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Section I: INTRODUCTION

O ro ta te  p h o sphoribosyltransferase  (O P R T a s e , E . C . 2 .4 .2 .10 ) ca ta lyzes  

the form ation of a  b e ta -g l/c o s id ic  bond be tw een  the nbo se-S '-p h csp h ate  

m oiety ot 5 -form ation of a  beta-g lycosid ic  bond be tw een  the  ribose-5 '- 

p h o s p h a te  m o ie ty  of 5 '-p h o s p h o rib o s y l-a lp h a -l -p y ro p h o s p h a te  (P R P P ) and  

c - t a t e  to form orotid ine 5 '-ph ospha te  (O M P ) and pyrop hosph ate  (PPj). In

organ ism s which have been studied so far, the O M P  thus form ed is 

d ec a rb o x y la te d  by o ro tid in e -5 ‘-ph o sp h ate  d e c arb o x y la se  (O O C a s e , E . C . 

4 .1 .1 .2 3 )  to p io d u c e  U M P .

M O
0  , N H

VV. P V ° v H  O PR T»»* °

*  P P '
M HO OM )__

OfOlOU — -  P P P P  HQ OH

OMP

HO OH ^
OMP ^  C>'

U M P

CO,

F;gure 1.1

it is now generally believed that OPRTase and OOCase exist as a 

bifunctional enzyme complex (also referred to as UMP Synthase) in mamna'is.t
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tissues such as hum an e 7 throcytes and diplcid ceil strains ;Foster et a l.,1 9 7 3 ) . 

other m am m alian  erythrocytes (Tax e t a l.,1 9 7 6 ), bovine brain (A p p e l,1968), calf 

thym us (K asb ekar et a l.,1 9 6 4 ), Erlich asc ites carcinom a (K avipurapu and  

Jo n es ,1 96 4 ), rat (S w een ey  e t a l.,1 9 7 4 ), and m ouse liver and heart (R eyes  and 

Intress, 197 8). Ev idence that a  single poh'Deptide ca ta lyzes  the two step  

conversion of orotate to U M P  has also been found in tom ato cells in culture 

(W a lth er e t al . ’ 984 ). The com plex of these two activities allow s for the efficient 

channelling of O M P  to U M P  w ithout its re lease  into the cytoplasm  w here it can  

be attacked  by nucleotidases. W hile the separation of the two activities  

(O P R T a s e  and O O C as e ) has been  observed in extracts of Erlich ascites  

carcinom a celts (B row n and O 'S u llivan , 1 9 7 7 ), these  studies w e re  done afte r  

prolonged storage of im pure protein and p ro tease s  could have  been  involved  

(M cC lard  e t  a l., 1980). W hen  the two activities are  separated, there is rapid  

inactivation of both activities, with O P R T a s e  activity the m ore lab ile  (Jones, 

1 97 2 ). M ore recently, U M P  synthase from Erlich asc ites cells  has  been  purified  

to hom ogeneity  and it has been  shown that both activities a re  present on the 

sam e polypeptide (M cC lard  e t a l., 1980). Two isom ers exist of the sam e  

m olecu lar w eight but w ith d ifferen t isoelectric  points. Both how ever, contain  

both the O P R T a s e  and O O C as e  activities (ib id.).

D e fic ienc ies  of O P R T a s e  and O D C a s e  activ ities m hum ans produce the 

hered itary  abnorm ality, orotic aciduria. Those suffering from the Type I form of 

the d isease exhibit defic iency of both O P R T a s e  and C O C a s e  activities while  

those having the Type II form are deficient in only O D C a se  activity and are found 

to have norm al or e leva ted  O P R T a se  levels (W orthy e t a l.. 1974). individuals 

with orotic aciduna are  pyrim idine-starved and are  affected  with severe anem ia.



m ental retardation , and excretion ot excessive orotic acid in their urine(Sm rth et 

al.. 1972).

In m a lig ra n t tissue, the rate of nucleotide synthesis is h igher and the 

P R P P  pool size larger (Sperling e t a l.,1 9 7 9 ) than in normal tissue. For instance, 

O P R T a s e  levels  are  significantly higher in fast-grow ing colon tumors  

(W e b e r ,1 9 8 1 ). T h e re fo re , the  pho sphon bosy ltran sfe rase  e n zy m e s  a re  the

logical ta rge ts  of chem o therapeu tic  reagents . 5-fluorouracil e ffec tive ly  inhibits  

tum or growth (A rdalan  e t a l., 1982) but is highly toxic. A llopurinol. an  inhibitor of 

purine nuc leo tide  synthesis , reduces the toxicity of 5-fluorouracil (S chw artz  et 

al., 198 0 ). Thus it has been  suggested that a  com bination chem otherapy of 

inh ib ition  of both purine and pyrim id ine nuc leo tide synthesis  m ay  provide  

effec tive  trea tm en t aga ins t certa in  tum ors provided nucleotide transport can  be  

accom plished  (P lag em a n n  e t a l., 1 9 8 1 ).

In S a c c h a ro m v c e s  c e re v is ia e  (Baker's yeast), O P R T as e  is found not to 

exist in a  com plex with O O C ase , but rather usually exists as a  dim er of 2 

identical s u b u r ts  w ith  a  m olecular w eight of 2 0 .0 0 0  * -  2 ,0 0 0  per subunit (V ictor 

et a l.. 1979). v ea s t cells lack nucleotidase activity (T ra u t.1 9 8 0 ) and therefore  

there is no need for channelling. O M P  has been  observed to accum ulate  in 

yeast cells w hile U M P  is being synthesized (R eyes . 1977 ). The  hum an m alarial 

paras ite  P lasm o d iu m  fa lc io a ru m  also contains O P R T a s e  and O D C a s e  activities  

that can  be  resolved (R athod  and R e y e s ,198 3) and  its O P R T a s e  is m ore  

sensitive :o m ercurial reagents than are  red blood cells. This d ifference might 

offer a possible point of action for an anti-m aianal agent.

The kinetic m echanism  of C P R T a s e  from S a c c h a ro m v c e s  c e re v is ia e  was 

unknown before 1978 (G oitein  et al.). it has been shown by Victor e t al. (1979  a 

& b) that in the presence of excess W g+ 2 , the reaction ca ta lyzed  by O P R T a se

3



proceeds according to a Bi Bi Ping Pong kinetic m echanism  with P R P P  as the 

first bm der in the forward direction, followed by the re lease of PP ,. followed by

the addition of orotate, and finally the release of OMP. This mechanism was 

revealed using standard initial velocity measurements and isotope exchange of 

32PPPi and 32PPRPP an(1 0j 1*c-Orotate and **C-OMP. Mn*2 can replace 

Mg *2 in toe fac tion  and 5-flouro-orotate can be substituted for o’ jtate. It is 

not yet known what form of comp'ex the enzyme forms with the phosphoribosyl 

(PR) moiety of PRPP. Attempts to isolate the E-PR complex by get filtration or to 

visualize it in 31P-NMR have been unsuccessful as of this writing. Experiments 

have been accomplished which point to the presence of at least one lysine 

residue at or near the active sight (Ashton and Sloan, 1986). A nucleophilic 

amino acid residue at the OPRTase active site could stabilize or be interactive 

with the charged nbosyl group (Jencks.1975). It has been theorized that the 

reaction mechanism of OPRTase, proceeds by the formation of a carbocation 

(Goitein et al.. 1978).



Section II: RATIONALE

The purpose of this thesis research w as to exam in e  the structural entities  

of C P R T a se  and its first substrate, PR PP . Tuis w as the first attem pt in this 

laboratory to study a  P R P P  utilizing enzym e in this w ay and it is  hoped that similar 

studies m ay be done eventua lly  on the other P R T ases  so that com parisons can  

be m ade am ong them . The structure of O P R T a s e  w as considered from two 

perspectives: its am ino acid com position and its in te rface w ith  substrate its active  

site. S im ilarly, the structure of the substrate w as to be studied free m solution 

and  bound to O P R T a s e .

For the substrate, w e have chosen to study P R P P , since it is the

com m on substrate of all of the P R Tases. By utilizing 1 H -N M R  spectroscopy to

d eterm in e th e  d is tances betw een  the C -pro tons of the  sugar an d  the m etai 

attached  to it, it is possible to com pare the structure of P R P P -M n 2 *  both on and

off the en zy m e , thereby  gain ing insight into possible ch a n g e s  in structure which

a re  in troduced  as  the en zy m e -su b stra te  in teraction  take s  p la c e .

To beg in to understand  the structure of the e n zy m e  and  a lread y  knowing  

som ething of its subunit com position and m o n c n e r m o lecu lar w r.g h t, our next 

step is to determ ine its am m o acid  distnbution. This gives us a  basis to speculate

on the m eaning of the results of o ther experim ents w hich im p licate  various

essen tia l and strategically  located am ino acids. The second m ethod used to 

study the structure of O P R T a s e  w as through the 1 H -N M R  spectroscopy of the  

enzym e, if the 1 H -N M R  spectrum  of an  enzym e is reso lved  enough so that

individual peaks can  be discerned, m en it is possib le to determ in e  w hether the

e n zy m e  is undergoing any gross con form ational ch an g es  o ver conditions such

5



as pH change, by examining the native spectra, the affected spectra, and the 

predicted random coil spectra.

O n a different level is the enzym e active site, the juxtaposition of amino

acids which sets the stage for catalysis. The am ino acids of the active site w ere

studied by two m ethods: 1)change m enzym atic activity with pH over a range in

which the enzym e and substrate are  stable and 2) reaction o f O P R T a s e  with

group specific m odifying reagen ts  w ith concom itant loss of enzym atic  activity and  

the protection from inactivation a ffo rded  by substrates.

All o f the experim ents m entioned abo ve can  be  used to better 

understand the events  taking p lace a t the active site of O P R T a s e  during catalysis.



Section III: MATERIALS

P ressed  Baker's yeast (B udw eiser Brand) w as obtained  from Valenti 

Yeast, Inc. fFlushling, N. Y ). Sephadex G -10 , -25 . and -100 , and Blue 

S e p h aro se  CL 6 9  w ere  purchased  from P h arm a cia  Fine C h em ica ls  (P iscataw ay, 

N. J ). C e lle x -D  (D E A E  C e llu lose) and Biogel H T P  (hydroxylapatilte) w ere  

p urchased  from B io -R ad  Laboratories (R ichm ond. C a .) . S igm a C hem ical Co. 

supplied  P R P P  (sodium  sa lt), O M P  (sodium  sa lt), d ie thy lpyrocarbon ate , orotic  

ac id , p -b ro m o -p h e n a cy l-b ro m id e , and  h yd ro xy lam in e-H C I. A b so lu te  e thano l w as  

supplied by U .S . Industrial C hem ica l Co. All o ther chem icals w ere  reagent grade.

7



Section IV: METHODS

P U R IF IC A T IO N  O F  O P R T A S E

All steps w ere perform ed at 4 0  C  unless otherw ise indicated. The

purification procedure w as basically that of Victor e t a l (1 9 7 9 ), w ith a  few

a lte ra tions.

A u to ly s is : B aker's  Y e as t (Budw eiser Brand. St. Louis, M o. distributed by 

V alen te  Y e as t C o ., Flushing, N . Y .) w as suspended in a m ixture o f 0 .3  M  

potassium  phosphate buffer a t pH 8 and  toluene. T h ree  liters of buffer and 500

m l to luene w ere used for each  10 lbs. of y e a s t  The m ixture w as stirred gently for

4 nours, kep t a t a  constant tem perature o f 3 0 °  C  in a w a te r bath, and adjusted  

periodically to pH 8 by adding sm all portions of 5 N K O H . The autolysate w as then  

cen trifuged  in a  Sorvall R C -2B  re frigerated  centrifuge for 2 0  m inutes at 8 ,0 0 0  rpm 

(approxim ate ly  1 0 ,0 0 0  x g ). A lternative ly , it w as filte red  through W hatm an  fluted 

filter paper. The sup ernatant from the centrifugation w as filtered  through a  few  

layers  of cneeseclo th  to  rem ove  fluffy lipid m ateria ls .

A m m onium  S u lfa te  F ra c tio n a tio n : The partially clarified auto lysate w as  

adjusted to pH 5 with 8  N acetic acid with gentle stirring in the presence of 1% 

ethano l to prevent foam ing. Solid am m onium  sulfate w as add ed  to the acidified  

auto lysate to o 'jta in  5 0 %  saturation (3 1 3  gram s am m onium  sulfate per liter of 

auto lysate). This addition w as carried  out over several hours with gentle stirring, 

and  the solution w a s  then a llow ed to stand overn igh t to allow  com plete  

precip ita tion. The p rec ip ita te  w as collected by cen trifug ation  19.000 rpm , 

approxim ately  12 ,500  x g for 20  m inutes) and then red issolved in a  minimum  

volum e of 25 m M Tris-H CI at pH 8 (about i  liter per 10 lbs. yeast). This produced



a cloudy suspension. The preparation was then adjusted to pH 9 with 1 N KOH  

and dialyzed against 16 liters of 10 m M Tns H C l pH 8 overnight. It w as then

centrifuged at 8 ,5 0 0  rpm for 20 m inutes to rem ove undissolved m aterial.

R em oval of Nucle ic A c ids: 1M M nCl2 w as added to the clarified ammonium  

sulfate fraction to a  final concentration of 50  m M  with respect to M nC I2 . The

solution w as stirred gently for 30  m inutes and  then centrifuged (8 .5 0 0  rpm , 20 

m inutes) to rem ove nucleic acids.

E ih an o l F ra c tio n a tio n : To each 250  ml of the above supernatant, 100 ml of 

acetate  buffer (2  M , pH 6 ) and solid orotate to a  final concentration of im M , w ere  

added . The solution w as cooled to below  0 °  C  in an  ice-ethanol-d ry ice bath. 

9 5 %  ethanol (chilled in dry ice-acetone to below  -2 0 °  C ) w as added to the 

acid ified  protein preparation, with swirling, to a  concentration of 15%  (v /v , 180 ml 

E tO H /1 ,0 0 0  ml solution). T em pe ra tu re  of the m ixture w as checked  a fte r each  

addition of ethano l, and  the m ixture w as  cooled to be tw een  0 °  C to -2 °  C before  

m ere w as add ed . The precip ita te  w as quickly rem oved by cen trifugation (8 .5 0 0  

rpm , 10 m inutes) a t -1 5 °  C , in m etal centrifuge cups which had been  precooled. 

At a n y  g iven tim e, only enough solution w as treated as  could be  centrifuged in 

one run. The sup ernatant w as then treated with add itional ethano l to increase  

the concentration to 5 0 %  (8 2 0  ml E tO H /1 ,0 0 0  ml original solution). The  

precip ita te  w as co llected  by centrifugation a t -1 5 °  C and dissolved in a minimum  

volum e of Tris-H C I (25m M , pH 8, 200m l). A fter stirring for 30  m inutes, the 

suspension w as cen tn fuged  and the precip ita te  re -ex trac ted  with a  sm all volum e  

of the sam e buffer. The com bined extracts w ere then d ia lyzed  overn ight against 

16 liters of 25  m M Tris at pH 8.

H e a t T re a tm e n t: The d ialyzed ethanol fraction w as m ade to 2 mM m M gC l2

and 1m M  in orotate. Aliquots of 2 5 0 -3 0 0  ml each w ere heated  rapidly m m etal
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certrifu g e  cups by placing them in a  constant tem perature bath at 5 3 °  C lor 5 

m inutes. They w ere then transferred im m ediately to an ice-salt m ixture at 2 °  C. 

The preparation  w as then centrifuged at 8 ,5 0 0  rpm for 20 m inutes to sedim ent 

denatu red  protein. A small am ount of pink-tinged precip ita te w as rem oved by this 

pro ced u re .

Note: Throughout the rest of the punhcation procedure, all 

buffers, both for chrom atography and dialysis, w ere  a t pH 8  

and  con ta ined  im M  oro ta te , un less o therw ise specified .

S e o h a d e x  G-1QQ G el C h ro m a to g ra p h y : The supernatant from the previous  

step w as concentrated by an Am icon ultrafiltration unit (4 0 0  ml capacity) using a 

P M -1 0  m em brane. (Tw o  attem pts w ere  m ade to con cen trate  the protein solution  

at this stage of purification by  adhesion  and elution of O P R T a s e  from D EA E  

C ellu lose, but the O P R T a s e  failed to bind to the D EA E m atrix until it had been  

e lu ted  from S e p h ad e x .) A nitrogen pressure of 70  psi w as em ployed  until a  

volum e of less than 100 m l/to  lbs. of yeast w as obtained. The re tentate  w as  

divided into portions of approxim ately  40  ml and carefully app lied  to a  colum n of 

S ephadex G -1 0 0  equ ilibrated with lO m M  Tris-Hcl and 40m M  N a C I (2 .5  x 60  cm ). 

Fractions of 10 ml each  w ere  collected and an elution profile of one peak of 

activity follow ing a  huge p e a k  of protein and unprecip itated  deb ns  w as produced. 

Those fractions containing over 2 0%  of the activity found in the m ost active  

portion w ere  pooled. The protein c leared  the colum n m four hours, allowing for at 

least 2 runs a  day.

C e lle x -D  l D E A E  C e 'iu lo s e ) C h rc m a to o ra o h v : The pooled G -10 0  fraction was  

d ialyzed  tw ice against 10 liters of 10 m M potassium  phosphate buffer for 4 hours. 

The diaiysate was then app lied  to a column (2 .5  cm x 37  cm ) of DEAE-cel'utose
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equilibrated with the sam e butler. The enzym e w as then e luted with a  linear 

gradient betw een 750 ml each ot 10 m M  and 200  mM potassium phosphate  

butter. Fractions of 6 .6  ml w ere collected. The elution profile ot the enzym e trom 

D E A E -ce llu lose w as com posed ot one m inor peak follow ed by one m ajor peak, 

follow ed by a p lateau ot activity. As the D E A E -ce llu lose w as re-used , the 

resolution of the peaks becam e less distinct. The two peaks have been studied 

by other researchers  (Yoshim oto et al. 197 8 ) and found to have m olecular 

w eights of 32 .00C  and 3 9 ,0 0 0  respectively , as determ ined  by calibrated  

S ephadex G -1 0 0 . These two forms do not seem  to interconvert.

It w as found by this researcher and Lewis H anna that O P R T a s e  and N P R T a se  

copunfy through the ethano l fractionation step. In la te r preparations, Phosho- 

C e llu lose  colum n chrom atography w as run a fte r that stage of the purification. 

N P R T a s e  b inds to the P h ospho -C ellu lose  co lum n a t low  bu ffer concentration  

w hile  most of the O P R T a s e  passes through the colum n. W h en  this procedure is 

perform ed during the  purification of O P R T a s e . it is observed  that only one  

significant pea k  of activity appears in the elution profile of D E A E . This peak  

elu tes  at the sam e ionic strength as the m ajor peak  m entioned above.

B io -G e l H T P  (H v d ro x v la o a tite ) C h ro m ato g ra p h y: The fractions of the major 

active pea k  from the D E A E -ce llu lose  w ere poo led and then d ia lyzed  agam st 10 

liters of 10 m M  potassium  phosohate buf'er. The d ialysate w as then applied to a 

colum n (2  x 37 cm ) of Biogel H TP  hydroxyiapatite, previously equ ilibrated with the 

sam e buffer The enzym e w as eluted with a  linear gradient betw een 500 ml each  

of 10  m M  and 200  m M  potassium  phosphate buffer, (if this procedure is omitted, 

the enzym e eluting trom Blue Sepharose g ives Two bands on disc gel 

e le c tro p h o re s is ) Fractions of 6 6  ml w ere collected. The enzym e activity eluted
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from the hydroxylapatite colum n m one peak, unless the DEAE Cellu lose column  

w as om itted

B lue S e o h aro sa  A ffin ity A d so rb en t: Tw enty gram s of Blue S epharose C L -6B

w as w ashed  in a sintered glass funnel with cold distilled w ater (200  ml per gram  

dry w eight). The gel w as then suspended in 10 m M  Tris-H C l (w ithout orotate) 

ar,d poured into a  colum n (2  5 x 25 cm ) and equilibrated with the sam e buffer.

The hydroxylapatite  traction w as d ia lyzed  against 10 m M  Tris (w ithout orotate) tor 

four hours and then app lied  to the colum n. The colum n w as then w ashed with 10 

m M  Tris -H C l bu tler (w ithout orotate) until no m ore protein e lu ted . O P R T a s e  w as  

then e lu ted  by w ashing the colum n with a  solution ot 0.1 m M  O M P  in 10 m M  Tris-

HCl butter (p H  8). The enzym e eluted in a  very sharp band. The column w as then

w ashed  with high salt to rem ove all protein. This e luent contained little or no 

O P R T a s e  ac tiv ity .

S P E C T R O S C O P IC  A S S A Y S

initial ve loc ity  m easu rem ents  w ere  carrried  out spectrophotom etrica ily  a t 2 5 °  

C, using a  C a ry  15 recording spectrophotom eter by the m ethod of U m ezu  e t al. 

(1 9 7 1 ). The final saturating substrate concentrations ot reactants m 1 ml ot assay

solution for the phosphonbosyitransferase (lo rw ard ) reaction w ere  100 p M

P R P P , 300  ) iM  orotate . and im M  M g C ^ . m 50  m M  Tns-H CI buffer at pH 8 .0 . The

final saturating reactant concentrations m 1 ml ol assay solution for the 

pyrophosphory iase  (re ve rse ) reaction w ere 125  p M  O M P , 2 .5  mM  

pyrophosphate, and 2 m M  M g C lj m 50  mM Tns-H C I at pH 8 0 . The reaction was

initiated by the addition of an aliquot ol enzym e ( 2 - 5 x l0 '4 mg purified O P R T ase)

to 1 ml assay solution, initial veiocnt'es w ere determ ined as the siope of the

tangent to the beginning of the trace ol absorbance versus hrne at 295 nm, and

then converted to units of ^ m o ie s  of O M P  syn thesized or deg raded  per m .nute.
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A drop in absorbance is seen during the phosphoribosyl transfer reaction and an 

increase in absorbance is seen in the pyrophosphorylase reaction. The  

difference in the m olar extinction coeffic ient for orotate and O M P  at 295 nm is 

3 9 5 0 .

P H -S T A B IL IT Y  S T U D IE S

The stability of O P R T a s e  over the pH range studied w a s  determ ined  by 

incubating aliquots of the enzym e at each  pH and rem oving cata lytic  am ounts a t 

various tim es and assaying them  tor the phophoribosyl tran s ferase  activity in Tris- 

HC l at pH 8 .

P H -A C T IV IT Y  P R O F IL E S

Assays w ere  perform ed over a pH range of 4 .5  through 9 .5 . Various buffers

with optim al buffering capacity a t a  range of pH 's w ere  used so that the entire  

range of 4 .5  through 9 .5  could be covered . These included: Sodium  acetate  

(p K a » 4 .7 5 ),  T ris -H C l (p K a -8 .1 5 ) ,  g lycy lg lyc ine  (p K a - 8 .2 ), po tass ium  phosphate  

(p K a -6 .6 ), and trie thano lam ine. The pH of the m ixture w as recorded before and  

afte r the reaction to check if any  changed occurred during the reaction. The pH  

of the m ixture, not the added buffer, w as recorded as  the pH studied m kinetic  

w ork. For the  phosphoribosyltransferase (fo rw ard) reaction , the assay  m ixture  

contained  3 0 0  n M  oro ta te , im M  M g C ^ , ar.d a range of 1 0 -2 0 0  P R P P  in 50

m M  Buffer at the pH  indicated. For the pyrophosphorylase (re v e rse ) reaction , the 

assay  m ixture con tained  2 .5  m M  pyrophosphate, 2 m M  M g C l2 and a  range of

3 .7 5  -25 u M  O M P  in 50  m M  buffer a t the pH indicated.

C H E M IC A L  M O D IF IC A T IO N

P u i ' ie d  O P R T a s e  w as passed through a  P D -1 0  S e p h a d e x  colum n  

equ ilib ra ted  with 10 m M  potassium  phosphate buffer (pH 8 ) to rem ove O M P  

added  during the last step c f purification.
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General Incubation Procedure lor C o m ica l Modification

Each incubation m ixture contained 0 2 ml ol 15 m M  buffer 0 05  ml of H2 3,

0.C5 ml ol O P R T ase  stock solution (enough lor six assays). A  0 .05 0  ml aliquot 

(or 1/6 the vo lum e) w as rem oved and assayed  for phosphoribosyltransferase  

activity as described under 'S pectroscopic A ssays,* to give a  before or zero-tim e  

activity. This left enough enzym e for five assays. As is detailed  under each  

exp e rim en t, co n cen tra te d  reag e n t solution, H 20 ,  P R P P  an d /o r M g * 2 to m ake a

total volum e of 0 .0 5 0  m l, w ere  then added to the rem ain ing 0 .2 5  ml of incubation  

m ixture and the clock w a s  started . At various intervals, usually 1/2 min., 5  m in ,

15 m in ., and 3 0  m in ., 0 .0 6 0  ml (or 1/5 the volum e) aliquots w ere  rem oved and  

a s s a y e d  fo r p h o sp h o rib o sy ltra n s fe ra se  activ ity .

B rea kdow n  of D ie thy l P v ro carbona te  under C ontro lled  C o nditions

D iethyl P yro carbonate  (D E P C ) is unstab le  in aq u eous solution, rap id ly  

break ing  down to C 0 2 and ethano l. There fore , the concentration of D E P C  in the

incubation m ixture does not rem ain  constant w ith tim e. S ince the rate  of 

breakdow n of D E P C  is also influenced by pH , a  study w as perform ed to 

determ ine a  rate of breakdow n of D E P C  over a  pH range of 4 5 thru 9  in 

potassium  phophate buffer. D E P C  m ethano l w as add ed  to 0.1 m M potassium  

phosphate buffer a t the indicated pH. At various tim es, im i aliquots w ere  

rem oved  and p laced  in disposable culture tubes containing 2 ml of 10 m M  

im idazo le . S ince im adazo le  reacts w ith D E P C  to form a com pound which has an 

extinction coeficient of 3  x 103 M ' 1 cm 1 at 240  nm , tb s  property can be utilized  

to d e term in e the concentration  of D E P C  in solution.

'nhibition with Diethyl Pvrocarbonate

D E P C  w as p laced in absolu te  ethano l and  dilu ted to various concentrations  

just prior to use. The D E P C  concentration of these  solutions w as d e te m .n e d
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spectroscopical.y usm g published procedures (M iles , 1 97 7 ) The buffer used  

w as potassium phosphate since D E P C  has a very short half-life in Tns-H CI. After 

rem oving an aliquot and assaying for zero -tim e activity (see  ‘ G enera l Incubation  

P rocedures' above), 0 .03  ml of distilled w ater and 0 .0 2  ml of one of a  range of 

concentrations of D E P C  in ethano l w ere  added. Control sam ples contained 3 02  

ml of ethanol in p lace of D E P C  solution.

Inhib ition  with o-Brom o P h enacv l Brom ide

Stock solutions of p -brom o-phenacyl brom ide (pB P B ) w e re  m ade up in 

aceton e. Incubations w ere  run in 10  m M  potassium  phophate buffer. A lter the  

rem oval of an aliquot for zero-tim e assay, 0  02  ml of distilled w ater (or a  M g + 2 - 

P R P P  solution) w as added to the 0 .2 5  ml incubation m ixture rem ain ing and 0  03  

ml of pBPB stock solution added to initiate the reaction. Control sam ples  

contained  0 .0 3  ml ace tone in p lace  of pB PB  solution.

Inh ib ition  w ith H v d ro x lan v n e  H ydroch lo rid e

H y d ro xy iam in e  h yd ro ch lo ride  (N H 2 O H  H C I) w as adjusted to pH 8 with NaO H

and m ade up to a  concentration of 1 M  for the stock solution which w as then

cilu ted  as  necessary. Incubations w ere  perform ed m Tris -H C l according to the

p ro ce d u re  d es crib e d  under ‘ G e n e ra l incubation  P ro c ed u res* ab o ve .

A M IN O  A C ID  A N A L Y S IS

S am p les  of O P R T a s e , purified to hom ogeneity , w e re  sub iected to am ino

acid analyses. Som e w ere  ana lyzed  as is and others w ere first incubated with 

D E P C  or N H 2 O H . The sam ples w ere  d ialyzed against double distilled w ater. Ail

handling of d ialysis tubing w as done w earing rubber g loves, to reduce the 

possibility of contam ination of sam ples with am m o acids from skm and sw eat. An 

equal volum e of d ia lysate  w as rem oved and saved  for b ase line  com parison and  

then each  sam ple w as frozen and lyophiiized The sam ples w ere then given to
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Larry Brink in the laboratory ol Stanley Stem  (Roche Institute lor M o'ecuiar 

Biology) lor analysis by his published procedure (Stein e l al, 1j 73). in short, this 

m ethod involves the acid hydrolysis o l the protein to its constituent am ino acids, 

separation of the am ino acids by H P LC , reaction of H P lC  effluent with 

llu o re scam in e  to produce fluorescent com plexe s  and quan tifica tion  by passing  

through a fluorescent detector. This m ethod can detect am ino acids in the  

picom ole range and  therefore protein in the m icrogram  range , which am ounts to 

catalytic  am ounts of en zy m e . Proline, tryptophan, and cys te ine  content w ere  

d eterm ined  separate ly . Proline is deg raded  by the acid  hydrolysis and  

tryptophan and cys te in e  c o m p le te d  with lluo re scam in e  are  in te rn a lly  quenched  

(C hen  e t a l., 1978 and Stein and B rink .1981 ).

C O M P U T A T IO N  O F  N M R  S P E C T R U M

M cD onald  and Phillips (1 3 6 9 ) have designed  a  procedure w hich can predict 

the 1H- N M R  spectrum  of a  protein, using the am ino acid analysis of the protein  

and  triang les to represent the resonance of individual residues. This  procedure  

w as developed  for random  coil proteins , w here  the residue side chains are  m an  

aqeuous env ironm en t . H ow ever, since the native protein con tains residues, 

m any of w hich are m the internal protein environm ent, this procedure cannot be 

expected to produce an accurate  picture ot the native enzym e . >t can, how ever, 

be used to prelim m anly identify the peaks of the actual N M R  spectrum .

M cD onald  and Phillips' basic Drocedure involves the assignm ent of a triangle  

for each proton species. Each triangle is of equal area , but the base is 

determ in ed  by the exp ected  am ount of splitting by ad jace n t protons (i.e . the 

m ore splitt ng, the w ider the base, and thereby the shorter th-.* a ltitude.) The  

altitude of the triangle 'S then multiplied by the num ber of equ iva len t protons cer 
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To predict the N M R  spectrum ol O P R T a s e . the values 'o r base and attituce  

determ ined by M cDonald and Phillips and the amino acid analysis perform ed on 

purified enzym e w e re utilized. Tne altitude of each triangle w as m ultiplied by the 

distribution of am ino acids residues of each  type determ ined in the am ino acid  

analysis experim ent

A com puter program , N M R S P E C  (A ppendix 5 ), w as written to determ ine the  

total altitude value for eac h  constituent proton species triangle and to perform the  

sum m ation o l these triang les . Th is involved the  determ ination  o f the com posite  

height ot all the contributing triang les.

For each  proton species, the  height o f the triangle w as determ ined  at 

positions 5 H z apart (based on a  220  M  H z instrum ent), for a m axim um  of 360  

positions for the entire spectrum . This value w as added to a  m aster Me of those  

positions and the nam e of the proton species recorded. These positions w ere  

then converted to chem ical shifts in parts per million so that the generated  

spectrum  could be com parable  to the actual spectrum  (taken with a 300  M H z  

instrum ent). The data  for N M R S P E C  (A ppencix 5 ) are listed in Tab le  IV . 1 A'l 

values are from  a published article (M cD onald  & Phillips, 1 96 9 ) except lor that 

listed under ‘ N u m b er.* For each  proton species, the central position and base  

are listed in H z (lo r a 220  M Hz instrum ent). Heights are the a  titudes ol tne 

constituent tnang les. N um ber represen ts  the Quantity ol each  am ino acid  

present m O P R T as e  as determ ined  by am m o a c d  analysis (se e  "R es u lts ',. The 

printout lor N M R S P E C  (Appendix 5) is listed in Appendix 8 . G raph.cal 

represen 'ation of the com posite spectrum as w ell as a  co m p ars o n  ol it to the 

exp erim en ta lly  derived  spectrum  can be found in ‘ R esults .*

PH  D E P E N D E N C E  O F  * H  N M R  S P E C T R U M  O F  O P R T A S E



T A B L E  IV.1 
Input for NMRSPEC

R e s id u s - P r o t o n s Position Bass Altltud# Num ber
LEU C H 3 195 30 40 16
L EU  B -C H 2 + G -C H 360 40 15 16
ILEU  C H 3 183 40 30 14
ILEU  CH2 250 60 3.3 14
ILE U  C H2 310 60 3 3 14
ILE U  B -C H 2 425 50 4 14
V A L  GH3 205 34 35.2 9
V A L  B -C H 2 495 50 4 9
A L A  C H 3 310 36 16.7 16
T H R  C H3 270 32 18.7 8
L Y S  G -C H 2 315 60 6.7 12
L Y S  D -C H 2 + B -C H 2 370 60 13.3 12
L Y S  E -C H 2 665 44 9.1 12
A R G  G -C H 2 365 56 7.2 7
A R G  B -C H 2 405 48 8.4 7
A R G  D -C H 2 705 28 14.3 7
PR O  G -CH 2 445 42 9.5 7
P R O  B -C H 2 465 50 8 7
P R O  D -C H 2 725 60 6.7 7
G L U  B -C H 2 435 40 10 11
G L U  G -C H 2 500 40 10 11
G L N  B -C H 2 455 40 10 11
G L N  G -C H 2 510 40 10 11
A S P  B -C H 2 590 110 3.6 8
A S N  B -C H 2 615 60 3.3 8
A S N  B -C H 2 635 60 3.2 8
M E T  C H 3 455 * 20 30 2
M E T  B -C H 2 455 44 9.1 2
M E T  G -C H 2 565 32 12.5 2
C Y S  B -C H 2 665 24 16.6 2
H IS  B -C H 2 700 56 7.15 6
H IS  IM -C 4 1555 20 10 6
HIS  IM -C 2 1740 20 10 6
T Y R  C H 2 655 60 6.7 7
T YR  0  TO  OH 1500 34 11 8 7
TY R  M T O  OH 1560 34 11.8. 7
P H E  B -C H 2 650 60 3 3 8
P H E  B -C H 2 700 60 3 3 8
P H E  A R O M 1600 60 16.7 8
T R P  B -C H 2 745 54 7.4 2
T R P  IN C2 1585 20 10 2
TRP IN C5.C6 1550,1565 30,30 6.7,67 2.2
T R P  IN C 4,C 7 1640.1660 36,36 56.5.6 2.2
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The 1H -N M R  spectra o l O P R T as e , purified to hom ogeneity , w as taken on a 

3 0 0  M H z N icoiet F T -N M R  spectrom eter w ith tem perature controls set at 1 9 ° C. I 

wish to acknow ledge the R o ckefeller N M R  Consortium  for allow ing m e this 

in s tru m en t tim e.

The en zy m e had been  d ia lyzed  extensive ly  aga inst phosphate at pH 8 .0 . it 

w as then lyophilized, dissolved .n 95 %  D 2O , re -lyoph ilized . and dissolved in 

9 9 .9 %  O 2 O . The first spectrum  w as run on this sam ple of O P R T a s e .

C o ncen tra ted  O CI w as then add ed  to the sam ple to adjust its pH successively to 

pH  7 .7 , then pH 7.0  then pH 6 .0  and finally pH 5 .0 . At eac h  pH , the spectrum  

w as printed out a fte r all the acquisitions w ere com pleted. The one exception was  

pH  7 .0  a t w hich the spectrum  w as  first printed out a lte r 9 3 6  acquisitions and then  

a fte r  3 0 7 2  acq u is ition s .

In an  effo rt to conserve the en zym e and reduce the tim e it spent unfrozen  

and at low pH , the num ber of acquis itions w as restricted to just enough to discern  

individual peaks. T h e re fo re , a  com parison of heights of one spectrum  versus the 

o th er can n o t be  done.

A fter the sam ple w as ana lyzed  a t pH 5 .0 . it w as quickly brought up to pH 7 

with N a O D , P R P P  and  M g * 2 w ere added as stabilizers, and it w as quickly frozen  

at -7 6 °C .
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USE O F 3 2 p .M M R  S P E C T R O S C O P Y  IN S E A R C H  O F  

A P R IB  O P R T A S E  IN T E R M E D IA T E

The 3 2 P N M R  spectra w ere perform ed on a JE O L 4 0 0  M  Hz FT -N M R . I wish 

to acknow ledge the C U N Y  N M R  C o n s o rt iu m  for this instrum ent tim e.

The enzym e used in the NM R  study above, rem ained  frozen for 2 years.

W hen it w as thaw ed, it still retained catalytic activity. To test w hether a P -R ib- 

O P R T a s e  had form ed, three spectra w ere taken. First, the 3 2 P -N M R  spectrum  

of this solution w as perform ed. The O P R T a se  solution w as then d ialyzed  

extensive ly  and its 3 2 P -N M R  spectrum  taken again . Follow ing that, orotate  w as  

then added to the solution and it ^ 2 P N M R  spectrum  taken ag a in . The spectra  

and analysis thereof are  found in ’ Results.*

D E T E R M IN A T IO N  O F  M E T A L -P R O T O N  D IS T A N C E S  O F  T H E  M N 2 *  -P R P P  

C O M P L E X  IN  T H E  P R E S E N C E  A N D  A B S E N C E  O F  O P R T A S E

P re o ara ticn  of P R P P  and  O P R T a s e  solutions

All g lassw are w as w ashed  with distilled w ater, soaked for a t least S hours m 

H N O 3 , nnsed aga in  with double distilled w ate r and then re -nnsed  w ith w ater which

had bee n  passed thru a  C h e le x -1 00  colum n. P R P P  w as dissolved in 5 mM Tns- 

HC I buffer a t pH 8 .0  and  the solution pressure squ eezed  through a  m m i-co!um n  

of C h e le x -1 0 0 , p reviously  equ ilib rated  with m eta l-free  Sm M . pH 8 0 buffer. The  

coium n w as then w ashed  with th ree -1 ml aliquots of C h eiexed  w ater, to insure 

rem oval of residual P R P P  from the colum n. The P R P P  solution w as then  

lyophihzed and the residue dissolved in 9 5%  D 2 0  fo llow ed by reiyophihzation  

and  dissolving in 99  S% D2 0  to a final P R P P  concentration of 100  m M  PR PP . A

second solution w as m ade up with 10 n M  M n2 * .
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A 17 rrg  sam ple of hom ogeneous O P R T a s e , (show ing 1 band cn d is cg e l 

electrophoresis both with and w ithout 3 D S ) w as used for th s experim ent. This 

represented the yield from nearly 150 pounds of yeast. All handling ot the 

sam ple in preparation for the NM R  experim ents w as perform ed at 4 °  C. with 

storage a t -7 6 ° C. The sam ple w as dialyzed extensively against 1 m M  Tns-HCI 

buffer, at pH 8 .0 . M eta l ion traces w ere rem oved from the enzym e sam pie by 

pressure squeezing  through a m in i-colum n of C h e le x -1 0 0 . The H 2 0  w as then

rep laced  with D2 0 as  follows: The enzym e solution w as  lyoph lized , and the 

residue dissolved in 9 5 %  0 20 .  The sam ple w as then re lyoph ilized  and stored

frozen in a desiccator until time of experim ent. The residue w as then dissolved in 

9 9 .9 %  D 2 0  and P R P P  prepared in D2 0  added to a  final volum e of 0 .4  ml. The

5m m  N M R  tubes used in this experim ent w ere  obtained  from W ilm ad G lass  

Com pany. Chronologically, this w as the first N M R  exp erim ent perform ed. The  

sam ple w as  then used for the pH -d e p en d e n ce  and E -R P  in te rm ed iate  studies.

T h e  sam ples contain ing en zy m e  w ere  run s e q u e n tia lly , (as  listed in 

■R esults ') and w ere  p r e p a id  from the initial P R P P -O P R T a s e  sam ple in the 

following m anner: Additions of M n2 *  w ere done by the addition of 5 p.1 aliquots

of a 0 .4  mM solution of M n2 *  Dilutions of O P R T a se  w ere done by the addition of

a equal volum e of solution containing am ounts of M n2 * and PR.-'P . w ithout 

O P R T a s e . This solution w as divided and half used as the n e tt  sam ple.

R e 'a x a tu n  M e a s u re m e n ts

M agnetic  re laxation  m easu rem ents  of the longitudinal re laxation  rates of the 

proton resonances of P R P P  we e m easured , a t 1 5 °  C , by em ploying an in ve rsc n  

recovery m ethod at 2 2 0  M H z using a V a n an  H F -2 0 0  FT  N M R  Spectrophotom eter 

at R o ckefeller University. For PR PP alone, readings w ere taken at T *  0 .1 , 0 2, 

0 .3 , 0 .4 , 0 5, 0  6 , 0 .7 , 0 8 , 0 .9 , 1.0. 2 0 , 3 0, 5 .0 , and t0  0 seconds. For the



P R P P M n 2 * com plex, readings were taken at T -  0 01, 0 05 , 0 .0 7 , 0 .1 , 0 2, 0 1. 

0 .4 , 0 .5 , 0 .6 , 0 7, 0 .8 , 0 .9 , and 1.0 seconds. In the presence of O P R T ase ,

spectra w ere  collected at T •  0 .0 1 , 0 .05 , 0 .1 , 0 .2 . 0 .3 , 1.0, and 5 .0  seconds. The

spectra, thus produced, w ere based on 2 56  acquisitions under each  T  listed. 

A ss ig n m en t of P ro ton  R eso n an ces

The d ifferent proton resonance signals of P R P P  w ere  ass igned by 

com paring d ifferen t peak heights and by com parison w ith previously established

reson ances of protons of sugar rings in nucleosides and nucleotides (A itona and

S u ndara ling am , 1 97 3 . and D av ies  and D anyluk, 1974).



Section V: RESULTS

P U R IF IC A T IO N  O F  O P R T A S E  FR O M  B A K ER 'S  Y E A S T

O ro ta te  phosphoribosyltransferase w as purified from B aker's  yeast 

according to the procedure described in 'M e th o d s .* The procedure w as

perform ed m several batches, over the course of four years , on a total of

approxim ately 200 pounds of yeast. The total yield w as approxim ately 25 mg.

The bulk of the enzym e w as needed for the N M R  work. Som e of it could be 

conserved  betw een  N M R  experim ents. The en zym e used for pH studies, 

chem icai m odification, and am ino acid analysis w as not recyc lab le .

if all steps w ere  follow ed, a  single protein band w as obtained on 

polyacry lam ide gel e lectrophores is  run a t pH 8 .9  in the presence and absence of 

sodium dodecyl sulfate. Any protein used for am ino acid  analys is  or N M R  work 

g av e  one band , w hile som e of the enzym e used for the k inetic studies contained  

a sm all am ount of a  single impurity. .

PH  S T A B IL IT Y  P R O F IL E  O F  O P R T A S E

The stability o f the  O P R T a s e  over the pH ra rg e  studied is represented in 

Fig. V .1 D epicted in F ig.V . 1a is the activity rem aining at various tim es during the

incubation of O P R T a s e  at pH 's 5 thru 8 . Fig. V . ib  depicts the activity rem aning

after 15 m inutes of incubation at vanous pH 's from 4 5 thru 9  5. As can be  seen

from these figures, O P R T a s e  is stable for 15 m inutes thru pH 9 .5 . w ith over 80%

of the activity rem aining at pH 5.5  and 73%  of the activity rem ain ing after that

length of time at pH values as low as 4.5.

Sm ce the velocities derived for the kinetic studies utilized, a t most, only 

the first 2 to 3 m inutes of each trace, any denaturation of the enzym e at the pH's 

studied should only account for up to a 5%  drop in activity even  at pH 4.5.



F ig u re  V.1
Stability of OPRTase:

a) Activity remaining at various times with 
incubation at: pH 5 (open triangles), pH 6 (open circles), 
pH 7 (closed triangles), pH 8 (closed circles)

b) Activity remaining after 15 minutes of 
incubation versus pH of incubation mixture.
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There fore , the change in velocity of the enzym e cata lyzed feaction (in the pH 

range of 4 5  to 9 .5 ) cannot be attributed to the denaturation c ' the enzym e. 

P H -A C T IV IT Y  P R O F IL E S  

D eterm ination  ot V m ax 's  and Km 's

As described in 'M e th o d s ,*  O P R T a s e  activity w as assayed  in both 

directions over a  range of pH values. The kinetic data  g a thered  under these  

conditions w ere  then ana lyzed  graphically and wi’h the aid of four com puter 

program s. T h ree  program s (i.e . H Y P E R , P H B E IL , and H A B E LL) w ere  adaptions  

o l those w ritten by C le land  in Fortran and published in M ethods of Enzym ology  

(1 9 7 9  ). They w ere  converted to Basic and adapted  for use on the Apple II 

m in icom puter w ith Epson printer. Listings of H Y P E R , P H B E L L , and HA BELL can  

be found in Appendix 1, Appendix 2 , and Appendix 3 . respectively .

D escriptions of data  entry for all three program s can be found in Appendix 6 and

sam ple  printouts in A ppendix 7. Descriptions and  app lications of these  

program s, and a fourth, M A N IP  DA TA , can be found in the Appendix and the text 

b e lo w .

P h o s o h o n b o s v ltra n s fe ra s e  (F o rw a rd ) R e a c tio n : To study the forward  

reaction , the concentrations of orotate  and  M g* 2 w ere held fixed w hile the 

concentration of P R P P  w as varied over a  range of 10 -100  t iM . The data  for the

forw ard reaction w ere  then an a lyzed  graph ically by plotting m ean values ot i /v  vs

1 /[P R P P) for each  pH tried. This is illustrated in Fig. V  2. Each point represents  

at leas t three assays. Apparent Vm ax and Km values w ere  determ ined from the 

inverse of the y-m tercept and the negative  inverse of the x intercept 

respectively. Logarithm ic plots of these values are found in Fig V  3. The data  

w as also sub jected to the program  H Y P E R  (see  below ) and  this gave similar 

results.
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F ig u re  V .2
Double reciprical plots for the determination of apparent 

Vmax's of the forward reaction and the apparent Km's for PRPP 
over a pH range of 4.3-9.5:

The lines starting from the bottom and gojng 
counterclockwise represent the following pH values: 9.5, 8.0,
7.5, 7.0, 6.5, 6.0, 5.5, 5.0, 4.7, and 4.3.
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Withm the range of pH's for which the enzym e is stable, the Km for P R PP  

varies only slightly com pared to the change observed for Vm ax, so the change m 

activity with pH is probably not due to ionization state of P R P P  ( Fig. V  3).

P y ro p h o sp h o ry la se  (R e v e rs e )  R e actio n : To study the reverse reaction,

the concentrations of PPj and M g  * 2  held fixed w hile the concentration of

O M P  w as varied over a  range of 1-30  p M . The data  tor the reverse reaction, 

how ever, w ere  m uch m ore scattered than that for the forw ard direction due to the  

lower Km of O M P  vs P R P P  and the nature of the assay. It w as, therefore, more 

difficult to ana lyze this data graphically m an unbiased w ay, and so it w as  

subjected to the program  H Y P E R  . This program  w as converted from Fortran to

Basic by m e and m ade interactive and ab le  to store data . (Th is  Basic adaption of

H Y P E R  has also been utilized by Hanna e t al. (1 9 8 3 ) and G abrie lie  e t al. (1 9 8 5 ))

For each  pH , the raw  d ata  w as used, instead of averages of points, so that there  

could be  som e w eighting of concentrations of substrate  for w hich m ore assays  

w ere  done. H Y P E R  fits the velocity data  directly to the equation:

V ■ Vm ax x A /(Km  ♦ A) (Eq. V .1)
w ith :

A -  the substrate concentration
V ■ the velocity a t  substrate concentration A
V m ax -  the p ro jected  velocity a t infinite substrate  concentration
Km > concentration  o f substrate at half-m axim al velocity

It com bines least square analysis with iteration to derive best fit-v a lu e s  for Vm ax

and Km.

G raphically  determ ined  constants w ere p lotted to show that within the  

range of pH's lor which the enzym e is stable, the Km for O M P  vanes only slightly 

com pared  to the change in Vm ax so that the change in activity observed is 

probably not due to ionization state of the su ts tra te s  (F ig . V 4 ).

Determination of dK's By Cieland Programs

^9



F ig u re  V .3
Kinetic constants for the forward reaction:

Logarithmic plots of apparent Km (closed circles), 
apparent Vmax (open circles), and apparent Vmax/Km 
(haif closed circles).
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Figure  V .4
Kinetic constants for the reverse reaction:

Logarithmic plots of apparent Km (closed circles), 
apparent Vmax (open circles) and apparent Vmax/Km 
(half closed circles).
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G e n e ra l C o n s id e ra tio n s : Visually, the plot of Vm ax's vs pH for the back 

reaction approxim ated that of a  bell-shaped curve and that for the forward reaction  

approxim ated the left half of such a  curve (individual points on Figs. V .6 and V 5, 

r e s p e c t iv e ly ) .

To determ ine the pK 's of the curves, the gen erate d  V m ax values  for the 

forw ard and back reactions w ere  then fitted to the following equations  

re s p e c t iv e ly :
log Y -  log (C /(1 ♦  |H + ] /K a ))  (E q . V .2 )
log Y  -  io g (C /( l+ (H + |/K a  ♦  K b /IH * ] ) )  (E q . V .3 )

w ith :
Y  -  Vm ax at a  given (H + |
C ■ a  constant which is approxim ately the m axim um  Vm ax

The com puter program s H A B E LL and P H B E LL  w ere  used for the forw ard and

reverse  d a ta  respectively. These  program s w ere also orig inally w ritten in Fortran  

by C le iand (1 9 7 9 ) and converted  to Basic by m e and adapted  for use on the 

Apple II. The  latter program  assum es that the data  fits a  bell-shaped  curve and  

gen era tes  the best fitting theoretical curve and the pK's on e ith er side. The

form er nts the data  to the left half of such a  curve.

T h e  theoretical curves gen era ted  by these program s d id not seem  to

approxim ate the data  well (F ig . V .5 , Fig. V .6 ). The gen erated  K and C values

w ere  used, how ever, as  starting points for la ter com puter m anipulation  of d a ta  .

For the forward reaction, HA B ELL gen erated  the values of pK a > 5 .2 2 5  and C » 

0 .0 2 9 2 . For the reverse  reaction , P H B E LL  gen era ted  the va lues  of pK a *  5 .12, 

pKb *  9 .3 6 , and C « 0 .0 2 0 7 .

D eterm ination  of p K's bv Aonori G enera tio n  of Theoretica l C urves

A com puter program  w as developed m Basic for the Apple II com puter

and  Epson printer w hich cou ld be m ulti-purpose and in addition gen era te  and  

com pare the fit of theoretical curves to experim ental da ta . This program , M A N IP

3/+



F ig u re  V .5
Points: Apparent Vmax’s for forward reaction 
Curve: Generated by HABELL.
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F ig u re  V .6
Points: Apparent Vmax's for reverse reaction as 

determined by HYPER 
Curve: Generated by PHBELL.
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DA TA , can perform functions on colum ns of data  . It yields a pnnted output format 

of up to eight colum ns and up to ISO points per colum n. The data  entered can  

be reta ined for future use, but any generated  values are erased  w hen the run is 

ended. The genera l functions M A N IP  D A TA  perform s are  on one or two colum ns  

but the program  can be eas ily  am ended to include any equation, no m atter how  

m any variab les  or constants.

Appendix 4  contains a  listing of M A N IP  DA TA . A description of data  

entry  and  in teractive m anipulations for M A N IP  D A TA  is con ta ined  in Appendix 6 . 

S a m p le  printouts a re  con tained  in Appendix 7.

F o rw ard  R e a c t io n : The equation:

Vm ax -  C /(1 ♦  (H * ] /K a )  (E q . V .4 )

w as used for the forw ard reaction since the d a ta  approxim ates only the left half of 

a  b e ll-sh aped  curve . The pH values  w ere  stored in C o l l i  and  corresponding  

Vm ax values in Col #2 . [H + ] values w ere  then g e n e ra te d  from the p H  values and

placed in Col 13 . Then five com binations of C  and Ka w e re  en tered  and the

series of V m ax 's  g en era te d  w ere  p laced in Cols # 4 -8  and  printed.

T h e se  theoretic a l curves  w e re  then com pared  to the e xp erim en ta l data  

as follow s: A function w as  perform ed w hich subtracted the corresponding value

in Col # 4 -8  from that in #2  and squared the d ifference. This value was

substituted for that in Cols # 4 -8 . The sum of each  colum n from 4  thru 8 then gave  

the sum of the squ ares  of the  d ifference be tw een  the exp erim enta l and  

theoretical for each  of the five theoretical curves g en e ra te d . The procedure w as  

then rep ea ted  for o ther com binations of C and  K.

The sum o f the sq u ares  of the d ifference b e tw een  the theoretical and  

exp erim enta l, the  residual sum of squares (R S S ) is an  ind ication  o f the closeness
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of fit. The lower the R SS the closer the fit. The R S S  for the HABELL generated  

curve w as 0 .6 7 3  x 1 0 '3 .

The closest apriori generated fit to also visually approxim ate the data  was  

that w ith a  pK a -  6 .5  and C  -  0 .0 4 2 0  with an R S S  -  0 .33 9  x 1 0 '3 . Even this 

curve, how ever, did not seem  to fit the shape of the  data (F ig . V .7 a ). Therefore, 

a second series w as g en erated  which assum es two ionizable species. This gave  

a very d o s e  curve (R S S  -  0 .0 2 7 3  x 1 0 '3 ). It em ployed Equation V .4  for the first

part of the d a ta  to the p lateau  and  the following equation from the p lateau to the

peak.
Y -  (YL  ♦  YH  x K /lH + ))/(1 ♦ K/1H+)) ( E q .V .5 )

with:
Y L  •  the value of Y  a t low  pH (in this case, the p ia teau Y -0 .012 0 )

Y H  -  the value of Y  a t high pH (in this case, the peak Y -0 .0 4 7 0 )

This m ethod generated  a  curve with pK's of 4 .6  and 7.1 respectively (F ig . V .7b ).

A sum m ary of the  theoretical curves g en era te d  by the procedures  

outlined above is g iven in Tab le  V . t . * *

R e v e rs e  R e a c t io n : For the reverse  reaction da ta , the curve  generated  by  

P H B E LL  (F ig . V .6 ) gave  a  c loser fit than the curve gen erate d  by HA B ELL (Fig. 

V .5 ) for the toward reaction da ta . The R S S  w as only 1 .802  x 1 0 '4  for 20 points.

The M A N IP  D A TA  program  w as used, how ever, to refine the fit.

T h e  e q u a tio n :

Vm ax -  C /(1 ♦ (H + yK a  ♦  K b /lH + ]) (E q . V .6 )

w as used for the reverse  reaction since the d a ta  approxim ates a  bell-shaped  

curve. As with the forward reaction data , the pH values w ere stored in C o i# l and  

corresponding Vm ax values in Col #2 . [H + ] values  w ere  then g en era ted  from the 

pH values  and p laced in Col #3. Com binations of C . Ka, and Kb w ere  then

en tered  and the series of Vm ax's g en erated  w ere p laced in Cols # 4 -8  and

uo



T A B L E  V.1
Theoret ica l C urves  tor the  F orw ard  Reaction  of O PR Tase

PH Exp. Data H A B E L L O n e  p K a Tw o  pK a ‘s

4 . 3 0 .0042 0.0031 0 .0003 0 .0054
4 . 7 0 .0064 0 .0067 0 .0007 0 .0086
5 . 0 0 .0105 0 .0109 0 .0013 0 .0106
5 . 5 0 .0129 0.0191 0.0038 0.0128
6 . 0 0 .0167 0.0250 0.0101 0 .0146
6 . 5 0 .0200 0.0277 0.0210 0.0190
7 . 0 0.0267 0.0287 0.0319 0 .0275
7 . 5 0 .0333 0.0291 0.0382 0 .0370
8 . 0 0.0421 0 .0292 0 .0407 0.0431
9 . 5 0.0470 0 .0292 0.042Q 0.0469

C 0.0292 0 .0420 0.0120
0.0120
0 .0470

p K a 5.225 6.5
p K a 1 4.6
p K a 2 7.1

R S S  x 104 6.73 3.39 0.273
R S S  x 105 /# p tS 6.73 3 39 0.273
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F ig u re  V .7
Apriori generated curves for the pH dependence of 

apparent Vmax for the forward reaction: 
Points Apparent Vmax's for the forward reaction 
Curves: a) assuming one pKa

b) assuming two pKa's.

b2



o
N

Apparent Vmax.

u
o

£ - T 7
X

<0
o

Apparent Vmax.



printed. This was repeated lor other combinations ot the constants. RSS values 

for these curves were generated as described above. The closest (it that visually 

approximated the data was with C -  0.0240, pKa •  5.3 and pKb -  8 55, with an 

RSS ol 1.287 x KT4 (Fig V.8a).

Since the last points at high pH deviate from the bell shape, theoretical 

curves were then generated without the data gathered at the 4 highest pH values 

(and the two replicates) and the closest fit for equation V.0 generated was with C 

■ 0.0260, pKa ■ 5.4, and pKb -8.3. Since the right side of the curve linking 

experimental data points shows leveling out at high pH, the right side of the curve 

was further investigated using equation V.5 using the values of 0.0255 and 

0.0115 for Y(_ and Y ^ respectively. The best fit for pKb was found to be 7.9. If

this curve is combined with the left half of the previous curve, the curve

generated closely approximates the data with RSS/#pts. •  0.01256 x 10'4 (Fig. 

V .8b).

A summary of the theoretical curves generated by the procedures 

outlined above is given in Table V.2.

Comparison of the Forward and Reverse Reactions

If OPRTase is assayed at pH 8, the Vmax tor both the forward and reverse 

reactions closely agree. Studies to determine the ping-pong kinetics of the 

enzyme had been done at this pH by Victor 6? si. (1979). The Vmax vs pH profiles 

in the two directions are quite dissimilar however. Fig v.9 depicts the two

preferred profiles, the 'two pk's' in the forward reaction (Table V.1) and Curve V

for the reverse reaction (Table V.2). Note that the forward reaction reaches a

maximum near pH 8 and stop there, while reverse reaction reaches a maximum

below pH 7.



Table V.2
T heo re tica l C urves  fo r th e  R everse  R eactio n  o f O P R Tase

pH Data 1
T h e o re tic a l c u rv e a  
II ill IV v

4 .6 5 0.00533 0.00521 0 .00439 0.00393 - ........> 0 .00393
5 .2 0 .00953 0 .01126 0 .01062 0.01006 -■..........> 0 .01006
5 .4 5 0 .01472 0 .01406 0 .01405 0.01374 - 0 .01374
5 .9 0 .01945 0.01773 0 .01915 0.01969 •• ..........> 0 .01969
6 .2 0 .01928 0 .01909 0 .02123 0.02229 -- 0 .02229
6 .2 0 .02155 0 .01909 0 .02123 0.02229 •• 0 .02229
6 .5 0 .02494 0 .01983 0 .02239 0.02374 -• 0 .02374
6 .7 0 .02435 0 .02012 0 .02277 0.02418 0 .0 2 4 6 7 -> 0 .0 2 4 6 7
6 .7 0 .02435 0 .02012 0 .02277
6 .9 0 .0 2 3 7 5 0 .02029 0.02291 0 .02427-- 0 .0 2 4 2 3 -> 0 .02423 .
7 .3 0.02451 0 .02039 0.02251 0 .02337 0 .02269--> 0 .02269
7 .7 0 .0 2050 0 .02020 0 02100 0 .02070 0 .0 2 0 0 8 -> 0 .02008
7 .9 0 .0 1729 0 .01997 0 .01957 0 .01855 0 .01850--> 0 .01850
8 .0 0 .01665 0.01981 0 .01869 0 .01729 0 .0 1 770--> 0 .01770
8 .0 0.01665 0.01981 0 .01869
8 .2 0 .0 1 4 8 5 0 .01934 0 .01658 0 .01448 0 .0 1 6 1 7 —> 0.01617
8 .3 0 .0 1 5 5 4 0 .01903 0 .01535 0 .01549--> 0 .01549
8 .4 0.01455 0 .01864 0 .01405 0 .01487--> 0 .01487
9 .3 0 .0 1 1 8 9 0 .01105 0 .00362 0 .01204--> 0 .01204
9 .8 0 .0 0 5 8 2 0.00551 0 .00128

C 0.0207 0 .0240 0 .0260
YL 0 .0 2 5 5
YH 0 .0 1 1 5
p K a 5.12 5 .3 * * 5.4 5 4
pK b 9.36 8 .55 8 3 7.9 7.9
«  p ta 20 20 14 10 18
R SS x 1 0 4 1.802 1.287 0 .18114 0 .0 8 5 5 0 .2322
R S S x lO 3 /#  p ta 0.901 0 .644 0 .1295 0 .0 8 5 5 0 .1290

^5



F ig u re  V .8
Apriori generated curves for the pH dependence of 

apparent Vmax for the reverse reaction: 
Points .Apparent Vmax's for reverse reaction 
Curves: a) assuming Bell-shaped curve

b) assuming levelling off at high pH.
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Figure  V .9
Best theoretical Vmax curves of the forward and reverse 

reactions assuming equal amount of enzyme is used for 
each assay.
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CHEMICAL MODIFICATION 

Breakdown of DEPC in Solution

To characterize the stability ol DEPC in solution DEPC at a concentration 

of imM was incubated in potassium phopsphate buffer at various pH's as 

described in ‘ Methods.* Aliquots were removed at various times, reacted with 

imidazole, and the absorbance of the solution at 240 nm was determined. The 

results of this experiment are depicted in Fig. V. 10. As the pH of the incubation 

mixture is increased, the half-life of DEPC in solution decreases. For example, at 

pH 4.6, over 50% of the DEPC remained intact after 30 minutes while at pH 9 .1, 

over 50% of the DEPC was degraded in less than 10 minutes.

As will be seen later, PRPP and Mg+ 2 offer protection to OPRTase from 

inactivation with DEPC. To determine if this effect can be explained by the 

enhanced breakdown of the reagent in the presence of substrates, the 

experiment depicted in Fig V.11 was performed. The top graph represents the 

breakdown of DEPC in phosphate buffer at pH 6.5. The bottom graph 

represents the breakdown of DEPC with imM PRPP and 20 mM MgCl2 present

in the solution. Note that the breakdown follows the same pattern for the two 

conditions.

Inactivation of OPRTase with Diethvlovrocarbonate

OPRTase was then incubated with tmM DEPC at various pH's and its 

activity taken at 0.5, 5, and 10 minutes as described in 'Methods.* The results of 

this experiment are depicted Fig. V. 12. The insert is a close-up of the first half 

minute. As can be seen, the rate of inactivation of OPRTase with DEPC 

increases with increasing pH. The rates of breakdown of 0EPC and inactivation 

of OPRTase were determined using initial slopes and the slopes were plotted
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F ig u re  V .10
Semilog plot of the breakdown of DEPC in the presence of 

potassium phosphate buffer at various pH values between 4.5 
and 9.1.
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Figure  V.11
Breakdown of DEPC in the presence and absence of 

substrates:
A) DEPC in 0.1 M potassium phosphate (pH 6.5)
B) DEPC in 0.1 M potassium phosphate (pH 6.5 ) 

with 1 mM PRPP and 20 mM MgCl2 -
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F ig u re  V .12
The inactivation of OPRTase in the presence of 1.8 mM 
DEPC in potassium phosphate between pH 4.6 and 9.1.
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versus pH (F ig . V. 13). Notice that the ra te  o l breakdow n o l D E P C  in phosphate  

buffer is faster a t high pH , thereby leading to less D E PC  rem aining in solution at 

high pH. Even so, the rate of inactivation of the enzym e is g reater a t high pH, 

thereby dem onstrating  that the  pH dep enden ce  of the inactivation is not just due  

to the  concentration  of reage n t rem ain ing.

The pH  6 .5  condition w as chosen for the rem ainder o f the studies. 

O P R T a s e  w a s  incubated  a t various concentrations of D E P C  (0 .1 7 -11.5 m M ) and  

tim e d ep en d en t inactivation  a t various concentra tions o f reag e n t w a s  

dem onstra ted  (F ig . V .1 4 ). Notice that the initial rate  and  ex ten t of inactivation  

w ere  both affe cte d .

F ig . V .1 5  con ta ins  sev era l g raph s  dem on strating  sub stra te  protection o l 

O P R T a s e  from  inactivation by D E P C . m all 3  g raphs, curves b -d  dep ict the  

fraction of the in itia l activity rem ain ing w h en  O E P C  is add ed  to the incubation  

m ixture and  aliquots a re  rem oved  a t various tim es to be carried  through the assay  

procedure. C urves a  and  d represen t the ethano l control a n d  unprotected  

inactivation  respective ly . Protection from  inactivation by D E P C  w as observed  in 

all cases  in which P R P P  and  /o r  M g+ 2  w ere  p resen t, w ith  m o re  protection seen  

w ith both P R P P  an d  M g * 2 present. Each curve is the result of several 

exp erim ents . G raph  A dem on strates  that P R P P  and M g * 2 o ffe r g reater  

protection from  inactivation  than M g * 2 a lo n e . G raph B dem onstrates that P R P P  

and  M g * 2 o l'e r  m ore protection from inactivation than P R P P  alone. G raph C 

dem on stra tes  that h igher concentrations of P R P P  and  M g * 2 (a t the sam e ratio) 

provides g re a te r  protection.

In order to show  that the inactivation of the en zy m e  by D E P C  w as due to 

the reaction w ith  a  histid ine group, reactivation  of the en zy m e  w ith N H 2 O H  w as  

atte m p ted . Follow ing incubation  of D E P C -in ac tiva ted  e n zy m e  w ith  N H 2O H , it
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F ig u re  V .13
Rate of breakdown of DEPC and inactivation of OPRTase 
in the presence of DEPC in potassium phosphate buffer 
between pH 4.6 and pH 9.1.
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F ig u re  V .14
Concentration dependence of the inactivation of OPRTase 

by OEPC in potassium phosphate buffer at pH 6.5.
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F ig u re  V .15
Substrate protection studies for the inactivation of 

OPRTase with DEPC:
Graph A is the result of incubation of OPRTase with 

0.4 mM DEPC.
a) control without DEPC or substrate
b) incubation mixture containing 1mM PRPP and 

10 mM Mg+2
c) incubation mixture containing 10 mM Mg+2
d) without substrate

Graph B is the result of incubation with 0.6 mM 
DEPC.

a) control without DEPC or substrate 
bjincubation mixture containing 1mM PRPP and 

10 mM Mg+2
c)incubation mixture containing 1 mM PRPP
d) without substrate

Graph C is the result of incubation with 0.8 mM DEPC.
a) control without DEPC or substrate
b) incubation mixture containing 10 mM PRPP and 

100 mM Mg+2
cjincubation mixturecontaining 1 mM PRPP and 

10 mM Mg+2
d) without substrates.
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w as found that even after extensive dialysis the enzym e activity did not return, it 

w as later found that N H 2O H  itself inactivates the enzym e. This will be discussed

in a  later section.

Inactivation of O P R T a s e  w ith d BPB

A second h is tid in e -sp ec ific  re a g e n t, p a ra -B ro m o -p h e n a cy t B rom ide

(pB P B ) w as  used to support the  theory that there is a  histid ine a t the  active site of

O P R T a s e . T ing W ong , an  undergraduate student a t C .C .N .Y ., ass isted in

perform ing experim ents  w ith pB PB . A s seen  in Fig. V .1 6 , pB P B  inactivates

O P R T a s e  in a  tim e-dependent m anner. Th is  inactivation  is  a lso  concentration

dep en d en t. E ach  point represen ts  an  ave ra g e  of 3 -6  m easu rem ents .

Experim en ts  w ere  a lso  perform ed to d e term in e  if substrates can  protect the

en zy m e  from  inactivation . The results of these exp erim ents  a re  dep icted  in Fig.

V .1 7 . C urve a  is the  control w ith acetone in p lace of pBPB solution. C urves b-e

represent inactivation in the presence o f 1 m M  pBPB.

P R P P  an d  M g *2 o ffe r m ore protection from inactivation than M g * 2

a lo n e , a n d  h igher co n cen tra tions o f P R P P  and  M g * 2 o ffer better protection than

low er concentrations ath the sam e ratio of P R P P  to M g * 2 . This is similar to the

protection a ffo rded  by substrates to inactivation with D E P C .

Inactivation o f O P R T a s e  w ith N H ; Q H

H y d ro x y la m in e  (N H 2 O H ) has  been  used by several researchers  to

reactiva te  en zym es  w hich  hav e  been  inactivated  by D E P C  (M ile s , 1 97 7 ). This

w as a ttem pted  in our case  but it w as found that N H 2 O H  itself inactivates

O P R T a s e . This occurs a t concentrations as low  as  2 m M  and  the concentration  

nee d ed  tor re -activa tion  from  O E P C  is in the M olar range . W h en  experim ents  

w e re  perform ed a s  described  in 'M e th o d s ,*  the ind ividual exp erim ents  show ed a



F ig u re  V .16
Semilogarithmic plot of the time and concentration 

dependence of the inactivation of OPRTase with pBPB.
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F ig u re  V .1 7
Substrate protection studies for the inactivation of 

OPRTase with 1 mM pBPB:
ajControl without pBPB or substrates
b) incubation mixture containing 10 mM PRPP and 

100mM Mg+2
c) incubation mixture containing containing 1 mM 

PRPP and 10 mM Mg+2
d) incubation mixture containing 10 mM Mg+2
e) without substrates.
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:ot o l scatter, but patterns did em erge if several rep licates w ere  perform ed and  

their m ean  values at various stages plotted.

T he inactivation by N H 2O H  is tim e dependent. This has been shown at

eac h  pH , concentration, and condition used. The re fo re , the inactivation is not 

just due to the com petition of N H 2 O H  w ith assay com ponents for a  sight on the

enzym e . That the observed inactivation is not just an artifact of interference with

the assay system  w as further d isplayed by  the inability of pre-incubation of the  

assay  m ixture w ith  N H 2 O H  to result in a  drop in initial velocity.

C a ta ly tic  quantities o f O P R T a s e  w ere  incubated  w ith  N H 2 O H  for up to 20

m inutes a t concentrations o f 1 -10  m M . Each point is the resu lt o f 2 -4  sam ples. 

Th e  inactivation  o f the en zy m e  by N H 2 O H  is  con cen tra tion  d ep e n d en t, w ith

h ig h er con cen tra tions  of N H 2 O H  resulting in faster inactivation (F ig  V .1 8 ). A t 10  

m M  N H 2 O H , O P R T a s e  is totally inactivated in under 10  m inutes. T h e  inactivation  

of the enzym e is also pH  dependent (F ig  V .1 9 ) w ith 5 0 %  activity lost after 2 0  

m inutes a t pH 6 .5  (m ean  of 3 ) and  100%  lost a fte r only 15 m inutes a t pH 8 .5  

(m ean  of 4 ). Inactivation a t p H  7.5  (not pictured) w as nearty indistinguishable from  

that perform ed a t pH  8 .5 . O ro ta te  does not afford  any protection against 

inactivation. In fact, as  illustrated in F ig. V 20 , in the presence of 3m M  orotate  

(m ean  of 6 ) O P R T a s e  w as inactivated by faster 5m M  N H 2 O H  than without

orotate  (m e an  o f 3 ). W h en  solutions w ere  prepared  for am ino acid  analysis, w e  

a tte m p ted  to  re g e n e ra te  O P R T a s e  from  N H 2O H  inactivation  by ex ten s ive

dialysis. The en zy m e  'e m a in e d  inactivated a fte r several a ttem pts. Later, using

successive  d ilu tion and  co n cen tra tion  w ith  a  C e n trico n  (A m icon ) concentrato r,

there w as som e regen eration  of activity. The  inactivation  o f O P R T a s e  with  

N H 2 O H  w as  don e, how ever, a t m uch m ilder conditions than is necessary for

reactivation  of the en zy m e  from O E P C  inactivation and  therefore  this reactivation
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F ig u re  V .18
Inactivation of OPRTase at pH 7 5 in the presence of:

1 mM NH2 OH (closed circles), 2 mM NHjOH 
(triangles), 5 mM NH2 OH (dotted circles), 10 mM 
N H 2 OH (open circles).
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F ig u re  V .19
Comparison of inactivation of OPRTasa with 5 mM NH2 OH 

at pH 6.5 (closed circles) and pH 8.5 (open circles).
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F ig u re  V .20
Comparison of inactivation of OPRTase by 5 mM NH2 OH
at pH 7.5 with (open circles) and without (closed circles) 

3mM orotate.
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docs not necessarily imply that we could get reactivation from DEPC. Table V.3 

details this experiment Two incubation mixtures were made up and both were 

assayed for initial activity. Then water was added to the control, N ^ O H  added to 

the other, and the dock started. The solution, to which NH2OH had been added, 

was assayed at several intervals, the last time being 50 minutes. Its activity had 

dropped to 38% of the initial value. The control retained over 85% of its initial 

activity after this time. A 150 jxl aliquot of each was then diluted with 800 t i l  of Tris- 

HCI (pH 8), concentrated by centrifugation lor 1 hour, diluted again, 

concentrated by centrifugation, and then assayed three times each. The activity 

of the control was essentially that of the OPRTase before successive dilution, 

but that of the NtyOH-inactivated now had 80% of its initial activity, up from 38%

prior to successive dilution and concentration.
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TABLE V.3
In ac tiva tion  o f O P R Taaa by N H 2 OH and Ita  R eactivation

Volum aa
In c u b a tio n
m ixture:
T rla
H 2 0
O P R T a a a

Control
A c tiv ity

200 til 
♦5 0  i l l  
♦50 ill

n h 2 o h  

Vo lum aa A c tiv ity

400 ill
♦100 til 
♦ 100 til

T o ta l 300 til
A a e a y (B e fo re )-5 0  til 
H 2 0  +50 til
0 .2 9  M N H 2 O H

0 . 0 2 1 4
600 til 

-50 til(x2) 
♦20  t i l  
♦80 til

T o ta l 300 til

A s s a y (5 0  m ln)-60 tii(x2) 
F in a l V o l. 180 til
V o l. D ilu te d  150 til

♦800 tilT r la

T o ta l

F in a l V o l. 
T rla

T o ta l

F in a l V o l. 
A s a a y a

600 til
Assayed at intervals 

0.0182 -60 til
200 til 
150 til 

♦800 til

950 til 950 til

Centifuged in Centrioon for 1 Hour

300 til 
♦800 til

300 til 
♦800 til

1100 t i l  1100  t i l

Centrifuged in Centricon for 1.5 Hour

350 til 
100tiJ(x3)

A d ju s te d  A c tiv itie s
0 .0136
0 .0190

350 til 
100 til(x3)

0 .0170

0 .0065

0 . 0 0 9 7
0 . 0 1 3 6
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AMINO ACIO ANALYSIS

The amino acid compositions of various samples of purified OPRTase

(homogeneous on disc electrophoresis) were determined, as described in

'Methods.* Values were provided to us in terms of picomoles of each amino acid

residue in each sample. Below is a discussion of the calculation of the amino

acids in the native enzyme and protein modified under three conditions: 0.5 mM 

DEPC. 1 mM DEPC, and 30 mM NH2OH.

Analysis of Control OPRTase

Three separate analyses were run on each of three sampes of purified 

OPRTase. An equal volume of dialysate from the final dialysis of each sample was 

also analyzed. The results of the three samples were averaged and the mean of 

the three dialysates were subtracted from that of the enzyme samples. This gave 

the average number of picomoles of each amino acid residue in the sample.

These values are listed in the ‘control* column of Table V.4.

The number of picomoles of cysteine, tryptophan and proline were each, 

determined separately. Their relative amounts in the protein were determined by 

subtracting out the dialysate and then multiplying by the ratio of the total number 

of picomoles of amino acid in the original mean of three samples to that in this 

particular sample.

In order to convert these values to number of residues per subunit (with 

a M.W. of 21,000 i .  1000 grams per mole) , the following calculation was done:

Nr .  AA i  22.000 (Eq. V.7)

TAx 114

w ith:
NR » number of residues of a given amino acid in OPRTase
AA -  picomoles of a given amino acid in the sample
TA ■ total picomoles of amino acids in the entire sample
114 -  median ammo acid molecular weight(minus 18 for condensed

H20)
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TABLE V.4
A. A. Analysis of OPRTass Incubatsd at Various Conditions

Control
0.S m M

Incubation  w ith : 
DEPC

im M
n h 2 o h

30 mM

A s p .A s n 1101 1424 499.3 876 5
T h r 518.3 719.7 236.7 468.5
S s r 886.7 2150 701.3 838
G lu .G In 1394.6 2509 831.3 1409
G ly 1563.4 3817 .7 1386 1380.5
A la 980.3 1295.3 380.3 918.5
Val 550.3 687 262.6 506.5
M a t 137 222.7 138 83.5
lla u 869.3 743 263.7 668
L s u 1023.7 1166.3 474 857
T y r 439 .7 551 .7 219.3 372
P h a 479.3 504 200 .7 399
HIS 399 581 .7 236 .7 187
L y a 734.3 797 272 .6 588
A rg 412.3 715.7 324 385
C y s (113.3) ( ) ( ) NO
T rp (97.1) NO NO NO
P ro (443.6) NO NO NO

T o ta l 12053.2 17884.8 6426 .5 9937

Note A ll values in picomoles 
ND not determined
( )-determined in separate experiments
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The above calcu lation w as perform ed utilizing the  M A N IP  D A TA  program , 

described previously. The  AA values  w ere en tered  into a  colum n and m ultiplied  

by the appropriate values  to produce the NR  values.

Analysis of C hem ica lly  M odified O P R T a s e

O the r ana lyses  w ere  run on chem ically m odified O P R T a s e , so that it 

could be determ ined  which am ino acid  residues w ere  a ffec ted . Tab le  V .4  lists the  

num ber of picom oles o f am ino ac ids  of these sam ples (i.e . incubation w ith  0.5  

and  1 m M  D E P C  and  3 0  m M  N H 2O H  In order to com pare these with the control,

the follow ing calcu lation  w as  done on  the raw  d ata  of these  th ree  sam ples (m inus  

d ia ly s a te s ) :

N R .  A A  1 22 .000 (1  • 0 .060 4 ) (Eq. V .8)
T A x  114

w ith :
0 .0 6 0 4 a  fraction of the M. W . of the theoretical control contributed by  

pro lin e , tryp tophan , an d  cys teine.

and  the rest of the values the sam e as  in Equation V .7 . O th e r calculations w ere  

performed as above.

Tab le  V .5  lists the distribution of am ino ac ids  in O P R T a s e  as  calculated  

by Eq. V .7  and Eq. V .8 . Tab le  V .6 lists the distributions of am ino acids rounded  

off to the n ea re s t w ho le  res idue.

To d e term in e w h eth er the rounded off values could produce a protein of

2 1 ,0 0 0  ♦  1000  M .W . , the following calculation w as m ade. The m olecular w eight 

of eac h  am ino acid (m inus 18 for condensed H 2 O  ) had been  previously entered

into a  colum n of M A N IP  DATA. The generated  N R  values w ere  then multiplied  

by this colum n and  the total of the gen erated  colum n provided the m olecular 

w eight of the e n zy m e  g iven  that theoretical d istribution of am ino acid  residues. 

Tab le  V .7  lists the contributions of the various am ino acids to the m olecular
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TABLE V.5
A. A. Analysis of OPRTasa Incubated at Various Conditions

Incubation w ith:
Control

0.S mM
DEPC

im M
n h 2o h  
30 mM

A sp .A a n 16.19 14.44 14.09 15.99
T hr 8.30 7.30 6.68 8.55
S ar 14.20 21.80 19.79 15.29
G lu.G In 22.33 25.44 23.46 25.71
G ly 25.03 38.71 39.11 25.19
A la 15.70 13.13 10.73 16.76
Val 8.81 6.97 7.41 9.24
M at 2.19 2.26 3.89 1.52
lie u 13.92 7.53 7.44 12.19
Leu 16.39 11. 82 13.37 15.64
T yr 7.04 5.59 6.19 6.79
P he 7.67 5.11 5.66 7.28
H is 6.38 5.90 6.67 3.41
Lye 11.76 8.08 7.69 10.73
A rg 6.60 7.28 9.14 7.03
Cya (1*1) ( ) ( ) NO
T rp (155) NO NO NO
P ro (7.10) NO NO NO

T o ta l 192.98 181.33 181.33 181.33

Note: All values are in number of residues per subunit and have been rounded 
off to the nearest 0.01 
HD-not determined
( ydetermined in separate experiments
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TABLE V.6
A. A. Analysis of OPRTass Incubated at Various Conditions

Control
0.5

Incubation w ith: 
DEPC 

mM 1mM
NH2OH 

30 mM

A sp .A sn 16 14 14 16
T hr 8 7 7 9
S a r 14 22 20 15
G lu.G In 22 25 23 26
G ly 25 39 39 25
A la 16 13 11 17
Val 9 7 7 9
M at 2 2 4 2
lla u 14 7 7 12
Lau 16 12 13 16
T yr 7 6 6 7
P ha 8 5 6 7
H is 6 6 7 3
Lys 12 8 8 11
Arg 7 7 9 7
Cys (2) (2) (2) ND
T rp (2) NO NO ND
P ro (7) NO NO NO

T o ta l 193 182 183 184

Note A ll values are number of residues per subunit 
ND -not determined
( )-determined in separate experiments
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TABLE V.7
A. A. Analysis of OPRTass Incubatsd at Various Conditions

Incubation w ith :
Control

0.5 mM
DEPC

1mM
NH2OH 
30 mM

A sp .A sn 1832 1603 1603 1832
T hr 808 707 707 909
S ar 1218 1740 1914 1305
G lu.G In 2827 2955.5 3212.5 3341
Gly 1425 2223 2223 1425
A la 1136 781 923 1207
Val 891 693 693 891
M at 262 524 262 262
lla u 1582 791 791 1356
Lsu 1808 1469 1356 1808
T yr 1141 978 978 1141
P ha 1178 882 735 1029
H is 822 959 822 411
Lya 1536 1024 1024 1408
Arg 1092 1404 1092 1092
Cys (206) (206) (206) NO
Trp (372) NO NO NO
Pro (679) NO NO NO

T o ta l 20813 18733.5 18335.5 19417

NO- not determined
( )determined in separate experiments



weight of the theoretical protein, given the distribution of amino acids in Table

V.6.

W e had expected • that jf D E P C  reacted  with histidine, or any other

residue, they would app ear a t a  d ifferent position in the elution profile. As a  

control, histidine w as reacted  w ith D E P C  and then treated  by the sam e acid  

hydrolysis as  the O P R T a s e . It e lu ted  how ever, a t the  sam e position expected for 

histid ine, suggesting that the D E P C -H is  bond does not survive hydrolysis. The  

basic  d ifferenc e be tw een  the control an d  the  sam ples  re ac ted  w ith  D E P C  seem  

to be a  reduction of longer chain a liphatic am ino acids and  an  increase in glycine  

and  serine . T h e se  results wilt requ ire  further investigation. O P R T a s e  reacted  with  

N H 2O H  g a v e  an  elution  profile of am ino acids nearly  identical to control except for

a  5 0 %  reduction in the num ber o f histidine residues. Th is  result, a long with the  

inactivation  of O P R T a s e  by N H 2O H , suggests, but does not prove , that an

ess en tia l h istid ine h as  b ee n  m odified .
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’ H - and 32P - N M R  S T U D IE S  O F  O P R T A S E : G E N E R A L  C O N S ID E R A T IO N S

O ur access to the N M R  facilities during th four years over which the NM R  

experim ents w ere perform ed, w as very lim ited. At m ost, 3  days w ere  allow ed for 

eac h  experim ent. W e  could not do any prelim inary experim ents nor could w e  

return for any additional experim ents if our data  w ere lacking in any  w ay. It is 

hoped that now  that a  4 0 0  M H z instrum ent is ava ilab le  a t H unter C o llege, this 

w ork can  be continued in further detail and  perform ed for o ther P R Tases. 

G E N E R A T E D  'H -N M R  S P E C T R U M  F O R  O P R T A S E  IN  H 2 0

Using the procedure described in deta il in ‘ M eth ods,* a  spectrum  w as

g en e ra te d  for O P R T a s e  using the am ino acid com position determ in ed  

previously for the native  en zym e and the com puter program , N M R S P E C  

(A ppendix S). Tab le  V .8 contains the proton species, spectral positions in ppm , 

and  the height o f ea c h  triang le contributing to the com posite  theoretical 

spectrum  for O P R T a s e . Appendix 8  lists the printout of the  en tire  spectrum  

produced by N M R S P E C  for O P R T a s e . Fig. V.21 is a  graph ica l representation of 

th e s e  resu lts .

PH  D E P E N D E N C E  O F  T H E  1H -N M R  S P E C T R U M  O F  O P R T A S E  IN  D 2 0

The 1H -N M R  spectra o f O P R T a s e  a t  pH 8 .0  and pH  7 .7  a re  represented  

in Fig. V .22  and F ig  V .23  respectively. The former is a  com posite of 780  

acquisitions and the latter is that of 6 8 2  acquisitions. Fig V .2 4  and Fig. V .25  

represen t the 1 H spectra of O P R T as e  a t pH 7 .0  a s  the com posite of 9 3 6  and  

3 0 7 2  acquis itions respective ly . By m ore than tripling the num ber of acquisitions, 

several peaks b ecam e m ore w ell defined  and  an  add itional p ea k  app eared  out of

the baseline  at 8 .3  ppm betw een Fig V .2 4  and Fig. V .2 5 . This peak also appears

in the spectrum  acquired a t pH 5.0 . The * H  -N M R  spectra of O P R T as e  at pH 6 0
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TABLE V.8
Central Positions and Maximum Haights of Composite Triangles

Residue Name Delta Total A ltitude
LEU CHS .886 640.
LEU B-CH3+G-CH2 1.636 240.
ILEU CH3 .832 420.
ILEU CH2 1.136 46.2
ILEU CH2 1.409 46.2
ILEU B-CH2 1.932 56.
VAL CH3 .932 316.8
VAL B-CH2 2.250 36.
ALA CHS 1.409 267.2
THR CH3 1.227 149.6
LYS G-CH2 1.432 80.4
LYS D-CH2+B-CH2 1.682 159.6
LYS E-CH2 3.023 109.2
ARG G-CH2 1.659 50.4
ARG B-CH2 1.841 58.8
ARG D-CH2 3.205 100.1
PRO G-CH2 2.023 66.5
PRO B-CH2 2.114 56.
PRO D-CH2 3.295 46.9
GLU B-CH2 1.977 110.
GLU G-CH2 2.273 110.
GLN B-CH2 2.068 110.
GLN G-CH2 2.318 110.
ASP B-CH2 2.682 28.8
ASN B-CH2 2.795 26.4
ASN B-CH2 2.886 25.6
MET CH3 2.06* 60.
MET B-CH2 2.068 18.2
MET G-CH2 2.568 25.
CYS B-CH2 3.023 33.2
HIS B-CH2 3.182 42.9
HIS IM-C4 7.068 60.
HIS IM-C2 7.909 60.
TYR CH2 2.977 46.9
TYR 0  TO OH 6.818 82.6
TYR M TO OH 7.091 82.6
PHE B-CH2 2.955 26.4
PHE B-CH2 3.182 26.4
PHE AROM 7.273 133.6
TRP B-CH2 3.386 14.8
TRP IN C2 7.205 20.
TRP IN C9.C6 7045.7.114 13.4,13.4
TRP IN C4.C7 7 454.7.545 11.2.11.2
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F ig u re  V.21
Predicted ^H-NMR spectrum (in H2 O) of a random coil
protein, having an amino acid distribution as 

determined for OPRTase.
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Figure V.22
1H*NMR spectrum of OPRTase in O2 O at pH 8.0

(780  acquisitions).
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Figure V.23
1 H-NMR spectrum of OPRTase in D2 O at pH 7.7

(682 acquisitions).
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F ig u re  V .24
1H-NMR spectrum of OPRTase in D2 O at pH 7.0 

(936 acquisitions).
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Figure V.25
1H-NMR spectrum of OPRTase in D2 O at pH 7.0

(3072 acquisitions).
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and pH 5 .0 , products ot 9 45  and 1536 acquisitions respectively, a re  found in Fig. 

V .2 6  and  Fig. V .2 7  respectively. Fig. V .28  represents the 1H -N M R  spectum  of 

P R P P  in O2 O . Notice that several o l these peaks app ear on the O P R T ase

spectra, suggesting that the dialysis w as not com plete.

W e  w ere  looking tor a  spectrum ot O P R T a s e  discernible from the  

baseline  noise and w anted to conserve the en zym e an d  reduce the tim e it spent 

unfrozen and a t low pH . There fore , a t eac h  pH , the num ber of acquisitions w as  

different (just enough to discern  individual peaks). A  com parison of heights of 

one spectrum  versus the o th er cannot be  done. H ow ever, w e  can  look a t the  

re lative height o f p eaks at the various positions and these can be com pared.

In order to g e t the d e a re s t  picture, the results w ere exp anded  and  

printed out in intervals of 2  ppm  each . These  exp anded  spectra are  found in 

reduced form in Appendix 9  and  can  be com pared region by region. The top row  

is the  com puted  spectrum . Th is  is fo llow ed by spectra  produced at p H  8 .0 , 7 .7 ,

7 .0  (3 0 7 2  acquis itions), 6 .0 , and  5 .0  respectively. The  spectra  from right to left 

cover the  ranges of: 0 -2  ppm , 2 -4  ppm , 4 -6  ppm , 6-6  ppm , and  8 -1 0  ppm .

O n ly  a  few  m inor d ifferences can  be seen am ong the spectra  of 

O P R T a s e . The first m ajor peak  shifts to the left from 0 .7 4  a t pH 7 .7  ppm to 0 .8  

ppm at pH  5 .0 . There is a  growth and definition of the peak a t .  1.8 ppm . At 3 .05  

ppm , a  sm all w ide resonance app ears  as  the pH is d ecreased . There  is also an  

increase in the height of the peak a t 3 .8  and a  general change in the shape of 

peaks betw een  4 .2  and 4 .5  ppm . The region betw een  6  and  8 ppm is essentially  

unchanged. N o  pea k  is app aren t in the 8 -1 0  region except a t 8 .3  ppm at pH 7 

and two peaks a t 8 .3  and  8 .5  ppm at pH 5. These two spectra a re  com posites of 

the grea tes t num ber of acquisitions. As can be seen  in Fig V .2 4 , a t pH 7 0  and  

9 3 6  acquis itions, the 8.3  ppm  resonance also does not ap p ear.
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Figure V.26
1H-NMR spectrum of OPRTase in D2 O at pH 6.0

(945 acquisitions).
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Figure V.27
1H-NMR spectrum of OPRTase in D2 O at pH 5.0

(1536  acquisitions).
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F ig u re  V .28
1H-NMR spectrum of PRPP
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in general, nowever, the spectrum seems to be conserved over the pH 

range studied (5-6). This demonstrates that the enzyme, is probably not 

undergoing a distinct conformational change within this pH range and therefore 

the decrease in activity seen with decreasing pH is not due to a change in 

conformation of the enzyme.

COMPARISON OF GENERATED SPECTRUM OF OPRTASE TO ACTUAL 

The resonance positions selected by McOonald. et a l.(i969) for 

computing the ' h -NMR spectrum of a random coil protein, were found by 

examination of l-amino acids and short peptides of these amino acids dissolved 

in DgO at pO 7. Therefore, for comparison, it's most appropriate to use Fig V.25

(pH 7, 3072 acquisitions) or the expanded pH 7 1H-NMR spectrum in Appendix 9. 

As mentioned in 'Methods,* the predicted spectum is for a random-coil protein 

with its sidechains exposed to solvent and therefore is not expected to 

completely mimic the 1H-NMR spectrum of the enzyme in its native state.

Upon superficial examination, the areas of 0.75-3.25 and 6.5-8 ppm are 

found to contain dose to the same number of significant peaks in both the actual 

and predicted spectra. If the entire spectrum is shifted so that the first major 

peaks of the predicted (Fig. V.21) and the actual (Fig. v.25) spectra coincide, the 

following comparisons can be made. Peak number and position are those of the 

theoretical spectrum.

There are 10 peaks in the 0.75-3.25 ppm region of the theoretical 

spectrum. Peak #1 (0.89 ppm), representing the methyl protons of leucine, 

isoleucine, and valine, coinddes with the first large resonance of the 1H-NMR 

spectrum. Peak #2 (1.23 ppm), representing isoleucine CHg and threonine

methyf protons, is found at the same position as the shoulder of the next 

resonance. Peak #3 (1.41 ppm), representing isoleucine CHg, alanine methyl.
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an d  lysine g a m m a -C H j protons is shifted downfield from the second m ajor 

reson ance. P eak  # 4  (1 .6 4  ppm ), representing leucine b e ta -C H 2  and g am m a -C H , 

lysine de lta - and b e ta -C H 2 and  arginine g am m a-C H 2 protons, coincides with the

next w ide short peak. P eak  # 5  (2 .0 7  ppm ), representing proline gam m a- and  

b e t a - C H g .  g lu tam ine and  g lu tam ate  b e ta -C H g  a n d  m eth ionine m ethyl and beta- 

C H g  protons, coincides w ith the hum p following the next tall resonance. Peak  

# 6  (2 .2 3  ppm ), representing  valine b e ta -C H , proline b e ta - C H g  and  g lutam ate G - 

C H 2 , coincides w ith the sm all peak following this hum p. Hints o l peaks # 7  and * 8

(2 .5 7  a n d  2 .8 0  ppm  respective ly ), representing two proton species each , 

a s p a rta te  b e ta -C H g  and m eth io n in e  g am m a-C H g  protons and  asp arta te  and

a s p a ra g in e  b e ta -C H g  protons, respectively, can  b e  found in the next two sm all 

bum ps. P e ak  # 9  (3 .0 2  pp m ), representing  lysine e p s ilo n -C H g , a s p arag in e  beta- 

C H g .  cy s te in e  b e ta -C H g , tyrosine C H g , a n d  p h e n y la lan in e  b e ta -C H g  protons, 

coincides w ith a  distinct resonance of reasonab le size fo llow ed by  a  sm all 

reso n an ce  co incid ing w ith  p ea k  i t o  (3 .2 0  ppm ), rep resen ting  arg in ine  and  

p ro lin e  d e lta -C H g  protons and  h istid ine and  p h e nyla lan ine  b e ta -C H g  protons.

T h e  enve lo pe  be tw een  3 .5 -5  ppm contains a ll a lp h a -C H  protons , the 

b e ta  hydroxyl protons o f serine  a n d  throen ine, and  the glycine a lp h a -C H 2

protons . S ince these  reson ances are  exp ected  to b e  obscured by H D O  and any  

P R P P  prese n t, they  have  not been  included in the  theoretical 1 H - N M R  

spectrum .

Five peaks are  found in the arom atic region o f the theoretical 1 H -N M R  

spectrum . P e a k  #11 (6 .8 2  ppm ), representing  tyrosine protons ortho to the  

hydroxyl, co incides w ith the first resonance in the arom atic  reg ion. P e a k  # 1 2  

(7 .0 7  ppm ), rep rese n ting  h istid ine im id azo le -C 4  protons, tyrosine protons m eta
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to the hydroxyl, and  tryptophan indo le-C 5 and -C 6  protons, coincides with a  

shoulder of the next peak. O n closer exam ination, (see  Appendix 9 ), this 

shoulder contains several sm all peaks. N ote that m uch o f the noise which  

ap p ears  in the  spectra  gen erated  from under 100 0  acquis itions is not observed in 

this a rea  a t  pH  7 and the spectra collected a t pH 5 , the two pH’s  for which over 

15 0 0  transients w ere  m ade. P e ak  # 1 3  (7 .2 7  ppm ), rsp resen ting  the  

p h eyla lan ine  arom atic  protons com es out a t the  sam e position a s  the next 

resonance. There  is som e hint of a  smalt hum p a t the position peak # 1 4  (7 .5  

p p m ), rep rese n ting  the tryptophan in d o le -C 4  and  -C 7  protons. No resonance is 

found a t the position of peak  # 1 5  (7 .91  ppm ), w hich w ould represent histidine  

im id a z o le -C 2  p ro to n s .

As described  in deta il ab o ve , the num ber of p ea ks  and  their positions  

re la tive  to the first m ajor peak, c losely  coincide w ith those o f the  theoretical 

spectrum , though re la tive  heights do not ag ree  a s  w e l.  U pon therm al or pH  

d en a tu ra tio n , th e  ’ H -N M R  spectrum  should app ro ach  that g e n e ra te d  by

N M R S P E C , w ith  a  dec re ase  in the broadness of the peaks. To  g ive  a  fram e of

re fe ren ce  for these  types of ana lyses , a  com parison of the 1 H  N M R  spectra  of 

the na tive  an d  d en atu re d  lysozym e (M cD o n a ld  & Phillips, 1 9 6 7 A ) a re  given in Fig. 

V .2 9 A  and  a  com parison of the  d en atu red  and theoretical spectra  of 

lysozym e( M cD on ald  & Phillips, 1 9 6 9 ) is g iven Fig. V .29B . Un like the spectra  of

na tive  lysozym e w hich shows several distinct sate llite  bands upheld  from the first 

m ajor peak and  only  upon denaturation do  they not ap p ear, it w as found for 

native  O P R T a s e  that the first m ajor p e a k  has only  som e very  slight bands upheld  

bands, it w as  noted by M cD onald  & Phillips (1 9 6 7 8 )  that these bands can be 

attribu ted  to ring-current shift induced in protons o f the side chains which loosely  

app ro ach  the faces of the indole groups of the six tryptophan residues m folded

106



F ig u re  V .29
1H-NMR spectra of lysozyme

a) comparison of the spectra of the native and 
the denatured enzyme (McDonald and Phillips,

1967A)
b) comparison of the spectrum of denatured 

enzyme and the theoretical spectrum based on 
amino acid composition (McDonald and Phillips,

1969).
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conform ation of lysozym e. The absence of these bands in O P R T a s a  can  

probably ba attributed to the fact that there are  only betw een  1-2 tryptophan  

residues par subunit. The lack of a  significant reasonance in the spectrum of 

O P R T a s a  w here peak # 6  should ba seen, has bean found in other proteins 

and m ay ba due to the shifting of valine, g lu tam ate and  g lutam ine resonances or 

the ir b roaden ing  re la tive  to the  com puted reson ances (M cD o n a ld  ft Phillips, 196 $).

The absence of a  resonance a t 7.91 ppm is probably due to exchange of C -2  

protons of h istid ine im idazo les  w ith  O2 O as  noted by M eadow s ft Jardetzky

(1 9 6 8 )  tor lysozym e. S ince this reg ion h a s  resonances from  only one species of 

protons w ould con tain  useful inform ation if the spectra w ere  perform ed in H 2O . A

sm all peak ap p ears  in the 8 -9  ppm region w here  the am ide protons of the  

backbone should  res o n a te ( M cD on ald  ft P h illip s ,1 9 6 7 A ). T h is  d em o n stra tes  that 

w hile  m ost of the  am ide protons have  exchanged  w ith so lvent, a  few  are  difficult 

to e xc h an g e .

From  the point of view  o f studying the active s ite o f the  O P R T a s e , the 

m ost interesting region is that from 6 -8  ppm  (s ee  Appendix 9 ). In particular, Peak  

• 1 2 ,  for w hich ha lf the  height is  contributed by  the  histid ine im idazo le  C -4  

protons, is broad an d  contains several sm all peaks. This suggests that the 

histid ines a re  in d istinctly d ifferent env ironm ents an d  that a t the  concentration  of 

approxim ately  2m M  O P R T a s e  subunits (in a  0 .1 5  ml vo lum e), the spectra is c lear 

enough to d iscern  these different resonances. N o te that m uch of the  noise of 

the spectra  co llected for under 1000  aquisitions is not observed  in the spectra  

acquired  with over 3 0 0 0  acquisitions a t pH 7. The distribution of sm all peaks in 

this spectrum  around 7 ppm  com pares quite well to that acquired a t pH  5 (and  

over 1 5 0 0  acquisitions). The re fo re , it seem s to ind icate  that the p eaks seen  are
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real. This opens the way (or studying the proximity of substrate to the individual

amino acids on the enzyme.

USE OF 21P-NMR SPECTROSCOPY IN SEARCH OF

A P-RI8-OPRTASE INTERMEDIATE

in order to stabilize the OPRTase alter the pH dependent NMR study, the

enzyme solution was treated as described in ’ Methods.* This solution contained

potassium phosphate, M gC ^. and PRPP in addition to the enzyme. When it was

thawed (nearly two years later), approximately 2 mg ot OPRTase remained in 

solution and was catalyticaNy active. To test whether a phosphoribosytated 

enzyme (PR-E) had formed, the 31P-NMR spectrum of the starting solution was 

determined on the JEOL 400 MHz instrument of the CUNY NMR Consortium. As 

was expected, PRPP, was found intact in the solution as evidenced by peaks at • 

10 and -4.3 ppm, representing the alpha-phosphate and the beta-phosphate 

respectively (Fig. V.30 A). The enzyme solution was then extensively dialyzed 

against Tris to remove as much phosphate as possible and the exogenous 

PRPP. The 31P-NMR spectra of the dialyzed solution was then determined and 

is depicted in Fig V.30B. The only significant resonance was that at the position 

of Pj peak. Excess orotale was then added to knock any phosphoribosyl moeity

off the enzyme in the form of OMP. The spectra of this solution (Fig. 30C). 

however, indicated the reappearance of PRPP. The resonance of particular 

interest is that at -10 ppm which is where the bridge phosphorous of PRPP 

should appear. The orotate stock solution was also subjected to 31P-NMR 

spectroscopy and it revealed no resonances above baseline noise.

The pupose of this experiment was to test for the presence of a tightly 

bound phosphoribosytated enzyme intermediate formed by the incubation of 

PRPP with OPRTase in the presence of Mg2 * . This could be shown by the
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form ation o f O M P  from such incubated enzym e in the absence of exogenous  

P R P P fi.e . upon dialysis of this incubation m ixture). A negative result could be  

found because of insufficient sensitivity but a  positive result w ould  support this  

theory. Upon d ia lysis  of the O P R T a s e  solution w hich had  b e e n  incubating in 

P R P P  an d  M g 2 * ,  exogenous PP j and P R P P  w ere  rem oved an d  som e Pj

rem ained , if a  P R -E  interm ediate w ere present the resonance of the 

phosphorous m oiety w ould  b e  exp ected  to ap p ea r n e a r the  P | p ea k , probably

slightly to the left. How ever, the concentration could b e  too low  o r  the  

resonance could be broad due to its presence on the  enzym e. A s it turned out. 

only the  Pj peak app eared  in the spectrum . It w as expected that if a  P R -E

in te rm ed ia te  h ad  form ed (but w a s  obscured by b road en ing ), th e  addition of 

O ro ta te  to this solution w ould cau se a  burst o f production o f O M P  and  Ihe O M P 's  

3 1 P m ight appear as a  single peak  in ihe vicinity of the P j peak, if O M P  w ere

form ed, this is not ev iden t in Fig. 3 0C , since the spectra show s the  reson ances of

P R P P . It a p p ears  that P R P P  w as  tightly bound to the en zym e and w as  re leased

in response to the addition o f orotate  in the absence  o f additional M g2 * .  The

results o f this exp erim ent dem on stra te  that extra  care  m ust be taken  in  

in terpreting  a n y  results in w hich PP j is used to form P R P P  from a P R -E  enzym e

in te rm ed iate  since a  fa lse positive could result if tightly bound P R P P  is thereby  

r e le a s e d .
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F ig u re  V .30
32P-NMR spectra of OPRTase

A) with PRPP and M g * 2

B) after extensive dialysis of sample in A
C) with the addition of Orotate to sample in B
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D E T E R M IN A T IO N  O F  M E T A L -P R O T O N  D IS T A N C E S  O F  T H E  M N 2 *  -P R P P  

C O M P L E X  IN  T H E  P R E S E N C E  A N D  A B S E N C E  O F O P R T A S E  

Relaxation Measurements

E x p erim en t* w ere  perform ed as described in 'M ethods ,' on  7 sam ples:

A ) 100  m M  P R P P

B ) 100  m M  P R P P  ♦ 2 0  » iM  M n2 *

C )  10 m M  P R P P  4 1 m M  O P R T as e

D ) 10 m M  P R P P  ♦  5  ( iM  Mn2 *  ♦  2  m M  O P R T ase

E) 10 m M  P R P P  ♦  10 i iM  M n2*  i 2 m M  O P R T ase

F ) 10 m M  P R P P  ♦  10 > iM  M n2 *  ♦  1 m M  O P R T as e

G ) 10 m M  P R P P  ♦  10 u M  M n2 *  ♦ 0 .5  m M  O P R T as e

To  illustrate how  the raw  d ata  looks, two exam p les  are provided. Fig.

V .31  d em o n stra tes  th e  re laxatio n  of the proton N M R  spectra  o f P R P P -M n 2 *  in 

the ab sen ce  o f en zy m e . From  bottom  to top the spectra show n represent T  -  

0 .1 , 0 .2 ,  0 .3 ,  0 .4 , and 0 .5  sec , respectively . F ig . V .3 2  dem on stra tes  w hat 

happens to the proton spectra of P R P P  in the presence o f enzy m e . From  

bottom to top, these traces  represe n t T  -  0 .0 5 , 0 .1 , 0 .2 , and 0 .3  seconds. N o te

that w hen  en zy m e  is present a t concentrations n ea r that of P R P P , there is a non ­

linear b aseline  w hich itself re laxes. The enzym e w as too frag ile  to allow  for 

perfo rm ance  o f re laxation  exp erim ents  in the ab sen ce  o f P R P P  and the  

technology provided by the V arian  2 2 0  M H z  instrum ent, did not allow  for 

norm alization o f the baseline. T h e  carbons on P R P P  are  num bered  from C f

a tta ch ed  to  the  p yrop hosph ate  m o ie ty  through C s a tta ch ed  to th e  phosphate  

m oiety. O n both Fig. V.31 and Fig. V .32 , arrow s indicate positions of resonance
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F ig u re  V.31
Relaxation of the 1H-NMR spectrum of PRPP in the 
presence of 20*iM Mn2*.
From bottom to top: r .  0.1, 0.2, 0.3, 0.4, and 0.5 sec.
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F ig u re  V .32
Relaxation of the 'H-NMR spectrum of PRPP in the 
presence of 20pM Mn2* and 0.25 mM OPRTase. 
From bottom to top:0.05, 0.1, 0.2, and 0.3 sec.
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of these protons. The spectra of protons on C 3 and C 4 overlap  w hen enzym e is 

p r e s e n t .

Fig. V .3 3  is the spectrum  of P R P P  used for identification o f the peaks. 

Note that the C 1 proton corresponds to a  peak  near 5 .5  ppm , the C j  p ro to n  

corresponds to a  peak  near 4.1 ppm , the C 3 and  C 4 protons correspond to peaks  

near 3 .9  ppm  and the C 5 proton corresponds to a  peak  n ea r 3 .6  ppm . For 

spectra  taken  in the presence of O P R T a s e , the C 3 and  C 4 p ro ton  p ea ks  overlap

and therefore m easu rem ents  taken  n e a r 3 .9  ppm  a re  tak en  a s  a n  av e ra g e  of the

tw o .

In order to determ in e  the d istances , (r) betw een  protons of the ribose  

m oeity of P R P P  an d  the  M n2 *  com plexed  to it, severa l p re lim inary  calcu lations  

m ust be done on the data  to get it to the point w here  d is tance calcu lations can be  

d o n e .

G eneratio n  of H  values

For eac h  condition an d  proton, the height of the p e a k  a t  eac h  r  w as  

determ in ed . Th is  va lue  w as then subtracted from the tota lly re lax ed  va lue  ( r fflax)

and the result p lo tted  on  sem ilog pap er aga ins t T.

Tab le  V .9  dem onstrates the  generation of points for such plots for a  

sam ple containing: 10 m M  P R P P , 10 i iM  M n2 * ,  and 0 .5  m M  O P R T a s e . Sim ilar 

calculations w ere  perform ed on the raw  d ata  of eac h  sam ple. Fig V .3 4

dem onstrates the plottting of these  lines. The slopes thus g en era ted  » ( -T ,  ) * 1 .

G eneration  of f T 1P H  values

( T , ) ' 1 va lues  o f sam ples  not containing M n ion w e re  then  subtracted from  

the  co rresp ond ing  ( T ^ ' M o  g e n e ra te  the p aram ag n etic  con tribution  to ( T ^ * 1 (or 

( T y p ) '1).
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F ig u re  V .33
*H-NMR spectrum of Mg2*-PRPP.
Spectrum was taken on a 220 MHz instrument at 20‘C 
and pH 8.0.
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T A B L E  V .9

1 II 
E x p e r im e n ta l P e a k

C o n d lt lo n a

III
r

( • • c )

IV
P e a k

H e ig h t

V
H * (rm „ )  * iv

10 m M  P R P P  C , i 44 0
10 p M  M n2^ 0.2 43 1

0.05 17 24
0 .2S  m M  O P R T a a e 0.01 -13 57

C2 1 68 0
0.2 62 6
0.1 44.5 23.5

0.05 -13 55
0.01 •30 98

C 3.4 1 67 0
0.2 59 8
0.1 36.5 30.5

0.01 •54 121

C 5 1 135 0
0.3 134 1
0.2 111 24
0.1 53 82

0.05 0 135
0.01 64 199
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F ig u re  V .34
Sample semilog plots for the generation of TV 1 values. 
Counterclockwise form upper left are the protons of C1, 

C2, C5, and an average of C3 and C4.
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Generation of values tof each proton species at infinite erttvms

The (T, p )*1 values ware than multiplied by 1/f (with t« ratio ol [Mn2+] to 

[PRPP]) to give tha (IT 1 p)*1 values listed in Table V.10. For each proton species, 

( fT jp )*1 values of samples E.F, and Q were plotted versus [E]*1 and the line thus 

generated extrapolated to infinite enzyme concentration to give the ( f T ^ ) '1 at

infinite enzyme concentration.

Generation of fT?H  values

(T2 ) '1 values for each sample were determined directly by measuring 

the width at half-height of dm lotaly relaxed spectrum of C j and C2 protons for

samples C, E, F, and G .

Generation of values

The paramagnetic contributions to the transverse relaxation time (T2p ) '1

for the Ct and C2 protons were generated by subtracting the (T2) ' 1 values of

sample C from the corresponding (T2 ) '1 of samples E-G.

Extrapolation of fT , P/T gPl  to infinite enzvme

(T2p )"1 v^ m s  generated above lor and C2 protons at three

[OPRTasejs were divided by corresponding f T ^ ) * 1 values to give T 1P/T2p for

each proton species and enzyme concentration. These values were then 

plotted against (OPRTase)*1 and extrapolated to infinite enzyme. For both C t 

and C2 protons, a value for T1P/T2p of 7.2 was determined as depicted in Fig.

V.35.

Calculation of 7V for samples containing enzvme

The value of Tq  for the samples containing OPRTase was then 

determined by inserting into the following equation, the value for T tp /T 2p

extrapolated to infinite enzyme, as determined above:
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TABLE V.10 
( fT 1p )*1 v a lu ta  fo r p ro to ns  o f PR PP In  tha p raaanca o f  

O PR Tasa and M n2*

E xparim an ta l Protona
C o n d itio n * C -1  C -2  C -3  C -4  C -S

S am p la  B 
100 m M  PR PP
10 (iM  M n2*  10800 6400  5200 2400  2600

S am p la  E 
10 m M  PR PP
10 |iM  M n2*  15200 1 1000 9400 9400  5600
0 .2 5  m M  O P R T aaa

S am p la  F 
10 m M  PR PP
1 0 i i M M n 2 *  5000  3400  4000 4000  3600
0 .5  m M  O P R Tasa

S am p la  G  
10 m M  P R P P
10 iiM  M n2*  3600  2800 1200 1200 1000
1 m M  O P R Taaa

E x tra p o la ta d
10 ............ 2500  2100 800 800 420
O P R T a s a

1T1P 0.400x1 O'2 0.476x1 O'3 1 .2 5 x l0 *3 1 .25x10*3 2 .38x10 ’ 3
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F ig u re  V .35
Extrapolation of T1p/T2p to infinite enzyme.
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W ifc  -  [3/2(T,p/T2p • 7/6)|1/2 (Eq. V.9)

with:

*»i ■ 2k (220 *  106) -  1.382 *1 0 9 

tor a 220 MHz NMR instrument The value of Tq  thus determined equals 

2.176 *  10*9 .

Calculation Q l/(rc ) for samples containing enzvme

The value of / ( 7 c  ) was then determined by substitutingrc  into the 

equation below:

f(Tc ) -  3rc /(I ♦ w f o 2) ♦ 7rc /(i ♦ w ,2rc 2) (Eq. v.io)

w ith:
Wj as above

w ,  -  2k  (220 *  10*) x657 -  0.9082 x IO 12

for a 220 MHz instrument and protons as the resonating nuclei. The value of 

/ ( 7 c  ) thus determined equals 0.65 x 10'9 sec or 0.65 ns.

Calculation of distances between Mn and H‘s of PRPP on and off OPRTase 

The distances (r) between protone of PRPP and Mn when the complex is 

either on or off the enzyme were then calculated utilizing ihe following equation: 

r « C [q ( fT 1P) * / ( r c )|1/# (Eq. V.11 )

with:
q-1 (coordination number) 
c -  812 for Mn*2
fT lP  as determined above for each proton species (see Table V.10) 

/ ( 7 c )  -0.3 ns for samples without enzyme and 0.65 ns for samples with

enzym e

The values for 'r /  thus determined, are in A and listed in Table V.11. 

Model Construction and Graphical representation

Looking at the distances determined above, we can see that on the 

enzyme, the metal is. in general, further from the protons of PRPP than it is when
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TABLE V.11

D istances  (In  A) from  M n *2 to  p ro tons o l PRPP  
In  ths  p rsssncs  and  ab ssnca o t O PR Tasa

E xparlm an ta l P ro to n s
C o n d itio n s  C -1  C -2  C -3  C -4  C -3

10 m M  P R P P * 4 .S ±0.5  4 .9±0 .3  5 .110 .3  5 .710 .5  6 .0 1 0 .5
10 (iM  M n 2 *

10 m M  PR PP^iC
10 |iM  M n 2 *  6 .5 1 0 .7  6 .7 1 0 .7  7 .810 .8  7 .810 .8  8 .7 1 0 .9
e x tra p o la te d
to  In fin ite
O P R T a s e

a) An / ( 7 c  ) value of 0.3 ns for Mn2*-complexes in solution (use reference) was 
employed for these calculations.
b) Anf ( T Q  ) value of 0.65 ns was used for these calculations as determined in

text.
c) Because of overlap of resonances of protons on C-3 and C-4, only an average 
distance was calculated.



it is off the enzyme Also, on the enzyme, it is pulled an even greater distance

away from those protons from which it was the furthest to start.

Models were built using the structural formula for PRPP and average

bond lengths and angles. It was assumed that the Mn2 4 is in the vicinity of the 

i'-P P i moiety , but not attached to the 5’-phosphate. Sticks were attached to the

H's proportional to their distances to Mn24 and bonds rotatod so that they could 

reach the metal. Fig. v.36 is a graphical representation of the model of PRPP- 

Mn2* in solution. Fig. v.37 is a graphical representation of the model of PRPP- 

Mn2* on the OPRTase.

These experiments were performed several years ago when the NMR 

technology available for use was not as refined as it is today. It has recently been 

demonstrated, using 31P-NMR, that the 5'-phosphate is also near to the Mn2* 

ion, particularty in absence of enzyme. Models conforming to this new 

development can be found in Syed (1986).
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F ig u re  V .36
Graphical representation of the PRPP-Mn2* complex in 
so lu tion.
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F ig u re  V .37
Graphical representation of the PRPP-Mn2* complex on 
OPRTase.
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Section VI: DISCUSSION

As mentioned in ’ Rationale,* one of the purposes of this thesis research 

was to explore the amino acid composition and 1H-NMR spectra of OPRTase. As 

of this writing, OPRTase is the only PRTase from Baker's yeast that has been 

studied in this manner in this or any other laboratory. Once other enzymes of this 

class have been explored, these results can be compared with the findings of this 

researcher. The amino acid analyses of other PRTases from several other 

sources, have been completed (Musick, 1981) and their compositions are 

summarized in Table VI.1 along with that of OPRTase from Baker's yeast. In the 

first column are the average percent compositions of each amino acid in five 

PRTases studied, in the second column are the percent compositions of amino 

acids in proteins in general, and in the third column are the percentages of amino 

acids in OPRTase as found by this researcher. Compared to other PRTases, most 

percentages of amino acids of OPRTase are within one standard deviation unit. 

Exceptions are higher percentages for histidine, serine, and glycine and lower 

percentages (or proline and valine. The serine percentage of OPRTase does 

agree with that found lor proteins in general, however. From the amino acid 

compostion of OPRTase, we were able to generate a theoretical 'H -N M R  

spectrum for a random coil protein and when this was compared with the actual 1H- 

NMR spectum of (2 mM) OPRTase, a similar number of major peaks were seen. 

(Details of this comparison are found in ’ Results.*) The 1 H-NMR spectra of 

OPRTase taken at various pH values between 8.0 and 5.0 were compared and no 

significant changes could be observed. In addition, some backbone amide 

protons which were visible at pH 7.0 were found to have been retained even after 

several hours at pH 5.0. It was concluded, therefore, that the enzyme is not

136



undergoing any gross conformational changes in that pH range, as would be 

evidenced by the appearance of a more random conformation.

In the range of 7.0 to 7.1 ppm (where histidine-imidazole-C4 protons 

resonate), it was seen that the number of individual peaks are close to that of the 

number of histidines in OPRTase. Since OPRTase is not a protein that can be 

purified in large quantities, it is important to know that such an amount of protein 

can yield spectra in which individual peaks can be discerned. With the new high- 

field instruments now available, this can be explored even further. By studying the 

relaxation times of the protons ol PRPP In the presence and absence of a high 

concentration of OPRTase and a very low concentration of Mn2* , the distances 

between the metal and the carbon protons of PRPP were determined. It was 

assumed that the 5'-phosphate was not positioned near to the metal ion.

Distances consistant with a more closed structure were found for Mn(ll)-PRPP off 

the enzyme whereas a more open conformation was revealed once the Mn(ll)- 

PRPP was in the presence of OPRTase. Since these studies were necessarily 

carried out with a small concentration of Mn2* relative to the a 10-fold excess 

utilized in a l of the kinetic studies, the conformation may not represent the 

optimum active complex where more than just a single metal ion site might be 

occup ied .

Chemical modification with two histidine-specific reagents showed 

irreversible inhibition of the enzyme. These studies were not totally definitive 

since DEPC can react with the side-chains of lysine and tyrosine residues and 

pBPB can react with other nucleophilic groups such as the side-chain of 

methionine. Moreover, the definitive experiment, that of reactivating OPRTase 

after DEPC incubation with NH2OH, could not be done since NH2OH itself inhibits

the enzyme. However, in a survey of ten enzymes modified by DEPC, for which
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information is known regarding the actual residues modified (Miles, 1977), it was 

shown that when the incubation buffer used was phosphate (as in our case), only 

histidines were modified.

The pH profiles of the forward and reverse reactions are consistant with 

the presence of at least five residues at the active site, that are essential for the 

combined forward and reverse activities of OPRTase and which undergo 

protonation or deprotonation between pH 4.5 and pH 9.5. Interestingly, not all are 

equally essential In each reaction direction.

In Figure VI.1, I speculate on the steps that might be occuring during the 

reactions catalyzed by OPRTase in the presence of excess Mg2*. In this figure, a' 

represents the active site of the enzymes containing one histidine, two carboxyls 

and three lysines. Though the actual number of lysines present at the active site 

is unknown, the presence of at least one such residue has been indicated by the 

work of Ashton and Sk>an(i9M). According to the pH profile, one lysine would 

have a pK value near to 8 and the others over 9. Below pH 8 these lysine residues 

would mostly be protonated. Though there is no chemical evidence for the 

presence of a carboxyl group at the OPRTase active site, the pH-Vmax profile 

indicates the possibility of two such moieties (one with a pK of 4.6 and the other 

with a pK of 5.2). Evidence for the presence of a histidine at the active site has 

been shown by a pK of 7.1 for the forward reaction, the inhibition of OPRTase by 

DEPC and pBPB and the decrease in inhibition in the presence of substrates. 

Although Mg(ll)-PRPP is the best substrate protector, even Mg2* alone protects. 

In addition, when OPRTase is inactivated by NH2OH, the only amino acid residue

which is significantly affected in the amino acid analysis is histidine.

I propose that one carboxyl group acts as a binding site for Mg2* to which 

the 5‘-phosphate moiety of PRPP binds, thereby forming a metal bridge with the
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TABLE VI.1
A m ino  A cid  D is tr ib u tio n * (% ) o f P R Tasss , P ro tt ln s , and O P R Tass

P R T a s a
a v a ra g a

± S D

A v a ra g a
p ro ta ln

c o m p o s itio n
O P R T a s a

G lu .G In 9 .812 .2 9.5 11.4
A s p .A s n 9 .413 .2 9.7 8.2
L y a 4 .81 1.7 6.6 6.2
H is 1.810.5 2.1 3.1
A rg 5.91 1.4 4.5 3 .6
T h r 4 .510 .9 5.8 4.1
S a r 5 .310 .9 7.2 7.3
P ro 5 .411 .0 5.6 3 .6
G ly 8 .7 1 1 .3 8.8 13
A la 9 .6 1 3 .4 8.7 8.3
C y s 2 .0 1 1 .0 3.1 1.0
Val 7 .711 .4 6.6 4 .7
M a t 2 .2 1 1 .6 1.7 1.0
lla u 5 .0 1 2 .5 4.6 7.7
L a u 11 .813 .5 7.7 8.3
T y r 2.711.1 3.5 3 .6
P h a 3 .511 .3 3.5 4.1
T rp 0 .7 1 .6 1.2 1.0
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F ig u re  VI.1
Proposed mechanism of action of OPRTase in the 
presence of an excess of Mg2*.
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enzyme. Alternately, PRPP may bind as Mg(ll)PRPPMg(ll) with the 5'-P- 

magnesium portion corner binding to the COO*-Mg2*). In either instance, the 

result would be that the PRPP would be attached to a carboxyl on the enzyme 

through a Mg(ll) ion. A flexible lysine could then position itself near to the r -  

pyrophosphate side of the PRPP. because of its attraction to the one negative 

charge of PPj not neutralized by Mg2*. This geometry would place the bond-to-be

broken near a second carboxyl group of an aspartate or glutamate, as shown in 

Figure V l.ib . The bond breaks, possibly driven by the need to relieve the strain of 

having a phosphate negative charge near to a carboxyl negative charge and by the

ability of the newly generated positive and negative charges to be neutralized

through tight ion-pair bonds with the caboxyt and lysyl groups respectively (Figure 

V I.lb ). Negatively charged MgPPj then leaves the enzyme and the site opens up.

The charged ribose ring thus formed, is stabilized by the second COO* on the 

enzyme. Orotate can now enter. The carboxyl of orotate is stabilized by a 

protonated lysine on the enzyme and an unprotonated histidine removes a proton 

from the orotate ring nitrogen, thus leaving the nitrogen in the carbonyl tautomer 

with electrons free to react with the positively charged ribose ring (Fig. V I.id) The 

reaction occurs and OMP (Fig. V l.ie ) can then be released, leaving the enzyme 

with the metal ion still attached at the active site (Fig. VI. 1a).

The proposed mechanism ot the reverse reaction would also begin with 

(Fig. Vl.a) the active site with a metal ion attached to the carboxyl. Thereafter,

OMP would then coordinate to the metal ion on one side, whereas its ring carboxyl 

substituent would attach to one of the protonated lysine residues. This geometry 

places the bond-to-be broken in close proximity to the COO* on the enzyme (not 

shown). We speculate that the driving force lot the breaking of the giycosidic

bond of OMP is the protonation of the orotate nng either at the 2-carbonyl group



(to form a hydroxyl group and a new tautomeric form as shown in Figure V l.it) or at 

the I N position itself (no change in tautomeric torm). Orotate dissociates and 

Mg2*-PPj is then allowed to bind and positioned so that is in located close to the

positively charged ring (Fig. Vl.g) to which it reacts to form PRPP.

Some indication tor the separate needs ol the forward and reverse 

reactions, can be seen by examining the differences in pH-Vmax profile (Figure

V.9). The reverse reaction is more sensitive to increases in pH. it is possible that 

the lysine residues have different pK's, and that as one becomes deprotonated. it 

hampers the reverse reaction which needs it for catalysis. The forward reaction, 

which utilizes only the other lysines is unaffected by the lysine deprotonation 

event above pH 8.0. The forward reaction, however, needs an unprotonated 

histidine residue and therefore its activity is reduced at lower solution pH values.

The scheme of action of OPRTase outlined above contains many facets 

that are unproven and therefore speculative. It does, however, provide a working 

model for the development ot new avenues of experimentation which may 

eventually lead to a clearer understanding of the OPRTase mechanism of action.
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APPENDIX I : LISTING OF HYPER PROGRAM

l  M V P EA
r  p e n  r o  n r  d a t a  t o  a

H Y P E R B O L IC  CUR VE  
3  H O NE : P R IN T  ’ P I T  TO h v AC R B O LA

< K »At “
10 D i r t  v < i o o ) . A < i o O ) , S < 3 . 4 ) , 0 ( 7 )

, Srt f 3 > , SS < 3 )
r o  o t r t  w c < i o > , s c <101 
rs PNt.NT i i n p u t  ' 0 0  YOU W IS H TO

M U L T I P L Y  THe V S  A N O/Of t  A 
• s  » y  A C O N S TA N T-  " |  v N f

r o  ; p  y n *  •  ' n o '  t h c n  v i o i  •  u a  
<01 •  t i  SOTO * 0 0  

: s  P A I N T  , IN P U T  "CNTCA a  c o n s t a

NT M U L T I P L I E D  OP 0 " l V  <0> 
a o  ® A i n t  , i n p u t  - e n t e a  a  c o n s t a

NT - U L r i P L I E A  OP A ~ | A I 0 )
4 3  P A I N T  i P A I N T  ACL V S  ENTEPC 

0  W I L L  I E  M U L T I P L I E D  I T ' . U I O  
)

3 0  P A I N T  i  P A I N T  - A L L  A ’ S E N T t A t  
0  W I L L  BE M U L T I P L I E D  B V , A < 0

1 0 2 0  O U t  •  * 1  1 > /  0  *  2 
TO TO 0  < T ) •  v  ( I )
3 0 4 0  OOTO 3 1 1 0
3 3 0 0  CK •  CK -  S < 2 . I t  /  S i  1 . 1 )
3 3 1 0  P A IN T  C T - ' . C K
3 3 2 0  NT -  NT •  1
3 3 3 0  I P  NT < 3 THEN 3 0 0 0
3 5 3 0  1 2  •  O
3 3 7 0  P A IN T
3 3 9 0  POA I  •  I  TO NP
3 3 AO 1 2  •  1 .  /  A l l )
3*0 0  «3 •  I . t  V < I )
3 * 1 0  I I  •  1 1 1 . I )  /  U .  ♦  CK /  A l l  

l )
3 *2 0  O il  •  V I I ) -  I I  
3 * 2 *  P A I N T  C H A *  i a i  .  - I 3 2 N -
3 * 2 7  P A I N T  CM A* 1 1 3 ) 1  I P  I  * I  THEN

3 * 2 A
3 * 2 9  P A I N T  - C O N C - i  S P C I  I * ) ) ' 1 / C

O N C - i  S P C I  l « ) i - V E L O C I T Y " i  SPCI 
1 2 1 i " 1 / V E L O C I T Y - I  S P C I  1 0 ) I "  
CALC v - |  S P C I  1 4 ) t " 0 I P P "

I N G .  0 0  * 0 U  AGREE W IT H  TH 1 1 1 i k (4 >  •  Ok 1
CSC V A LU E S '*  • jY N B 3 4 3 0 FOA J K  •  0  TO S i l l  •  I K ( J K  ♦

3 7 r r  VNB •  NO -  THEN 33 I )
« 0 0 * E n  f o l l o w i n g  i s  t h e  d a t a  y 3 4 3 2 S B  •  2 0  *  LC N  ( STAB ( 1 1 ) 1

OU h a v e  STORED 2 4 2 3 F A I N T  I X |  S F C ( S B ) |
10<»O H O r e  t f a i n t  - f i t  t o  m v f e r b 2 4 3 4 n e x t  J k

O LA  V « v r t » A / < K % A >  ** 3 4 4 0 S 2  •  1 2  *  ( V ( I )  -  S ( l .  1 )  •  A
t 0 0 2 a e m < I ) /  »CK ♦ A ( l ) ) )  -  2
1 0 0 4 AC n 3 4 3 0 NEXT t
t o i o FOA I  -  I  TO 3 7 4 * 0 D • S 1 M

1020 AA 1 NT 74 TO UF ■ F
NE XT 1 7 5 0 0 S 2  •  S 2  /  F

\ > j *  0 J J  ■ 0 7 4 * 0 S I  •  1 0 F  < 1 2 )
i< * 3 A C 1  * E A D  N A .N O 4(_ •  Ch /  • < * . » >
U - 4 7 A A 1 N T  CrtAft ( I S ) 3 7 1 0 VK •  1 .  /  SL
: 49 F A I N T  CHAA |(?) ♦ ‘ I - 3 7 2 0 VN •  I .  /  3 ( 1 , 1 )
»v*30 AEAO N F .N O 7 7 7 0 FOA J •  2 t o  3
l " 3 3 AEH 7 7 4 0 FOA K •  1 TO 2
I j Z a AErt 3 7 3 0 S ( k, ,  J ) •  S ( K , J )  « S r t ( * d  •  Srt
1 • -37 AErt ( J -  1)

■ ’ I F  NF « •  .) THEN 3 4 3 0 3 7 4 0 n e i t  k
I v S O *1 •  I 3 7 - 0 N E l  T J
• • •*) I I  •  0 2 7 0 0 S C ( 2 )  •  91  •  SOP ( 3  d . 2 ) )
1 i * 3 N •  2 3 7 * 0 s e t i )  •  s i  •  s q a  < s < : , ; » »  /
; . *4 N t  •  N *  I S ( | , n
l u 1* ? n 2 •  n  ♦ 2 3 0 0 0 S E ( 3 )  •  S C ( 2 )  /  S ( 1 , I ) ' 2
i : >t GOTO 3 0 0 0 3 0 1 0 S < 1 . 2 )  •  31 •  SQA <CK ' 2 •
2 ' . ' -J AErt  READ V ( I  > , A  ( I ) S ( l . 2 )  ♦ 5 ( 2 . 3 )  ♦ 2 .  •  Ck •
2 . 2 AErt S ( 1 .  2)  )
2 4 R£AO V ( I ) . A ( I ) 7 8 2 0 SE ( 4 )  • .  3 ( 1 . 3 )  /  S ( 1 , l  ) * 2
2 "  9 V ( I ) •  v  <0 ) •  V ( I ) 3 0 2 3 S E ( 4 )  •  S< 1 ,  2> /  CK- 2

9 A (  I ) •  A ( 0 »  t  A < I > 7 0 7 0 wf i ( l )  •  1 .  /  SE ( 1 )  '  2
2 .«: > I P  NO '  •  0  TNEN 2 0 4 0 70-10 h C 2 )  •  I . /  5 E ( 2 )  -  2
2 :  j / < : >  •  t .  /  v < n 7 0 3 0 - e » 4 )  •  i .  /  S E < 4 )  '  2
2 \  - v 2 < I ) *  V < I > -  2 /  A l l ) 3 0sO wE < 3 )  •  I .  /  S E ( 3  > -  2
2 3 1"* 3 ( 2 >  ■ V ( I ) -  2 7 5  " 0 - £ < o >  ■ t .  /  S E ( 4 )  A 2
Z t  -> 3 ( 3 )  •  v  < I > 2 c 5 0 GF •  SL  •  d .  /  A ( N F > )  *  vN
2' .  7 ' GOTO 3 1 1 0 7 6 * 0 P R IN T  : P A I N T
2 3  ' 1 3K ■ 5 < 1 .  1 ) /  S ( 2 ,  1) : a * i p r i n t  ‘ k. ■ " , CK i  P R IN T  ' S . E . <
1 3 : ) J J  •  J J » i ►•)■ , 3 E d ) i  P R IN T  "  . ~E i 1 »

3 PR I *. T " L I N E  N L r t f 'E F * ' ’ , J J
1 3 1  t P R I S T  'N u r f -E Sr  OF P O I N T S - " . N 3 * ' 0 P R IN T  i P A IN T

A 7 * 1 P R IN T  V »  ■ . s ( I . 1 » j p a i n t  s
13  7 .* P A I N T  "CK , CK . E .  v ) « - , S E ' 2 ) i  P R IN T
13 4 .» n T •  0 6 :>
13 1 H •  2 7 * 0 * P R I N T  : P R IN T
17 3v» GOTO 3 0 0 0 7 * 1 0 SE ( 7 ) •  S E ( 2 )  /  S ( 1 . 1 )
7 . • 0 ■ -  A l l ) 3 * 2 0 h E ‘ 3 i •  I . /  S E ( 3 )  2
:  - i  ■* 2 ( 1 )  •  A ( I ) /  0 7 * 7 0 P R : %T  c . v . V ) •  ’ , S E ( 3  >
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i * ~ 2  p *  l  NT W L « t / C V « - , M C < 2 )
F A IN T

31? : ?  p r i n t  i p a  i n t  
: * 4 . j  p a i n t  j k / v « * , S L i  p a i n t  S . 6  

. ' F /  V ) •  ’’ « SC ( 4 ) 1  P A IN T  ,H
C ' 4 ,

3 9 4 9  P P I N T  | P A IN T
2 * 3 0  P A I N T  ** l  / V « "  , VN» P A IN T  ’ S . C  

. < I / V *  ' , S C ' 3 > i  P A IN T  u « ‘ , mC
( 3 )

! * • *  P A IN T  » P A IN T  
3 * * 0  p a i n t  V / P « * , V F . l  P A IN T  S . C  

. ( V / K > • - , S C ( * > i  P A IN T  
C ' A>

3 * 6 *  P A I N T  i  P A IN T  
: * " o  s e »7> •  s c < * >  /  v *
: * 8 o  n C ‘ T) •  i .  /  s c < 7> - 2
3 * * 0  P A I N T  C .  V .  ( V / K  * • ’* ,  SC ( 7 )  * P A IN T

• • N L » l / C V »  \ * C ( 7 t  
: * * *  P A I N T  I P A I N T
4 0 0 0  P A I N T  * I / V AT A » - , A ( N P l
40* 2 P A I N T  -  19  " . O P
4 0 , A P A I N T  i  P A I N T
4 0 1 0  P A I N T  " S ( Q H A o ' * , S l
4 0 1 2  P A I N T
4.j 2 u  P A I N T  • V A A IA N C C « “ . S r  
4 0 2 2  P A I N T  ‘ P O A - . l A .  DESACES OP 

P A C E D O n"
4 0 2 4  P A IN T
4 i >2* P A IN T
4 *-’ v  ; f  i i  /  o t * * *  « 9 V
4 0 4 0  S I  -  2 . A t  Sk
4 0 2 0  POP I •  I TO NP
4 0 6 0  t e s t  •  ASS I V ( I )  -  S U . l )  t  

A M )  /  <C* *  A M D )
4 0 6 2  TEST •  TEST -  91  
4 0 7 0  I P  TEST < 0  THEN 4 1 0 0  
4 i>80  P A I N T  P O IN T  D E V IA T E S  NO AC 

TH AN 2 . 6 l S t - , V < I > . A <t >
4 0 * 0  SOTO 4 | 2 0  
4 1 u u  I I  •  I I  ♦ I  
4 I J 0  V M M  •  V l l l
4 I  2 0  A  < I t ) •  a m  »
41 A t  n £ * T  I 
4 1 4 0  TEST ■ NP -  I I  
4 1 T J  I P  TEST < •  0  THEN SOTO I

0 4 7  
4 t • NP •  I  I
4 1 8 0  NT •  0
4 i o  , P A I N T  •R E V IS E D  P I T -  
4 2 . 0  p a i n t  
4 2*. » P A I N T
20- o PEN M ATR IX  S O L U T IO N  SUBAOU

t i n e
2 0  10 FCR J •  I TO n 2
2 . ’ 20  PCA K •  1 TO N l
2 ■*" • S <► . J > •  0
2 «* j n £ « T k
2 2 • N£ X T J
2 : t j f : *  I •  I t o  n P
2 ’ *:. i I F  M -  l  GOTO 2 0 0 0
2 - 0  I "  N •  2 GOTO 2 0 0 0
2 I : • FCA J ■ I TO N l
2 ; 2 j f ; ^  » •  i  t o  n

2 1 * 0 S ' , J >  •  5 ‘ T . J )  •  0<k) •  O U
>

2 J • n E x t k
2 1 2  j nE  < T J
2 I *3 .* M l T  I
3 ;  ’ .) F : ^  » •  1 TO n
2 t f  * S n i ^ )  •  i .  /  SOP < S > t . r M
2  I c 0  N E i T  v.
2 2 * S N i N l » -  I .

2 2 1 0  PQA J -  t  TO N l
2 2 2 0  FCA *  •  I " O N
2 2 2 0  S < > . J >  •  S « r , j >  •  s n ( r >  t  S n  

i J )
3 2 4 0  NEXT F
3 2 3 0  NEXT J
3 2 6 u  S S ( N | > •  -  l  .
2 2 7 0  S < I , N2> •  I .
3 2 9 0  FOA c  •  I  TQ n
2 2 * 0  FOA P •  I  TQ N
3 3 0 0  SS <P > •  S ( P . 1 1  
3 3 1 0  NEXT K
2 2 2 0  FOA J  • | TQ Nl
3 3 3 0  FOA *  •  l  TQ N
3 2 4 0  S ( P , J >  •  S ( P  *  i , j  * i )  -  SS 

' « * ! > •  9 ( 1 . J .  I ,  / SS <1)

3 2 2 0  N E i T  k
3 3 * 0  NEXT J
3 3 7 0  NEXT L
3 2 9 0  FOA A » |  TO N
3 3 * 0  S ( K . U  •  9  ( F . 1 > •  **<► >
2 4 0 0  NEXT K
3 4 1 0  I P  N •  I  SOTO 2 3 0 0
3 * 2 0  I P  N •  2 3 0 " 0  T2«‘" )
2 4 3 0  P A I N T  I P A I N T  i F A IN T  ‘ PROS 

RAN COMPLETED TO - j J J i • L  
IN C S .  •

2 3 0 0  ENO

l(+6



APPENDIX 2: LISTING OF PHBELL PROGRAM

l sen
3  H t l i  AA CG AAn T0  F I T D A TA TO A 

8C L L  S H A A € 0  C U A V l  
10  D I M  T * 10o> . A i 1 0 u >  , A 11 0 0 > , S I * .  

3 )  , a  I «> . ! m  4 )  , SS 1« !
2 0  D i n  I K ( 7 1 . C K 1 2 ) . S C ( 2 ) . 0 * C . 3

c ( « i , n *  < : >
AOO ACH A O L L O M IA O  I S  TWC DA TA T 

o u  MAVC 3TC AC D 
• • •  DA TA 0 , 0
lOOO MOnC l  A A I  NT A I T  t q  l j (J y .

LOO <C /  < I  * M / K  A  •  H / H I  ” i  P A I N T  
I P A I N T  i  P A I N T

1 0 4 0 J J  -  0
1 0 4 7 P R I N T  C H R *  ' 1 0 )
1 0 4 0 P R I N T  C H R *  < 9  > •• ■ I "
1 0 3 0 R£H
l o 3 3 REAO NP
1 0 3 * I F  NP < * 0  Tm EN 3 4 3 0
1 0 3 7 REAO NO
1 0 3 0 N •  1 1 n T •  0 1N •  3 

•  3
. N 1 • 4 | N 2

1 1 0 0 FOR J  ■ 1 TO n 2 i  
N l

FOR V.
0

 
8-1

t  1 10 3 < K . J >  -  •)
1 1 2 0 N E x T  k i  N E XT  J
1 1 3 0 FOR I  •  I  TO NP
1 1 4 0 I P  H •  2 t mEN 1 3 0 0 i  I F M ■

3 THEN l 3 u O
1 1 3 0 REH
1 1 3 2 REAO *  < I > , A ( I ) . I >
I 1 3 4 REH
« • «A» BKM
1 1 * 0 A  < I  > •  l . /  EX P <

< I )  >
2 .  2 0 2 *  •  A

I  1 7 0 0 ( 1 )  -  *  < I )
1 1 0 0 0  ( 2> •  A < I ) •  2 < i )
1 1 9 0 0 ( 3 )  - 0 ( 1 )  /  A < I )
1 2 0 0 0 ( 4 )  -  1.
1 2 1 0 GOTO 1 6 0 0
1 2 0 0 D -  I .  *  A < I ) /  Z*  

> /  A < I )
( I > - Ck ( 2

I 3 1 0 0 ( 1 )  •  t .
1 2 2 0 3 ( 2 )  -  A ( I ) /  0
1 2 3 0 0 ( 3 )  •  < I . /  A < I > i /  D
1 3 4 0 0 ( 4 )  -  LOG 1 / ( 1 ) •  0 )
1 3 3 0 GOTO 1 6 0 0
13 0 u D - l .  ♦ A  < I ) /  C K ( l ) ♦ CK (

1)  /  4 . i / A i l )
1 3 1 0 a < n  -  i .
1 3 2 0 0 ( 2 )  ■ ( . 2 3  / *  A < I ) -  A ( I > /

C K ( i » * 2 )  /  0
1 3 3 0 0 ( 2 )  •  LOG ' v ( I > * 0 )
1 * 0 0 FOR J •  1 TO N i l

N
FOR K -  1 TO

1 6 1 0 S ( k  , J  ) ■ 3 < k  ,  J ) *  
) •  ( I >

0  (K  ) •  0  ( J

1 6 2 0 N E XT K |  N E XT J
1 * 3 0 N E XT I
1 6 3 0 FOR k •  1 r o  N
1 6 6 0 S H ( k  ) •  1 .  /  SCR ( S (► , i« ) »
1 6 7 0 N E X T r
1 6 0 0 S N ( N 1)  •  1.
I  7 0 0 FOR J ■ 1 TQ N l i

N
FQR ►. -  1 t q

1 7 1 0 S ( K . J )  •  S ( k . J )  •  
( J )

S H ( k  ) •  5 f i

1 7 2 0 N E XT N g x T  J
1 7 2 0 S S ( . N l )  -  -  1.
1 7 4 0 S (  I , n 2 ) •  l .
1 0 0 0 FOR L  ■ I * 0  n
101<j f q r  » •  i  ' O n

]A7

1 0 2 0  S l o o  -  3  < * .  1)
1 0 3 0  N E XT r
1 0 4 0  FOR J  •  t  TO N l
1 0 3 0  FOR *  -  1 TO n
1 0 3 9  K l - < « l i J I - J * i  
1 0 * 0  3 < K . J >  •  3 < * l . J l >  -  3 3 <k l ) i  

3 < I , J D  /  3 3 <  1)
1 0 7 0  N E XT < i  N C I T  J i  NEXT l
1 * 0 0  FOR K •  1 TO N
1 9 1 0  3 < * . l >  •  3 < k , l >  •  3M<K>
1 9 3 0  N E XT K
1 9 2 3  I F  N •  2  TH EN 2 1 0 0 i  [ M  •

3 THEN 2 2 0 0  
1 9 2 0  CK <2>  •  3 ( 3 , U  /  3 ( 1 , 1 )
1 9 4 0  C K ( 1 )  ■ 3 < 1 , 1 >  /  3 ( 2 , I )
1 9 3 0  J J  •  J J  *  1 
I 9 6 0  P R I N T  * L I N C  N U H 3 E R -  - j J J  
1 9 7 0  P R I N T  " N U f l M f t  OF P O I N T S -  ' j  

NP
1 9 0 0  P R I N T  i  P R I N T  ' C K A - • , C K i  1)
1 9 * 0  P R I N T  i P R I N T  " C H - *  , CK ( 2 )
2 0 0 0  3C < I > ■ CK ( 1 )
2 0 1 0  SC <2)  •  C K ( 2 )
2 0 2 0  H ■ 2 
2 0 2 0  GOTO 1 1 0 0
2 1 ' j O  2 k  < 1 ) •  C K ( I ) « S < 2 . 1 )  I  C* '

2 1 1 0  CK < 2> •  CK ( 2  > -  S < Z , I )
2 1 2 0  P R I N T  * C K A - - , C k < I )
2 1 2 0  P R I N T  " C k ® » * , C k < 2 >
2 1 2 3  I F  C K I l )  - 0  THEN 2 1 3 0  
2 : 4 0  C K ( 1 )  -  S C < 1>
2 1 2 0  I F  C K ( i )  ^ O THEN 2 1 7 0  
2 1 6 «j  CK ( 2 )  •  3C ( 2 )
2 l7 --»  CV -  E X P  ( 3  < 1 ,  1)  )
2 1 9 0  NT ■ NT *  1
2 1 9 0  I F  iN T  •  3 )  t h e n  U O O
2 1 9 3  I F  <NT > 3 )  THEN 2 3 0 0
2 2 0 0  C K ( I ) •  CK ( 1 )  -  S ( 2 , 1 >
2 2 l o  P R I N T  ” C K A — " , C K ( I )
2 2 2 0  NT •  n T ♦  1
2 2 3 0  I F  . N T  • -  3 )  THEN 1 H O
2 2 4 0  CV ■ E X P  ( S < 1 • 1 ) >
2 2 3 0  Ck < 2 )  •  C K ( I ) /  4 .
2 3 0 0  FOR J  -  2 T O  N l i  FOR k •  i  ” 0 

N
2 3 1 0  S < ► , J )  -  S ( K , J ) t  5 M < « t  •  3N 

( J -  1 )
2 3 2 0  NEXT ¥. i  NEXT J
2 2 4 0  S 2  •  )
26>.0  FOR I  -  1 TO NP
2 6 1 0  < •  CV /  ( 1 .  ♦ A ( I ) / Cc <1) ♦

CV 2)  A < I  ) >
2 6 2 0  Pm -  -  . 4 3 4 2 9  « lO G  a  < I j t

2 6 3 0  * 2  -  LOG * V < I ) > ' l CG H i

2 6 4 0  x 3 •  LO G <X) /  l CG i 10 )
2 6 3 0  O X ( l ) •  <2  -  <2  
2 6 * 0  Ox ' 2 )  -  v ( I > -  x
3 6 2 6  P R I N T  C H R *  ( 9 )  •  ' 1 3 Z N "
3 6 2 7  P R I N T  C H R *  < 1 S ) ? I F  I I  ' * E N

3 6 2 9
3 6 2 0  P R I N T  • P N “  | SPC< 1 6 > I £ i P TL 

v ’ ; 5 P C ( 1 1 ) i  ' C A l C  J " ; 3PC (
12)  j ' 0 I F F ’* : 5PC ( M u  e i P ’ L 
u2G v * j  5FC • 7 ^ .  -CAl C - 2 3  v  
; 3 r C ( 3)  i " 0 I F F  •

3 * 2 9  x k i p  •  P M j  i k  i 2 )  ■ * ( I > : x k «3
) •  x j x k <4> •  0 *  i Z f  : ( m J j •
x 2 ) i k < * >  •  x 3 :  < * 7 > « 2 * « ; j



3 a 3 0  FQR J ► •  0  TO 6  * I  X -  XK<J» •  
1 ■

ZsZl SA » l EN < S T * *  < * * > >
: 3 r :  sb -  10 -  s a
ZzZZ P A IN T  < x 1 s * c  < s b m
?*r« n e x t  >
r » 4 o  s r  ■ s r  ♦ h (1 > •  <0 » < 1 > r>

r 3 ; o  next 1 
3© a O A •  NA -  N
z*a<> s c  •  s r  ' a

3 3 * 0  S I  •  5CA < SC)
3 "V O  SE c l  1 •  S I  a S O *  < S < 1 . 2 > >  I  

C'.
3~ 10 c »  •  1. /  c v
3 “ 2 0  S c <C> •  S E < I ) /  (CV ~ c>
3 “ 3 0  P A I N T  t A A I N T  I A A I N T  T » " .

CV* A A I N T  " S . E  . <C ' ■ " . SC ' 1 ' 
C^AO  P R I N T  * A A I N T  * A A I N T  • I / C •

" . C B i  A A I N T  " S . C . < » / C l «  , S C l

ir r. " ; * ■ * .» ■

c a o o  i »  c m »  * o  t h e n  i b a o
3 9 2 0  A A I N T  N C G A T j v C "
3 3 :0  g c t o  3970
Z 3 4 0  R K < 1 >  •  -  . 4 3 4 2 4  S l o g  (CK

( 1 ) >
3 8 5 0  S I O  •  S I  I  . 4 3 4 2 *  •  9 0 A  <

5  < 2 . 5 > 1 a CK < 1 >
3 0 4 0  A A I N T  » A A I N T  t A A I N T  " A K A a  

" , A » : ( | H  A A I N T  " S . E .  <Ak A> • • • ,  
SC

3 9 7 0  I F  C> < r>  ' 0  THEN 3 4 1 0  
3 9 8 0  A A I N T  * A A I N T  i  A A I N T  " K B  N 

E G A T I V C "
3 * 0 0  GOTO 3 9 4 0
3 9 1 0  A k ( C > •  -  . 4 3 4 2 9  •  LOO <CK

( 2>  >
3 ? 2 0  S E ( 4> -  91  •  . 4 3 4 2 9  a SOR (

9 ( 3 , 4 )1 /  CK <2>
3 9 3 0  A A I N T  1 A A I N T  1 A A I N T  P k | . ‘  

" . A k < 2 >1 A A I N T  " S . E .  (Ak  B > • '  #
SE ' 4 >

3 9 4 0  P A I N T  1 A A I N T  » A A I N T  " S I G N  
A -  . S I

3 9 3 0  P A I N T  * A A I N T  I  P R I N T  " V A A I  
A N C E » " , S2  

3 9 6 0  I F  n  •  3 THEN 1 0 4 7
3 9 7 0  X •  ( CK 4 t ) ~ 2> -  4 .  •  C K ( 1 )

•  CK <2>
3 9 0 0  I f  I  '  •  O TH EN 4 3 0 0
3 9 9 i j  v •  SQA ( x )
4 . -V V  C> < 2 )  •  (CK ( 1 ) -  X ) /  2
4 . 1 0  3K < 1 > ■ (CK ( 1 ) ♦ X > /  2
At»<20 P*  ( 1 > •  -  . 4 3 4 2 4  •  LOG <Ck

( h i
4 v 2 3  I F  Ck ( 2 )  < 0  t h e n  a r i n T " S  

► I A A I N G  4 0 3 0  * GOTO 4<. 4 5  
4 0 3 0  A*  ( 2 )  •  *  . 4 3 4 2 9  •  l OG <CK

< 2 )>
4v4<» PAINT , PAINT * PAINT "jr T 

wO G ACuAS ARE I N v Ol v E O . T A uE 
P* S AREi  •

4-»4S P A I N T  * P A I N T  " P t A * " , A*  < 1 i t 
GOTO 4 0 7 0  

4*. 5 0  P R IN T  J P R I N T  P* A m - , P¥ ( 1 > * 
P R I N T  .A T  (2»

4 C 7 0  GOTO 1 0 4 7
4 3 u O  P A I N T  : P A I N T  * P A I N T  S 

TOO CLOSE.  ASSU 
NE N t N  SCAAA AT IQ

N »0. 4 P« LSI “3 ' ' ~ ‘J

s i f  i  g s :_  j 
E D .  t r L £ 5 : : £
N T I C A L  

4 5 1 "  N •  3 
4 5 2 v  N •  2 
4 5 * 0  Nl » 2 
4 3 4 v  N 2  » 4 
4 5 5 0  NT •  o  
4 3 * 0  GOTO l U *0
S ' . 'W  A» ( I  ) ■ -  . 4 3 4 2 3  « U 2G ■ Z*

< 1 > >
5 0 1 0  AK <2> •  F» f * i •  . © ' 2 6  
5 0 2 0  S E < 3 »  •  S i  •  . 4  3 4 1 -  t  S 3 *  < 

S ( 2 .3 )  O  * 1 >
5 0 3 0  SC * 4 1 -  s c  r

" . AK <I . 1 P R IN T  S . E .  .
3C (3>

5 0 3 0  A A I N T  * P A I N T  * p * ! n t  p *
" • A K ( 2  » 1 AAINT " S . c .  c> b - •  , 
AK < 4 1 

5 0 4 0  GOTO 3 * 4 0
3 4 3 0  P A I N T  I P A I N T  , P R IN T  PROG 

A A r i  CO NPLETED FOR " j J J i " 
L I N E S  

3 3 0 0  ENO

1^8



APPENDIX 3: LISTING OF HABELL PROGRAM
I c E f l  n A B E L L
5  *£*1  PRQGRAT T Q  F I T  OATA t q

L E F T  S I D E  OF B C L L -3 M A R C D  
C L P v E

10  O i n  ”  i l L ' 0 '  , A (  l ’ ) 0 )  ,W< 10 0>  , S < 3 ,
4 * . 0 ( 3 > . S n i 3 > . SS < 3>

ZO O i n  i k  < 7 )  . o k  ( 2 )  ,  SC ( 2 )  , 0 i  t 2 )  . S 
E 4 > . PK < 2» 

b v O  R£H F O L L O W IN G  I S  THE D A TA Y 
Q j  HAVE 3 TO R tO  
DATA 0 , 0  

i u u O  - O H *  I P R I N T  - F I T  TQ LOO V *
L O O < C / < I ♦ M / * A >  » • i  P R I N T  i P R IN T  
l FA I N T  

1 0 4 0  J J  •  V
1 0 * 7  P A t N T  C H R *  ( I S )
l ( J 4 9  F A I N T  C M P *  <R> ♦ “ I -
U ' 3 0  R£H
H.-3S * £ * 0  N P , NO
I ' * 6  I F  NP '  •  O TMEN 3 4 3 0
1 0 3 8  r  •  U N T  •  o
1 i« .o * 3P J  •  1 TQ 4 i  FOP K - l  TO

I  1 10 S . J  > * 0
1 1 2 0 N e X T  K I  N E XT j

1 I 70 F 7 A  I  •  1 TO NP
1 1 4 0 I f  H •  2 t h e n  1 3 0 0
1 A £M
1 1 3 2 6 £ - 0  y  ( I ) . A (  I  ) . a l l  I  )
1 1 2 4 * E H
1 1 2 * A £ P
• . o J “• . '  — t .  . c  ' ^ ^  ̂  ̂  a

' I  1 >
a  ( : »  •  v  < 1 >

•  M

t 1 7 0
1 1 8 0 O i ; >  •  a m  t  a < i >
1 I « 0 0 < Z )  •  1 .
1 2 1 0 3 3 T 0  1 6 0 0
1 3 0 0 0  •  t .  •  6 1 1 )  /  C K ( l )
1 7 1 0 0 ( 1 )  ■ t .
1 7 Z 0 a < : >  ■ A < i >  /  0
1 3 4 0 J  1 7 )  •  LOO 1 v  11 ) 1 0 )
1 6 ^ 0 F - Z *  J  •  I  TO 3 l  FOR K -

n
I TQ

1 6 1 0 S <► . J ) •  3  I K , J ) ♦ O I K )  •  
t I  M l  I )

Q r j

1 6 2 0 N £  < T ¥ 1 NEXT J
: *  7 0 n e x t  I
1 a 3  J f : r  » ■  1 t o  2
1 : : u S “  * > •  1 . /  SQP ( S IK  # K ) >
1 9 * 0 N £  t T K .
1 6 C 0 S r  3 )  •  1 .
1 * C ZR J ■ 1 TO 3 |  FOP K - 1 TO

1 * 1 0 S l K . J )  -  S < K , J )  t s n i K )  s S r

1 -3 .1 *.£ * T ► 1 NEXT J
1 J £ z  -  > •  -  1 .
. " 4 . 1 = 1 . 4 )  -  I .

A3P _ •  1 * 0  z
1 :  I-.' C--.R - -  t  TO 2

i Z  j ! £  ► -  S i *  . : >
. . "  ■' •.£ ( T p

: 7->» c : a  j  -  1 - a  3
i Z  ' - : r  ^ •  i  * 0  z

. ♦ 1 1 J 1 •  J •  1
• 1 ‘ •  5 » 1 . J l ) -  SS 1 ) « 

I  . . J I S 5 - I
: r  "  • £ < *  • 1 NE » T J j  NE X T L
. ; - •  1 - a  z
: - :  ■ z . 1 -  5 <►. 11 •  s r (►>

.  : - 3  : -  *  •  2  r H £ N  z i * ; - >: = - : I > ■ / s < 2. I»
• ■ “ I *« T ' C ► ■ .Z* ' I )

2 1 0 0  C F I I » •  C K ( | )  *  S ‘ 2 . l »  •  C> (
I  > *  2

2 1 2 0  P R I N T  " C T A » * , C * c I  *
2 1 2 3  I F  Ck ( i  > > T h e n  2 1 ^ 5
2 1 4 0  Ck < l  > •  SC < I >
21 TO CV •  E x P  i ) ( l . n  *
2 1 9 0  NT -  NT •  l  
2 1 R 0  I F  <n T < •  3 )  Tm£ N  1 1 0 0  
2 3 0 0  FOP J •  2 TO 3» FOR K •  I  * 0  

N
2 3 1 0  S < K , J >  •  S < K , J >  •  S r < K >  •  Sn 

<J -  I )
2 3 2 0  NEXT k i  N E i T  J
2 3 3 0  J J  •  J J  *  1
2 3 3 3  P R I N T  ’ L I N E  NUMBER* " | J J
2 3 4 0  S 2  •  0
2 * 0 0  FOP I  •  1 TO NP
2 b  1 0  *  •  CV /  < 1 .  *  A i n  /  C M I I I

2 * 2 0  PH  •  -  I LOO <A ( I ) > /  LOS
»i a  •

2 * 3 0  1 2  •  LO O i Y t t ) >  /  L O O  < l u )

2 * 4 0  > 3  •  LOO I D  /  LOO M O )
2 * 3 0  0 1 i 1 )  •  1 2  -  1 3
2 * * 0  0 1 ( 2 )  •  v  1 1 )  -  I
3 * 2 *  P R I N T  C H P *  (R )  *  * 1 3 2 N -
3 * 2 7  P R I N T  C H R *  < 1 3 > t  I F  I > 1 T i < N

3 A 2 R
3 * 2 8  P R I N T  - P H - |  S P C I  1 * )  i  ‘ E I P * L  

V - |  S P C I  1 1 )  I CAl C V ;  9 P C I  
1 2 ) l  * O I F F " |  S P C I  14> i  E l P r L 
LOO V - |  S P C I  7 > , * C A L C  LOO V  
I S P C I  8 ) I * 0 I F f  •

3 * 2 8  I K  I I )  •  P h i  i k  ( 2 )  -  v i I h l K t ;
) •  1 1 I K  I A ) ■ 0 1 12 ) i i k  <3)  •  
I 2 I X K I * )  •  I 3 t  !►. < 7 > •  O i < n  

3 * 3 0  FQP J K  •  0  TQ b i d  •  I Y < >  *
• 1 )

3 * 3 1  SA -  L C N  I STAR ( I D )
3 * 3 2  SB •  18  -  SA
3 * 3 3  P R I N T  i n  S F C I  S I )  |
3 * 3 4  NEXT J K
3 6 4 0  S 2  •  S 2  ♦  M i l )  •  ( D i l l )  ~ 2)

3 * 3 0  NEXT I 
7 * o V  P •  NP -  2 
3 6 8 0  S 2  ■ S 2  /  P 
3 * 8 0  S I  -  SCP > S2>
3 * 0 0  SE 1 1)  •  S I  •  SOP <S ( 1 , 2> > •

C v
3 * 1 0  CB •  I • '  CV
T ~ Z j  S E 'Z >  •  SE <1> /  ' C v  '  2)
3 7 3 0  F A I N T  1 F A J N T  t P R I N T  X »  .

C V :  P R I N T  • S . E . »C> •  ’ . SE < 1 >
3 7 4 0  P A I N T  J F A I N T  , F A I N T  ' I  / 2 •

‘ . C & t  P R I N T  S . E .  1 C ' •  ’ , S 3  
2)

7 0 W  I F  C) I I > » O 3 3 4 o
: a :o  f a in t  * a n e s a t : - e ■
3 0 3 0  3 Z ’ 3  3 - i v
3 0 4 0  P* ’ 1) •  -  . 4 3 4  2R •  lC S  » 3

i ; n
3 0 3 0  SE 3 )  •  S I  •  . 4 3 4 2 9  a SCR

S ' 2 .  3)  • •  C* i 1 i
3 0 6 0  F A I N T  I P A I N T  J e x  l * . * ’ ©► _ .

' . P M I I I  f a i n t  S . E .  A » ■ .
SE ( 3 )

3 9 4 0  P A I N T  | P A I N T  t F A I N T  S I I  **
Am . S I

3 R » 0  F A I N T  ; P O I N T  » F A I N T  v - ; *.

A N C E * ‘ , 5Z  
* 4 Z C '  G 3 T Q  K 4 )
3 4 3 0  F A I N T  : f a i n t  : C 6 J * . r

RAM CCHFlE’ ED f c r  * S J J I 
l  :v£s  

3 3  End
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« r r o  i f  a  •  2 th en  ,nu» ■  o<*
. o i > -  d «►. C2>

~ z ~ 0  |F R • J Th£N C<»,'.U> • 0<*
. C l  » •  D .C 2>

4 : : s  i f  i <r •  «> and  o < » ,o r >  •
0 )  • T m EN G QSU* * * : : 5

4 2 2 7  l c  ‘ A ' 0 )  Tm EN 9 a
4140 IF « • ( Tm £N 0 ‘* ,NU) * 0 IK

, 0 1  > /  0 < *  .0 2 »
4 2 4 3  i f  p  •  3 v m c n  o<* , n u >  •  <0 t

► - ,  01  > -  D o ,  0 2 1 > 2
4 2 2 0  ne■t k
4 7 . 0  R£M
4 : r j  RETURN
4 » . o  r e n  e r r a t a  s u b r o u t i n e
4 3 < .3  JP (A  m 1 ) QR 1 Ft •  4 )  TmEN

RETURN
4 3 0 7  IP  < < A ■ 2> AND ( I  - 0>> OR

( « A  •  3> AND ( l  ■ O i > " H g N  r e t u r n
4 3 1 0  I F  <A -  3 )  THEN P A IN T  ’ CAN

NOT CONFUTE THE L N  OP A  NUMB
£ R ' • O "

4 3 0 0  I P  ‘ A •  2> AND ( I  •  0 )  THEN
P A I N T  "CANNOT COMPETE T h £  I 

NVEPSE OP 2 E R 0 -  
4 3 3 0  I P  <A *  S t  ANO <K v O) TMEN

P A I N T  CANNOT COMPUTE Tw £  S 
OUARE AOQT QP A N E G A T IV E  NUN 
6 E R "

4 3 3 2  GOTO 4 3 4 0
4 3 3 3  P A IN T  "C A N N O T D IV ID E  BV ZER 

0"
4 3 4 0  I P  NP > NP THEN 4 7 0 0
4 * 8 0  P R I N T  1 P R I N T  1 P A I N T  " v O U

MUST NOW REGENERATE COL •  " *
NU

4 7 0 6  P R IN T  1 P A IN T  1 IN P U T  "R E A D  
COMMENTS. ENTEP vO uA  I N I T I A  

LS  TO C O N T IN U E " !T N t  
4*7C3 N* •  N *
4  M U  N m  -  R r  R ETUR N 
4 8 0 0  AEM SPEC I A c  F U N C T IO N
A B O i  HOME 1 P A I N T  "PRODUCE A NEW

COLUMN W H IC H  P I T S  THE F
O L mO W IN G  P U N C T I O N i " !  P R I N T  

4 9 0 7  P A I N T  " B I P h A S I C  Pm  CURv E ’ i  P A I N T

4 8 0 8  P R I N T  1 P A I N T  S n T E A  T h £  PO
L L Q W IN G i " !  p a i n t  

4ai0 INPUT "C0L4I "lOl
4 3 3 1  P R I N T
4340 INPUT "NEW COL AM|NU
4 9 4  j PRINT
4930 INPUT '*vl»" 1 CK < I )

4 8 o 0  IN P U T  " V N *  • j  2t- ( 2 )
4 0 7 0  IN P U T  " * •  " ! C P ( 3 )
4880 C M 3 )  - ElP << LOG (lOt) •

( - 3k 3> • >
4 8 P 2  P R I N T  : P R I N T  "LO O K  O vE A  TM

E ABOVE •'A L u E S . "
4 8 9 3  IN P U T  CO vO U AGREE W IT H  TH 

EM-* " i  V N I  
4 8 * 3  1 p v n i  •  'NO** T h e n  P R IN T  -

h E A E 'S  ’'O UR CHANCE TO * E E n T E  
A T h e  PROPER V A L U E S . 1 P R IN T  
: GOTO 4 8 0 0  

4 9 0 0  POP ¥  -  1 TO AW 
49  10  0  . NU> •  ' O ' H  *  Z ¥  < 2 > I  c

► ' 3> < D *■* ,  01  t » /  1 *  Z t  ^ Z)
/ 0 . 01 > t

4 9 2 0  N E i r  fc.
4 9 2 3  IP  n u  > n k  'T h e n  n *  •  n u  
4 9 2 0  R E TuA N

2*.»uv F « »  1
;  1 v o P e i s ’- C ~ e * N
31 10 p 4 I n T c - - *  ■ ; 2 .
3 1 2 0 S2  •  2 : 1“  n» 0  

I NT  ; 72  /  N» .
s :  -

3 1 3 3 s :  -  s :  -  e,
3 1 3 0 F2R L  •  l  - C
21 7 2 P R I N T  COL • M w j  z - C  1 3 2 :
3 1 2 4 NS « T  L
3 1 2 6 PR I N T
3 1 4 0 FOA ¥ m I TO RU|  J 

H¥
•  1 '

3 1 4 2 S i  •  UEN « s t r %  > 0  <* . J V > >
3 1 4 6 s c  •  s :  -  s i
3 1 4 7 p p  I N T  0 (► . J  > t S=C 32 :
3 1 4 9 N 2 1T J i  P R I N T  j K ? * T  ►
3 1 3 0 P= I N T
3 1 3 1 PCA J  •  1 TO N n ' u M i J i •  < >
3 1 3 2 FOA ► •  I  TO R w i 5 u M ( J > -  SU

N< J >  ♦  D I P . J  I N E I T  ¥ t 
J

N E *  T

3 1 3 3 FOA J  •  |  TQ NK
3 1 3 4 S i  •  L E N  < ST R4  ( S u M i J i j >
3 1 3 3 S 3  •  S 3  -  S i
3 1 3 6 p r i n t  s u m <j > 1 s p c t  s o 1
3 1 3 7 NE X T  J
3 1 6 0 PR t N T
3 1 7 0 P A I N T  CMA6 M S )
3 1 9 0 P A I N T  CHR% t 9 >  *  " p
3 1 9 3 PA P 0
3 1 9 0 NP •  NK
6 0 0 0 GOTO 9 0 0
6 3 0 0 NOME
7 0 0 0  P A I N T  -V O U A  G E N E F A T £ 0  v A l u E  

9  AR E NOW ER ASED PR2m m c - c a y  
. yOUA O R I G I N A L  d a t a  r e m a i n s .

I P  v O u  WOULD L I K E  TO TRY AQ 
A I n . p a i n t  r u n -  

7 2 0 0  P R I N T  "FO LLO W ED § v  C A R R IA G E
r e t u r n . "

7 3 0 0  END
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APPENDIX 4: LISTING OF MANIP OATA PROGRAM

IOO> THEN 
*» P A I N T

t h C N

10 ACM M A N I A  OATA
20 01"  0 <100 . 10)
7 0  " 0 " C
1 0 0  READ AM
1 0 3  I A  <AW '  I )  OR (AW 

P A I N T  *V 0U  G OO FED' 
i  GOTO 1 0 0  

n o  p a i n t
2 0 0  REAO NW

I K  <NM • 1)  OP *NP
P A I N T  "Y O U  GOO FED’ " i  P A I N T  

I GOTO 2 0 0  
2 1 0  N F  •  HK 
2 A 0  P A I N T  l  P A I N T
3 0 0  FO A J  •  1 TO NIC
3 2 0  A f "
3 2 3  FO A K •  I  TO AW 
3 2 3  AEAO 0 < K , J >
3 3 0  N E X T K i  P A I N T  i  NEXT J 
* 0 0  PE N  THE F O L L O W IN G  I t  THE DA 

TA you HAVE 3 T Q A E 0  
POO HOME I P A I N T  "  THG F O L L O W IN G

O P T I O N !  AAS A V A I L A D L E i  ' I  P A I N T

9 0 1  P A I N T  *  l . P E A F O A M  A F U N C T 1 0
N ON ONE CO LUMN"

9 0 2  P A I N T  -  2 . P E R F 0 A M  A  F U N C T IO
N ON TWO C O LU MN S"

9 0 3  P A I N T  "  3 .  F A  I  NT**
9 0 4  P A I N T  * 4 . CHANGE A V A L U E "
9 0 3  P A I N T  "  3 .  S T O P "
9 0 4  P A I N T  -  6 . S P E C I A L  F U N C T I O N "

9 0 7  P A I N T  i  P A I N T  i  IN P U T  'E N T E R  
O P T I O N  A " | N C

9 1 0  I F  NC -  1 TH EN G O S U t  1 3 0 0
9 1 1  I F  NC •  2  Th e n  G O S U t  4 0 0 0
9 1 3  I F  NC •  6  TH EN G O S U t  4 S 0 0
9 ( 4  I F  NC ■ 4  THEN G O S U t  3 0 0 0
9 1 3  I F  NC •  3  TH EN 6 3 0 0
9 1 6  I F  NC -  3 THEN 9 2 0
9 1 7  P A I N T  t P A I N T  » IN P U T  ‘ WOULD

YOU L l * E  A P R IN T O U T -1 "  l  VN9

9 1 8  I F  v N t  •  N O "  T" E N  3 1 9 0  
9 2 0  GOTO 3 0 0 0
1 3 0 0  ACM S U B R O U T IN E  FOA ONE CO L 

UMN
1 3 0 3 IN P U T  'E N T E R  OLD COLUMN •  "

1 OLD
1 3 1 0 IN P U T  "E N TER NEW COLUMN *  <

H A I « 8 )  ' 1NU
1 3 1 2 I F  1 NU <■ 1 > OR (NU > 8 )  THEN

P P I N T  v o u  G O O F E D *" I P R I N T
: GOTO 1 3 1 0

1 3 1 3 I F  NU Nl» THEN NF ■ NU
1 3 3 0 P A I N T  ‘ F U N C T IO N  TQ PERFORM*

1 3 6 0 P R I N T  "  I M ­
1 3 7 0 P R I N T  "  2 . l / X "
1 3 0 0 P R I N T  " 3 . L N ( X ) "
1 3 9 0 P A I N T  ' 4 . E * P ( X ) "
1 5 9 2 P A I N T  ' S . S O A ( X ) "
1 3 9 4 P R I N T  ' 6 . A B S ( X ) "
1 6 0 0 P A I N T  •* 7 . C  •  X"
1 6 1 0 P A I N T  • 8 . C  *  * '*
1 6 2 0 P R I N T  ' 9 . X ^ C
1 6 3 0 P A I N T  "  1 0 . C / C l  • l / K A  * k B/ * >
1 6 4 0 P A I N T  "  U . CONC ••iaoo P A I N T  : r N P ^ T  EN TER F U N C T I

ON •  ' ; A

2 3 0 0 I F
m

A •  I
1

t h e n DCF f n 4<  I  )

2 3 2 0 I F
■

A •  2
1 /  I

THCN DCF f n A < X )

2 3 0 0 I F A •  3 THEN DCF f n A ( X )
m LO O <X)

2 3 4 0 I F A ■ 4 THEN DCF f n A ( X )
• E X P  ( X )

2 3 3 0 I F A -  3 THEN OCF FN A< X )
m SQA ( X )

2 3 4 0 I F A ■  4 THEN OCF f n A < X )
• A t t  ( X >

2 3 7 0 I F  
■ 1

A •  7
C •  X

THCN DCF f n A  ( X )

2 3 8 0 I F
m 1

A •  t
C *  <

t h e n OCF FN A ( X )

2 3 9 0 I F
m

A •  9
< *  C

t h e n OCF FN A ( X >

2 3 9 3 I F A •  11 THEN DCF FN A l l
) • E X P  ( ( LOO u o n  • ( -

2 4 0 0

2 4 1 0

2 7 0 0
2 7 1 0
2 7 1 3

2 7 1 7
2 7 1 8

2 7 2 0
2 7 2 0
2 8 0 0
2Cuu
3 0 1 0

3 0 2 0

3 0 3 0

3 0 4 0

4 0 0 0

4 0 1 0

4 0 2 0
4 0 3 0
4 0 4 0
4 0 3 0
4 0 6 0

4 1 0 0

4 1  1 0

4 1 2 0

4 1 3 0

4 1 2 3

4 2 0 0
4 2 0 3
4 2 1 0

X ) > i  GOTO 2 7 0 0  
I F  A  > 4  THEN IN P U T  'E N T E R  
C ( IN T E G E R  OA R E A L - N O  F A A C T  

IO N S )  * < C  
I F  A •  1 0  THEN IN P U T  'E N T E  

A  K A  "|KAi IN P U T  ‘ ENTER * 8  
- | K t
FOR K  -  I  TO AW

X -  O ( K . O L D )
I F  (X •  0 )  ANO (A  < •  3

) THEN G O S U t  4 3 0 0  
I F  ( A  < 0 )  THEN 9 0 0  
I F  A »  1 0  THEN O ( F . N U )  •  C /  

( 1  *  X /  K A  ♦  K t  /  * ) l  GOTO 
2 7 3 0
D < K , N U ) -  F N  A ( X )

N E XT K 
RETURN
REM CHANGES S U B R O U T IN E  
HOME * P A I N T  "T O  CHANGE ONE 
V A L U E l "
F A I N T  t  I N P U T  'E N TE R  COLUMN
•  • ' :  J
P A I N T  i  IN P U T  'E N TER ROW 6

" 1 F
P A I N T  i IN P U T  ENTER NEW vA

L J E  • ; 0  » ► .J )
I UMN

REM S U B R O U T IN E  FOR t w o  c o l  
UMNS

P A I N T  'F U N C T IO N  TQ P E P F O R H t  
• ' I  P A I N T  

P A I N T  "  l . C O L A X  ♦ C O L * y *  
P A I N T  "  2 . C O L * *  -  C O L * v  '
P A I N T  "  3 . C 0 L A X  •  C O L * v " 
P A I N T  "  4 . C O L * *  /  C O L * V "
P A I N T  "  3 .  » C C L * * - C C L A T » " 2 "

P R I N T  i IN P U T  'E N T E R  F U N C T I  
ON •  ' j  R 

P R I N T  i  I N P U T  ENTER * " i O l

P R I N T  i  IN P U T  "ENTER y  * » 0 2

p r i n t  i  i n p u t  -e n t e r  n e w  c o  
l . •  < M A * « e r  " ; n u

I F  (NU < 1)  OR INU > 8 )  T h £ N  
p a i n t  “ YOU G O O F E D ' ' I  P R I N T  

: GOTO 4 1 2 0
i f  nu > n k  t h e n  n k  •  n u

FOR K •  1 TO AW 
I F  A •  1 " H E N  0 < * , N U I  •  O t L  

.0 1  > *  0 < K, j 2 >
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APPENDIX 5: LISTING OF NMRSPEC PROGRAM

i  r c h  n h a s p c c
10 r c h  p r o g a a h  T0  d c t c r h i n c

NHR SR CC TRA CRQN A H IN O  
A C I D  0 I 8 T R I 8 U T I 0 N  

10O D i n  p < 3 0 ) , 8 ( 3 0 ) . A < 3 0 > . N A t S O )
« A c  ( 3 0 ) f D L  < 3 0 )

1 0 3  D m  ACS I D U C t  < 3 0 )
110  D i n  S P < 3 4 0 ) , H f < 3 6 0 ) . A R C S * <34  

0 )
2 0 0  RCAO N
2 1 0  COR I  •  l  TO N
2 2 0  * C A P  4 C S 1 D U C t < ! > , ? < t > , * < : > .  A

< 1 )
2 2 3  DC < I ) -  A < 1)  /  2 2 0  
2 3 0  N E XT
2 4 0  COR I  •  I  TO N 
2 3 0  RCAO N R ( I )
2 4 0  AC < 1> ■ A l l )  •  N A M )
2 7 0  NCXT
2 1 0  C R I N T  " R C S I D U C " , " P O S I T I O N "
2 8 2  FOR I •  I  TO N
2 8 4  P R I N T  R C S l D u C t ( I ) , P ( I )
2 8 3  NCXT
2 8 4  P R I N T  " O E C T A " . " 8 A S E H
2 8 7  COR I  •  I  TO N t  P R I N T  DC < I  > ♦ 

8 ( t > i  NCXT
2 8 8  P R I N T  " A C T I T U D C * * ,  " N O .  QC RES 

I  D U E S ’*
2 8 *  COR I  -  1 TO N# P R I N T  A < I ) , N  

R ( I ) i  NC XT 
2 * 0  P R I N T  ‘ TO TAC A C T I T U D C "
2 * 1  COR I  -  I  TO N i  P R I N T  AC < I ) i

NCXT
3 0 0  COR I -  1 TO N 
4 0 0  07. ■ 8  ( I  ) /  10
4 0 3  SN •  P ( I ) /  3
4 1 0  COR J  •  -  OX TO 07.
4  13  3 J  •  SN ♦  J
4 2 0  * •  A 8 S  ‘ J>
4 4 0  RA •  10  •  A C ( I ) /  8 ( 1 )
4 3 0  h S < S J ) •  h S < S J ) *  A C ( I ) -  < *

RA
4 3 3  P R E S t ( S J )  •  R P C S t i S J )  ♦  RES ID  

U E t ( I )
4 6 0  NC XT J
4 7 0  NC XT I
3 v O  PR I N T  'S P E C T R A L  P O S I T I O N " . - M 

E I G H T "
3 1 0  P 0R  J » 1 TO 2 6 0
3 2 0  I C  h S < J >  •  ' j  THEN G 0 7 Q  3 3 2
3 3 0  C R I N T  3  •  J , * 9  < J >
3 * 1  P R I N T
3 2 2  N E XT J
3 4 0  P R I N T  j P R I N T  " D E L T A " ,  ' m C IG M

T "
3 4 2  COR J -  I TO 3 6 0
3 4 4  I C  m S < J )  •  O TH EN SOTO 3 3 0
3 4 3  P R I N T  A A E S t  < J >
3 4 6  P R I N T  3  •  J  /  2 2 0 , h S ( J )
3 3 0  N E XT
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APPENDIX 6: DATA ENTRY 

and

INTERACTIVE MANIPULATIONS

In tro d u c t io n

The d a ta  tor the program s listed in Appendices 1 thru 5 are  entered  as  

lines of the program s. For H A B E LL .P H B E LL . and  N M R S P E C  this is the only  

interaction the user h as  with the program . For H Y P E R , the user can  also enter 

constants to m ultiply yeloctty or concentration in response to an  inquiry trom the 

screen. M A N IP  OATA is totally in teractive except for the actual entry of data. 

H Y P E R , P H B E LL , H A B E LL, and  M A N IP  O ATA also exist in form s w hich allow  lor 

the in teractive entry of da ta , but the data  is not saved from one run to the next. 

These  variations, which need very rtt le  instruction to run, a re  not listed in the 

A ppendix but a re  av a ila b le  from m e upon request.

H Y P F R

The data  for H Y P E R  are  listed as  lines 6 0 1 -9 9 8  in the following format:

]600  R E M  F O L L O W IN G  IS  T H E  D A TA  Y O U  H A V E  S T O R E D

]linenum  R E M  descnption o f first set of data  

jlinenum  O A TA  n 1 tc^

Jlinenum O ATA v 1 1 , a 1 1 , v i 2 -a i 2 - v 1 i a  1, ......

jlinenum  R E M  description of last set of data  

jlinenum  D A T A  nL ,CL

jlinenum  O ATA vL1 . a L1 , vL 2 ’a L 2  v Li a L i  v L n L a L n L
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]999  OATA 0 .0  

w ith :

n j ■ num ber ol data points in the ith curve to be analyzed

c -  0 , unless velocity data  is to be entered as  1/v  

v -  velocity o f enzym e c a ta lyzed  reaction under g iven  conditions  

a -  concentration of substrate used to gen era te  previous v 

The data  can be broken up into any num ber of entry  lines as  long as  the 

sequence is reta ined . It is adv isable , how ever, not to e n ter too m any points per 

entry line so a s  to be ab le  to correct m istakes or easily rem ove points. As soon as  

one curve is ana lyze d , the next is read. If 0  is encountered as  the num ber of 

points per line then the entire run is ended. This is the reason  for line 999 .

A sam ple entry is given below:

]6 0 0  R E M  F O L L O W IN G  IS  TH E  O ATA Y O U  H A V E  S T O R E D

]601 R E M  M U LT . C O N C . BY 0 .1 2 5  

]602  R E M  L IN E  1 R E V E R S E  

J605 D A TA  9 ,0

]6 0 6  D A TA  .0 1 4 5 . 6 0 , .0145 , 6 0 . 0 1 4 7 , 60

]6 08  D A TA  0 1 0 2 , 3 0 . .0108 , 30 . 0 1 1 5 , 30

]610  D A TA  .0 1 7 8 , 10 0 , .0177 , 100 , .0 1 7 2 , 100

]620  R E M  L IN E  2 

J622 D A TA  12. 0

]6 2 4  D A T A  0 1 3 5 ,6 0 , .0 1 4 7 ,6 0 . .0 1 2 3 , 6 0 . 0 1 3 1 .6 0 . 0 1 2 5 , 6 0 . .0 1 2 7 . 60

|6 2 6  D A TA  .0 0 9 7 , 3 0 , .0089 , 3 0 . 0 0 8 7 , 30

J628 D A TA  .0 1 4 1 , 100 , .0157 , 100 , 0 1 5 5 , 100

]999 DATA 0.0
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W hen H Y P E R  is run, there is an inquiry on the screen as  to w hether v 

and /or 'a' should be m ultiplied by constants. These constants can then be

entered  for that particular run. The generated  values are  then used for the

analysis and printed in the output, but only the data  entered as lines of the

program  are  saved for future runs.

HABELL. PHBELL

The data  for HA BELL and P H B E LL  are  en tered  as  lines 6 0 1 -9 9 8  in the 

fo llow ing  fo rm at:

]60 0  R E M  F O L L O W IN G  IS  T H E  D A TA  Y O U  H A V E  S T O R E D  

jlinenum  R E M  description  of d a ta  

jlinenum  D A TA  n, c

Jlinenum DATA V r n ^  pH1( w j,  ... Vm jt pHj, W|, ... Vm n , pHq , w n

J999 D A TA  0 .0  

w ith :

n -  num ber of points in the pH profile

c ■ 0 . unless Vm  is to be  en tered  as  1/Vm

V m j -  V e loc ity  ex trapo la ted  to infinite substrate  concentration

pHj ■ assay pH at w hich corresponding Vm w as determ ined

Wj ■ w eighting of ith point; if no weighting w anted put 1

D ata for m ore than one curve can  be entered  a t one tim e, but this is not 

usually the case  and is therefore not spelled out above. As m H Y P E R , if 0  is 

encountered as  the num ber of points in a  particular line, then the entire run is 

e n d e d .

A sam ple entry  is given below :

]6 0 0  R E M  F O L L O W IN G  IS T H E  D A TA  Y O U  H A V E  S T O R E D  

1602 R E M  R E V E R S E  R E A C T IO N  D A TA
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]605  OATA 14. 0

J610 D A TA  .0 0 5 3 3 . 4 .6 5 , 1

)61 5  D A TA  .0 0 9 5 3 , 5 .2 ,1 , .0 1 4 7 2 , 5 .4 5 , 1, .0 1 9 5 4 5 , 5 .9 , 1

]620  D A TA  .0 1 9 2 8 , 6 .2 ,1 , .0 2 1 5 5 , 6 .2 , 1, .0 2 4 9 4 , 6 .5 ,1 , .0 2 4 3 5 , 6 .7 , 1,

.0 2 3 7 5 , 6 .9 , 1

]62 5  D A TA  .0 2 4 5 1 , 7 .3 ,1 , .0205 , 7 .7 , 1, .017 73 , 7 .9 , 1 

)630  .0 1 6 6 5 , 8 , 1, 0 1 4 8 5 , 8 .2 , 1 

]99 9  DA TA  0 . 0

As with H Y P E R , the data  can be broken into any num ber of entry lines as 

long as the sequence is reta ined .

M A N IP  D A TA

The d a ta  for M A N IP  D A TA  are  en tered  a s  lines 6 0 1 -8 9 9  according to the 

fo llow ing  fo rm at:

]6 0 0  R E M  F O L L O W IN G  IS  T H E  D A TA  Y O U  H A V E  S T O R E D  

jlinenum  D A T A  nr.nc

jlinenum  R E M  description o f d a ta  in first colum n  

jlinenum  D A T A  d i i > d j 2 ...... ^ l i  ^ 1 n r

jlinenum  R E M  description of d a ta  in last colum n  

jlinenum  D A TA  d n c l• ^ n c 2 *  - ^ n c i t --^ n c  nr

w ith :

nc » num ber o f colum ns

nr -  num ber of rows (or points per colum n)

d -  data  points
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A sam ple entry is given below:

]600  R E M  F O L L O W IN G  IS T H E  D A TA  Y O U  H A VE S T O R E D  

]601 R E M  R E V E R S E  DA TA  

]605  D A TA  14 ,2  

]610  R E M  P H 'S

)615  D A TA  4 .6 5 , 5 .2 , 5 .4 5 , 5 .9 , 6 .2 , 6 .2 , 6 .5 , 6 .7 , 6 .9 , 7 .3 , 7 .7 , 7 .9 , 8 , 8 .2  

]617  R E M  V M A X 'S

)6 1 8  D A T A  .0 0 5 3 3 , .0 0 9 5 3 , .0 1 4 7 2 , .0 1 9 4 5 , .0 1 9 2 8 , .0 2 1 5 5 , .0 2 4 9 4 , .0 2 4 3 5 ,

.0 2 3 7 5 , .0 2 4 5 1 , .0 2 0 5 , .0 1 7 7 3 , .0 1 6 6 5 , .0 1 4 8 5

U p to 8  colum ns and  150 points per colum n m ay be en tered . The data  

can be broken up into any num ber o f entry lines as  long as  its sequence is 

retained. This data  and any generated in the course of a  run can be subjected to 

several functions by response to inquiries from the screen (with X and Y  

representing  the colum ns and  C  representing  a  con sta n t). T h e  g en era te d  values  

can  be put into any colum n designated by the user. Printouts can be produced  

repeated ly  a t any  point during the run. (This  does not term inate the run.) If one of

several com m on errors is encountered (e .g . division by zero , or taking the log of a

neg ative  num ber) the user is notified so the error can be corrected  w ithout 

aborting the run.

The functions below  are  those ava ilab le  on the version of M A N IP  DA TA  

printed in Appendix 4 . In addition, the program  can be eas ily  m odified to include  

any other function on any num ber of colum ns w ith the restriction that the printout 

is limited to 8  columns,

i. Functions on ana colunm

1. x

2. 1/X
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3. LN(X)

4. E X P (X )

5. S Q R (X )

6 . AB S(X )

7. C * X

8. C + X

9. X °

10. C/(1 ♦ X /Ka ♦  KtVX)

11. Cone. H + (if the colunm  entered  contains pH values)

i i . Functions on two columns.

1. Col X ♦  Col Y

2. Col X - Col Y

3 . Col X * Cot Y

4. Col X I  Col Y

5.(C o l X • Col Y)2

III. P rin t

Prints out all colum ns stored or gen erated  w ith the colum n num ber and  

colum n total a t the top and bottom respectively.

IV . C h ange a value

Inquiry from the screen for colum n num ber, row num ber, and new  value.

V . S to p

Ends the run.

VI. S p ec ia l function

Sp ace for any function: in the case o f Appendix 4 , the equation for a  

B iphasic  pH  curve .
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N M R S P E C

The data for N M R S P E C  are entered  as  lines tOCO and  on, according to 

the follow ing form at:

JlOOO R E M  

]linenum  D A TA  n

Jlinenum D A TA  N A M E 1, S P 1 , 0 1 . H1

Jlinenum DATA NAMEn, S P n , Bp, H|

Jlinenum DATA n r e s 1 , n r e s 2 , . . .

Jlinenum DATA NRESj,...

Jlinenum DATA ...,NRESn

with:

n -  num ber of proton species* to be represented

N A M E  ■ The nam e of the particular species of proton (e .g . LEU C H 3)

S P  -  spectral position in H z (based  on a  2 2 0  M H z  instrum ent)

B -  width of base in H z (based on a  220  M H z instrum ent)

H ■ height of triangle representing  that proton species

N R E S  « num ber of residues in O P R T a s e  (from  am ino acid analys is)

N R E S  values are listed separately since it is this set of values which is 

varied  with d ifferent am ino acid ana lyses w hile N A M E , S P , B, and H a re  based on 

lite ra tu re  va lues .

The data  used for N M R S P E C  are  listed in Tab le IV .1 . Colum ns t thru 5 

contain the  values  en tered  for N A M E , S P , B, H. and N R E S  respectively .
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APPENDIX 7: SAMPLE PRINTOUTS

Below a re  descriptions of the sam ple printouts of H Y P E R , P H B E LL, and  

M A N IP  DA TA  follow ed by the printouts them selves. The actual printouts w ere  

not c lear enough for reproduction in this thesis. There fo re , abridged facs im iles  

w ith  the pertinent inform ation contained in the printouts are  provided instead. 

Va lues  have bee n  truncated to fit the page.

A. HYPER

T h e  sam ple printout of H Y P E R  w as produced using the d a ta  listed in 

Appendix 6 . if the user had indicated to m ultiply the concentrations by 0 .1 2 5 .  

N otice that the va lues  for concentration  (C o lum n l)h a v e  thereby been  changed  

from  those e n tered . Colum n 3  contains the  inputted velocity va lues . Colum ns 2 

and  4 list the inverses of the concentrations and  velocities, respectively . Colum n  

5 lists the theoretical velocity based on the concentrations g iven an d  the Vm ax  

and  Km derived . Co lum n 6  lists the  d ifferences betw een  the exp erim enta l and  

the theoretical velocity values .

The rest of the printout is a  listing of various constants and  values of 

in terest and  their standard errors.

B. P H B E L L . H A B E LL

The d a ta  used to produce the sam ple printout for P H B E LL  are  listed in

Appendix 6 . Co lum n 1 contains the pH values. Co lum n 2 con tains the

exp erim en ta l V m ax 's  found at the corresponding assay  pH 's. C o lum n 3  contains  

the calculated  Vm ax's given the pH values in Colum n 1 and the C , pK a, and pKb

g en era te d  by the program . C o lum n 4  lists the d ifference betw een  the

experim enta l and ca lcu la ted  V m ax values . Colum ns 5 and 6  a re  the logarithm ic  

equ iva len ts  of Co lum ns 2 and 3  respecively  and  Co lum n 7 is the d ifference
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betw een Colum ns 5 and 6 . These colum ns of data  are  follow ed by calculated  

values of C , pKa, and pKb , and their standard errors. The printout of HABELL is 

sim ilar to that of P H B E LL except that no pKb is generated .

C .M A N IP  D A TA

M A N IP  DA TA  can be used for m any functions. The sam ple described  

below  is that for generating  theoretical curves and  com paring them with the 

experim ental data. The first printout is that of data  itself. O ne m ay notice that the 

colum n num ber is printed on top and  the colum n total is separated  from the rest 

by a  blank line. In this case, the first colum n contains pH values and the second  

colum n contains exp erim enta l Vm ax values for the  corresponding pH 's.

The second printout contains the en tered  d a ta  and in Colum n 3. the [H + | 

values gen erated  by using the Cone H + from C o lu m n l.

The third printout contains gen erated  values  in addition to that in the  

second printout. Co lum ns 4  thru 8  w ere  gen era ted  by perform ing the following  

function on colum n 3 :(i.e . O ption 10 of 'Functions o f one Co lum n', Appendix 6 )

Vm ax -  C  /  (1 ♦  |H * ) /K a  ♦  Kb /(H+ |)

w ith :

C  -  0 .0 2 6 0

Kb -  5 .0 1 1 9  E -0 9  (i.e . pKb -  8 .3  )

K a -  5 .0 1 1 8 7  E -0 6 . 3 .9 8 1 0 7  E -0 6 , 3 .1 6 2 2 8  E -0 6 , 2 .5 1 1 8 9  E -06 , 

1 .9952 6  E -0 6  (i.e . pKa -  5 .3 , 5 .4 , 5 .5 , 5 .6 , 5 .7  ) for colum ns 4  thru 8 

r e s p e c t iv e ly .

For the third printout, O ption 5  of 'Functions of 2 Colum ns' ( Appendix 6) 

w as used and this w as perform ed betw een  Colum n 2 and Colum ns 4 -8  

respectively to produce the new  colum ns 4 thru 8  . The sum s of these colum ns  

are  the R S S .
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A ppendix  7A : P R IN TO U T O F  H Y P E R

1RUN

RT TO HYPERBOLA V-VM'A/(K*A)

DO YOU WISH TO MULTIPLY THE VS AND /OR AS BY A CONSTANT7 YES

ENTER A CONSTANT MULTIPY1ER OF V 1

ENTER A CONSTANT MULTIPLIER OF A

ALL VS ENTERED WILL BE MULTIPLIED BY 1

ALL AS WILL BE MULTIPLIED BY 125

BEFORE CONTINUING, DO YOU AGREE WITH THESE VA LU ES7 YFS

LINE NUMBER. 1 
NUMBER OF POINTS- 9

OONC 1CONC VELOCITY 1/VELOCITY CALC V 0 * 9
7 5 133 0145 99 99 01479 2 9196-04
75 133 0 U 5 99 99 01479 •2 9196-04
7 5 133 0147 99 02 0 U 7 9 -9 191E05
1 7 5 295 0102 99 03 01071 •5 1076-04
175 299 0109 92 59 01071 9 I2 4 C 4 5
1 75 299 0115 99 95 01071 7 9926-04
12 5 01 0179 59.17 01745 3 4976-04
125 09 0177 59 49 .01745 2.49 7E 0 4
12.5 09 0172 59 13 01 745 2 5 1 2 6 4 4

X - 4 | t M
9.1  (K )- 4 43 )

V - 0939
S E ( V ) .  IS 4 4 E -04

C V (V>- 0359

K /V - 193 199
9 E (X /V )- 12 054

1 /V - 41 9479
9 E (1 /V > *  1 .4 H 7

V /X - S i  746-03
9 E <V/K)- 3 22996-04

C V (V /K ). 0923
S O M A . 4 33736-04

VARIANCE. 1 99126-07
FOR 7 0EGREE9 OF FREEDOM

LINE NUMBER- 2 
NUMBER OF POINTS- 12

OONC 1/CONC VELOCITY 1/VELOClTY CALC V OIF*
75 133 0135 74 97 0129 5 66-04
7 5 133 0147 99 02 0129 1 79E-03
7 5 133 0123 91 30 C129 4  326-04
7 5 133 0131 79 33 0129 1 976-04
75 133 0125 90 0129 -4 326-04
75 133 0127 79 74 0129 2 326-04
3 75 299 9 76-03 10309 9 32E-03 3 796-04
3 75 294 9 96-03 112 35 9 326-03 -4 206-04
3 75 299 9.76-03 1 4 94 9 326-03 9  206-04
125 09 0141 70 92 0-53 1 206-03
125 09 0157 93 99 0153 3 956-04
12 5 09 0155 94 51 .0153 i  956-04

K . 4 744
S 6  ( * ) -  957

V . 0211
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# E ( V ) .  

c  v  (v y .

K /V .
S E (K /V ).

1 /V .
S E  (l/V W

V /K .
S E ( V * ) .

C V (V /KH 

S O M A .

v a r ia n c e .
FOR 10

i e i’E-o)
07M

224 71 
21 443

47 M l
I t )
4 4S0C-0) 
4 71 IE-04

124)5 
4 0419E -04

4  44776-07
DEGREES OF FREEDOM

PROGRAM COMPLETED FOR 2 LINES
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A ppend ix  7B: P R IN TO U T O F PH B ELL
JRUN
FIT TO LOG V-LOG(C/(1 t-H/KA ♦ KB/H))

LINE NUMBER* 1 
NUMBER OF POINTS. 14

E X P U V CALC V o e p E XP U  LOO V CALC LOO V 0 * P
4 44944 5 33E-03 4 7059E-03 6 240E 44 2 2 7)2 2 327) 0540
5.14944 953E -03 0 ’ 12) •i 701EO3 •2 0209 •1 9495 • 071 )
5 44997 01472 0147) t 415E-05 -1 4*'20 •1 9315 5 351
549997 01455 01915 •3 121E-04 -1 7049 •1 7020 -4 991
4 19997 01924 02199 2 41 )E-03 -1 7144 • i 4594 •0552
9 1 9997 02155 02144 3 434E-04 •1 9445 1 4594 •4 947
4 49997 02444 02294 1 4 70E03 -1 6031 •1 6344 0357
449997 024 )5 02)27 1 075E-03 •1 6 1 )5 1 6)31 0194
949997 02)75 023)0 4 477E-04 1 4 24 ) -1 6324 4 245E-03
7 24997 02451 02250 2 009E-03 •1 6104 •1 64 79 0371
7 49947 .0205 02014 3 035E 04 -1 6442 ■1 6947 6 497E-0)
7 99994 .0177) 01431 •5 147E-04 •1.7512 •1.7372 • 0140
799994 01495 01 714 5 30 7E-O4 ■1.7795 •1 7449 • 0134
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APPENDIX 8: PRINTOUT OF NMRSPEC

O n th e  follow ing pages are  the individual points o f the curve generated  

by using N M R S P E C  and  Tab le  IV . 1 (which contains the am ino acid analysis  

values found in Tab le  V .6 . Colum n f ) .  The values are listed in the form at of one  

line contain ing the proton species contributing to the point follow ed on the next 

line by the spectral position based on a  22 0  M H z instrum ent, the position in ppm , 

and the height of the curve a t that point. This is not the actual form at of the 

printout g en e ra te d  by N M R S P E C  but a  p as te -u p  thereof.
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