of 

25 ml. o f 1 mg. /ml. o f OMP. The b u ffe r  applied a fter  OMP was 

2 mM Tris/H Cl (pH = 8). Twenty test tubes w ith 6.25 ml. per  fraction  

were collected during  elution. The te st tubes were assayed for  

OPRTase activ ity  and fo r  absorption at 268 nm. The column was 

washed w ith 200 ml. o f 200 mM Tris/H Cl (pH = 8) before the n e x t run.

The regeneration o f a used Blue Sepharose CL-6B column involved: 

(1) washing the column w ith 1 liter o f 0.1 M Tris/H Cl b u ffe r  containing  

0.5M  NaCl, adjusted to pH = 8. 5, (2) w ashing the column w ith 1 liter  

o f 0,1 M sodium acetate b u ffe r  containing 0 .5M  NaCl, adjusted to pH 

o f 4. 5, and (3) reequilibrating the column w ith 1 liter o f 2 mM Tris/H Cl 

(pH = 8).

The enzyme ex trac t from three ru n s  o f Blue Sepharose CL-6B 

appeared clear and amounted to 80 m l., 50 m l., and 70 m l., or a total 

o f 200 ml. The mean o f  the concentrations determ ined by  both  Lowry 

and Bio-Rad protein assays was 0. 075 ± 0.010 mg. /m l., 0.170 ± 0.060 

mg. /m l., and 0.049 ± 0.003 mg. /m l., re sp ec tive ly .

The three OPRTase ex tra c ts  were dialyzed twice against 16 liters  

o f 2 mM Tris/H Cl (pH = 8) fo r  5 hours. The enzyme b inds OMP very  

tigh tly  as suggested  b y  in tense absorbance at 268 nm. To remove 

OMP, the OPRTase ex trac t was subjected to flow dialysis. In  a chamber
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encased by two plates was inserted  a sheet o f dialysis tub ing  material.

On one side o f the dialysis tubing material was placed 1 ml. o f  OPRTase 

to which OMP was bound. On the o ther side o f the dialysis shee t 250 ml. 

o f 10 mM Tris/H Cl (pH = 8) was allowed to flow fo r  5 hours. Then,

250 ml. o f 10 mM Tris/HCl (pH = 8), 1 mM sodium pyrophosphate,

1 mM MgClg' 6HgO was allowed to flow from the reservo ir through the 

chamber over a period o f 6 hours. The final dialysis b u ffe r  employed  

was 250 ml. o f 10 mM Tris/H Cl (pH = 8). A fterw ard , the enzyme was 

removed (using  a sy ringe with a flexib le rubber tub ing) and its  activity  

was monitored. The enzyme without OMP is not stable and sub ject to 

denaturation. However, the absorbance at 268 nm. a ttribu ted  to the 

presence o f OMP was no longer observed.
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Nondenaturing Gel Electrophoresis

Electrophoresis Apparatus

The apparatus consists o f two rese rv o irs  connected electrically by  

glass tubes containing the gels. The gel system  is prepared in a 

vertical column. I t  consists o f the stack ing  gel and the separating gel. 

The stacking gel is less concentrated (larger pore size) then the 

separating gel and  is prepared in a b u ffe r  o f lower ionic s tren g th  and 

d ifferen t pH. The larger pore size in the stacking gel resu lts  from 

low crosslinking and perm its the stacking  gel to e ffec tive ly  concentrate  

the components o f the protein sample into a sharp sta rting  zone. A 

low ionic s tren g th  resu lts  in higher electrical resistance so that the 

electric field  is higher in the stacking  gel and hence makes the molecules 

move fa ster  than in the separating gel.

On polyacrylamide gel, the amount o f molecular sieving  is controlled  

b y  the concentration o f gel and the adsorption o f proteins is negligeable. 

The migration o f pro teins in the s tack ing  gel is based on n e t charge.

The migration o f proteins  in the separating gel is based on n e t charge, 

size, and shape.

Theory

Electrophoresis is the transport o f particles through a so lven t by  

an electric fie ld . The force experienced by  the particle is given by  

F = q E, where q is the charge and E is the electric field . The velocity  

o f the particle is countered by  a viscous drag, f  v , where f  is the 

frictional coefficient and v  is the velocity: q E = f  v .  The mobility is 

defined as the velocity per  unit field:

Mobility = 11 = £  = f  ( V
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I f  a protein  has zero charge, i ts  mobility will be zero. The mobility 

depends on the n e t charge, the size, and the  shape o f the particle, 

f  is a function  o f the size  and the shape o f a macromolecule. The 

migration o f the macromolecule is h indered b y  the gel m atrix, a factor  

dependent on the size o f  the macromolecule. The mobility also depends  

upon the local field  which the particle experiences, E. A protein  is 

not an isolated particle. I t  is surrounded by  an environm ent o f  small 

ions. There is an ion atmosphere predom inantly o f opposite charge 

w hich in fluences the motion o f the particle (57).

Movement o f  Ionic Species in S tacking  Gel

In  the electrode b u ffe r , g lycine e x is ts  as both  a zw itterton w ith  a 

n et charge o f  zero  and a glycinate anion w ith  a negative charge:

+NH3CH2COO~ = NH2CH2COO~ + H* (9)

In  the presence o f an electric fie ld , chloride, pro tein , bromophenol blue, 

and glycinate anions all migrate toward the anode.

The low pH o f  the sample b u ffe r  and o f  the stack ing  gel s h if ts  the 

equilibrium between glycinate  anion and zw itterion toward formation o f 

immobile zw itterions. The glycine zw itterions do not move into the  

sample and  s tack ing  gels which c rea tes  a deficiency o f mobile ions.

The deficiency o f mobile ions dim inishes the cu rren t flow. In  any 

electrophoretic system , the cu rren t m ust be uniform , and the electrical 

neutra lity  m ust be maintained; hence, the num ber o f charges crossing  

any given  cross-section  m ust be the  same in both  d irections. To 

maintain the cu rren t constan t in the region between the chloride  ions 

and  the trailing glycinate ions, the voltage decreases. The larger the field
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s tren g th , the fa s te r  the rate o f migration. The deficiency o f mobile 

ions increases the fie ld  s tren g th  in th e  region between the chloride 

ions and the glycinate tons. The relative mobilities o f the ions in 

the stack ing  gel are from lowest to highest:

GLYCINATE < PROTEIN < BROMOPHENOL BLUE < CHLORIDE

In the s tack ing  gel, the  migration o f the pro teins is rapid not only 

because o f the large fie ld  s tren g th , b u t also because the large pores  

do not impede their  movement. I f  any o f the proteins overtake the 

leading chloride ions, they  slow down because there is no ion deficiency  

in the  region occupied b y  the chloride ions and hence the field  stren g th  

diminishes. The rapid movement o f  p ro te in s  behind the chloride fron t 

resu lt in a p iling  up o f  protein  sample in a tig h t disc between the 

glycinate and chloride ions. The small pores o f the separating gel slow 

down the migration o f the protein disc and perm it the glycinate ions 

to catch up w ith the pro teins. The protein  sample en ters  the running  

gel as a narrow zone (58).

Movement o f Ionic Species in Separating Gel

The average n e t charge and hence the e ffec tive  mobility o f a 

solution o f g lycine  v aries  w ith  pH . C rossing the interface between  

the s tack ing  gel (pH = 6. 9) and the ru n n in g  gel (pH = 8 .9 ), glycinate  

ions become fu lly  charged. There is no longer an ion deficiency. From 

th is point on, th ere  is a constan t field  s tre n g th ,

T ris e x is ts  as both  an uncharged base: T ris° , and as a positively  

charged acid: T ris+. In  the stack ing  gel the concentration o f T ris  base 

is low because the pH is 6.9. In the separating gel, the concentration
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Electrode B u ffer: .0495M Tris/H Cl (pH = 8,3) 

. 384 M Glycine 

CATHODE

Stacking

Gel

Separating
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glycinate

+

protein

+

bromphenol

blue

chloride

0, 062 M Tris/H Cl (pH = 6. 9) 

Acrylamide = 2. 5 %

MBA = 0. 625 %

T = 3.13 %

C = 20 %

R iboflav in-S'-Phosp hate 

= 0.0005%

0. 378 M Tris/H Cl (pH = 8. 9) 

Acrylamide = 7.5 %

MBA = 0.2%

T = 7.7 %

C = 2.6 %

Ammonium persulfa te  

= 0.14%

TEMED = 0. 0575 %

ANODE

Figure 1. Components o f Nondenaturating Gel Electrophoresis.

(T ris  = 2-A m ino-2-(hydroxylm ethyl)-l,3~propanediol, MBA = N ,N -M ethy-  

lene bisacrylamide, TEMED = N .N ,N ',N '-Tetram ethylethylenediam ine,

T = total gel concentration, and C = per  cent crosslinker)
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o f  T ris  base is high because the pH is 8.9.

A s  the glycine fro n t crosses the in terface, the number o f negative  

ions m igrating toward the anode (positive electrode) increases. B u t 

the num ber o f negative ions crossing any given cross-section toward 

the anode m ust equal the num ber o f positive ions per unit cro ss-  

sectional area migrating toward the cathode. Since most o f the Tris is 

uncharged, then the increase in cations must be fu lfilled  by H+.

There m ust be an increase in H+ m igrating toward the cathode which 

leads to a reduction in H+, i . e . , a rise in pH from 8. 8 to 9. 5. 9. 5

is called the running  pH. The average charge of the glycinate will 

increase; hence, the e ffec tive  mobility o f  glycine in the lower gel 

becomes higher than the e ffec tive  mobility o f the proteins b u t not o f 

the chloride ions. The glycine fro n t passes through the protein  

zone; hence, the proteins will now be electrophoresing in the glycine  

solution at the runn ing  pH (Figure 1).

Preparation o f S tock Solutions

Polyacrylamide gels are generated b y  the free radical polymerization 

o f acrylamide monomer ( CH^ = CH -  CO - NHg) and the crosslinking  mono­

mer N ,N  '-m ethylene-bisacrylam ide (CH2=CH-C0-NH-CH2~NH-C0-CH=CH • 

Increasing  the concentration o f polyacrylamide decreases the size o f the  

pores in the pore gradient gel.

The polymerization reaction is initiated by a catalyst redox system  

which fu rn ish es  free  radicals. The most commonly used  ca ta ly st-tn itia to r 

system  uses the tertiary amine, TEMED (N ,N ,N f,N '-te tram ethyle thy lene- 

diam ine), as ca ta lyst and an initiator, ammonium persu lfa te , which  

generates oxygen free  radicals. A nother free  radical source is provided
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by the photoreduction o f riboflavin  in the presence o f oxygen . The 

photoreduction o f riboflavin, w ith  the subsequen t reoxidation o f 

leucoflavin and production o f free  radicals, is initiated by visible or 

ultraviolet light. R iboflavin-5 '-phosphate is the p re ferred  substitu te  

fo r riboflavin due to its  superior solubility. So, r ibo flav in -5'-phos­

phate may serve as catalyst.

TEMED serves the role o f accelerator o f gelation o f the separating  

gel solution. Potassium ferricyanide is added to the separating gel 

solution to control the gel time so that the user may prepare a large 

number o f separation gels simultaneously (59).

In  water, ammonium persu lfa te  form s free  radicals which form  

free  radicals w ith  acrylamide:

Sp 8 ~  "*■ 2 S 0 4 * (10)

Preparation o f Concentrated Lower B u ffe r  (A)

96 ml. o f 1 N HCl, 73. 2 gms. o f Trizma Base, and 0.92 ml. o f  

TEMED were dissolved in a final volume o f 200 ml. o f  deionized w ater. 

The resu lting  pH is 8. 9. The clear solution is stored at 4°C and 

brought to room temperature before use.

Preparation o f  S tacking B u ffe r  (B)

98 ml. o f 1 N HCl and 11. 96 gms. o f Trizma Base are dissolved in 

a final volume o f 200 ml. w ith  deionized water. The resu ltin g  pH is 6. 7. 

The clear solution is stored at 4°C and brough t to room temperature 

before use.

Preparation o f C rosslinking Reagent for Separating Gel (C)

60 gms. o f acrylamide, 1 .6  gms. o f bisacrylamide, and 30 mgs. o f
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ferricyanide are dissolved in a final volume o f 200 ml. with deionized  

water. The m ixture is filtered  w ith Whatman #1 filte r  paper to yield  

a solution and stored in a brown bottle at 4° C. The  solution is 

brought to room temperature before use.

Preparation o f  C rosslinking Reagent fo r  S tacking  Gel (D)

20.0 gms. o f acrylamide and 5. 0 gms. o f bisacrylamide are 

dissolved in a final volume o f 200 ml. w ith deionized w ater . The 

solution is stored in a brown bottle at 4° C and brough t to room 

tem perature before use.

Preparation o f R iboflavin-S '-Phosphate Solution (E)

8 mg. o f ribo flav in -5r-phosphate is dissolved in a final volume 

o f 200 ml. w ith deionized water. The solution is stored  in a brown 

bottle at 4° C and brough t to room term perature before use. 

Preparation o f Ammonium Persulfate Solution (F)

0.28  grms. o f ammonium persu lfa te  is dissolved in a final volume 

o f 100 ml. o f deionized water. The solution is prepared fre sh  daily 

and the day's le ftover solution is discarded.

Preparation o f Electrode B u ffe r

12 gms. o f Trizma Base and 57. 6 gms. o f glycine are dissolved in 

a final volume o f 2000 ml. w ith deionized water. The resu lting  pH is

8.3 and is not adjusted!

Preparation o f Gels from Working Solutions 

Gels are made in glass tubes 6 inches in length  and 6 mm. in 

diameter. The glass tubes are inserted  into ru b b er caps and placed  

vertically  into a loading rack. PVC gloves are worn during  prepara­

tion o f the gels in order to avoid g e ttin g  acrylamide, methylene b is ­

acrylamide, TEMED, or ammonium persu lfa te  on external or internal
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body surfaces. Prior to use the glass tubes were washed b y  soaking  

in chromic acid cleaning solution overn ig h t, r in sed  w ith distilled w ater, 

soaked about a minute in 10% KOH in 95% ethanol (w /v ) ,  and  r in sed  

thoroughly again w ith  distilled water. D irty  ru b b er  caps were washed  

b y suspend ing  them in distilled w ater w ith  potassium hydroxide pellets  

(5  g, p er  100 m l.) . A fte r  the solution cooled to room tem perature, the 

ru b b er caps were rinsed  in distilled  water, 0 .1 N  HCl and twice more 

in distilled water.

Preparation o f  Separating Gel Layer

The stock  solutions were removed from the refrigera tor and perm itted  

to warm to room tem perature before use. 24 ml. o f separating gel solu­

tion was prepared b y  m ixing 3 ml. o f  solution A , 6 ml. o f solution C,

3 ml. o f distilled  water, and 12 ml. o f  solution F. Solution F was added  

last because ammonium persu lfa te  initiates polymerization w ithin 20-30 

m inutes. The m ixture  was well shaken.

The glass tubes were m arked w ith a w ater soluble marking pen at 

3-3/4  inches and at 4 inches from one end  o f the tube so as to have 

reproducible and identical leng ths o f separating gel layer. The 

separating gel solution was p ip e tted  into the tubes until the 3-3/4 inch 

mark. The tubes were tapped to insure that no air bubbles  had been  

trapped.

The separating gel solution in each glass tube was overlaid very  

carefully w ith  1/4 inch tube leng th  o f d istilled  w ater b y  means o f  a 

hypodermic syringe  w ith  a 23 gauge needle, 2 inches in length . A 

fla t surface resu lts  in fla t even  bands. A sharp refractile  boundary  

which appeared initially a t the in terface b lu rred  because of diffusion.

The tubes were le ft und istu rb ed  fo r  30-40 m inutes a t room tem pera-

28



tu re . D uring th is  time a second refractile boundary line appeared  

parallel to the f ir s t  b u t several millimeters below it (the  gel was observed  

to sh r in k ) . A fte r  40 m inutes, the w ater  and u n reacted  monomer were 

removed by in vertin g  and gen tly  shaking  the tubes and then draining  

the excess w ater w ith  adsorbent Kimax tissue.

Preparation o f  S ta ck in g  Gel Layer

In a 25 ml. graduated cylinder were mixed 2 ml. o f solution A ,

4 ml. o f  solution D, 2 ml. o f  solution E, and 8 ml. o f deionized water.

16 ml. o f s ta ck in g  gel solution were used to prepare 24 gels.

The gel tubes were wiped clean o f the previous pen marks and  

then marked at 3/4 inch and at 1 inch above the second refractile  line. 

The unfilled portions o f  the tubes were rinsed  once gen tly  w ith  the 

stack ing  gel solution. With a Pasteur p ip e tte , s tacking  gel solution 

was dispensed until the 3/4 inch mark on top o f the polymerized separa­

tin g  gel layer. T herea fter, deionized w ater was layered on the stacking  

gel layer w ith  a syrin g e  bearing  a 23 gauge needle 2 inches in length.

The s tack ing  gel solution polym erized upon exposure to ligh t from 

Cool White fluorescen t tamps. A fluorescen t lamp was placed behind  

the gel tubes a t about the same level as that o f the s tack ing  gel layer, 

parallel to the line o f the tubes in the loading rack and about 3 inches  

away. The stack ing  gel solution became opalescent, indicating gel 

formation. The upper gels photopolym erized w ithin 30 m inutes to 

2 hours, The opalescent layer measured 3/8 inch to 1/2  inch. The 

upper gel8 were not le ft exposed  to the lamp fo r  excessive periods 

because heat from it would produce air bubb les in the gels as well as 

convection in incompletely polym erized regions.

The gels were used w ithin 3 hours or stored  in the refrigera tor
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at 4°C because d iffusion  betw een the so lven ts in the upper and lower 

gels destroys the pH d iscontinuity desired fo r  e ffic ien t stacking .

Preparation o f S tandards

The hemoglobin standard was prepared b y  m ixing 3 y l. o f tracking  

dye (0.045% bromophenol b lu e), 1 mg. o f hemoglobin, and 1 ml. o f 

20% sucrose. 20% sucrose was prepared by  dissolving 20 gms. o f sucrose  

in d istilled w ater and d ilu ting  to 100 ml.

The ferritin  standard was prepared by  m ixing 3 y l. o f tracking  

dye (0.045% bromophenol b lu e), 1 mg. o f fe rr itin , and 1 ml. o f 20% 

sucrose.

The ferritin /hem oglobin  s tan d a rd  was prepared by  m ixing 1 mg. o f 

fe rr itin , 1 mg. o f hemoglobin, 3 y l. o f 0,045% bromophenol b lue, and as 

much 20% sucrose to make the final volume o f  1 ml.

The sample volume o f each standard applied to the stack ing  gel 

fo r  disc gel electrophoresis  was 0.100 ml.

Electrophoresis Experim ent

The water layer o f each gel tube was decanted. The outsides o f the 

gel tubes were dried. The bottoms o f the gel tubes were pushed  through  

the ru b b er grommets o f  the Polyanalyst B uchler In strum en t Electrophoresis 

A pparatus, which provided  a leakproof f i t .

In  a small borosilicate te s t  tube were placed 2 drops o f glycerol, 3 yl. 

o f track ing  dye , and 100 y l. o f protein ex tra c t. The presence o f large 

amounts o f salt in the protein  ex tra c t delayed s tack ing ; hence, the 

protein  was dialyzed against a low b u ffe r  concentration before electro­

phoresis was undertaken .

550 ml. o f electrode b u ffe r  was placed in the lower chamber. All 

the gel tubes suspended  b y  grommets in the central component o f the
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electrophoresis apparatus were then in serted  into the  lower b u ffer  

chamber. A ir  bubbles were removed from the bottoms o f  the gel tubes.

Each p ro te in  m ixture was slowly y o r te x e d . Precautions w ere taken 

to avoid bubble formation because th is leads to protein denaturation  

(which is undesirable since the native protein  and the denatured  p ro ­

tein may form separate bands). The protein  m ixture was carefully  

p ip etted  on top o f the  stack ing  gel layer o f one o f the gel tubes.

The electrode b u ffe r  was carefully p ip e tted  onto th is protein  

layer w ithout d istu rb ing  the in teg rity  o f the protein  layer. The b u ffe r  

was then poured into the upper reservo ir via  a funnel. The level o f  

the b u ffe r  in the upper reservo ir  was well above the tops o f  the gel 

tubes; otherw ise, no electrophoretic movement o f  ions occurred  for the 

gel tubes which were not subm erged.

The lid was placed on top o f  the upper ba th . The power un it was 

sw itched on and two m inutes were allowed fo r  warming up. The power 

supp ly  was connected to the apparatus (red  outlet to electrode w ith  red  

dot and black outlet to a lternative electrode). The curren t control knob 

was adjusted  to b r in g  the cu rren t to 3 mA per  gel. The electrophoresis  

was continued until the tracking  dye had m igrated to w ithin  2-5 mm. 

o f the bottom o f  the gel tube. The dye was not allowed to ru n  o ff  the 

gel. The approximate time fo r  the electrophoresis was 5 hours. I f  the 

level o f the lower bath  had risen w ith time d uring  the electrophoresis, 

then the grommets did not provide a leakproof f i t  and the  pow er was 

tu rned  o f f  momentarily to check the f i t t in g  around each gel tube fo r  

leaks.

Selection o f Mode o f Power Supply

B u ffe r  system s, which are discontinuous, re su lt in increased cell

31



resistance because an tonic species w ith  a low mobility (protein) is 

su b stitu ted  fo r  one w ith a high mobility (g lycine). Techniques which  

involve increasing cell resistance are regulated e ither b y  constant 

voltage or constant power.

In the constant voltage mode, an increase in resis tance  m ust be 

accompanied by  a decrease in cu rren t to maintain the voltage at a 

constant value. This involves a decrease in the total applied power 

while maintaining the  applied voltage. Constant cu rren t operation in 

cases o f increased cell resistance resu lts  in increasing voltage and  

hence potentially damaging heat production.

Constant power operation  avoids the problems associated w ith  

either constant voltage or constant cu rren t. B y operating at a con­

s ta n t power o u tpu t, the power supply ad justs  e ither the voltage or 

the cu rren t to maintain constant heat production in the gel, producing  

the maximum separation and resolution while avoiding the damaging 

e ffec ts  o f overheating. T h is mode o f operation allows the  ru n  to be 

completed in the minimum amount o f time.

All electrophoreses in th is discussion were perform ed using  constan t 

voltage as the mode o f power supply!

Termination o f Electrophoresis Experim ent

The gels were removed from the glass tubes by  rimming. A hypo­

dermic needle was in serted  between the gel and the glass tube at the 

bottom o f the gel tube. Keeping the needle fla t against the glass 

surface to avoid scratching the gel, it was rotated  completely around  

the circum ference o f the gel. While rotating, ice cold w ater was 

squeezed  between the gel and the glass tube to lubricate movement 

o f gel and to make the gel contract somewhat. The gel slipped  out
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about 1/4 inch. The gel was then squeezed out fu r th e r  b y  applying  

air pressure  through the top o f the gel tube using  a ru b b er  bu lb .

The electrode b u ffe r  was re tr ieved  fo r  fu tu re  use. I t  was stored  

in a brown bottle a t 4°C.

The gels were cu t w ith  a razor at the cen ter o f the tracking  dye 

band. I f  the standard gels were le ft in 7% acetic acid instead o f being  

stained (the hemoglobin and /or fe rr itin  are clearly visib le and do not 

require  stain ing to be v isua lized ), the tracking  dye band d iffu sed  

and disappeared.

Staining o f  Gels from Nondenaturing Gel Electrophoresis 

A solution o f 0.04% coomassie brilliant blue R-250 in 7% acetic acid 

was prepared by d isso lving  0.4 gms. o f  coomassie blue powder in a 

final volume o f 1 liter o f 7% acetic acid. The acetic acid precip ita ted  

the protein w ithin the polyacrylamide gel m atrix to p reven t it from  

d iffu sing . 4 liters o f 7% acetic acid were prepared by  d isso lving  280 ml. 

o f glatial acetic acid in a final volume o f 4 liters  w ith  distilled  water.

Each gel was placed in a te s t tube filled  w ith  0.04% coomassie blue  

in 7% acetic acid. The recommended time fo r  sta in ing  was 12 hours. 

D estaining o f Gels from Nondenaturing Gel Electrophoresis 

The gels stained w ith  0.04% coomassie brilliant blue R-250 were 

destained in 7% acetic acid. The destaining time fo r  d iffusion  destaining  

in 7% acetic acid was 3 days w ithout the use o f any mechanical shaker. 

D iffusion destaining was enhanced b y  ra ising  the tem perature to 37°C, 

by agitation on a mechanical shaker, and b y  adding a kno t o f white  

y a m  in the destaining solution, which absorbs  the dye.
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SDS Acrylamide Gel Electrophoresis

Electrophoresis in polyacrylamide gels  in the presence o f the 

anionic de tergen t sodium dodecyl su lfa te  (SDS) is usefu l to determine 

the sta te o f protein  p u r ity  o f a particular preparation  and  to measure 

the molecular w eigh ts o f individual polypeptide cha ins. The electro­

phoretic  mobility o f protein  is determ ined in the presence o f  SDS 

and 2-mercaptoethanol. 2-Mercaptoethanol breaks disulfide linkages  

and keeps the su lfh y d ry l groups reduced. SDS b inds to hydrophobic  

regions o f pro teins and denatures them into randomly coiled po lypep­

tid es. Multichain pro te ins, under these circum stances, will unfold  

and separate into individual chains. The individual chains will s e ­

parate on the gel i f  they are d ifferen t in size.

Hydrodynamic stud ies  (60) su g g est tha t SD S-protein  complexes 

are rodlike particles. The diam eters o f  these micelles appear to be 

roughly constant and the leng ths are proportional to the length  o f  

the polypeptide chains, and  hence to the molecular w eigh ts (MW).

So pro te ins treated in th is  way behave as though they have uniform  

shape and an identical charge to mass ratio. T herefore, separation  

by SDS acrylamide gel electrophoresis depends only on MW.

The n e t charge o f the protein  is determ ined b y  SDS ra ther than 

b y  the in trinsic  charge o f the amino a d d  resid u es . A t a pH o f 9, most 

pro teins are negatively charged. The negative charge would impede 

SDS binding. SDS b ind ing  imparts a large negative charge to the 

denatured, randomly coiled po lypep tides. This charge largely m asks 

any charge normally p re sen t in the absence o f SDS. In  aqueous 

solution, SDS can e x is t  as monomers or as micellar aggregates, the  

concentration o f each depends upon the total SDS concentration, the
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ionic s tren g th , and the tem perature.

O
II -  +C H J C H J ^ O S - O  Na

O £  1 1  | j
o

Fig. 2. S tru c tu re  o f Sodium Dodecyl Sulfate.

Only the free  SDS monomer b inds to proteins, not the micellar
-4stru c tu re  (61). When the SDS monomer concentration is  5-8 X 10 M,

one protein-SD S complex form s w ith 0.4 g. o f SDS per gram o f protein.
-4When the SDS monomer concentration is greater than 8 X 10 M, 

another protein-SD S complex forms o f 1.4 g . o f SDS per gram o f 

protein . Both  complexes are rodlike particles.

1,4 . .-------------------------- --------------------

gms. SDS 
gms. protein

0,4  . .  ----------------------

— !---------------------1-----------------------
5 X 10~4 M 8 X  1 0 '4 M [SDS monomer]

Fig. 3. B inding o f SDS to Proteins.

The components o f  the SDS acrylamide gel electrophoresis system  

d iffers  from those o f the nondenaturing gel electrophoresis system .

35



Electrode B u ffer: .02SM  Tris/H Cl (pH = 8.3) 

. 191 M Glycine 

0.1 % SDS

Cathode

S tacking  Gel

Interface

Separating Cel

glycinate

+

protein

+

BPB

+

chloride

.125 M Tris/H Cl (pH = 6.8) 

Acrylamide = 3 %

MBA -  .08 %

SDS = .1 %

Ammonium persulfa te  = .1  i 

TEMED = .0475 %

T = 3.08 %

C = 2 .6  %

. 375 M Tris/H Cl (pH = 8.8) 

Acrylamide = 9.97 %

MBA ~ .27 %

SDS = .1 %

Ammonium persu lfa te  = .1  % 

TEMED = .0 5  %

T = 10. 24 %

C = 2.6%

Anode

Fig. 4. Components o f SDS Acrylamide Gel E lectrophoresis System . 

(BPB = bromophenol blue)
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The electrophoresis b u ffe r , the stack ing  gel, and the separating gel 

fo r  the SDS gel system  contain SDS. The total gel concentration for  

the separating gel is 10.2% instead o f 7. 7%. The greater degree o f  

crosslinking  leads to a smaller pore size in the separating gel and 

impedes the migration o f the macromolecules more strong ly . In  the 

s tack ing  gel where crosslinking  is low, the proteins form a narrow  

s ta r tin g  zone b u t do no t separate on the basts o f charge or shape 

because all pro teins have equal charge d ensity  and the same shape.

In  the separating gel where molecular siev ing  e ffec ts  predominate, 

the proteins separate on the basis only o f size (Figure 4).

Choice o f B u ffe r  fo r  Enzyme Sample Subject to C rosslinkina

The b u ffe r  serves  to maintain a constant pH, to stabilize a c tiv ity , 

and to perm it crosslinking  to occur. The ionic s tren g th  and the 

concentration o f the b u ffe r  a ffec t loading. The presence o f large 

am ounts o f sa lts in the sample to be applied delays stack ing  for periods 

proportional to the amount p resen t. I f  the electrolyte concentration is 

too high, the amount o f cu rren t conducted increases while the voltage 

decreases. T his resu lts  in a decreased rate o f macromolecular migration 

and in the generation o f heat. Convection cu rren ts  induced by  heat may 

cause loss o f sample into the electrode b u ffe r . I f  the electrolyte concen­

tration is too low, the macromolecules conduct a large portion o f the 

c u rre n t; hence, they do not form sharp  bands b u t ra ther spread into  

d iffu se  zones.

C rosslinking w ith  dt-im idoesters were carried out at pH values  

above 8 so that a significant proportion o f the amino groups would be 

unprotonated. Protonated amino groups react w ith  tm idoesters. B uffers 

suitable fo r  crosslinking  are triethanolamine/HCl or N-ethyImorpholine
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acetate fo r  pH o f 8-8. 5, and sodium borate fo r  pH o f 8.5-9. Relatively  

concentrated b u ffe rs  (0 .2 -0 .25  M) were used to avoid pH changes  on 

addition o f the imidoester hydrochloride and during  the course o f the 

reaction. Im idoesters are hydro lyzed  very  rapidly as the pH is 

decreased below 7. 5. The im idoester solution was prepared fre sh  each 

time and used  w ithin half a minute o f dissolution. The pH o f the cro ss-  

linking reaction m ixture was maintained above neutra lity  e ith er  by  

dissolving the imidoester hydrochloride in a relatively high concentra­

tion o f b u ffe r  or by ad justing  the pH immediately to above 8 w ith  

NaOH (62).

The enzyme o f in terest was contained in 50 mill triethanolamine 

(pH = 8.5) e ither by  ultra filtration or by  dialysis. In  ultra filtra tion,

3 ml. o f enzyme ex tra c t were placed in the Amicon chamber o f 10 ml. 

volume. 50 mM Triethanolamine (pH = 8.5) was added until the 10 ml. 

mark was reached. The con ten ts were concentrated to a volume o f 3 ml. 

This procedure was repeated twice. In  d ialysis, the 3 ml. o f  enzyme 

ex tra c t were placed in a dialysis bag, which was then placed in a reser­

vo ir o f 50 mM triethanolamine (pH = 8, 5) fo r  5 hours.

Pretreatm ent o f Proteins Before SDS Electrophoresis

D ifferent ligands were incubated w ith the enzym e fo r  30 m inutes  

at 4°C in an ice b u ck e t before the crosslinking  treatm ent to assess the 

e ffec t on crosslinking .

In  th is paper two typ es  o f crosslinking  treatm ent were considered: 

glutaraldehyde (GTA) treatm ent or  amidination by dimethyl suberimidate  

(DMS). The protein concentration was at least 0.07 mg, /ml. The volume 

o f protein ex tra c t used  was 0.100 mi. so that the  amount o f protein  was
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at least 0.007 mg. The choice o f b u ffe r  fo r  the protein  was 50 mM tri­

ethanolamine (pH = 8 .5).

The glutaraldehyde  was prepared fre sh  before use. I t  was used  

within a minute o f dissolution. 2% GTA solution was prepared by  

dissolving 2 ml. o f glutaraldehyde in a final volume o f 100 ml. o f 0 .2M  

triethanolamine (TEA) (pH = 8 .5). The pH was checked and adjusted  

to 8. 5 w ith  NaOH. 5 y l. o f 2% GTA was added p er  0 .2  ml. o f protein  

extract.

The dimethyl suberimidate was prepared fre sh  before  use and used  

within one minute o f dissolution. 5 mg. /ml. o f DMS was prepared by  

dissolving 0. 5 g. o f DMS in a final volume o f 100 ml. o f 0 .2  M TEA 

(pH = 8 .5). The pH was checked and adjusted to 8. 5 i f  necessary w ith  

NaOH. 15 y l. o f 5 mg. /ml. DMS p er  0.1 ml. o f protein ex trac t is recom­

mended as s ta r tin g  trial amount of crosslinker. O ther concentrations  

were made up based on resu lts  o f trial crosslinking.

The final volume o f the GTA treated protein would be 102. 5 yl.

and o f the DMS treated protein would be 115 y l. The temperature for

the crosslinking  reaction was room temperature. The time o f incubation

for the GTA treated protein  was 30 minutes and fo r  the DMS trea ted

pro te in  was 4 hours. For the GTA treated protein the activ ity  was

measured at 30 sec. and at 30 m inutes a fter addition o f GTA. For the

DMS treated protein, the activity  was measured 30 sec. and 4 hours

a fter  mixing w ith DMS. The reaction  was quenched by freezin g  in a

dry ice acetone bath and the samples were stored at -76°C until dena-

turation and reduction fo r  SDS electrophoresis. The final concentration
_ 2

o f protein for the GTA treated sample was 6. 34 X 10 mg. /ml. and
_ 0

fo r  the DMS treated sample was 5.65 X 10 mg. /ml.
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Denaturation and Reduction Before Electrophoresis

The denaturation b u ffe r  was prepared in 100 ml. final volume 

w ith distilled water. I t  was 0.0625 M Tris/H C l (pH = 6. 8; 0. 927 g.

Trizma Base + 0, 0464 g. Trizma HCl), 2% SDS [MW = 288.38], 11% g ly ­

cerol, 0.005% bromophenol blue [MW = 669.98], and 5% 2-mercapto- 

ethanol [MW -  78.1, 1 ml. = 1.1168 g . , . 005 ml. / .  105 ml. = 4. 76%].

The 0.005 ml. o f 2-mercaptoethanol was added to the 0.1 ml. o f 

denaturation b u ffe r  immediately before use.

Preparation o f E lectrophoresis B u ffe r  (pH = 8, 3)

The electrophoresis b u ffe r  was prepared by  combining 6 gms. o f 

Trizma Base [MW = 121.14], 28.8 g. o f glycine, 2 g . o f SDS, and  

su ffic ien t deionized w ater to provide a total volume o f 2 liters. I t  

was stored  in a brown bottle  a t 4°C. The pH was not adjusted  w ith  

HCl or NaOH. The addition o f small tons resu lts  in a rtifacts  such  

as d iffu se  bands and extraneous  multiple bands n e a r  the top o f gel.

Preparation o f C rosslinking Reagent (A)

60 g. o f acrylamide (30%) and 1.6 g . o f bisacrylamide (0.8%) were 

dissolved in a final volume o f 200 ml. w ith  deionized water. The insolu­

ble materials were removed b y  filtra tion . The colorless solution was stored  

in a brown bottle  a t 4°C. Solutions o f acrylamide and bisacrylamide are 

stable fo r  several m onths. Unpolymerized acrylamide is a sk in  irr itan t 

and a neurotoxin . Gloves were worn. P ipetting  b y  mouth is hazardous. 

Before use , the crosslinking  reagent was brough t to room tem perature.

Preparation o f Lower B u ffe r  (B)

12.91 g . Trizma Base, 2.37 g. Trizma HCl [.608 M Tris/H C l, pH = 8.8], 

and 0.32 g . SDS [0.16%] were dissolved  in 200 ml. final volume o f deionized
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w ater. The solution  was stored in a brown bottle  at 4°C.

Preparation o f Ammonium Persulfa te Solution  

Ammonium persulfa te  (10%) was prepared b y  d issolving O.S g . in 

a final volume o f 5 ml. with deionized water. This yielded 0.1% ammo­

nium persu lfa te  in the separating gel. I t  was stored  temporarily in 

a brown bottle at 4°C, Ammonium persu lfa te  solutions are unstable  

and were made up ju s t before  use.

Preparation o f Glass Tubes and R ubber Caps 

fo r Separating Gel Layer

Prior to use, the glass tubes were washed clean o f polyacrylamide 

b y  soaking in chromic acid cleaning solution overn igh t, rinsing  w ith  

deionized water, soaking in 10% KOH in 95% ethanol (w /v ) fo r  about 

1 minute, and rinsing  again w ith  deionized water. The glass  tubes were 

then soaked in Kodak Photo-Flo 200 solution to reduce the surface tension  

o f the glass. Chromic acid e tches glass and hence raises surface tension.

A lower surface tension facilitates removal o f the gels from the g lass  

tubes.

R ubber caps were suspended  in deionized w ater w ith  KOH pellets to 

remove polyacrylamide that s tick s . They were then rinsed  w ith deionized  

water, then  w ith 0 .1 N  HCl, and then w ith deionized  w ater. The rubber  

caps free  o f sh iny polyacrylamide were soaked in Kodak Photo-Flo 200 to 

p reven t the gel once polym erized from adhering too tigh tly  to rubber.

The glass tubes are 6 inches in length  and 6 mm. in diameter. They  

were marked w ith a w ater soluble m arking pen at 4 inches (10.2  cm .)  and  

a t  4-1/4 inches (10.9  c m .) . A few drops o f separating gel solution (to  

which  no persu lfa te  had y e t  been added) were added to each ru b b er cap. 

The ends o f each glass tube were covered. The glass tube was not pushed
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all the way into the bottom o f the ru b b er  cap. The bottom o f the glass  

tube  was inserted  to only half the dep th  o f the ru b b er  cap. The gel 

sh rin ks  when it polym erizes. A fte r  su ffic ien t polymerization, the ru b ­

b er  caps were removed; otherw ise, the force o f  the shrinkage o f the 

gels  opposes the force o f the vacuum created in the ru bber cap and  

leads to the formation o f bubbles. Gels broke a t areas o f bubble fo r ­

mation during  rimming. The capped gel tubes were inserted  vertica lly  

on a loading rack.

Procedure fo r  Preparation o f Separating  Gel Layer

The stock  solutions were removed from the refrigera tor and perm itted  

to warm up to room tem perature. To 7 ml. of reagent A , 13 ml. o f rea­

g en t B , 0.84 ml. o f deionized water, and 0.01 ml. o f TEMED were added. 

The pH was not adjusted! The solution was deaerated fo r IS  m inutes.

The sep ara tin g  gel solution was then kep t  in an ice b u cke t fo r  15r-20 

m inutes. A t th is  point the g lass tubes w ere  trea ted  w ith Kodak Photo- 

Flo 200.

A fte r  equilibration in an ice b u cke t, a volume o f 0. 21 ml. o f 10% 

ammonium persu lfa te  was added to the separating gel solution. The  

solution was well mixed w ith  a small magnetic s tir r in g  bar. The total 

volume was 21.06 ml. from which can be prepared 8 gels. The p e r­

centage acrylamide was 10%.

The glass tubes were filled  to w ithin 4 inches w ith separating gel 

solution to which 10% ammonium persu lfa te  had ju s t been added. The se ­

parating gel solution was retained in ice to inhibit polym erization.

The gel solution  was added from the bottom o f the gel tube, gradually  

withdrawing the p ipette  as the gel tube was filled . The tip o f the p ipe tte  

was always k e p t beneath the surface o f the gel solution to p reven t
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formation o f air bubbles in the gel tube. A ir  pockets were removed 

b y  sharply tapping the tube while holding it in a vertical position.

The addition o f separating gel solution to about 8 glass tubes took 

only 3 m inutes.

The rack w ith gels was taken into the cold room (4°C) to keep  

the separating gel layer steady. Water was carefully layered on top 

o f the separa ting  gel layer till the 4-1/4 inch mark using  a syringe  

w ith  a 23 gauge needle that is 2 inches in leng th . For 8 gels, the 

layering o f w ater took 5 m inutes. Failure to apply water layer soon 

a fter  application o f separating gel layer led to polymerization on the 

glass at the interface.

The loading rack  was removed from the cold room and se t on the 

bench at room temperature. The refractile line between the water layer  

and the  sep ara tin g  gel layer disappeared shortly  therea fter. A fte r  

6 m inutes, while retaining the gel tubes suspended vertically in the 

loading rack , the rubber caps were removed. I f  the TEMED and the 

ammonium persulfa te were accurately p ipe tted , then no separating gel 

solution fell out o f the gel tube. I f  the separating gel solution from 

the f ir s t  gel tube did fall out then the o ther rubber caps were not 

removed until the new refractile line appeared succinctly . A fte r  ru b ­

b e r  cap removal, Kodak Photo-Flo 200 was reinfected from bottom to 

p reven t s tick in g  o f gel to bottom o f glass tube. The gels were le ft 

suspended  vertically fo r  30-40 m inutes.

Preparation o f Upper B u ffe r  (C)

The upper b u ffe r  was 0.147 M Tris/HCl (pH = 6.8) and 0.12% SDS.

I t  was prepared by  dissolving 4. 36 g. Trizma HCl, 0.209 g. Trizma Base, 

and 0. 24 gms. SDS in a final volume o f 200 ml. deionized water. I t  was
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stored  at 4°C and brough t to room temperature before use.

Preparation o f Glass Tubes fo r  S tacking  Gel Layer

The previous pen marks were removed from the glass tubes. The 

w ater and unreacted monomer were removed b y  inverting  the tubes, 

shaking, and  draining w ith Ktmax adsorbent tissue . The glass tubes  

were then marked at 3/4 inch (1 .8  cm .) and at 1 inch (2 .5  cm .) above 

the new refractile line. They were replaced vertically on the loading rack.

Preparation o f S tacking  Gel Layer

To 2 ml. o f reagent A were added 17 ml. o f reagent C, 0 .8  ml. o f  

deionized water, and 0. 01 ml. o f TEMED. The solution was deaerated  

fo r  15 m inutes and then placed in an ice b u cke t fo r  15-20 m inutes. The 

glass tubes were now prepared fo r  the stacking  gel layer. 0 .2  ml. o f 

10% ammonium persu lfa te  was added to the stack ing  gel solution. The 

total volume was 20.01 ml. The percentage acrylamide was 3 .0%. This  

yielded  0.1% ammonium persu lfa te  in the s tack ing  gel. The stacking  

gel solution was retained in the ice b u cket during  the layering o f  the 

s tack ing  gel to inhibit polymerization in the container. The stacking  gel 

solution was dispensed into the glass tubes to the 3/4 inch mark. De­

ionized w ater  was carefully layered w ith  a syringe to the 1 inch mark.

The gels were se t aside at room tem perature fo r  30-40 m inutes. The 

m arks were then removed from the gel tubes. The gets were e ither  

stored  at room tem perature fo r  24 hours or  u sed  immediately. SDS is  

insoluble below 10°C; hence, storage at 4°C would render the gels u n ­

usable.

Preparation o f  SDS Molecular Weight M arkers

R econstitu tion o f Proteins

The sample b u ffe r  fo r  d issolving the SDS molecular w eigh t m arkers
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was 100 mM Tris/H Cl (pH = 7, 1.432 gms. Trizma HCl + 0.114 gms.

Trizma Base/100  m l.) and 1ft SDS.

2 mg. o f bovine pancreas trypsinogen  [MW -  24,000] was dissolved  

in 1 ml. o f  sample b u ffe r .a n d  1 mg. o f egg  white lysozym e [MW = 14, 300], 

ovalbumin [MW = 45,000], bovine serum albumin [MW = 66,000], and 

porcine stomach mucosa pepsin  [MW = 34, 700] were each dissolved in 

1 ml. o f sample b u ffe r . Each aliquot o f protein m arker was stored  at 

-20°C.

Denaturation and Reduction Before Electrophoresis

o f SDS Molecular Weight Protein M arkers

0.18 ml. o f denaturation b u ffe r  and  0.005 ml. o f 2-mercaptoethanol 

were d ispensed into each o f 4 te s t tubes. 0.010 ml. o f each reconstitu ­

ted protein m arker was d ispensed  into a te s t tube s ittin g  in a boiling  

water ba th . The incubation in the boiling w ater bath was perm itted  

to continue fo r  2 m inutes.

Procedure fo r  Performing SDS Electrophoresis Experim ent

Application o f  Sample to Gels

Water from the glass tubes was removed b y  in vertin g , shaking , and  

draining w ith adsorbent Kimax tissue. Cold w ater was perim itted to flow 

through the ou ter jacket o f the lower reservo ir. 550 ml. o f electrode  

b u ffe r  was poured  into the lower reservo ir. The glass tubes were in ­

ser ted  into grommets. The samples and standards were layered on the 

tops o f the gels. Electrode b u ffe r  was p ip e tted  on the tops o f the 

sample layers. Electrode b u ffe r  was poured into the upper reservo ir  

to a level above the tops o f the glass tubes. The power was turned  

on to warm up the power su pp ly , The cu rren t employed was 3 mA 

p er  gel. The lid was then placed on top o f the upper ba th . The
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electrodes were connected to the power supply.. The voltage was adjusted  

to attain the calculated cu rren t.

Selection o f Mode o f Power Supply

In all SDS gel electrophoresis experim ents perform ed in th is in ves­

tigation, the mode o f power supply was chosen to be at constant voltage  

to avoid overheating at room tem perature.

Termination o f SDS Gel Electrophoresis

The electrophoresis was continued until the track ing  dye had migra­

ted  to w ithin 2-5 mm. o f the bottom o f  the glass tube. The dye was no t 

perm itted  to run  o ff  any o f the gels. The gels were removed from the  

glass tubes by  rimming. A hypodermic needle was inserted  between the  

gel and the glass tube at the bottom o f the gel tube. Keeping the needle 

fla t against the glass surface to avoid scra tching  the gel, the needle was 

rotated completely around the circum ference o f the gel. D uring the  

rotation, Kodak Photo-Flo 200 was squeezed  between the gel and the  

glass tube, Kodak Photo-Flo 200 w orks  b es t a t room tem perature. The  

gels were squeezed out o f the glass tubes by  applying p ressu re  w ith  

either a ru b b er bulb or an air v e n t through the top o f the tube. The  

gels dart out. The gels were c u t at the cen ter o f  the tracking  dye band.

Staining o f SDS Gels fo r  Protein

Preparation o f 0.25% Coomassie Blue in 45. 5% Methanol

and 9.2% Acetic Acid

1.25 gms. o f coomassie blue R was dissolved  in a solution o f 227 ml. 

deionized water, 227 ml. methanol, and 46 ml. glatial acetic acid. When 

the dye dissolved, the solution was filtered  through Whatman §1 fil te r  

paper. Failure to filte r  the sta in ing  solution resu lted  in the s tick in g  

o f insoluble coomassie blue particles to the ends o f the polyacrylamide
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gel: th is gave rise to the appearance o f artifactual bands at the bottom  

or a t the top o f the gels.

Procedure for S taining

The gels were placed in te s t tubes filled w ith staining solution and  

le ft as such fo r  1-2 hours. The gels were then rinsed  w ith  distilled  

w ater and destained. The function o f the acetic acid is to denature  

the pro teins and precipita te them w ithin the gel matrix so they will 

adsorb the stain. SDS p reven ts  this b y  keep ing  the  p ro te ins soluble 

inside the gel. SDS was removed by  soaking the gels in staining solu­

tion which contains methanol. The gels sh rin k  b u t re tu rn  to their  

original size on destaining in 7. 5% acetic acid w ith 5% methanol.

D estatning o f Gels

Diffusion D estaining o f SDS Gels

The gels were removed from the sta in ing  solution and  r in sed  

several times w ith w ater. The gels were transferred  to plastic test 

tubes containing  many holes. Holes were made b y  heating a metal file  

until red hot and then forcing  it through the plastic tubes a t many 

d ifferen t po in ts. The gels in perforated  tubes were placed in a 1 

liter Ehrlenm eyer fla sk  containing 1 liter o f destaining  solution and 

2 gms o f AG 501-X8 (ion exchange re s in ). With magnetic s tirring , 

the gels were destained in 48 hours.

The gels were removed from the tubes a fter  destaining and rinsed  

w ith  distilled water. The gels were stored  in 7% acetic acid in the dark. 

D irect sun ligh t or o ther stro n g  light sources cause stained bands to 

fade.

D estaining Solution

The destaining solution was prepared by d issolving SO ml. o f
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methanol, 75 ml. o f glatial acetic acid, and su ffic ien t deionized w ater  

to make a final volume o f  1 liter. The destaining solution was discarded  

a fter  use.

Estimation o f Molecular Weight

D uring the sta ining process, the gels expand or contract to d ifferen t 

degrees; hence, the gels were cu t at the cen ter  o f the tracking dye bands  

to be able to compare leng ths. To determine the relative  mobility, Rj,, o f 

a protein , the migration distance from the top o f  the gel to the cen ter o f 

the protein  band was divided by  the migration distance o f the bromophenol 

blue tracking dye  from the top o f the gel.

r  -  distance o f protein  migration 
f  ~ distance o f tracking  dye migration

The Rj. values were p lotted  against the known molecular w eights on 

a semi-logarithmic paper. The b es t stra igh t line was determined by the 

method o f least squares. The molecular w eight o f the unknown protein  

was determ ined e ither from the graph or from its  R^ value using  the 

equation o f best f i t  derived  by the method o f least squares.
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Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Moments

Both protons and neu trons, like electrons, spin and rotate. The 

spin angular momentum and the orbital angular momentum characterize 

these  motions o f the nucleus. The resultant nuclear angular momentum 

is obtained by combining, in a proper way, the orbital angu lar momenta 

and the spins o f the nucleons composing the nucleus.

The resu lting  angular momentum vector is designated I . According  

to a basic principle o f quantum mechanics, the maximum experimentally 

observable component o f the angular momentum o f a nucleus possessing  

a spin is a half integral or an integral multiple o f h/2ir = M. This maxi­

mum component is I, the spin quantum number:

'max " '  » -  1 f e  <12>

The total angular momentum depends on I. The value o f I depends

on the particular nucleus. The numerical value o f the spin num ber I 

is related to the mass num ber and the atomic number. I f  the mass num­

ber  A is odd, then the nuclear spin I is ha lf integral. I f  the mass num­

ber A and the charge number Z are both even , then the spin is zero.

I f  the mass num ber A is even , b u t the charge number Z is odd, then

the spin is integral. Nuclei w ith  1 = 0 are spinless. Spinless nuclei 

have no magnetic resonance spectra.

The magnitude o f the total angular momentum is K [I (I + 1)]K  The 

component m^ o f angular momentum along any selected direction will have 

values I , (1-1), . . . .  (-1+1), -I; hence, the nucleus will have 21 + 1 

possible spin orientations, mj  is the magnetic quantum number.
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The possession o f  both spin and charge confers on the nucleus 

a magnetic dipole. A nuclear magnetic moment vec tor y ^  characterizes  

the nuclear magnetic dipale, A spinning charged nucleus produces a 

magnetic field  whose axis is coincident w ith  the axis o f sp in . The 

magnetic moment o f the sp inning nucleus attem pts to line up w ith  or 

against the applied magnetic field  because o f the action o f  the magnetic 

torque. The applied magnetic fie ld  (HQ) induces the sp inn ing  nucleus  

to rotate in a circle perpendicular to the direction o f the applied field .

The magnetic moment o f the nucleus  cannot exactly parallel the applied  

magnetic field . So the magnetic and spin axis o f the nucleus in a given  

spin  s ta te  processes about the direction o f the applied field .

Each nucleus fo r which I  is greater than zero will have a charac­

teristic  magnetic moment. The proton has a spin quantum num ber o f 

1/2. The magnetic moment vec to r  (U ^)  is parallel to the angular 

momentum vec tor ( I ).

Mn  = Yn  H I  (13)

Yjy is called the magnetogyric ratio o f the nucleus and is measured 

in radians sec~* gauss

Nuclear Energy Levels in a Magnetic Field

I f  a magnetic nucleus is placed in a uniform magnetic fie ld , the mag­

netic dipole or the magnetic moment vec to r  assum es o n l y a  discrete set o f  

orientations, Each orientation o f the magnetic moment vec tor corresponds  

to a d ifferen t nuclear spin s ta te . In  general, there are 21 + 1 possible  

orientations o f the nucleus. In  the absence o f a magnetic fie ld , these  

s ta tes all have the same energy . In  the presence o f a uniform  magnetic 

field  (Hq) they correspond to s ta tes o f  d iffe ren t potential energy.
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The sp litting  o f the energy levels o f a nucleus by  its  introduction  

into a uniform magnetic field  is known as nuclear Zeeman sp litting .

The 21 + 1 equally spaced magnetic energy levels will be separated  

in energy by AE = ]iHQ/I.

For a proton, I = 1/2. mj may only take the values +1/2 or -1/2.

These two values o f m^ describe s ta tes  in which the nuclear moment 

is aligned w ith or against the field  HQ. The sta te  in which the nuclear

moment is aligned w ith the field  is lower in energy. The orientation

in which the nuclear moment is antiparallel to the applied fie ld  is h igher  

in energy. The energy d ifference o f the spin s ta tes is a function o f 

the s tren g th  o f the applied magnetic field .

Magnetic Shielding by  E lectrons

I f  any atom or molecule is placed in a magnetic field , the external 

fie ld  induces a circulation o f electrons around the nucleus in a plane 

perpendicular to the external fie ld . These moving electrons in turn  

produce a secondary magnetic field  in the region o f the nucleus. I f  

the  induced field opposes the external fie ld , the electrons  su rround ing  

the nucleus shield the nucleus. I f  the induced field  augments the 

external field , the electrons deshield the nucleus. D ifferent nuclei
■j

flip at d ifferen t field  s tren g th s  because they are shielded to d ifferen t 

e x ten ts  depending on their electronic environm ents. Electronic screen­

ing o f the nucleus  b rin g s  the nuclear Zeeman levels closer together; 

hence, the energy quantum required  fo r  a transition is smaller. A 

shielded nucleus absorbs a t a h igher magnetic field  s tren g th  while a 

deshielded nucleus absorbs at a lower magnetic field  s tren g th . 

D istribution  o f Nuclear Spins in a Magnetic Field 

Consider a whole assembly o f nuclei in thermal equilibrium at tem-
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perature T. In the absence o f an external magnetic fie ld , an equal 

num ber o f  nuclei are in the upper and lower spin s ta tes. Thermal 

motions tend to equalize the populations in the 21 + 1 energy levels.

In  the presence o f an external magnetic fie ld , the tendency o f the 

nuclei to align w ith the magnetic field and thus to drop into the 

lowest energy level opposes these thermal motions. The resultant 

equilibrium distribution is the compromise pred ic ted  by  the Boltzman 

distribution: the lower o f the two sta tes will be more populated.

The sligh t excess population in the lower energy level is responsible  

fo r  the appearance o f  a v e ry  small macroscopic magnetic moment along
-y
Hq . The sample becomes m agnetized. A ne t absorption o f energy is 

observed  during irradiation with an electromagnetic field  o f suitable 

freq u en cy  (64,65). I f  the population o f nuclei were populated exactly  

equally, the number o f upward transitions would equal the number of 

downward transitions and there would be no observable nuclear resonance 

e ffe c t.

Spin Lattice Relaxation Time

W henever the population o f the d ifferen t spin sta tes deviates from  

the Boltzman distribution , the system  is not in equilibrium. The popu­

lations change w ith time until the Boltzman distribution  is attained.

The spin lattice relaxation time, T is the time required fo r  the d if­

ference between the excess  spin population before equilibrium  and at 

equilibrium to be reduced by  the factor e. T^ is a measure o f the rate  

a t which the spin system  comes into thermal equilibrium w ith the other  

degrees o f freedom. Except for a sta tic collection o f nuclei, spin  

lattice relaxation through molecular motion always occurs although it 

may be v e ry  slow.
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Classical Treatm ent o f Magnetic Resonance Absorption
-»•

Consider the classical motion o f  a magnetic dipole y in a magnetic 
+ ■> 

field tiQ . The moment y lies at some angle 0 with respect to the field .

Y

Fig. 5. Precession o f Magnetic Moment y in a Magnetic Field Hq

Viewed in a Fixed Coordinate System .

■+■ ■> -►
The magnetic interaction between H and y generates a torque L tending

to tip the moment y toward Hq . Because the nucleus is spinning, the

resu ltan t motion does not change 0, b u t ra ther causes the magnetic

moment to precess around the magnetic fie ld . The torque is a measure
-V  ■+■

o f the ro tating e ffec tiven ess  o f Hq . The magnetic moment vector  y rotates

w ith angular velocity  oj. The angular velocity is the time rate o f change
-*

o f  0. The e ffec t o f H0 is exactly equivalent to a rotation with angular 

velocity  ai.
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The nuclear moment precesses about Hq w ith  the Larmor frequency  

v q. The Larmor frequency is d irectly  proportional to the applied mag­

netic field and depends on y w hich varies from one nucleus to another. 

The nucleus precesses at a frequency governed by its  own properties  

and that o f the magnetic field.

I f  a small magnetic field  H^ is placed at r ig h t angles to the field  Hq 

and is made to rotate about Hq at a frequency v^ , then the nucleus e x ­

periences the torque o f the resu ltan t o f  HQ and H^ and 0 changes by  d0.

The torque on the  nucleus tends to tip the nuclear moment toward the
~y -y

plane perpendicular to Hq . Energy is thus absorbed from the field H^

into the nuclear spin system .
-y

I f  H . ro ta tes at any frequency  v d ifferen t from the Larmor frequency
-y

v Q, then it is alternately in and out o f phase w ith  y and no ne t energy  

absorption occurs (66).

Quantum Mechanical Treatment o f Magnetic Resonance Absorption  

Only transitions  in which the quantum number m^ is changed by  

±1 can occur so that transitions are perm itted  only between adjacent 

energy levels. For nuclei w ith I = 1/2, there  is only one transition.

The quantum mechanical treatm ent p red ic ts  absorption only i f  the 

frequency  v exactly coincides w ith  the frequency  corresponding to the 

energy gap between the two sta tes between which transition occurs.

This corresponds to an in fin ite ly  sharp absorption or emission line.

In  practice, the lines are broadened by  spontaneous emission o f 

radiation, spin lattice relaxation, spin sp in  relaxation, and variations 

o f the sta tic fie ld  over the dimensions o f  the sample.

Visualization o f Macroscopic Nuclear Magnetization

Consider the assembly o f identical nuclei w ith maghetogyric ratio y
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and I  = 1/2. The total moment is defined as the resultant sum p er  unit

volume o f all the individual nuclear moments. The total moment is de-

signated M, In the absence o f an applied field  H„, M , M , and AT. allo z x  y
decay to zero at the same rate w ith a characteristic time T^. The orien­

tations o f the sp ins are random in the absence o f H0.

When a population o f sp ins is f ir s t  th ru s t into a magnetic field the  

populations of sp ins in the upper and lower energy s ta tes are equal. 

Spin lattice relaxation must occur in order to establish an equilibrium  

spin population and perm it a resonance signal to be observed . So 

T j is the time required for the establishm ent o f the thermal equilibrium  

distribution  o f the populations o f the spin sta tes.

The magnetization and the nuclear magnetic moment may be viewed  

in e ith er  a fixed  coordinate system  or a rotating coordinate system .

Fixed Coordinate System  

Equilibrium Situation

A t equilibrium there is a ne t magnetic moment only in the field
-y

direction (Z direction) since the X and Y components o f y average to 

zero over the spin ensemble. There is a slight excess o f nuclear

moments oriented w ith the applied fie ld . M is constant. The thermal£
equilibrium value o f  Af is MQ.

Resonance Situation
-y

A short pulse o f H^ at the Larmor frequency flip s  M towards the 

XY plane. The nuclei flip b y  absorbing energy from H^ so that the 

populations in the two sta tes become more nearly equal. The field Hj 

forces the nuclei to precess in phase, thus creating a component 

in the  X Y  plane. The transverse  relaxation time, T 2, is the charac­

teristic time constant o f  th is phasing  process (Fig. 6).
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Figure 6. Phase Precession o f Nuclei in a Partially Saturated System . 

Nuclear moments are forced into phase by  radiofrequency field  with  

generation o f .

Relaxation

A fte r  the 90° pulse o f H y  the nuclei are subject to the applied

magnetic field  and d ifferen t magnetic m icroenvironm ents. Each nucleus

will precess at a d ifferen t frequency. Variations in the precessional

frequencies about the Z axis will lead to the sh rin k in g  o f M through

the decay o f M . r „ ,  the transverse relaxation time, is the lifetime x y  *
fo r the loss o f phase coherence. M decays exponentially to zero inx y
time T 2. Mz decays exponentially to MQ in time T y  

Restoration o f Equilibrium

T j is not in general equal to T 2< The decay time o f Mz is generally 

d ifferen t from the decay time o f Changes in do not a lter the

total Zeeman energy o f the nuclear sp ins, whereas changes o f  M need  

an exchange o f Zeeman energy w ith the lattice. Interaction w ith the 

lattice causes the magnetic moments o f nuclei to flip back to their equ i­

librium position in the direction o f the Z axis.
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R otating Frame o f R eference  

Magnetic Moment

Suppose the coordinate system  is se t up ro ta ting  w ith the Larmor 
•+ -+

angular frequency  oj = -  y  H , The applied field  e x e r ts  a torque on 

the magnetic moment o f the nucleus. However, every  time the mag­

netic moment vec tor moves by  y Hq t, so does the coordinate system .

To an observer in the rotating frame, the magnetic moment vector appears 

stationary.

Suppose another  smaller magnetic field  o f constant m agnitude p e r-
■b -b

pendicular to Hq is introduced. I f  th is field  H j is rotating about the

direction o f HQ at the Larmor freq u en cy , then  in the ro ta ting  system

it will behave like a constant fie ld , and the torque, being  always in

the same direction, will cause large oscillations in the  angle between
-*•

jj and Hq. So the direction o f  y changes.

Macroscopic Magnetization

I f  the coordinate system  rotates w ith  respect to the laboratory frame 

with an angular velocity  to, the applied field  that an observer  in the 

rota ting  frame sees exerted  on the magnetic moment vanishes. The 

nuclear magnetization appears fixed  and parallel to the +Z direction at 

equilibrium.
■b

I f  an alternating field  H . is applied perpendicular to the static field
-b  -b

H , as in a typical NMR experim ent, it exer ts  a torque on M Which in-
-b

duces M to precess about the X axis w ith  angular frequency y H y  The
-y

angle 0 through which M rotates during  time t is given in radians by  

0 = y Hj t . B y proper choice o f the duration o f the pulse , t , p reces-  

sions o f M about defin ite angles Q can be obtained.
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Figure 7. Precession o f  M about H ̂  in the Frame R ota ting  at the

Resonance Frequency uio ~ y  Hq . The angle o f deflection of

M is 0 = y H . t = 90°.1 p

The Chemical S h ift

The chemical sh ift is the magnitude o f separation o f resonance fr e ­

quencies o f nuclei in d ifferen t s tru c tu ra l environm ents from  some ar­

b itrarily  chosen standard. The frequency o f any given  resonance is 

directly proportional to the applied field  s tren g th . Since d ifferen t 

models o f spectrom eters operate at d ifferen t field  s tren g th s , comparison 

o f chemical sh ift positions measured at d iffe ren t fields is not meaning­

fu l. Hence the chemical sh ift parameter 6 is defined by  equation 14.

& -  vsample ~ vreference . . . .
Oscitlator Frequency in MHz ' '

6 is field  independent and dimensionless. I t  is exp ressed  as parts  per  

million (ppm ).
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Physical Description and Mechanism o f  T j  Phenomenon 

The establishm ent o f thermal equilibrium between two spin sta tes  

a fter  application o f HQ requires interactions between the nuclei and 

their surroundings which cause the spin orientations to change, while 

the excess magnetic energy is transferred  to the other degrees o f 

freedom. This process o f  nonradiative transitions between the two 

spin s ta tes is called the spin lattice relaxation, T  ̂ is  a measure o f 

the time taken for energy to be transferred  to o ther degrees o f freedom  

for the spin system  to approach thermal equilibrium. Large T^ values 

indicate slow relaxation.

T j  relaxation occurs by dipolar magnetic interaction of a nucleus 

w ith fluctua ting  magnetic fields caused b y  various motions o f  surrounding  

magnetic dipoles. The surrounding  magnetic dipoles are referred  to 

as the lattice. Each nucleus experiences the fluc tua ting  local fie ld s  of 

its  neighbors. Those components o f the fluctua ting  local fields in the 

direction opposite H^ and at the precession freq u en cy  v Q will shorten  

Tj, by deflecting the  moments away from the H^ direction and thereby  

perm itting  some sp ins to reen ter  the low energy sta te.

Physical Description and  Mechanism o f T 2 Phenomenon 

T 2, the transverse  relaxation time, is  the characteristic time con­

stan t o f the phasing o f precessing  dipoles that resu lts  upon superposi­

tion o f an r f  field  upon the s ta tic  field. I t is  also a measure o f the time 

required fo r  the dipoles to lose the phase o f precession i f  the  r f  field  

is suddenly removed.

Two mechanisms o f T 2 relaxation are spin spin exchange and spin 

spin interaction due to inhomogeneous dipolar fie ld s. In  spin spin
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interaction, the instantaneous dipolar fie lds cause the precise p reces­

sional frequencies o f all the moments to d iffe r  and hence to lose phase  

coherence. In spin spin exchange, energy is transferred  from a nucleus  

w ith mj = +1/2 to another nucleus having mj = -1 /2  (67). Both processes  

remove the  phase coherence o f the magnetic moments.

Measurement o f Nuclear Spin Relaxation

Free Induction Decay

Consider the behavior o f a spin system  subjected  to one or several 

subsequen t 90° and /or 180° pu lses. A coordinate system  which is ro tating  

at the Larmor frequency v q is adopted so that Hq is fix ed  along the Z 

axis. A given pulse H ̂ t^ causes the magnetization in the rotating frame 

to precess through an angle Q = y H^ t^ . H^ is chosen su ffic ien tly  large 

fo r  t to be short compared to T j  and T ^ so that relaxation during  the 

pulse is negligible. Only the NMR signal which arises a fte r  the r f  

pulse has been turned o f f  is considered.

I f  a 90° pulse is applied along the X axis in the ro ta ting  frame, 

the magnetization M will be en tirely  along the Y axis. Since the receiver  

coil o f the spectrom eter is arranged to detect only the component o f the  

magnetization in the XY plane, the magnitude o f M determines the in ten ­

s ity  o f the observed  NMR signal. The free  induction signal is the NMR 

signal recorded while the nuclear magnetization p recesses  without the  

applied fie ld  H j .  A 90° pulse produces the maximum signal in the re -  

ceiver coil, whereas M in the relaxed orientation produces no receiver  

signal.

With time e lapsing a fte r  the pu lse , the transverse  relaxation causes 

M and hence the signal to decay exponentially. In  a p erfec tly  homogene-
*r
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ous field  H , the free induction signal decays w ith a time constant T„.
O A

Spin spin exchange, spin spin interactions, and the fin ite  field  inhomo­

geneity contribute to the decay o f the free  induction signal.

Carr Purcell Pulsed Method fo r  T j

The basic principle used in measuring the longitudinal relaxation
■+

time T^ is f ir s t  to deliver a 180° excitation pulse which nu ta tes M until 

it is parallel to the Z axis b u t oriented against the magnetic field . A s  

the individual sp ins randomly change energy s ta te , M remains parallel 

with the Z axis b u t its  magnitude M increases from -Mq immediately 

a fter  the 180° pulse through zero to its  equilibrium value MQ. A 90° 

pulse applied a fter  the time x produces a free  induction signal, the 

initial in tensity  o f which is proportional to the value o f M at time x.
Z

The magnitude and sign o f M can be ascertained a t any time by in tro -  

ducing a 90° pulse to deflect M into the XY plane, where it can be 

detected  by the receiver fo r  a short time before it d isappears owing 

to dephasing. From a combination o f 180°~i -90° experim ents w ith  

d ifferen t values o f x , the decay rate o f M can be measured.
Z

The decay o f M follows an exponential curve  w ith a time constant 

T M  = M ( 1 - 2  e -T 1 ). A t the half time o f exponential decay
JL Z  O

the magnitude o f Mg goes through a null: T^ /  In 2, where

(null *s the between the and  Pulses. The sp ins must 

relax to equilibrium before applying the n ex t 180° pulse (68).

Figure 8. Normalized Values o f Mz O bserved in 180°-x-90° Experim ents
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Sample Preparation

PRPP, OPRTase and  OMP together or in separate solutions were 

dissolved in D ^O /Tris-H Cl (pD = 8) u s in g  successive lyophttizations  

o f the samples to d ryn ess  and additions o f  D £) until the HDO content 

was less than 0.2% D£>. These samples were then eluted through  

Chelex-100 to remove metal-ipn contaminants and stored  in sealed 

plastic containers at -26°C until the time o f the NMR experim ent. The 

samples were transferred  to Wilmad 5 mm tubes prior to the experim ents.

Peak Assignm ents

The  resonances o f OMP and PRPP samples (10-100 mM) were examined 

at 19°C using  a Varian HR-220 NMR Spectrom eter (Rockefeller U niversity). 

Comparisons w ith known sugar and nucleotide  resonances, examination 

of the peak sp littin g  p a tte rn s , and  integration procedures were all 

employed to assign the resonances o f these compounds (Table I ) .

Relaxation Rate Measurements

Carr-Purcell (69, 70) pu lse  sequences were employed to measure 

the longitudinal relaxation ra tes (1 /T ^ ) o f the resonances o f  PRPP 

and  OMP under various conditions. The estimation o f the relaxation  

ra tes was accomplished u sin g  the following equation (equation 15) and  

b y  p lo tting  r  (th e  time lapse between the 180° and 90° pu lses) ve rsu s  

In fMa>-Mr//2Mcg where  Mw and M^ represen t the signal am plitudes in 

the Z direction o f the ro ta ting  frame a t  t = »  and  a t any g iven  t value.

The com puter procedure o f Sass and Ziessow (71) was then employed 

to obtain re fined  values o f these ra tes.

- i n  [Mn - M x ]

1
(15)
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RESULTS AND DISCUSSION

Purification o f  Enzym es

The complete purification o f NPRTase was accomplished b y  L. Hanna 

and S . Hess o f th is laboratory, who provided  this enzym e fo r  the p resen t 

stud ies. The concentration o f NPRTase as determ ined by  the Bio-Rad  

protein  assay was found  to be 0.22 mg. /ml. The  p u rity  o f the NPRTase 

ex tra c t was ascertained b y  the observation o f a single band on nondena­

tu ring  gel electrophoresis, SDS acrylamide gel electrophoresis, and 

isoelectric focusing .

The OPRTase used  fo r  the p resen t s tud ies  was purified  as described  

in Materials and M ethods. Three e luants from Blue Sepharose CL-6B 

Chromatography had mean concentrations o f 0.075 ± 0.010 mg. /m l. ,

0.170 ± 0.060 mg. /m l. , and 0.049 ± 0.003 mg. /ml. The averages o f the 

mean specific activities o f the three ex tra c ts  were 173 ± 23, 174 ± 62, 

and 377 ± 245 ymoles OMP form ed p e r  minute p e r  mg. o f pro tein , re ­

sp ective ly . The p u r ity  o f the OPRTase preparation used  was ascer­

tained by  the observation o f a single band on nondenaturing gel electro­

phoresis (Figure 9) and on SDS acrylamide gel electrophoresis (Figure 14). 

Pilot S tud ies  o f the Use o f C rosslinking R eagents  

Stud ies  w ith  Hemoglobin

100 \ig . o f  hemoglobin was sub jec t to crosslinking  w ith 5 y l. o f 2% GTA, 

4% GTA, or 8% GTA fo r 30 min. G lutaraldehyde, a 1 ,5-dialdehyde, is a 

bifunctional reagent which form s S c h iff  bases w ith  the e-amino groups o f  

ly sy l residues. The side chains o f h istid ine, cys te in e , or tyrosine may 

also be involved in the crosslinking . SDS electrophoresis o f samples trea ted
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Figure 9 , Disc Gel (Nondenaturing) Electrophoresis o f Three 

OPRTase Samples Eluted Through Blue Sepharose CL-6B. The 

p rocedures employed were those described in Materials and Methods.
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with GTA showed four bands, indicating the num ber o f protomers 

involved in the oligomer o f hemoglobin as fo u r  (Figure 10, 2A-4A).

The ratio o f crosslinker to native protein fo r  the 2% GTA, 4% GTA, 

and  8% GTA was 880:1, 1800:1, and 3500:1, respective ly .
_3

100 ygr. o f hemoglobin (1.56 X 10 \imoles) was also sub ject to 

crosslinking  w ith 15 yl. o f 5 mg. /m l. , 10 mg. /m l., or 15 mg. /ml. DMS. 

Dimethyl suberimidate produces amidine crosslinks among the protom ers 

o f oligomeric pro teins. SDS electrophoresis o f the samples treated  

w ith DMS showed four bands corresponding to the monomer, dimer, 

trimer, and tetram er (Figure 10, 1B-4B), In  the absence o f the 

crosslinking  reagent only the monomer was observed . The ratio o f 

crosslinker to the native protein fo r  5 mg. /m l., 10 mg. /m l., and  

15 mg. /ml. DMS was 180:1, 350:1, and 530:1, respective ly . The more 

crosslinking  reagent used, the greater the possib lity  o f species being  

formed w ith crosslinking  between oligomers. However, at lower amounts 

o f crosslinking  reagent, crosslinking  between oligomers was not 

significant (Figure 10, 2B).

The molecular weight estim ates o f the monomer, dimer, trimer, 

and tetramer are 12, 900 ± 1700, 27, 500 ± 3500, 45, 500 ± 4500, and  

57, 500 ± 6500, resp ec tive ly . The bands  appeared  d iffu se  due to 

diffusion occurring while rimming the gels. The range o f R ^ values  

was wide. The equation o f the line derived by  the least squares  

f i t  o f the midpoints o f the range Rj, fo r  the standards was: log (MW)

= - l .Q 5 R f  + 5.06 (Table 1).

The resu lts  show that the procedure fo r  crosslinking by  G TA or  

by DMS did reveal species w ith  molecular w eights represen ting  all
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Figure 10. The E ffec t o f C rosslinking Reagents GTA (A) and DMS (B)

on the SDS Gel Electrophoresis Pattern o f Hemoglobin.

IA ) 15 y g . lysozym e, 30 y g . trypsinogen , 15 y g . ovalbumin, and 

15 yg . bovine serum albumin.

2A) 100 yg . hemoglobin was incubated w ith 5 y l. .2% G TA,for 30 min.

3A) 100 yg . hemoglobin was incubated w ith 5 y l. 4% GTA for 30 min.

4A) 100 yg . hemoglobin was incubated w ith 5 y l. 5% GTA fo r  30 min.

IB ) 100 ygr. hemoglobin w ithout crosslinking  reagent.

2B) 100 ygr. hemoglobin was incubated w ith 15 y l. o f 5 m g./m l. DMS 

fo r  4 hours.

3B) 100 ygr. hemoglobin was incubated w ith 15 y l. o f 10 mg. /ml. DMS 

fo r  4 hours.

4B) 100 yg . hemoglobin was incubated w ith  15 y l. o f 15 mg. /ml. DMS 

fo r  4 hours.

SB) 15 ygr. lysozym e, 30 y g . trypsinogen , 15 yg . ovalbumin, and 

15 yg . bovine serum albumin.
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TABLE 1. SDS Electrophoresis o f Hemoglobin Subject to C rosslinking

Sample Gel Distance o f 
Dye Migration

Distance o f  
Protein Migration

Range of

Rf
1. Lysozym e  

Trypsinogen  
Ovalbumin
Bovine Serum Albumin

10. 3 cm. 8. 9-9. 2 cm. 
6. 2-6. 5 cm. 
3.8-4. 2 cm. 
2. 3-2. 6 cm.

.864-. 893 

. 602-. 631 

.369-. 408 

.223-. 252
2, Hb w/2% GTA 10. 7 cm. 9.4-9. 8 cm. 

6. 2-6. 8 cm. 
4. 0-4. 6 cm. 
2. 7-3. 5 cm.

. 879-. 916 

. 579-. 636 

.374-. 430 

.252-. 327
3. Hb w/4% GTA 10. 8 cm. 9 .2 -9 .5  cm. 

6. 0-6. 8 cm. 
2 .6 -3 .5  cm.

. 852-. 880 

. 556-. 630 

. 241-. 324
4, Hb w /8% GTA 10. 8 cm. 9. 3-9. 7 cm. 

6. 2-7.0 cm. 
2. 8-3.6 cm.

. 861-. 898 

. 574-. 648 

. 259-. 333
5. Hb w /o  DMS 10. 7 cm. 9. 3-10.1 cm. .869-. 944
6. Hb w /5  mg. /ml. DMS 10. 6 cm. 9.1-9. 7 cm. 

5. 7-6, 4 cm. 
3. 7-4. 2 cm. 
2. 7-3. 0 cm.

. 858-. 915 

. 538-. 604 

. 349-. 396 

. 255-. 283,
7. Hb w /10 mg. /ml. DMS 10. 5 cm. 9 .1 -9 .6  cm. 

5. 7-6. 3 cm.
3.6-4. 3 cm.
2 .6-3.1 cm.

. 868-. 914 

. 543-. 600 

.343-. 410 

. 248-. 295
8. Hb w /15  mg. /ml. DMS 10.6 cm. 9. 2-9.6 cm. 

5. 8-6. 4 cm. 
3. 7-4.4 cm. 
2. 7-3. 3 cm.

. 868-. 906 

. 547-. 604 

.349-. 415 

.255-. 311

MW

14, 300
24.000
45.000
66.000



possible subunit combinations o f hemoglobin. The scone procedure  was 

used to investigate the electrophoretic profile produced a fter  cross-  

linking  o f OPRTase and NPRTase.

S tud ies w ith Partially Pure and Purified OPRTase
-47 ygr. o f partially pure OPRTase (1 .7 5 X  10 \imoles) was subjected  

to crosslinking  w ith 50 y l. o f 2% GTA (13. 7 ymoles) w ith  and  w ithout 

incubation w ith Mg^+ alone, Mg^+ and PRPP, and Mg^+ and OMP. The 

SDS electrophoresis pa ttern  o f the partially purified  OPRTase w ithout 

GTA exh ib ited  one band corresponding to the monomer and two close 

bands corresponding to the im purity (Figure 1 1 ). In  the presence of 

GTA the band corresponding to the monomer disappeared and a d iffuse  

band corresponding to the crosslinked  monomer appeared. Incubation  

w ith  Mg^+, Mg^+ and PRPP, or Mg^+ and OMP did not p ro tec t the 

monomer from crosslinking  w ith GTA to form the d iffu se  band corre­

sponding to a species w ith h igher molecular w eight and lower mobility. 

The ratio o f crosslinker to native OPRTase was 78,000:1,

7 ygr. of partially purified  OPRTase was also treated w ith 50 y l.

o f 5 mg. /ml. DMS (0. 915 pmoles) with and w ithout Mg2+, Mg^+ and PRPP, 
2+or Mg and OMP. The SDS electrophoresis o f the partially purified  

OPRTase w ithout DMS confirmed the reproducibility o f the resu lt o f 

the SDS profile obtained using  partially purified  OPRTase w ithout 

GTA (Figure 11'). Incubation w ith Mg^+, Mg^+ and PRPP, or Mg^+ 

and OMP before crosslinking  w ith  DMS did reveal the novel appearance 

o f bands corresponding to species with molecular w eights higher than 

that o f the monomer b u t did not eliminate the  band  corresponding to 

the monomer. The ratio o f the crosslinker to native OPRTase was 

5200: 1.
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Figure 11. Pilot S tud ies  o f the E ffec t o f C rosslinking Reagents

GTA (A) and DMS (B ) on the SDS Gel E lectrophoresis Pattern

o f Partially Purified OPRTase.

IA ) 7 yg . partially p urified  OPRTase w ithout GTA.

IIA ) 7 yg . partially p urified  OPRTase was incubated w ith  SO p i. o f 

2% GTA fo r  30 min.
2+IIIA) 7 ygr. partially purified  OPRTase pre trea ted  w ith  5 ymoles Mg 

fo r  30 min. was incubated w ith SO yZ. 2% GTA fo r  30 min.
2+IVA) 7 ygr. partially purified  OPRTase pre trea ted  w ith  5 nmoles Mg

and 2.54 ymoles PRPP fo r 30 min. was incubated w ith  50 y l. 2% GTA 

fo r 30 min.
2+V A ) 7 ygr. partially p u rified  OPRTase pre trea ted  w ith  5 ymoles Mg 

and 4.16  ymoles OMP fo r  30 min. was incubated w ith  SO y l. 2% GTA 

fo r  30 min.

IB ) 7 ygr. partially p urified  OPRTase w ithout DMS.

IIB ) 7 yg . partially purified  OPRTase was incubated w ith 50 y l. o f 

5 mg. /ml. DMS fo r  3 hours.
2+IIIB ) 7 yg . partially purified  OPRTase p re trea ted  w ith  5 ymoles Mg

fo r  30 min. was incubated w ith SO y l. o f 5 mg. /ml. DMS fo r  3 h rs.
2+IVB) 7 yg . partially purified  OPRTase pre trea ted  w ith  5 ymoles Mg 

and 2.54 nmoles PRPP fo r 30 min. was incubated w ith  SO y l. o f  

5 mg. /ml. DMS fo r 3 hours.
2+VB) 7 y g . partially p urified  OPRTase pre trea ted  w ith  S nmoles Mg 

and 4.16  ymoles OMP fo r  30 min. was incubated w ith  50 y l. o f  

5 mg. /ml. DMS fo r 3 hours.
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The ac tiv ity  o f the partially purified  OPRTase treated w ith  GTA or

DMS was monitored w ith  time. OPRTase decreased dramatically in activ ity

w ithin 30 sec. a fte r  addition o f GTA (Table 2). N either incubation with  
2+ 2+Mg nor Mg -OMP pro tec ted  the enzym e against inactivation. Pre- 

2+treatm ent w ith  Mg -PRPP appeared to protect OPRTase against inacti-
2+

vation by  GTA relative to pretreatm ent w ith  Mg alone (vide in fra ).

Wide fluctuations in the activ ity  o f OPRTase were observed  when th is

a c tiv ity  was measured in the presence or absence o f DMS (Table 3).

However, sligh t a c tiv ity  decreases were observed  a fte r  a 3 hr. incubation

w ith the  crosslinfcer,

14 pg . o f  purified  OPRTase w ith  and w ithout prior  incubation with

Mg^+ was treated w ith  5 y l. o f 4% GTA (2. 75 ym oles). The SDS electro-
2+phoretic pa ttern  w ith the Mg exh ib ited  one band corresponding to the 

monomer and a species w ith  a h igher molecular weight than the monomer

(Figure 12). D etectable dimer was not observed  in the absence o f added
2+Mg . The band corresponding to the monomer appeared less in tense fo r

2+ 2+the OPRTase w ith Mg . Mg promoted the crosslinking  o f OPRTase by

GTA presum ably b y  favoring  the formation o f the dimer o f  OPRTase. The

ratio o f crosslinker to native enzym e was 8000:1.

The pilot stud ies  o f the use o f  GTA on OPRTase did reveal by SDS

electrophoresis the existence o f  a crosslinked , slower moving species o f
2+OPRTase, the dimer. The e ffe c t o f Mg on crosslinking  can be explained

as an alteration o f the e x te n t o f dimer formation.

Concentration D ependence o f GTA on OMP-OPRTase C rosslinking
2+14 pg . o f  OPRTase in the presence o f 5 pmoles Mg was treated  

with 5 y l. o f 2% GTA, 4% GTA, or 88 GTA: the ratio o f crosslinker to 

native enzym e was 3900:1, 7900:1, or 16,000:1, respective ly .
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TABLE 2. Pilot S tud ies o f the E ffec t o f Glutaraldehyde  on OPRTase A ctiv ity

Sample A c tiv ity  (A A ^ /m in )  A fte r  Incubation For
30 sec. 30 min.

1. OPRTase w ithout GTA 0.103 0.103

2. OPRTase w ith  50 ]il. 2% GTA 0.006 0.0

3. OPRTase w ith M g(II) & 50 y l. 2% GTA 0 .0  0.0

4. OPRTase With MgPRPP & 50 y l. 2% GTA 0.005 0.0

5. OPRTase w ith MgOMP & 50 y t. 2% GTA 0.0 0.0



TABLE 3. Pilot S tud ies o f the E ffect o f Dimethyl Suberimidate on OPRTase A c tiv ity

Sample A c tiv ity  (AA^gg/min) A fte r  Incubation For
30 sec. 3 h rs.

1. OPRTase w ithout DMS . 091 .130

2. OPRTase w ith DMS . 095 .068

3. OPRTase w/DMS w/M g2+ .162 .053

4. OPRTase w/DMS w/MgPRPP .092 .058

5. OPRTase w/DMS w/MgOMP .035 .021



Figure 12. Pilot S tu d y  o f the E ffec ts  o f Addition o f  GTA and Mg2* 

on the SDS Gel Electrophoresis Pattern o f OMP-OPRTase.

1) 14 yg . OMP-OPRTase was incubated w ith  5 y l. 4% GTA fo r  30 min.

2) 14 yg . OMP-OPRTase pre trea ted  w ith 5 ymoles Mg fo r  30 min. 

was incubated w ith 5 y l. 4% GTA fo r 30 min.
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These samples were run on SDS electrophoresis gels (Figure 1.3).

The electrophoretic pa ttern  showed only the non-crosslinked monomer

with 5 \il. o f  2% GTA b u t also showed the crosslinked  dimer w ith 5 pZ.

o f  4% GTA and 5 pZ. o f 8% GTA. A s the amount o f crosslinker was

increased, the in tensity  o f the non-crosslinked  monomer diminished

while that o f the  crosslinked dimer increased.

The a c tiv ity  o f OPRTase subject to crosslinking  w ith GTA a fter
2+prior  incubation with Mg was measured 30 sec. and 30 min. a fter  

addition o f the crosslinker. The activ ity  decreased markedly a fter  

30 m in.: the more crosslinker added, the fa s te r  the inactivation o f 

the enzyme (Table 4).

The molecular w eight estim ates o f the monomer and dimer were 

found to be 26,500 ± 1500 and 50,000 ± 2000, resp ec tive ly . The equa­

tion o f  best f i t  derived by the method o f least squares using  the 

midpoints o f the R ^ ranges o f the standard proteins was: log(MW)

= -  1.02 R„+ 5.10. 
f

C onsequently , increasing concentrations o f glutaraldehyde did 

dem onstrate the existence o f the crosslinked  dimer by  SDS electro­

phoresis. The crosslinked dimer had a lower mobility than the non- 

crosslinked  monomer. The appearance o f the crosslinked  dimer

depended on the concentration o f glutaraldehyde that was employed.
2+E ffec ts  o f Addition o f Mg on OMP-OPRTase C rosslinking w ith GTA

14 pgr. o f OPRTase was incubated w ith 5 pZ. o f 2% GTA, 4% GTA,
2+or 8% GTA w ith and w ithout 25 mM Mg : the ratio  o f crosslinker to 

native enzyme was 3900:1, 7900:1, or 16,000:1, resepectively . These  

samples were ru n  on SDS electrophoresis gels. Without crosslinker,
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Fiffure 13. The E ffec ts  o f Higher Concentrations o f GTA on the
2+SDS Gel Electrophoresis Pattern o f Mg -OMP-OPRTase Solutions.

1) The zebra gel o f standard proteins: 15 ygr. lysozym e, 30 yg . tr y p ­

sinogen, 15 u g . ovalbumin, and 15 ygr. bovine serum albumin.
- 4  2+2) 3. 5 X 10 ymoles OMP-OPRTase pretrea ted  w ith 5 ymoles Mg

fo r  30 min. was Incubated with 1.37  ymoles GTA for 30 min.
- 4  2+3) 3.5  X 10 ymoles OMP-OPRTase pretrea ted  w ith  5 \i moles Mg

fo r  30 min. was incubated w ith  2. 75 ymoles GTA fo r  30 min.

4) 3 .5 X  1 0 '4 iimoles OMP-OPRTase pretrea ted  w ith  5 ymoles Mg2* 

fo r  30 min. was incubated w ith  5.49  ymoles GTA fo r 30 min,
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TABLE 4. A ctiv ities  o f OMP-OPRTase A fte r  Incubation  

With Increasing  Amounts o f Glutaraldehyde 

In  the Presence o f Magnesium

Sample A c tiv ity  ( A A 2g S / m i n )  A fte r  Incubation For
30 sec. 30 min.

1. OPRTase w ithout GTA .059 .049

2. OPRTase w ith  M g(II) & 2% GTA . 051 .014

3. OPRTase w ith M g(II) & 4% GTA . 054 . 010

4. OPRTase w ith  M g(II) & 8% GTA .021 .001



TABLE 5. SDS Electrophoresis o f OMP-OPRTase Subject to Crosslinking

by Glutaraldehyde A fte r  Prior Incubation w ith  Mg(II)

Sample Gel Distance o f 
Dye Migration

Distance o f 
Protein Migration

Range o f 
Rf MW

1. Lysozym e 10. 7 cm. 9. 5-9. 8 cm. .888-. 916 14,300
Trypsinogen 6. 7-7. 0 cm. . 626-. 654 24,000
Ovalbumin 4. 3-4.6 cm. .402-. 430 45,000
Bovine Serum Albumin 3. 6-3. 8 cm. . 336-. 355 66,000

2. OPRTase w/Mg/2% GTA 10. 5 cm. 6. 7-7.1 cm. .638-. 676

3. OPRTase wlMg/4% GTA 10.4 cm. 6. 8-7.1 cm. 
4.0-4. 2 cm.

.654-. 683 

. 385-. 404

4. OPRTase w/Mg/8% GTA 10.4 cm. 6. 7-6.9 cm. 
3.9-4. 3 cm.

. 644-. 663 

. 375-. 413



the gel exh ib ited  one band corresponding to the monomer which

substantia ted  the assertion that the preparation was homogeneous.
2+With crosslinker b u t w ithout Mg , the noncrosslinked monomer

appeared b u t the crosslinked dimer was not detectable excep t when

5 yl. o f  8% GTA was included in the incubation m ixture. With cro ss-  
2+linker and Mg , the crosslinked  dimer was not v isib ly  apparent

w ith  5 y l. o f 2% GTA b u t  was detectable when 5 y l. o f 4% or 8% GTA

was included in the incubation m ixture (Figure 14).

The activ ity  measurements 30 sec. and 30 min. a fter  addition of

GTA were perform ed. Within 30 s e c . , the ac tiv ity  diminished the most
2+when 8% GTA was employed w hether or  not Mg was preincubated.

A fte r  30 min. o f incubation w ith crosslinker, the a c tiv ity  diminished to
2+a greater ex ten t i f  Mg was preincubated before crosslinking  (Table 6).

The molecular w eight estim ates fo r  the monomer and dimer are

26,500 ± 1500 and 50,000 ± 2500, re sp ec tive ly . The equation derived

by the method o f least squares u sing  the m idpoints o f the range o f R ^

values fo r the standards o f  known molecular w eights was: log (MW)

= -  1.02 R f  + 5.10 (Table 7).

These observations are consisten t w ith  the proposal th a t the monomer
2+and dimer are in equilibrium and that Mg promotes the ex ten t o f dimer 

formation. I t  is in tu itive  tha t the more dimer p resen t upon addition o f  

crosslinker, the more in tense will be the dimer band and the less in tense  

the monomer band.

E ffec ts  o f Addition o f  Mg2+ and Mg2+-PRPP on OPRTase C rosslinking

with GTA 
-420 ygr. o f OPRTase (5 X 10 ymoles) a fter  complete removal o f OMP
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2+Figure 14. SDS Gel Electrophoresis S tud ies o f the E ffec ts  o f Mg 

Addition to OMP-OPRTase and GTA Incubation M ixtures.

1) IS  pg . lysozym e.

2) 30 v g . trypsinogen.

3) 15 pg , ovalbumin.

4) 15 pg . bovine  serum albumin.

5) 3 .5 X  10~4 pmoles OMP-OPRTase w ithout GTA.
-46) 3 .5 X  10 pmoles OMP-OPRTase was incubated w ith 1.37  p ro le s  GTA

fo r 30 min.
-47) 3 .5 X  10 pmoles OMP-OPRTase was incubated w ith  2. 75 p moles GTA 

fo r  30 min.

8) 3 .5 X  1 0 '4 pmoles OMP-OPRTase was incubated w ith  5.49  pmoles GTA 

fo r  30 min.

9) 3. 5 X 10~4 pmoles OMP-OPRTase pretrea ted  w ith  5 pmoles Mg'** fo r  

30 min. was incubated w ith i ,  37 pmoles GTA fo r  30 min.

10) 3 .5 X  10~4 pmoles OMP-OPRTase pretrea ted  w ith  5 pmoles Mg'** for

30 min. was incubated w ith  2. 75 pmoles GTA fo r  30 min.
-4  2+11) 3. 5 X 10 pmoles OMP-OPRTase pretrea ted  w ith  5 pmoles Mg for

30 min, was incubated w ith  5.49 pmoles GTA for 30 min.

12) The zebra gel o f standard p ro te in s ; 15 pg . lysozyme, 30 pg . tr y p ­

sinogen, 15 pg . ovalbumin, and 15 pg . bovine serum albumin.
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TABLE 6, Measurements o f A c tiv ity  o f OMP-OPRTase

Treated w ith GTA w ith or w ithout Prior Incubation w ith Mg(II)

Sample A c tiv ity  (LA^gg/tnin) A fte r  Incubation For
30 sec. 30 min.

1. OPRTase w /o  GTA .059 .049

2. OPRTase w/2% GTA .058 .032

3. OPRTase w/4% GTA .054 .031

4. OPRTase w/8% GTA .035 .003

5. OPRTase w /M g2+ & 2% GTA .051 .014

6. OPRTase wIM g2+ & 4% GTA .054 .010

7. OPRTase w/M g2+ & 8% GTA .021 .001



TABLE 7. E ffec ts  o f Addition o f M g(II) on OMP-OPRTase C rosslinking w ith GTA
by SDS Electrophoresis

Sample Gel Distance o f 
Dye Migration

Distance o f 
Protein Migration

Range o f 
Rf MW

1. Lysozyme 10. 9 cm. 10. 7-10. 9 cm. .982-1.0 14,300
2. Trypsinogen 10. 8 cm. 6. 8-7.1 cm. .630-. 657 24, 000
3. Ovalbumin 10. 9 cm. 4.4-4. 7 cm. . 404-. 431 45,000
4. Bovine  Serum Albumin 10. 8 cm. 2. 7-3.0 cm. . 250-. 278 66,000
5. OPRTase w /o  GTA 10. 3 cm. 6 .8-7.1 cm. . 660-. 689
6. OPRTase w/2% GTA 10. 6 cm. 6. 9-7.2 cm. . 651-. 679
7. OPRTase w/4% GTA 10.4 cm. 6. 7-7.0 cm. .644-. 673
8. OPRTase w/8% GTA 10.1 cm. 6. 6-6. 7 cm. 

3. 7-4. 0 cm.
.653-. 663 
.366-. 396

9. OPRTase w/Mg/2% GTA 10. 5 cm. 6. 7-7.1 cm. . 638-. 676

10. OPRTase w/Mg/4% GTA 10.4 cm. 6 .8-7 .1  cm. 
4.0-4. 2 cm.

.654-. 683 

.385-. 404
11. OPRTase w/Mg/8% GTA 10.4 cm. 6. 7-6. 9 cm. 

3. 9-4. 3 cm.
.644-. 663 
.375-. 413

12. Lysozym e 10. 7 cm. 9. 5-9.8 cm. .888-. 916 14,300
Trypsinogen 6. 7-7. Ocm. .626-. 654 24,000
Ovalbumin 4. 3-4. 6 cm. .402-. 430 45, 000

Bovine Serum Albumin 3.6-3. 8 cm. .336-. 355 66, 000



was trea ted  w ith 5.49 ymoles GTA, 5.49 nmoles GTA a fte r  30 min. incu-
2+bation w ith 5 y moles Mg , or w ith 5.49  y moles GTA a fte r  a 30 min. p re -

2+
incubation w ith 5 y moles Mg and 0 .2  \imoles PRPP. These samples 

were subject to SDS electrophoresis. In  the absence o f GTA, only the 

noncrosslinked monomer band appeared. In  the  p resence o f GTA, both

the noncrosslinked monomer band and the crosslinked  djmer band ap-
2+ 2+peared. The presence o f Mg or Mg -PRPP during  crosslinking  did  

not appear to protect OPRTase from crosslinking . The ratio o f cro ss­

linker to OPRTase was 11,000:1 (Figure 15).

The activ ities o f OPRTase w ithout GTA, w ith  8% GTA, w ith  8% GTA
2+ 2+and Mg , or w ith  8% GTA and Mg -PRPP were measured 30 sec. and

30 min. a fter  crosslinker  addition. In  the absence o f crosslinker, the

activ ity  remained stable. OPRTase ac tiv ity  diminished the most w ithin
2+30 sec. a fter  crosslinker addition a fte r  pretreatm ent w ith  Mg (Table 8).

The molecular weight estim ates fo r the monomer and dimer were 

26,000 ± 2000 and 56,000 ± 9000, respective ly . The equation o f the  

line fi t te d  b y  the method o f least sq u ares  was: log(MW) = -  1.05 Rj,

+ 5.06 (Table 9).

In  conclusion, similar crosslinking  resu lts  were obtained fo r  the en ­

zyme w ith  OMP removed as  fo r  the enzym e w ith  OMP tigh tly  bound (Fi­

gures 14 and 15). The residues which participate in the crosslinking  by
24.

GTA do not therefore reside in the OMP b ind ing  s ite . Mg did enhance 

the appearance o f the dimer (Figure 15) and may have increased the rate  

o f inactivation (Tables 6 and 8). The e-amino groups, in an orientation  

appropriate fo r  interprotom eric crosslinking , seem to be more accessible 

within the distance spanned b y  GTA as a consequence o f  the conforma-
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Figure 15. SDS Gel Electrophoresis S tud ies o f the E ffec ts  o f the 

Addition o f  Mg^+ and o f Mg^+-PRPP to the OPRTase and  GTA Incubation 

M ixture A fte r  Complete Removal o f  OMP.

1) The zebra gel o f  the standard proteins: 20 yg . lysozym e,

40 y g . trypsinogen , 20 yg . pepsin , 20 yg . ovalbumin, and 

20 y g . bovine serum albumin.

2) 5 X 10~4 ymoles OPRTase w ithout GTA.
-43) 5 X 10 ymoles OPRTase was incubated w ith  5. 49 ymoles GTA 

fo r  30 min.

4) 5 X 10~4 ymoles OPRTase pretrea ted  w ith 5 ymoles Mg^+ for

30 min. was incubated w ith  S. 49 ymoles GTA fo r  30 min.
-4 2+5) 5 X  10 pmoles OPRTase p re trea ted  w ith 5 pmoles Mg and

0.2  ymoles PRPP fo r 30 min. was incubated w ith  5.49 pmoles GTA 

fo r  30 min.
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TABLE 8. Ac tiv ity  Measurements o f  OPRTase Crosslinking with GTA

A f te r  Preincubation with Mg(II) or Mg(II)~PRPP

Sample A c tiv ity  ( AAggg/minJ A fte r  Incubation For
30 sec. 30 min.

1. OPRTase w ithout GTA . 079 . 081

2. OPRTase w ith  5 yZ. 8% GTA .043 .009

3. OPRTase w ith Mg2+ & 5 yZ. 8% GTA .017 0. 0

4. OPRTase w ith Mg2+-PRPP & 5 yZ. 8% GTA .030 .003



TABLE 9. SDS Electrophoresis o f OPRTase A f te r  Complete Removal o f OMP

Sample Gel Distance o f  
Dye Migration

D istance o f  
Protein Migration

Range of 
R f MW

1. Lysozym e 10. 7 cm. 9. 2-9. 6 cm. .860-. 897 14, 300
Trypsinogen 6. 5-6. 8 cm. . 607-. 636 24,000
Pepsin 4.0-4. 25 cm. . 374-. 397 34, 700
Ovalbumin 4. 25-4. 5 cm. .397-. 421 45, 000
Bovine Serum Albumin 2. 2-2.6 cm. . 206-. 243 66, 000

2. OPRTase w ithout GTA 10. 7 cm. 6. 6-6.9  cm. .617-. 645

3. OPRTase w ith 8% GTA 10. 6 cm. 6. 6-6. 7 cm. 
3.0-3. 3 cm.

. 623-. 632 

. 283-. 311

4. OPRTase w ith 8% GTA & Mg2* 10.6 cm. 6.4-6. 7 cm. 
2. 6-3. 8 cm.

. 604-. 632 

. 245-. 358

5. OPRTase w ith 8% GTA & Mg2+-PRPP 10. 3 cm. 6.1-6. 4 cm. 
2 .4 -3 .8  cm.

.592-. 621 

. 233-. 369



2+ 2+tional change (s) induced b y  Mg . In  con trast, Mg -PRPP had no e ffec t

on the crosslinking  o f the enzym e w ith GTA since the in tensity  o f the

dimer band did not diminish (Figure IS ), b u t in the one experim ent that 
2+was ru n . Mg -PRPP may have pro tected  the enzyme against inactivation  

( Table 8). These resu lts  do not conclusively establish  the relationship

between inactivation and crosslinking  which can be independent even ts .
2+E ffec ts  o f Addition o f  Mg on OMP-OPRTase C rosslinking w ith DMS

7 ygr. o f native  OPRTase was incubated with 0.275 pmoles DMS w ith
2+or w ithout prior incubation w ith 2. 5 ymoles Mg . 30 sec. and 4 h rs. 

a fte r  addition o f crosslinker, samples were frozen and stored  for analysis  

by SDS electrophoresis (Figure 16). OPRTase w ithout DMS exh ib ited  

one band corresponding to the noncrosslinked monomer. OPRTase w ith  

DMS fo r  30 sec. or fo r  4 h rs. exh ib ited  one band corresponding to the  

noncrosslinked monomer b u t failed to show any v isib ly  detectable band

corresponding to a crosslinked  species w ith  this limited amount o f enzym e.
2+A fte r  preincubation w ith  2. 5 ymoles Mg , OPRTase w ith  DMS showed 

the more fa in t monomer band b u t failed to v isib ly  display a band cor­

responding  to a crosslinked  species. The ratio o f DMS to native OPRTase 

was 1600:1.

The activities o f OPRTase w ith DMS and Mg2+-trea ted  OPRTase w ith  

DMS were monitored 30 sec. and 4 h rs . a fter addition o f crosslinker. In  

all cases the activity  o f OPRTase did not diminish appreciably (Table 10).

The estim ates fo r  the molecular w eight fo r  the monomer was found to 

be 26,000 ± 1000. The equation o f b e s t f i t  derived  by  the method o f least 

squares from the  m idpoints o f the range o f  Ry, values fo r  the standards  

o f known molecular w eight was found to be: log (MW) = -0.981  Ry, + 5.00 

(Table 11).
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F ig u r e 16. SDS Gel Electrophoresis S tud ies o f the E ffec ts  o f Addition  
2+o f Mg to OMP-OPRTase and DMS Incubation M ixtures.

1) 20 y g. lysozym e.

2) 40 ygr. trypsinogen.

3) 20 ygr. ovalbumin.

4) 20 ygr. bovine serum albumin.

5) 1. 75 X 10~4 ymoles OMP-OPRTase w ithout DMS.

6) 1. 75 X 10~4 p moles OMP-OPRTase incubated w ith  0.275 pmoles DMS

for 30 sec.

7) 1.75 X 10~4 pmoles OMP-OPRTase incubated w ith  0. 275 pmoles DMS 

fo r  4 hours.

8) 1. 75 X 10~4 ymoles OMP-OPRTase pretrea ted  w ith 2 .5  pmoles Mg2+

fo r  30 min. was incubated w ith  0.275 pmoles DMS fo r 30 sec.
-4  2+9) 1. 75 X 10 ymoles OMP-OPRTase pre trea ted  w ith 2.5  ymoles Mgr

fo r  30 min. was incubated w ith  0. 275 pmoles DMS fo r 4 hours.

10) The zebra gel o f the standard proteins: 20 ygr. lysozym e,

40 ygr. trypsinogen , 20 ygr. ovalbumin, and 20 ygr. BSA .
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TABLE 10. E ffects  of Treatment w ith  DMS Following Preincubation with  Mg(II)

on OMP-OPRTase A c tiv ity

Sample A c tiv ity  (AA ̂ g^/min) A fte r  Incubation For
30 sec. 4 h rs.

1. OPRTase w ithout DMS . 045 . 044

2. OPRTase With DMS . 048 .035

3. OPRTase w ith M g(II) & DMS . 032 .032



TABLE 11. SDS Electrophoresis of OPRTase Subject to Crosslinking by DMS

Sample Gel

1. Lysozym e
2. Trypsinogen
3. Ovalbumin
4. Bovine Serum Albumin
5. OPRTase w ithout DMS
6. OPRTase w ith  DMS [30 sec.J

§  7. OPRTase w ith DMS [4 hours]
8. OPRTase w ith Mg2+ & DMS [30 sec.J  10. 7 cm.
9. OPRTase w ith Mg2+ & DMS [4 h r s .]  10.8 cm.
10. Lysozym e 10.6 cm. 

Trypsinogen
Ovalbumin
Bovine Serum Albumin

Distance o f 
Protein Migration

Range o f

Rt
MW

9 .1-9.4 cm. . 858-. 887 14,300
6.0-6. 5 cm. . 583-. 631 24,000
3. 2-3. 7 cm. . 311-. 359 45,000
1. 9-2 .3  cm. . 184-. 223 66,000
6. 0-6 .2  cm. . 588-. 608
6.1-6. 3 cm. . 575- 594
6.4-6. 6 cm. . 587-. 606
6 .4 -6 .6  cm. .598-. 617
6. 4-6.6 cm. . 593-. 611
9. 2-9. 5 cm. . 868-. 896 14, 300
6 .3 -6 .6  cm. . 594-. 623 24,000
3 .6 -3 .9  cm. . 340-. 368 45, 000
2 .0 -2 .3  cm. .189-. 217 66,000

Distance o f 
Dye Migration

10.6 cm.
10. 3 cm.
10. 3 cm.
10. 3 cm.
10.2 cm.
10.6 cm.
10. 9 cm.



C onsequently, the treatm ent o f  OMP-OPRTase (a fte r  pretreatm ent w ith  

Mg^+) w ith DMS at a ratio o f  DMS to native enzyme o f 1600:1 did lead to 

the decreased in ten sity  o f  the monomer band. A n y  statem ent concerning  

the monomer/dimer equilibrium  cannot be made conclusively since a dimer 

band  was not observed . In  addition DMS does not appear to inactivate  

OMP-OPRTase (Table 10). T hus it appears tha t DMS is not as good a 

crosslinker o f the OPRTase dimer as GTA. This cannot be because o f  

its  size b u t may be a ttrib u ted  to the grea ter reactivity  o f S c h iff  base 

formation.

Concentration Dependence o f GTA on NPRTase

22 ygr. NPRTase (5 X 10~* ymoles) was incubated fo r  30 min. w ith  

5 y l. 2% GTA, 5 y l. 48 GTA, or 5 y l. 8% GTA. The  samples w ere run  

on SDS gel electrophoresis (Figure 17). NPRTase w ithout GTA exh ib ited  

one band corresponding to the noncrosslinked monomer; hence, the  

NPRTase preparation appeared homogeneous. NPRTase w ith 2% GTA,

4% GTA, or  88 GTA exh ib ited  only one band corresponding to the non­

crosslinked  monomer: no band corresponding to a crosslinked  species  

was v isib ly  detectable. The ratio o f crosslinker to native enzym e was 

2700:1, 5400:1, or 11,000:1.

The a c tiv ity  o f NPRTase was monitored at 30 sec. or 30 min. a fte r  

incubation w ith 5 y i. o f 2% GTA. The ac tiv ity  did not diminish upon 

treatm ent w ith  the 5 y l. o f 28 GTA (Table 12).

The estimate fo r  the molecular w eight o f NPRTase was 46,000 ± 5500. 

The equation o f the line derived  b y  the method o f least squares from the 

m idpoints o f the ranges o f R ^ o f the standards o f known molecular weight 

was: log (MW) = -  1.05 R f + 5.06 (Table 13).
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Figure 17. SDS Gel Electrophoresis S tudies  o f  the E ffects  o f  Addition

o f  GTA to NPRTase.

1) IS  yg . lysozym e, 30 y g . trypsinogen , IS  y g . ovalbumin, and 

15 yg . bovine serum albumin.

2) 22 yg . NPRTase w ithout GTA.

3) 22 yg . NPRTase w ith  5 y l. 2% GTA [1. 37 pmoles] fo r  30 min.

4) 22 yg , NPRTase w ith S y l. 4% GTA [2. 75 \imoles} fo r  30 min.

5) 22 yg , NPRTase w ith  5 yl. 8% GTA [5.49  ymolesj fo r  30 min.
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TABLE 12. E ffect o f  GTA on NPRTase A c tiv i tya

Sample

1. NPRTase w ithout GTA

2. NPRTase w ith  5 y l. 2% GTA [30 seconds]

3. NPRTase w ith  5 y l. 2% GTA [30 minutes]

4. NPRTase w ith  Mg2+ & 5 y l. 2% GTA [30 seconds]

5. NPRTase w ith  Mg2+ & 5 yZ. 2% GTA [30 m inutes]

Incubation Time fo r  A c tiv ity  Measurement
1 min. 3 min. 10 min,

------- 0.8  cm

0.5  cm. 0.6  cm. 0. 9 cm

0 .5  cm. 0. 5 cm. 0 .6  cm

0.4 cm. 0. 5 cm. 0 .8  cm

0 .5  cm. 0 .6  cm. 0. 7 cm

a) A c tiv ities  are represen ted  in terms o f  peak amplitudes o f  NaMN as th is product e lu tes from

the u C 10 HPLC column. This peak amplitude is d irectly  proportional to the NaMN concentration. 
J o
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TABLE 13. SDS Electrophoresis Studies
o f the Concentration Dependence o f GTA on NPRTase Crosslinking

Sample Gel Distance o f 
Dye Migration

Distance o f 
Protein Migration

Range o f 
R f MW

1. Lysozyme 10. 3 cm. 8. 9-9. 2 cm. . 864-. 893 14.300
Trypsinogen 6. 2-6. 5 cm. . 602-. 631 24, 000
Ovalbumin 3 .8 -4 .2  cm. . 369-. 408 45,000
Bovine Serum Albumin 2. 3-2. 6 cm. . 223-. 252 66,000

2. NPRTase w /o  GTA 10. 4 cm. 3. 5-4.1 cm. . 337-. 394

3. NPRTase w/2% GTA 10. 8 cm. 4. 0-4. 5 cm. .370-. 41 7

4. NPRTase w 14% GTA 10. 5 cm. 3. 5-4. 3 cm. .333-. 410

5. NPRTase w/8% GTA 10. 7 cm. 3. 5-4. 5 cm. . 327-. 421



In  contrast to OPRTase, NPRTase does no t appear to crosslink w ith  

e ith er  2%, 4%, or 8% GTA. A lso, the ac tiv ity  o f NPRTase appears to be 

unaffected  b y  the presence o f GTA. The re su lts  support the proposal 

tha t NPRTase does not appear to form a crosslinked  species to an ap ­

preciable ex ten t. The gels appeared colorless above the  noncrosslinked 

monomer (Figure 17).
2+E ffec ts  o f  Addition o f Mg and Sub stra tes  on NPRTase Treatm ent

w ith  Glutaraldehyde  
-422 pg , NPRTase (5 X 10 pmoles) was incubated w ith 5 y l. 2% GTA

(1. 37 ymoles) fo r  30 sec. or fo r  30 min. A fte r  preincubation w ith 3 pmoles 
2+Mg , another 22 pg , NPRTase was incubated w ith  1. 37 pmoles GTA fo r

30 sec. or fo r  30 min. These samples were run  on SDS electrophoresis
2+gels (Figure 18) to assess the e ffe c t o f addition o f Mg on NPRTase

treated  w ith GTA. In  the  absence o f GTA, NPRTase exh ib ited  a single

band corresponding to the noncrosslinked monomer. In  the presence

o f GTA, w hether fo r  30 sec. or fo r  30 m in ., only the noncrosslinked

monomer band m anifested itse lf. Above the monomer band, the gels were

colorless and virtua lly  identical to the gel on which NPRTase w ithout

GTA was run . The monomer band also did not appear to diminish in
2+in ten sity . A fte r  preincubation w ith  Mg , NPRTase w ith GTA, w hether  

fo r  30 sec. or fo r  30 m in ., displayed only one band corresponding to the 

monomer. The gels appeared identical to the gel on which NPRTase 

w ithout GTA was ru n . The section o f the gel above the monomer band  

appeared colorless. There was no apparent dimunition o f in ten sity  o f the 

monomer band compared to the gel on which NPRTase w ithout GTA was 

ru n . The ratio o f  crosslinker to native enzym e was 2700:1.
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Figure 18. SDS Gel Electrophoresis S tudies  o f  the E ffects  o f Addition

o f  Mg2* an d  GTA to NPRTase.

1) 20 ygr. lysozym e.

2) 40 ygr. trypsinogen.

3) 20 ygr. ovalbumin.

4) 20 ygr. bovine serum albumin.

5) 22 pg . NPRTase w ithout GTA.

6) 22 ygr. NPRTase and 1. 37 pmoles GTA incubated fo r  30 sec.

7) 22 pg . NPRTase and 1. 37 ymoles GTA incubated fo r  30 min.
2+8) 22 pg . NPRTase pre trea ted  w ith  3 ymoles Mg fo r  30 min. was 

incubated w ith  1.37  ymoles GTA for 30 sec.
2+9 & 10) 22 pg . NPRTase pre trea ted  w ith 3 pmoles Mg fo r  30 min. 

was incubated w ith  1. 37 pmoles GTA fo r 30 min.
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The activ ity  o f NPRTase was monitored d uring  the attem pt at
2+crosslinking  NPRTase w ith  GTA, w ith  or w ithout Mg . GTA had no
2+e ffec t on the activ ity  o f  NPRTase w hether or not Mg was p resen t 

(Table 12).

The molecular w eight estimate fo r  NPRTase during  s tud ies  o f the 
2+e ffec t o f  Mg on treatm ent w ith  GTA was 49,000 ± 2000. The equation

o f b es t f i t  derived  by  the method o f least squares  from the m idpoints o f

the range o f R^. values o f the standards o f known molecular w eight was:

log(MW) = -  0. 986 Rj, + 5.03 (Table 15) .

22 yg . NPRTase was incubated fo r  30 min. w ith 5 y i. 2% GTA.

A nother 22 yg . NPRTase was incubated fo r  30 min. w ith 5 y l. 2% GTA
2+ - 2a fter  preincubation w ith  2 ymoles Mg and  2 X 10 ymoles PRPP.

A nother 22 y g . NPRTase was incubated w ith  1.37  ymoles GTA a fter
2+ -2preincubation w ith 2 yunoles Mg and 4 ,8  X  10 \xmoles ATP, A s  a

control, 22 yg . NPRTase was incubated w ith  2 ymoles Mg , 4 .8  X 10
-2

ymoles ATP, and  2 X 10 ymoles PRPP. The ratio o f crosslinker to

native enzym e was 2700:1.

The aforementioned samples were run  on SDS electrophoresis gels

(Figure 19). NPRTase w ith  GTA b u t  w ithout su b stra tes  exh ib ited  only

the noncrosslinked monomer band. A fte r  p reincubation  w ith PRPP and  
2+Mg , NPRTase still exh ib ited  only one band corresponding to the

Oj,
monomer. A fte r  preincubation w ith  ATP and Mg , NPRTase displayed  

only one band. The profile o f NPRTase w ith  Mg2+, A TP , and PRPP b u t  

w ithout GTA showed only one band corresponding to the monomer.

The activ ity  o f NPRTase was monitored to assess the e ffec t o f su b ­

stra tes  on treatm ent w ith  GTA (Table 14). There was no dimunition o f

107



Figure 19. SDS Gel Electrophoresis S tu d y  o f the E ffec ts  o f A dded
24 -

S ub stra tes  and Mg to the NPRTase & GTA Incubation M ixture.

1) 20 yg . lysozym e.

2) 40 ygr. trypsinogen.

3) 20 yg . ovalbumin.

4) 20 ygr. bovine serum  albumin.

5) 22 ygr. NPRTase and 1. 37 ymoles GTA incubated fo r  30 min.
2+ - 26) 22 ygr. NPRTase pre trea ted  w ith 2 nmoles Mg and 2 X 10 ymoles

PRPP fo r  30 min . was incubated w ith 1. 37 ymoles GTA fo r 30 min.
2+  - 27) 22 y g . NPRTase pre trea ted  w ith 2 ymoles Mg and 4 .8  X 10 umoles

ATP fo r  30 min. was incubated w ith 1.37 pmoles GTA fo r 30 m in ..
2+ - 28) 22 y g . NPRTase p retrea ted  w ith 2 ymoles Mg , 4 .8  X 10 ymoles 

ATP, and 2 X 10~^ ymoles PRPP fo r 30 min. was not subject to GTA.
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TABLE 14. E ffec t o f S u bstra tes  on NPRTase A c tiv itya 

D uring C rosslinking b y  Glutaraldehyde

c, Incubation Time fo r  A c tiv ity  MeasurementSample 1 m.n ,  m

1. NPRTase w ith 5 )xl. 2% GTA [30 min.]

2. NPRTase w ith  Mg2+-PRPP & 5 yZ. 2% GTA [30 min.]

3. NPRTase w ith Mg2+-ATP & 5 yZ. 2% GTA [30 m in.]

4. NPRTase w ith Mg2+, ATP, and PRPP [30 m in.]

a) A c tiv ity  measurements were as described in Table 12.

1 min. 3 min. 10 min.

0.6  cm. 0. 7 cm. 1.0 cm.

0 .5  cm. 0 .6  cm. 0. 7 cm.

0.5  cm. 0 .6  cm. 0 .7  cm.

0. 5 cm. 0 .6  cm. 1 .2  cm.



TABLE 15. SDS Electrophoresis of NPRTase Subject to Glutarlaldehyde
To A ssess  the E ffect o f Mg(II) on Crosslinking

Sample Gel Distance o f 
Dye Migration

Distance of 
Protein Migration

Range o f 
Rf MW

1. Lysozyme 10.4 cm. 9. 4-9.6 cm. . 904-. 923 14,300

2. Trypsinogen 10. 7 cm. 6. 5-6. 7 cm. . 607-. 626 24,000

3. Ovalbumin 10.4 cm. 3. 9-4.1 cm. . 375-. 394 45,000

4. Bovine Serum Albumin 10.6 cm. 2. 4-2. 6 cm. . 226-. 245 66,000

5. NPRTase w /o  GTA 10. 7 cm. 3. 6-3 .8  cm. .336-. 355

6. NPRTase w/G TA [30 sec.J 10. 8 cm. 3. 5-3. 9 cm. . 324-. 361

7. NPRTase w/GTA [min.] 10.8 cm. 3. 5-3. 9 cm. . 324-. 361

8. NPRTase w M g/G TA  [30 sec.J 10. 8 cm. 3 .5 -3 .9  cm. . 324-. 361

9. NPRTase w M g  /GTA [30 min.] 10.8 cm. 3. 5-3. 9 cm. .324-.361

10. NPRTase w M g/G TA  [30 min. ] 10. 8 cm. 3. 7-3. 9 cm. . 343-. 361
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TABLE 16. SDS Electrophoresis o f NPRTase
Subject to Crosslinking by Glutaraldehyde in Presence o f ATP or PRPP

Sample Gel Distance o f  
Dye Migration

Distance o f 
Protein Migration

Range of 
Rf MW

1. Lysozym e 10. 4 cm. 9. 9-10.1 cm. . 952-. 971 14,300

2. Trypsinogen 10. 7 cm. 6. 9-7.1 cm. . 645-. 664 24,000

3. Ovalbumin 10.6 cm. 4. 2-4. 4 cm. . 396-. 415 45,000

4. Bovine Serum Albumin 10. 6 cm. 2.4-2. 6 cm. . 226-. 245 66, 000

5. NPRTase w/GTA [30 min.} 10. 7 cm. 3. 9-4. 0 cm. . 364-. 374

6. NPRTase w/Mg/PRPP/GTA [30 m in.] 10.8 cm. 3.8-4. 3 cm. . 352-. 398

7. NPRTase w/M g/ATP/G TA [30 min.] 10.6 cm. 3. 7-4. 2 cm. . 349-. 396

8. NPRTase w/M g/ATP/PRPP [30 min.] 10. 7 cm. 3. 7-4.1 cm. .346-. 383



a ctiv ity  in the presence o f GTA. The preincubation w ith ATP or PRPP 

before GTA treatment did not reduce the activ ity  from that found by  

treatm ent w ith  GTA alone.

The estimate fo r  the molecular w eight for the monomer from SDS 

electrophoretic  analysis o f the e ffec t o f substra tes  on treatm ent w ith  

GTA was 47,500 ± 2500. The equation derived b y  the method o f least

squares was: log (MW) = -  0.974 R^ + 5.04 (Table 16).
2+ 2+In  conclusion, neither Mg nor Mg and  su b s tra te s  affected  the 

electrophoretic pa ttern  or the activ ity  o f  NPRTase.

Concentration Dependence o f DMS on NPRTase C rosslinking

22 yg . NPRTase was incubated fo r  4 hrs. w ith  15 y l. o f 5 mg. /m l.,

10 mg. /m l., or 15 mg. /ml. DMS. A sample o f 22 y g . NPRTase w ithout 

DMS served  as control. The ratio o f crosslinker to native NPRTase was 

550:1, 1100:1, or 1600:1. The samples Were run  on SDS electrophoresis  

gels (Figure 20). NPRTase w ithout DMS exh ib ited  only one band cor­

responding  to the noncrosslinked monomer. NPRTase w ith  5 mg. /m l.,

10 mg. /m l., or 15 mg. /ml. DMS showed only one band corresponding to 

the noncrosslinked monomer. The band appeared more d iffu se  than the  

band o f  the gel on which NPRTase w ithout DMS was run . The section o f  

gel above the monomer band appeared  colorless. The bands of the gels 

on which NPRTase w ith DMS was run  did not show any appreciable re ­

duction in in tensity  o f the coomassie blue dye.

The estimate fo r  the molecular w eight o f the monomer was 46,000 ±2500. 

The equation o f  the line f i t te d  by  the method o f least squares was: 

log (MW) = - 1 . 0 5 R f + S. 06 (Table 17).

C onsequently, increasing  concentrations of DMS had no observable  

e ffec t on the electrophoretic pattern  o f  NPRTase.
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F ig u re  20. SDS Gel Electrophoresis S tudies  o f  the Effects  o f  A ddition

o f  DMS to NPRTase.

1) 20 yg . lysozym e, 40 yg . trypsinogen, 20 yg . pepsin ,

20 yg . ovalbumin, and  20 yg . bovine serum albumin,

2) 22 yg . NPRTase w ithout DMS.

3) 22 yg . NPRTase was incubated w ith  IS y l. o f 5 mg. /ml. DMS 

[0.275 umoles] fo r  4 hours.

4) 22 yg . NPRTase was incubated w ith 15 y l. o f 10 mg. /ml. DMS 

[0. 549 y molesJ fo r  4 hours.

5) 22 yg . NPRTase was incubated w ith  15 y l. o f 15 mg. /ml. DMS 

[0.824 \imoles] for 4 hours.
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TABLE 17. SDS Electrophoresis o f NPRTase

Treated with Increasing Concentrations o f DMS

Sample Gel D istance o f  
Dye Migration

Distance of 
Protein Migration

Range o f 
R f MW

1. Lysozyme 10. 7 cm. 9. 2-9.6 cm. . 860-. 897 14. 300
Trypsinogen 6. 5-6. 8 cm. . 607-. 636 24,000

Pepsin 4.0-4. 25 cm. . 374-. 397 34, 700

Ovalbumin 4. 25-4. 5 cm. . 397-. 421 45,000
Bovine Serum Albumin 2.2-2. 6 cm. . 206-. 243 66,000

2. NPRTase w /o  DMS 10. 9 cm. 3. 9-4. 2 cm. . 358-. 385

3. NPRTase w / 5 mg. /ml. DMS 11.1 cm. 4.1-4. 4 cm. . 369-. 396

4. NPRTase w / 10 mg. /ml. DMS 10. 9 cm. 3. 9-4. 3 cm. . 358-. 394

5. NPRTase w I  IS ng . /ml. DMS 10. 8 cm. 3. 8-4. 3 cm. .352-. 398



Figure 21. SDS Gel Electrophoresis S tudies  o f  the Effects  o f  Addition

o f  MgZ+ an d  DMS to NPRTase.

1) 20 yg . lysozym e.

2) 40 yg . trypsinogen.

3) 20 yg . ovalbumin.

4) 20 yg . bovine serum albumin,

5) 22 yg . NPRTase w ithout DMS.

6) 22 yg . NPRTase and 0.550 pmoles DMS incubated

7) 22 y g . NPRTase and  0.550 ymoles DMS incubated
2+8) 22 y g . NPRTase pretrea ted  w ith  2 .5  ymoZes Mg 

incubated w ith  0.550 nmoles DMS fo r  30 sec.
2+9) 22 y g . NPRTase pretrea ted  w ith  2. 5 nmoles Mg 

incubated w ith 0.550 ymoles DMS fo r  4 hours.

fo r  30 sec. 

fo r  4 hours, 

fo r  30 min . was

fo r  30 min. was
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Effects  of Addition o f  Mg^+ on NPRTase CroBSlinking with  DMS

22 yg . NPRTase was incubated, with 30 y l. o f 5 mg. /ml. DMS for  

30 sec. or fo r  4 h r s . Another 22 \ig. NPRTase was incubated w ith  30 y l. 

o f  5 mg. /ml. o f  DMS fo r  30 sec. or for  4 hrs . a fter  prior incubation with
9j,

2 .5  ymoles Mg for 30 min. 22 yg . NPRTase without DMS served  as

control. These samples were run on SDS electrophoresis gels (Figure 21).

The ratio o f  DMS to native NPRTase was 1150:1. NPRTase without DMS

exhibited  only one band corresponding to the noncrosslinked monomer.

NPRTase w ith  DMS whether fo r  30 sec. or fo r  4 hrs. showed only the

noncrosslinked band: there was no apparent reduction o f  in tensity  o f

the noncrosslinked monomer band compared to the gel on which NPRTase

without DMS was run . The section o f  gel above the noncrosslinked  mono-
2+mer band was colorless. A f te r  prior incubation w ith  Mg , NPRTase with

DMS fo r  30 sec. or for  4 hrs. exhibited  only one band corresponding to

the noncrosslinked monomer. The section o f  gel above the noncrosslinked

monomer band appeared colorless. The in tensity  o f  the monomer band

did not appear appreciably less  than th a t o f the gel onl which NPRTase

without DMS was run .

The activity o f  NPRTase treated with DMS for 30 sec. or for  4 hrs.
2+was measured in the presence or absence o f  Mg . DMS did not appear

2+to diminish the activity  o f  NPRTase (Table 18). Mg did not appear to 

affect the activ ity  o f  NPRTase treated w ith  DMS fo r  30 sec. or fo r  4 hrs.

The estimate fo r  the molecular weight o f  the noncrosslinked monomer 

was 45,000 ± 2000. The equation derived b y  the least squares method  

from the midpoints o f  the R^ ranges o f  the standards o f  known molecular 

weight was: log (MW) = -  1.00 R ^ +  5,04 (Table 19).
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TABLE 18. E ffect o f  DMS on NPRTase A c tiv i tya

Incubation Time For A c tiv i ty  Measurement Sample 1 '  in .

1. NPRTase without DMS

2. NPRTase with  15 y l. 5 mg. /ml. DMS [30 sec .]

3. NPRTase w ith  15 y l. 5 mg. /ml. DMS [4 h r s .]

4. NPRTase with Mg^+ & 15 y l. 5 mg. /ml. DMS [30 sec .]

5. NPRTase w ith  Mg^+ & 15 y l. 5 mg. /ml. DMS [4 h rs .]

a) A c tiv ity  measurements were as described in Table 12.

1 min. 3 min. 10 min.

0.1  cm. 0.2  cm. 0.5  cm.

0.1  cm. 0.2  cm. 0.4  cm.

0.1 cm. 0.2  cm. 0.6  cm.

0.05 cm. 0.4  cm.

0.1  cm. 0.2  cm. 0.4 cm.



121

TABLE 19. SDS Electrophoresis o f NPRTase

Treated  w ith  DMS in the Presence of Mg(II)

Sample Gel Distance of  
Dye Migration

Distance of  
Protein Migration

Range o f  
R f MW

1. Lysozyme 10. 6 cm. 9. 5-9. 7 cm. .896-. 915 14,300

2. Trypsinogen 10. 5 cm. 6.4-6. 6 cm. .610-. 629 24,000

3. Ovalbumin 10.4  cm. 3. 8-4. 2 cm. .366-. 404 45,000

4. Bovine Serum  Albumin 10.4  cm. 2. 3-2. 7 cm. . 221-. 260 66,000

5. NPRTase w/o DMS 10. 7 cm. 4.0-4. 4 cm. . 374-, 411

6 . NPRTase w /5  mg. /ml. DMS [30 sec] 10.6 cm. 3. 9-4. 2 cm. .368-. 396

7. NPRTase w /5  mg. /ml. DMS [4 hrs] 10.6  cm. 3. 9-4. 2 cm. . 368-. 396

8. NPRTase w /M g2+ & DMS [30 sec] 10.6  cm. 3. 9-4.1 cm. . 368-. 387

9. NPRTase w /M g2+ & DMS [4 hrs] 10. 7 cm. 4.0-4. 2 cm. . 374-. 393



24-In  conclusion, there  was no observable e ffec t  o f  Mg on the 

electrophoretic pa ttern  or on the activ ity  o f  NPRTase treated with DMS,

NMR R esults

Victor et.  al. (13) have suggested  that the kinetic  mechanism o f  

OPRTase involves an intermediate carbocation w ith  a new sp geometry 

at the I 1 carbon. One way o f  examining this mechanism is NMR and 

studies  were carried out fo r  both  OMP and PRPP to characterize the 

proton spectra o f  these  reac tan ts . In Table 20 is presen ted  the proton  

peak assignments fo r  several ribose-containing compounds including 

PRPP and several nucleotides and deoxynucleotides ( 72) in addition to 

OMP. There is nothing remarkable about the ribose and base r ing  

proton resonances o f  OMP when compared to o ther  nucleotides. In te re s t­

ingly, the H'j-proton resonance o f  PRPP is sh if ted  significantly downfield  

(relative to this  resonance o f  r ibose-5-phosphate) due to the attachment 

o f PPV

The  relaxation rates o f  the assigned resonances o f  PRPP under  

various conditions were then determined and these values are shown in 

Table 21. Three methods were employed to calculate these relaxation  

rates (1 /T ^)  and are included here (Table 21). The null point readings  

(procedure 2 o f  Table 21) provide  only an  estimate o f  the rates because  

o f  the selection o f  rv a lu e s  in these experiments, whereas procedure 1 

and 3 provide the b es t  1 /T  j  values. A s  shown in Table 21, the  longitudinal 

relaxation ra te s  o f  the protons o f  PRPP (pH = 8) in Tris/DCl are all w ith­

in the range o f  1.1 -4 .1  sec”"*, and  these  values a re  similar to those o f

ribose  p ro tons of nucleotides generally (73, 74). With the addition o f  the
2+

paramagnetic metal ion (Mn ) the relaxation rate o f  H^ increases drama­

tically while the increases in the rates o f  the o ther protons are less
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TABLE 20. Chemical S h if ts  o f  the Protons o f  R ibose- and Deoxyribose-  

Containinff Compounds at 220 MHz

Compound Proton

H1 H2 H3 H4 H5 Other Tris

Ribose 4. 65 3.86 (3.71 — , 3. 40)° 3.28 3.49

Deoxy ribose-S-P 5. 98 2. 25 4.27 3. 79 3.48 3.48

R ibose-S-P 5. 09 4. 05 3.94 3. 81 3. 64 3.48

PRibosePP 5. 51 4.15 (3.96 —  3.88)a 3. 63 3.48

AMPb 6 . 04 4. 77 4.46 4. 35 4.01

GMPb 5.93 4.76 4. 50 4. 33 4.02

UMPb 5.98 4.41 4. 34 4. 25 4. 00

CMPb 6 . 01 4. 36 4. 34 4.25 4.02

OMP 5.53 4. 79 4 . 76 (4.11 — 3. 92)a 5. i f 3. 59

dAMPb 6.43 2. 74 4.73 4.26 3. 94

dGMPb 6. 29 2. 66 4. 73 4.22 3. 95

TMPb 6.33 2. 36 4.57 4.16 3. 99

dCMPb 6.33 2.38 4.55 4.15 3. 95

dUMPb 6. 32 2. 36 4.56 4.15 3. 95

a) overlapping resonances; b) from Davies and Danyluk (1974)

Biochem. 13, 4417; c) proton o f  orotate r ing.
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significant. Moreover, the order o f  decrease in the paramagnetic e ffec t
2+

is > ^ 2 > ^ 3 > ^ 4  > ^ 5’ todicating that Mn is coordinated to the

PRPP molecules close to the H^ proton, presumably to the PP^ group.
2+When OPRTase and a diamagnetic metal ion (Mg } are added to PRPP

there is ve ry  little e ffec t on the relaxation rates o f  the PRPP protons

as expected , although once again a slight e f fec t  was observed  for  the

Hj proton, suggesting  that some component o f the proton's  motion has

been hindered. Whether this implies that a single metal ion site ex is ts

or two sites ex is t  cannot be ascertained by this qualitative experiment.

Further  analysis o f  the experiments described  in Table 21 (experiments

4 and  5) will be d iscussed later.

A s  shown in Table 22, the relaxation rates o f  the proton resonances

o f  OMP were also calculated. These relaxation rates are typical o f
2+nucleotides and are unaffected by  the addition o f  paramagnetic Co . 

Since metal ions can only b ind to the 5' phosphate group o f  OMP (both
i ■ /

the  PPf site o f  PRPP and the NH-CH-COO site o f  orotate are no longer
2+p resen t in the OMP molecule), this coordination by  Co is quite loose

2+and  thus  no real observable e f fec t  at this concentration o f  Co is 

observed. However, there are small increases in the relaxation rates  

o f the OMP resonances when OPRTase is added, again suggesting  that

OMP is binding to the enzyme under  these  conditions. The addition o f
2+Mn to enzyme and OMP leads to measurable increases  in the relaxation 

rates. The order o f  decreasing e ffec t  is Hq > H ^  > H^ > H^ > H2, 

suggesting  that in the metal ion-enzyme-OMP complex, the position of 

the metal may be on top o f  the ribose r ing  close to the S' phosphate and  

close to the orotate carboxyl group. This p icture is reasonable for  

nucleotide metal interactions.
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TABLE 21. Longitudinal Relaxation Rates ( sec~*) 

o f the Protons o f PRPP 

Solution Procedurea
H1 » 2 H3 H4 HS

1) 100 mM PRPPb 1.9 1.5 1.4 1.1 3.9 1
in Tris/DCl (pH8) 2.2 2.1 2.1 1.5 4.1 2

2.0 1.4 1.4 1.2 3.5 3

2) 100 mM PRPPb 6 . 7 3.3 2.8 1.8 4.1 1
in Tris/DCl (pH8) 8 . 7 3.9 2.9 2.3 4.6 2
20 yAf Mn2+ 6. 7 3.4 2.4 1. 7 3.9 3

3) 100 mM PRPP 3.2 1.6 1.6 1.9 3.4 1
500 yM OPRTase 3.4 1.6 1.7 1. 7 3.8 3
5 mM Mg2+

4) 15 mM PRPP 0.9 1.0 2.0 2.0 3.6 1
1 mM OPRTase 0.5 1. 7 4.2 4.2 3.7 3
10 mM OMP

5) 15 mM PRPP 7.8 5.1 6.0 6.0 2.8 1
10 mM OMP 9.5 4.8 6.1 6.1 5.3 3
1 mM OPRTase
50 mM Mg2+

a) procedure 1 described by  Mildvan and Gupta, Methods in Enzymology 

49, 322, 1978; procedure 2 is a null-reading estimate described by  

Mildvan and Cohn, A d v .  Enzymology 33, 1, 1970; procedure 3 is 

described by Sass and Ziessow, J. Mag. R es .  25, 263, 1977.

b) Victor, J . ,  and Sloan, D .L .,  unpublished resu lts .
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FIGURE 22. Overlapping NMR Spectrum o f OMP and PRPP. Experimental 
Conditions: Tris/DCl (pD s 8), 220 MHz, 19°C, 0 .5  ml. sample volume.
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An experiment was then run  in o rd e r to examine i f  the p ing  pong  

kinetic mechanism can be observed using  proton NMR. In  this experiment 

the enzyme is provided with the ribose-containing substra te  for  both  the 

forward (OMP formation) and reverse  (orotate formation) reactions, bu t  

the o ther substra tes  for  these reactions are not included. Since PRPP 

and OMP together include all o f  the substra tes  (OMP contains oro ta te for  

the forward reaction and PRPP contains PP. fo r  the reverse  reaction) o f  

the reversible reaction, it was concluded that i f  an E-RibP intermediate 

forms from either direction, the substra te  for  the o ther direction will have 

been provided. Thus i f  the p ing  pong mechanism applies, the  phospho- 

ribosyl intermediate will form only in the presence o f  a divalent metal 

cation: the OMP bound OPRTase will form  in the absence o f  a divalent 

metal cation. The resu lts  o f  this experiment are shown in both Table 21 

(experiments 4 and 5) and Table 22 (experiments 6 and 7).

When OPRTase and OMP were added to PRPP (Figure 22, Table 21) 

the relaxation rates o f  protons H^ and H^ o f  PRPP increased while those 

o f  H j ,  H2 and Hs decreased slightly (exp 44 -  01). The order o f decrea­

s ing  e ffec t was H ^ > H 2 >H2 > H ^ ~  This suggests  that protons H4 

and Hg become more hindered upon binding o f  PRPP to OPRTase.

The addition o f  OPRTase, OMP, and Mg2+ to PRPP led to significant

increases in the relaxation rates o f  protons H j, H2, H2, and H^. The

rate fo r  H g hardly changed at all (exp  45 -  41). The order o f decrease

o f  the e ffec t was Hj > H4 > > H2 > Hg. These results  indicate that

the motions o f  the protons H H ^ ,  H^, and H2 are more hindered, again
2+suggesting  that Mg is coordinated close to the H^ proton.

The relaxation rates o f  p ro tons H H2, H2, and H^ o f  PRPP increased
2+dramatically as a consequence o f  the addition o f  Mg to PRPP, OPRTase,
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TABLE 22. Longitudinal Relaxation Rates (1/sec)  
o f the Protons of OMP

Solution Procedurea
H1 H2 H3 He1 4 | 5 H0

1) 100 mM OMPb 0.9 1.0 1.3
.I...... 1

2. 5 0. 7 1
in Tris/DCl (pH8) 1 .5 2.0 2.5 4.8 0 .7 2

2) 100 mM OMPb 0.6 1.0 1.3 2. 7 0.4 1
20 \iM Co(II)

3) 10 mM OMPb 0.8 1.6 1.4 2. 8 0.4 1
20 yAf Co(II) 1.2 1.6 2.0 4.5 0.8 2

4) 50 mM OMP 1.1 1.3 2.1 3.3 0.4 1
100 yAl OPRTase 1.9 1.4 3.9 5.0 1.0 2

5) 50 mM OMP 1.3 2. 7 2.3 0.8 1
100 yM OPRTase 2.2 1.5 3.9 6.9 1.9 2
20 yAl Mn(II)

6) 10 mM OMP 0.8 ___ 1.0 5.0 0.4 1
1 mM OPRTase 1.4 ----- 7.7 7. 7 1.0 2
15mM PRPP 0.8 ----- 1. 7 5.9 0.4 3

7) 10 mM OMP 2.1 5.1 4.4 1.3 1
1 mM OPRTase 2. 3 ----- 7. 7 6.3 1.4 2
15 mM PRPP 1.6 4.8 4.3 0.8 3
50 mM Mg(II)

a) procedures described in Table 21.

b) Victor, J . , and Sloan, D .L . ,  unpublished results .
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and OMP (exp  #5 -  H ) .  Furthermore, the relaxation rate o f  proton H5 

hardly changed at all. The decreasing Order o f  the e f fec t  was

H1 > ^ 2 > ^ 3 ~ ^ 4 > ^ 5‘ ^ e *ncreases ° f  ra tc ® suggest  tha t the

motion o f  proton H^ is more hindered due to proxim ity to H j o f the
2+site o f coordination o f  Mg .

When PRPP was added to OPRTase and OMP (Figure 22, Table 22), 

the relaxation rates o f  protons H4 and H g o f OMP increased (exp  #6 -  #4). 

The order o f  decreasing e ffec t  was > ^  3 > ^  o > This suggests

the  motions o f H4 and  Hg o f OMP are hindered during  the displacement 

o f  OMP by  PRPP.

When PRPP and OPRTase were added to OMP (exp  -  #1, Table 22) 

the relaxation rates o f  protons H 3, H^, and  Hg of OMP increased. The 

order o f  decreasing e ffec t  was H^.Hg > > Hq > This suggests  that

the motion o f  protons  Hg, H4, and Hg of OMP is influenced by  OMP binding  

to OPRTase.
2+When Mg was added to OMP, OPRTase, and PRPP, the relaxation 

rate of proton  Hg o f  OMP increased while the change in the relaxation 

ra te s  o f  the other protons was less significant (exp §7 -  §6) . The order  

o f  decreasing e ffec t  was Hg > Hq > H^ > H^, Hg. The relaxation rate  

fo r  the overlapping resonances o f  protons H4 and H g decreased. These  

resu lts  suggest  that the motion o f  Hg is more restr ic ted  in the phospho-

ribosyI intermediate than in either OMP-OPRTase or PRPP-OPRTase,
2+Mg may induce a conformational change in the macromolecule which not 

only alters the ex ten t  o f  association b u t  also increases the relaxation 

ra te  for  Hg o f OMP and decreases the relaxation rate for  $ o f  OMP.
94.

When OPRTase, PRPP, and  Mg w ere added to OMP, the relaxation 

rates o f  protons  Hg, H4, and  Hg of OMP increased (exp  #7 -  #1). The
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TABLE 23. Amplitudes o f  the Resonances o f  OMP and PRPP 

at Pulse Sequence Delay (t) o f  2.0 sec. E ffec ts  o f  the Addition  

o f  Mg(U) to a Sample Containing Both  Reactants and OPRTase.

Proton Amplitudes (cm)

PRPP Experiments

(Table 21) H1 H2 H3.H 4 HS

Exp §4 ( -Mg2+) 17 43 45 70

Exp  #5 (+Mg2+) 11 50 40 40

Difference  #5-#4 -6 +7 -5 -30

OMP Experiments  

(Table 22) H1 H2 h 4 . h s H0

Exp #6 (-Mg2+) 33 — 43 70 25

Exp #7 (+Mg2+) 40 — 50 118 65

Difference #7-#6 +7 — +7 +48 +40
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order o f  decreasing e ffec t was H^ > ^ 4 ^ 5  > Hj > HQ. This sug g es ts

that the motions o f  Hg, H^, and Hg are more hindered in the phospho-

ribosyl intermediate than in OMP.

In summary, throughout the  comparison o f  the experiments o f  Table 21

and 22, small e ffec ts  (both diamagnetic and paramagnetic) were found,

confirming the formation o f  metal ion complexes w ith  enzyme, the enzyme

and OMP, and the enzyme and PRPP. In te res t in g ly , resonance amplitude

changes were also observed which could not be explained in terms o f  line

broadening e ffec ts .  These resu lts  are presen ted  below.

When Mg was added to PRPP, OPRTase, and  OMP, the amplitude

o f  proton  Hg o f  PRPP decreased dramatically (Table 23). The order o f
2+decrease o f the e ffec t  was Hg > Wg,H^ > H^ > Hg. When Mg was added  

to PRPP, OPRTase, and OMP, the amplitudes o f  protons  H^, Hg, and HQ 

o f  OMP increased  significantly  (Table 23). The order o f  decrease of the  

e ffec t was H^, Hg > Hq > H^ = H^. The general loss o f  amplitude fo r  PRPP 

and the general gain o f  amplitude fo r  OMP may be a ttr ibu ted  to the 

establishment o f  a new equilibrium reached by  the consumption o f  PRPP
2+by OPRTase to form more OMP. This suggests  that upon addition o f  Mg ,

PRPP and OMP are in equilibrium through a phosphoribosyl intermediate.
2+Thus, only in the presence o f  Mg can one observe a change in 

the peak amplitude confirming the resu lt  o f Victor et. al. (13) that the 

p ing  pong mechanism proceeds only in the presence o f  Mg . These  

NMR results  provide evidence that there are several possible roles for  

the metal in this reversible reaction: b inding o f  PRPP coordinating to 

the PPj moiety and binding to the enzyme altering the ex te n t  o f asso­

ciation. Because o f  this  resu lt,  the previously described s tud ies  o f the 

s tru c tu re  o f  the enzyme using  crosslinking reagents were initiated to
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see what e f fec t  metal tons would have on th is s tru c tu re .

Discussion o f  the Monomer /Dimer Equilibrium

A s  shown in Figure 23, the crosslinking reagents GTA and DMS can 

be envisioned to react with lysine residues in close proximity. These  

lysine residues can be presen t on adjacent monomer units  o f  a dimer as 

illustrated in Figure 24. There can be no doub t, because o f the electro­

phoresis resu lts  (both nondenaturing and dena turing) , that a monomer 

dimer equilibrium ex is ts  for  OPRTase b u t  not for  NPRTase. In  the case 

o f  OPRTase, there are two possible routes for  the formation o f  crosslinked  

dimer (s truc ture  C). The f i r s t  route involves the formation o f  dimer, its  

covalent crosslinking and subsequen t dissociation (A -+ D -+ E  + F +  C). 

The second route involves the formation o f  a complex o f  c ro sslin k er and  

monomer, and the subsequen t formation o f  a crosslink between monomers 

in solution (A -*■ B C). There are three good arguments for  the former  

route taking precedence over the latter route. 1) The concentration o f  

A , the monomeric un it ,  in a solution in which the crosslinker is in a 

> 1000 molecular abundance, should be minimal since most o f  the monomer 

should be  in the form shown b y  s truc ture  B  and  two molecules o f  s tru c ­

tu re  B cannot form a crosslinked dimer. 2) The crosslinking o f  two mono­

meric units  has to be facilitated kinetically by  the noncovalent interaction  

o f units  and thus s tru c tu re  E can easily form a crosslink whereas s tru c ­

ture B must collide with s tru c tu re  A in the correct orientation. 3) Route  

A B + C should not be a ffected b y  the presence o f  substra te  or activa­

tor molecules whereas route A + D + E + F +  C may indeed be a ffected  

by  molecules which bind  to the enzyme and a ffect the monomer /dimer  

equilibrium. Indeed, my observation o f  an e ffec t o f Mg on the relative
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amount o f  dimer may prove the dimer's exis tence in the absence o f GTA 

or DMS. O f course, this discussion assumes a single b inding site fo r  the  

crosslinker  on each monomer. The existence o f  more than one binding  

site, which is probable, complicates the discussion b u t  the conclusions  

should remain the same.

O bservations of O ther Phosphoribosyltransferase Monomer/Dimer Equilibria

The resu lts  o f  this research suggest  that yeas t  OPRTase may ex ist

in the form o f  a monomer or a dimer, and that the activity  that has been

characterized kinetically (13) is that o f  the dimer. Moreover, the enzymic
2+dimer is probably the Mg -enzyme dimeric complex which has been su g ­

gested  to proceed via the p ing  pong kinetic mechanism (37). The overall 

kinetic mechanism in substra te  addition and metal ion activation is shown

in equations 3 and 4. Additionally this new data also explains why a
2+sigmoidal b inding isotherm is obtained from yeas t  OPRTase when Mn

2+ 2+ binds to the enzyme (37). Perhaps Mn as well as Mg promotes the

formation o f  dimer.

OPRTase from Ehrlich ascites cells has also been proposed to undergo  

an activity  altering monomer/dimer equilibrium (25). Whereas the forma­

tion o f  dimers fo r  yeas t  OPRTase is influenced by  the presence o f the
2+cation Mg , it is a function o f  the presence o f anions in the solvent 

for  OPRTase from Ehrlich ascites cells. In the presence o f  dithiothreitol, 

a change o f  anions alters the ex ten t o f  dimer formation through  rap id  

in terconversion .

In this laboratory, hypoxanthine-guanine phosphoribosyltransferase  

from yeas t (HGPRTase) has also been observed  to be p resen t in solution 

as both a monomer and a dimer u s ing  crosslinking reagents. In te res t in g ly ,
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O f
Mg has no e ffec t on this monomer /dimer equilibrium b u t the presence

2+o f  Mg -PRPP does promote the formation o f  the monomer. This difference  

in the e ffectors  o f monomer/dimer equilibria o f two phosphoribosyltrans-  

ferases o f the same species may be a way in which the control o f  PRPP 

allocation among the two reactions is manifested. Certainly more experi­

ments which define the similarities and differences between HGPRTase, 

NPRTase, and OPRTase s tru c tu res  and mechanisms are  called for.
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