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-Section 1: INTRODUCTION

Orotate phosphoribosyltransferase (OPRTase, E. C. 2.4.2.10) catalyzes
the formation of a beta-glycosidic bond between the nbose-5'-phcsphate
moiety of S5-formation of a beta-glycosidic bond between the ribose-5'-
phosphate moiety of 5'-phosphoribosyl-alpha-1'-pyrophosphate (PRPP) and
c-~tate to form orotiding S5-phosphate (OMP) and pyrophosphate (PP;). In
organisms which have been studied so far, the OMP thus formed is
decarboxylatad by orolidine-5'-phosphate decarboxylase (ODCase, E. C.

4.1.1.23) to pioduce UMP.
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it is now generally believed that OPRTase and ODCase exist as a

bifunctional enzyme complex (also referred to as UMP Synthase) :n mammalian



tissLes such as human e-ythrocytes and dipleid cell strains Foster et al. 1973) .
other mammalian erythrocytes (Tax el al.,1976), bovine brain (Appel,1968), calf
thymus (Kasbekar et al.,1964), Erlich ascites carcinoma (Kavipurapu and
Jones,1964), rat (Sweeney et al.,1974), and mouse liver and heart (Reyes and
Intress, 1978). Evidence that a single polvoeptide cataiyzes the two step
conversion of orotate to UMP has also been found in tomato celis in culture
{Waither et al.,*984). The complex ol these two activities allows for the efficient
channelling of OMP to UMP without its release into the cytoplasm where it can
be attacked by nucleotidases. While the separation of the two activities
(OPRTase and ODCase) has been observed in extracts of Erich ascites
carcinoma cells {Brown and O'Sullivan, 1977), these studies were done after
prolonged storage ol impure protein and proleases could have been involved
{McClard et al., 1980). When the two activities are separated, there is rapid
inactivation of both aclivities, w~ith CPRTase activity the more labile (Jones,
1972). More recently, UMP synthase .from Erich ascites cells has been purified
to homogeneity and it has been shown that both aclivities are present on the
same polypeptide (McClard et al., 1980). Two isomers exist of the same
molecular weight but with different isoelectnc points. Both however, caontain
both the OPRTase and ODCase aclivities (ibid.).

Deticiencies of OPRTase and ODCase activities in humans produce the
hereditary abnormaity, orotic aciduria. Those sutfering from the Type | form of
the disease exhibit deficiency of both OPRTase and CDCase activities while
those having the Type !l form are deficient in only ODCase activity and are found
1o have normal or elevated OPRTase levels (Worthy et al., 1974). Individuals

with orotic acidura are pynmigine-starved and are atfected with severe anemia,

o



mental retardation, and excretion of excessive orotic acid in their urine(Smith et
al.. 1972).

In maligrant tissue, the rate of nucleotide synthesis is higher and the
PRPP pool size larger (Sperling et al.,1979) than in normal tissue. For irstance,
OPRTase levels are significantly higher in fast-growing colon tumars
(Weber,1981).  Therefore, the phosphoribosyltransterase enzymes are the
logical targets of chem.therapeutic reagents. 5-lluorouracil effectively inhibits
tumor growth (Ardalan et al., 1982) but is highly toxic. Allopurinol, an inhibitor of
purine nucleotide synthesis, reduces the toxicity of 5-fluorouracil (Schwartz et
al., 1980). Thus it has been suggested that a combination chemotterapy of
inhibition of both purine and pyrimidine nucleotide synthesis may provide
elfective trealment against certain tumors provided nucleotide transport can be
accomplished (Plagemann et al., 1981).

In Saccharomyces cerevisiae (Bakers yeast), OPRTase is found not to
exist in a complex with ODCase, but rather usually exists as a dimer of 2
identical suburits with a molecular weight of 20,000 £ 2,000 per subunit {Victor
et al., 1979). Veast cells lack nucleotidase aclivity (Traut,1980) and therefore
there is no need for channelling. OMP has been observed to accumulate in
yeast cells while UMP is being synthesized (Reyes, 1977). The human malarial
parasite Plasmodium falciparym alse contains OPRTase and ODCase activities
that can be resolved (Rathod and Reyes,1983) and its OPRTase is more
sensitive !0 mercurial reagents than are red blood cells. This ditference might
offer a possible point of action for an anti-malanat agent.

The kinetic mechanism of CPRTase from Saccharomyces cerevisiaa was
unknoewn before 1978 (Goitein et al.). It has been shown by Viztor et al. (1379 a

& b) that in the presence of excess Mg*2, the reaction catalyzed by OPRTase



proceeds accordirg to a Bi Bi Ping Pong kinetic mechanism with PRPP as the
first tinder in the forward directon, followed by the release ot PP, fcllowed by
the addition of orotate, and finally the release of OMP. This mechanism was
reveale¢ using standard initial velocity measurements and :solope exchange of
32p.ppi ang 32pP.PRPP and of 14C-Orotate and '4C-OMP. Mn*2 can replace
Mg *2 in 'e reaction and S-flouro-orotate can be substituted for o-otate. It is
not yet knewn what form of comp'ex the enzyme forms with 'he phosphoribosyl
(PR) moiety of PRPP. Attempts to isolate the E-PR complex by gel filtration or to
visualize it in I'P-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, 19868). 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
rgaction mechanism of OPRTase, proceeds by the‘ formatiorn of a carbocation

(Goitein et al., 1978).




Section II: RATIONALE

The purpose of this thesis research was to examine the structural entities
of CPRTase and its first substrate, PRPP. T.is was the first attempt in this
laboratory to study a PRPP utlizng enzyme in this way and it is hoped that simitar
studies may be done eventually on the other PRTases so that comparisons can
be made among them. The structure of OPRTase was considared from two
perspectives: its amino acid composition and its interface with substrate its active
site. Similarly, the siructure of the subsirate was to be studied free in sclution
and bound to OPRTase.

For the subsirate, we have chosen lo study PRPP, since it is the
common substrate of all of the PRTases. By ulilizing 1H-NMR spectroscopy 1o
determine the distances between the C-protons of the sugar and the metal
attached to it, it is possible to compare the structure of PRPP-MnZ* both on and
o the enzyme, thereby gaining insight into possible changes in structure which
are introduced as the enzyme-substrate interaction takes place.

To begin to uncerstand the structure of the enzyme and already knowing
something of its subunit composition and monomer molecular we.ght, our next
step is 1o determine its amino acid distribution. This gives us a basis to speculate
on the meaning of the results of other experiments which implicate varnous
essantial and strategica'ly located amino acids. The second method used to
study the structure of OPRTase was through the 1H-NMR spectroscopy of the
anzyme. |f the TH-NMR spectrum of an enzyme is resolved enough so that
individual peaks can be discerned, 1nen it 1s possible to determine whether the

enzyme 1S uncergoing any Qross conformational changes over condilicns such




as pH change, by examining the native spectra, the atlected specira, and the
predicted random coil spectra.

On a aifferent level is the enzyme aclive Site, the juxtaposition of amino
acids which sels the stage for catalysis. The amino acids of the active site were
studied by two methods: 1)changs 1n enzymatic activity with pH over a range in
which the enzyme and substrate are stable and 2) reaction of OPRTase with
group specitic moditying reagents with concomitant loss of enzymatic activity and
the protection from inactivation afforded by substrates.

All of the experiments mentioned above can be used 1o better

understand the events taking place at the active site of OPRTase durirg catalysis.

(OXY




Section lll: MATERIALS

Pressed Baker's yeast (Budweiser Brand) was obtained from Valenti
Yaast, In¢c. (Flushling, N. Y). Sephadex G-10, -25, and -100, and Blue
Sepharose CL 63 were purchased from Pharmacia Fine Chemicals (Piscataway,
N. J.). Cellex-D (DEAE Cellulose) and Biogel HTP (hydroxylapatite) were
purchased from Bio-Rad Laboratories (Richmond, Ca.). Sigma Chemical Co.
supplied PRPP (sodium salt), OMP (sodium sail), diethylpyrocarbonate, orotic

acid, p-bromo-phenacyl-bromide, and hydroxylamine-HCI.  Absolute ethanol was

supplied by U.S. Industrial Chemical Co. All other chemicals were reagent grade.




Section IV: METHODS

PURIFICATION OF OPRTASE

All steps were performed at 4 © C unless otherwise indicaled. The
puritication procedure was basicaily that of Victor et al (1979), with a few
alterations.

Aulpiysis: Baker's Yeast (Budweiser Brand, St. Louis, Mo. distributed by
Valente Yeast Co., Flushing, N. Y.) was suspended in a mixture of 0.3 M
potassium phosphate buifer at pH 8 and toluene. Three liters of buffer and 500
mi toluene were used for each 10 Ibs. of yeast. The mixture was stirred gently for
4 nours, kept at a constant temperature of 309 C in a water bath, and adjusted
periodically 1o pH 8 by adding small portions of 5 N KOH. The autolysate was then
centnfuged in a Sorvall RC-2B refrigerated centrifuge for 20 minutes at 8,000 rpm
{approximately 10,000 x g). Alternativaly, it was filtered through Whatman futed
fiter paper. The supernatant from the centrifugation was filtered through a few
layers of cheesecloth to remove flulty lipid materals.

Armonium Sulfate Fractionaticn: The partially clarified autolysate was
adjusted to pH 5 with 8 N acetic acid with gentle strnng in the presence of 1%
ethanol to prevent foaming. 3olid ammonium suifate was adde.d to the aciaified
autolysate to outain 50% saturation (313 grams ammonium sulfate per fiter of
autolysate). This addition was carried out over several hours with jenlle strring,
and the solution was then allowed to stand overnight to allow complete
precipitation. The precipitate was collected by centrifujation (9,000 rpm,
approximately 12,500 x g for 20 minutes) and then redissolved in a minimum

volume of 25 mM Tns-HCI at pH 8 {about 1 Wter per 10 Ibs. yeast). This procuced
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a cloudy suspension. The preparation was then adjusted to pH 8 with 1 N KOH
and dialyzed against 16 liters of 10 mM Trs-HC1 pH 8 overnight. It was then

centrifuged at 8,500 rpm for 20 minutes !0 remove undissolved material.

Bemoval of Nucleic Acids: 'M MnCl, was added to the clarified ammonium
sulfate fraction to a final concentration of 50 mM with respect to MnCly. The
solution was stirred gently for 30 minutes and then centrifuged (8.500 rpm, 20
minutes) to remove nucleic acids.

Eihanol Fractionation: To each 250 ml ot the above supernatant, 100 m! of
acetate butier (2 M, pH 6) and solid orotale to a final concentration of 1mM, were
added. The solution was cooled to below 0° C in an ice-ethanol-dry ice bath.
95% ethanol (chilled in dry ice-acetone to below -209 C) was added to the
acidified protein preparation, with swirling, to a concentration of 15% (v/v, 180 mi
EtOH/1,000 mi solution). Temperature of the mixture was checked after each
addition of ethanol, and the mixture was cooled to between 0% C to -2° C belore
mcre was added. The precipitate was quickly removed by centrifugation (8,500
rpm, 10 minutes) at -159 C, in metal ceninfuge cups which had been precooled.
At any given time, only enough solution was treated as could be centrifuged in
one run. The supernalant was then treated with additional ethanol to increase
the concentration to 50% (820 mi EtOH/1,000 m! original solution). The
precipitate was collected by centrifugation at -159 C and dissolved in a mnimum
volume of Tris-HCl (25mM, pH 8, 200mi}. After stirring for 30 minutes, the
suspension was ceninfuged and the precipitate re-extracted with a small volume
of the same buffer. The combined extracts were then dialyzed overnight against
16 liters of 25 mM Tris at pH 8.

Heal Treaiment: The dialyzed ethanol fraction was made to 2 mM in MgCl,

and 1mM in orotate. Aliquots of 250-300 ml each were heated rapidly in metal




ceririfuge cups by placing them in a constant temperature dath at 539 C for §
minutes. They were then transferred immediately to an ice-salt mixture at 29 C.
The preparation was then centrifuged at 8,500 rpm for 20 minutes 10 sediment
denatured protein. A small amount of pink-tinged precipitate was removed by this
procedure.

Nate: Throughout the rest of the punfication procedure, all

butfers, both for chromatography and cialysis, were at pH 8

and contained 1mM orotate, unless otherwise specified.

Sephadex G-100 Gel Chromatography: The supernatant from the previous
step was concentrated by an Amicon ultrafiltration unit (400 ml capacity) using a
PM-10 membrane. (Two attempts were made to concentrate the protein solution
at this stage of purification by adhesion and elution of OPRTase from DEAE
Cellulose, but the OPRTase failed to bind to the DEAE matrix until it had been
elutad from Sephadex.) A nitrogen pressure of 70 psi was employed until a
volume of less than 100 ml/10 Ibs. of yeast was obtained. The retentate was
divided into portions of approximately 40 ml and carefully applied to a column ot
Sephadex G-100 equilibrated with 10mM Trnis-Hcl and 40mM NaCl (2.5 x 60 cm).
Fractions of 10 ml each were collected and an elution profile of one peak of
activity foliowing a huge peak of protein and unprecipilated dedbns was produced.
Those fractions containing over 20% of the activity found in the most active
portion were pooled. The protein cleared the column in tour hours, allowing for at
least 2 runs a day.

Cellex-D (DEAE Ce'lulose) Chrcmatography: The pooied G-100 fraction was
cdialyzed twice ajainst 10 liters of 10 mM potassium phosphate buffer for 4 hours.

The dialysate was then applied to a column (2.3 ¢m x 37 cm) of DEAE-cel'ulose

10




equilibrated with the same buffer. The enzyme was then eluted with a hnear
gradient between 750 mi each of 10 mM and 200 mM potassium phosphate
butfer. Fractions of 6.6 ml were collected. The elution profile of the enzyme from
DEAE-cellulose was composed of one minor peak followed by one major peak,
followed by a plateau ol activity. As the DEAE.cellulose was re-used, the
resolution of the peaks became less distinct. The two peaks have been studied
by other researchers (Yoshimoto et al, 1978) and found to have molecular
weights of 32,00C and 39,000 respectively, as determined by calibrated
Sephadex G-100. These two forms do not seem to interconvert.

it was found by this researcher and Lewis Hanna that OPRTase and NPRTase
copunly through the ethanol fractionation step. In later preparations, Phosho-
Cellulose column chromatography was run after that stage of the purification.
NPRTase binds to the Phosgho-Celluiose column at low buffer concentration
while most of the OPRTase passes through the column. When this procedure is
performed during the purification of OPRTase, it is observed that only one
signiticant peak of activity appears in the elution profile of DEAE. This peak
elules at the same ionic strength as the major peak mentioned above.

Bio-Gel HTP (Hydroxy'apatite} Chromatography: The fractions of the major
active peak from the DEAE-cellulose were pooled and then dialyzed against 10
liters of 10 mM potassium phosorate bul‘er. The dalysalte was then applied to a
coiumn (2 x 37 cm) of Biogel HTP hydroxylapatite, previously eguilibrated with the
same buffer. The enzyme was eluted with a iinear gracient between 500 mi each
ot 10 mM and 200 mM potassium phosphate buffer. (It this procedure 15 omilled,
the enzyme e'uting trom Blue Sepharose qives two bands on disc gel

electrophoresis.)  Fractions of 6.6 ml were collected. The enzyme activity eluted




from the hydroxylapatite column in one peak, unless the DEAE Cellulcse column

was omiited

Blue Sepharos: Affinity Adsorbent: Twenty grams of Blue Sepharose CL-68

was washed in a sintered glass funnel with cold distiled water (200 mi per gram
dry weight). The gel was then suspenced in 10 mM Tris-HCI (without orotate)
ard poured into a column (25 x 25 cm) and equilibrated with the same buffer.
The hydroxylapatite fraction was dialyzed against 10 mM Tris (without orotate) for
four hours and then applied to the column. The column was then washed with 10
mM Tris-HCI buffer (without orotate) untii "o more protein eluted. OPRTase was
then eluted by washing the column with a solution of 0.1 mM OMP in 10 mM Tris-
HCI butfer (pH 8). The enzyme eluted in a very sharp band. The column was then
washed with high salt to remove all protein.  This eluent contained little or no
OPRTase activity.
SPECTROSCOPIC ASSAYS

initial velocity measurements wer@ carrried out spectrophotometrically at 259
C, using a Cary 15 recording spectrophotometer by the method of Umezu et al.
(.1971). The final saturating substrate concentrations of reactants n 1 mi of assay
solution for the phosphonbosyltransferase (lorward) reaction were 100 uM
PRPP, 300 uM orotate, and 1mM MgCly, 'n 50 mM Tns-HCI bufter at pH 8.0. The
final saturating reactant concentrations in 1 ml of assay solution for the
pyrophosprorylase (reverse) reaction were 125 uM OMP 25 mM
pyrophosphate, and 2 mM MgClp in 50 mM Tns-HCI at pH 8.0. The reaction was
imyiated by the addition of an atquot ol enzyme (2-5x10°4 mg purified OPRTase)
'o 1 ml assay soiuton. Inital velecutes were determined as the siope of the
tanjent to the bejinning of the trace ol abserbance versus tme at 235 nm, and

then converted 0 urits of umoles of OMP synihes:zed or cegraded per m.nule
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A drop in absorbance is seen during the phosphorbosyl transter reaction and an
increase in absorbance is seen in the pyrophosphorylase reaction. The
difference in the molar extinction coefficient for orotate and OMP at 295 nm is
3650.
PH-STABILITY STUDIES

The stability of OPRTase over the pH range studied was determined by
incubating aliquots of the enzyme at each pH and removing catalytic amounts at
various times and assaying them for the phophoribosyl transferase activity in Tr's-
HCI at pH 8.
PH-ACTIVITY PROFILES

Assays were performed over a pH range of 4.5 through 9.5.  Varous bullers
with optimal bulering capacity at a range of pH's were used so that the entire
range of 4.5 through 9.5 could be covered. These included: Sodium acetale
(pKa=4.75), Tris-HCI (pKa=8.15), glycyiglycine (pKa=8.2), potassium phosphate
(pKa=6.6), and triethanolaming. The BH of the mixture was recorded before and
after the reaction to check if ary changed occurred during the reaction. The pH
of the mixture, not the added buffer, was recorded as the pH studied in kinetic
work. For the phosphoribosyltransferase (forward) reaction, the assay mixture

contained 300 uM orotate, 1mM MgCly, ard a range of 10-200 uM PRPP in 50

mM Bufter at the pr indicated. For the pyrophosphorylase (reverse) reaction, the
assdy mixture contained 2.5 mM pyrophosphate, 2 mM MgCl, and a range of
3.75 -25 uM OMP in 50 mM buffer at the pH indicated.
CHEMICAL MODIFICATION

Punied OPRTase was passed through a PD-10 Sephadex column
equilibrated with 10 mM potassium phosghate bufter (pH 8) to remove OMP

added dunng the last step ¢t punfication.
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Each incubation mixture contained 0.2 mi of 15 mM butler 0.05 mi of Hp),
0.5 mi of OPRTase stock so'ution (enough for six assays). A 0.050 mi aliquot
(or 1/6 the volume) was removed and assayed for phosphoribosyltransferase
activity as described under °Spectroscopic Assays,’ to give a before or zero-time
aclivity. This left enough enzyme for five assays. As is detailed under each
experiment, concentrated reagent solution, H20, PRPP and/or Mg’2 to make a
total volume of 0.050 mi, were then added to the remaining 0.25 ml of incubation
mixture and the clock was started. At various intervals, usually 1/2 min., 5 min,
15 min., and 30 min., 0.060 ml {or 1/5 the volume) aliquots were removed and
assayed for phosphoriboSyltransferase activily.
Breakd { Diethyl P \ C | Condil

Diethyl Pyrocarbonate (DEPC) is unstable in aqueous solution, rapidly
breaking down to CO, and ethanol. Theretore, the concentration of DEPC in the
incubation mixture does not remain constant with time. Since the rate of
breakdown of DEPC is also influenced by pH, a study was performed to
determine a rate of breakdown ot DEPC over a pH range of 45 thru 9 in
potassium phophate buffer. CEPC in ethanol was added to 0.1 mM potassium
phosphate buffer at the indicated pH. At various times. 1ml ahquots were
removed and placed in disposabla culture tubes containing 2 mi of 10 mM
imidazo'e. Since imadazole reacts with DEPC to form a ccmpound which has an
extinction coeficient of 3 x 103 M *1 cm ! at 240 nm, ths property can be utilized
to determine the concentration of DEPC in solution.
'nhibiti i j r n

DEPC was placed in absclute ethanol and diluted to various concentralions

just prior to use. The DEPC concentration of these solutions was determ.ned

%




spectroscopically using pubhshed procecdures (Mies, 1977)  The butfer used
was potassium phosphate since DEPC has a very short half-life in Tns-HCI.  After
removing an aliquot and assaying for zero-time aclivity (see °“General Incubation
Procedures” above), 0.03 mi of distilled water and 0.02 ml of one of a range of
concentrations of DEPC in ethano! were added. Conlrol samples contained J.02
ml of ethanol in place of DEPC solution.
mtinmgn m'm nammn Ebgnacxl Bmmldﬂ

Stock solutions of p-bromo-phenacyl bromide (pBPB) were made up in
acetone. Incubations were run in 10 MM potassium phophate buffer. Alter the
removal of an aliquot for zero-time assay, 002 mi of distilled water (or a Mg*2.
PRPP solution) was added to the 0.25 ml incubation mixture remaining and 0 03
mi of pBPB stock solution added to initiate the reaction. Control samples

rontained 0.03 ml acetone in place of pBPB solution.

th H ing H lar

Hydroxylamine hydrcchloride (NH,OH HCI) was adjusted to pH 8 with NaOH

and made up to a concentration of 1 M for the stock soiution which was then
cluled as necessary. Incubations were performed .n Tris-HCl accorging o the
procedure described under °General Incubation Procedures® above.
AMINO ACID ANALYSIS

Samples of OPRTase, purified to homogeneity, were subjected to aming
acid analys's. Some were analyzed as is and others were first incubated with
DEPC or NH,OH. The samples were dialyzed against double distilled water. Al
handling of dialysis tubing was done wearing rubber gloves, to reduce the
possibility of contamination of samples with amino acids from skin and sweat. An
equal volume of dialysate was removed and saved for baseline comparison and

then each sample was frozen ard lyophilized. The samples were then given !0

-

15




Larry Brink in the laboratory of Stanley Stein (Roche Insttute for Mc'ecuiar
Biclogy) for analysis by his published procedure (Stein et al, 1373). In srort, ts
method involves the acid hydrolysis of the protein 10 its constituent amino acics,
separation of the amino acids by HPLC, reaction of HPLC effluent with
fluorescamine to prcduce flLorescent complexes and quantification by passing
through a fluorescent detector. This method can detect amino acids in the
picomole range and therefore protein in the microgram range, which amounts to
catalytic amounts ol enzyme. Proline, Iryptophan, and cysteine content were
determined separately.  Proline is degraded by the acid hydrolysis and
tryptophan and cysteine complexed with fluorescamine are internally quenched
{Chen et al, 1978 and Stein and Brink,1981).
COMPUTATION OF NMR SPECTRUM

McDonald and Phillips (1369) have designed a procedure which can predict
the "H- NMR spectrum of a protein, using the amino acid analysis of the protein
and triangles to represent the resonance of individual residues. This procedure
was developed for random coil proteins , where the residue side chains are :n an
ageuous environment . However, since the native protein contains residues,
many of which are in the internal protein environment, this procedure canno! be
expec'ed to produce an accurate picture ol the aative enzyme. .t can, however,
be used to preliminanly idennfy the peaks of the actual NMR spectrum.

McDonald and Phillips’ basic procedure invoives the assignment of a tnanrg'e
for each proton species. Each triangle is of equal area, but the base Is
determined by the expected amount of sgchitting by adjacent protons (ie. the
more sphltng, the wider the base, and thereby the snorter th: altitude.) The

altitude of the tnangle 's then mu.iplied by the number ot equivalent protcs  cer

amino acid.
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To precict the NMR spectrum of OPRTase, the values ‘or base and alituce
determined by McDonald and Philips ard the amino acid analysis performed on
punfied enzyme were utilized. The aititude of each triangle was muitiplied by the
distnbution of amino acids residues of each type determined in the amino acid
analysis experiment.

A computer program, NMRSPEC (Appendix 5), was written to determine the
lotal aittude value for each corstituent proton species triangle and to perform the
summation of these triang'as. This involved the determination of the compasite
he.ght of alt the contributing triangles.

For each proton species, the height of the lriangle was determined at
positions 5 Mz apart (based on a 220 M Hz instrument), for a maximum of 360
positions for the entire spectrum. This value was added 1o a master file of those
positions and the name of the proton species recorded. These positions were
then converted to chemical shifts in parts per million so that the generated
spectrum could be comparable to the actual spectrum (taken with a 300 MHz
instrument). The data for NMRSPEC (Appencix 5) are listed in Table 1V.1 Al
values are from 13 published article {McDonald & Philips, 1969) except for that
hsted under *Number.® For each proton species, the central positicn and base
are listed in Hz (for a 220 M Hz instrument). Heights are the a.tuces of the
constituent tnangles. Numter represents the quantity of each amino icid
present in OPRTase as determined by amino acd analysis (see °Resulls’,. The
pnintout for NMRSPEC (Apoendix 5) is listed in Appendix 8. Graphical
represertation of the composite spectrum as well as a comparson of it to the
expermentally derived spectrum can be found in “Results.

PH DEPENDENCE CF 'H NMR SPECTRUM OF OPRTASE




TABLE IV.1
Input for NMRSPEC

Residue-Protons

LEU
LEU

CH3
8-CH2+G-CH

ILEU CH3
ILEU CH2
ILEU CH2
ILEU B-CH2

VAL
VAL
ALA
THR
LYS
LYS
LYS

GH3
B8-CH2
CH3
CH3
G-CH2
D-CH24+B-CH2
E-CH2

ARG G-CH2
ARG B-CH2

ARG
PRO
PRO
PRO
GLU
GLU
GLN
GLN
ASP
ASN
ASN
MET
MET
MET
CcYs

D-CH2
G-CH2
B-CH2
D-CH2
B8-CH2
G-CH2
B8-CH2
G-CH2
8-CH2
B-CH2
B8-CH2
CH3
B-CH2
G-CH2
B8-CH2

HIS B-CH2
HIS IM-C4
HIS 1M-C2

TYR

CH2

TYR O TO OH
TYR M TO OH

PHE
PHE
PHE
TRP

B-CH2
B-CH2
AROM
8-CH2

TRP IN C2
TRP IN C5,C6

TRP

IN C4.C7

Position
195
360
183
250
310
425
205
495
310
270
31§
370
665
365
405
705
445
465
725
435
500
455
510
590
615
635
455
455
565
665
700
1555
1740
655
1500
1560
650
700
1600
745
1585
1550,1565
1640,1660

30
40
40
60
60
50
34
50
36
32
60
60
44
56
48
28
42
50
80
40
40
40
40
110
80
60
20
44
32
24
56
20
20

Altitude

40
15
30
3.3
3.3

16
16

Number
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The 'H-NMR spectra of OPRTase, puriied to homogeneity, was taken on a
300 MHz Nicolet FT-NMR spectrometer with temperature controls set at 199 C. |
wish to acknowledge the Rockefeller NMR Consortium for allowing me this
instrument time.

The enzyme had been dialyzed extensively against phosphate at pH 8.0. It

was then lyophilized, disscived .n  95% D20, re-lyophilized, and dissolved in
99.9% D20. The first spectrum was run on this sample of OPRTase.
Concentrated DCI was then added to the sample to adjust its pH successively 1o
pH 7.7, then pH 7.0 then pH 6.0 and finally pH 5.0. At each pH, the spectrum
was printed out after all the acquisitions were completed. The one exception was
pH 7.0 at which the spectrum was first printed out after 938 acquisitions and then
after 3072 acquisitions.

in an elfort to conserve the enzyme and reduce the time it spent unfrozen
and at low pH, the number of acquisitions was restricted to just enough to discern
individual peaks. Therefore, a comparison of heights of one spectrum versus the
other cannot be done.

Ater the sample was analyzed at pH 5.0, it was quickly brought up to pH 7
with NaOD, PRPP and Mg*2 were added as stabiizers, and it was quickly frozen

at -76°C.
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USE OF 32P.NMR SPECTROSCOPY IN SEARCH OF
A P-RIB-OPRTASE INTERMEDIATE

The 32P-NMR spectra were performed on a JEOL 400 M Hz FT-NMR. | wish
to acknowledge the CUNY NMR Zonsortuium for this instrument time.

The enzyme used in the NMR study above, remained frozen for 2 years.
When it was thawed, it still retained catalytic activity. To test whether a P-Rib-
OPRTase had formed, three spectra were taken. First, the 32P-NMR spectrum
of this sclution was performed. The OPRTass solution was then dialyzed
extensively and its 32p.NMR spectrum taken again. Following that, orotate was
then added to the solution and it 32P-NMR spectrum taken again. The spectra
and analysis thereof are found in °Resulls.

DETERMINATION OF METAL-PROTON DISTANCES OF THE MN2+ -PRPP
COMPLEX IN THE PRESENCE AND ABSENCE OF OPRTASE
Ereparatien of PRPP and OPATase sqlutions

All glassware was washed with distilled water, soaked for at least 5 hours in
HNQ4, nnsed again with double disulied water and then ra-rinsed with water which
had been passed thru a Chelex-100 column. PRPP was dissolved in § mM Tris-
HCI bufter at pH 8.0 and the solution pressure squeezed ‘hrough a mini-column
of Chelex-100, previously equilibrated with metal-free SmM, pH 8.0 buffer. The
coiumn was then washed with three-1 ml aliquots of Chelexed water, !0 insure

removat of residual PRPP from the column. The PRPP solution was then

lyophiized and the residue dissolved in 95% D,0 follcwed by relyophilization

and dissoiving in 99.9% D,0 to a final PRPP concentraon of 100 mM PRPP. A

second solution was made up with 10 uM Mn2+.
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A 17 mg sample of hcmogeneous CPRTase, (showing 1 band cn disc-gel
electrophoresis both with ard without SDS) was used for th's experiment. This
represented the yield from nearly 150 pounds of yeast. All handiing of the
sample in preparation for the NMR experiments was performed at 4° C, with
storage at -76° C. The sample was dialyzed extensively against 1 mM Tris-HC

bulter, at pH 8.0. Metal ion traces were removed from the enzyme sampie by

pressure squeezing through a mini-column of Chelex-100. The H,0 was then
replaced with D,0 as ‘ollows: The enzyme solution was lyopt lized, and the
residue dissolved in 95% D,0. The sample was then ralyophilized and stored
frozen in a desiccator until time of experiment. The residue was then dissolved in
99.9% D,0 and PRPP prepared in DO added to a final volume of 0.4 ml. The
Smm NMR tubes used in this experiment were obtained from Wilmad Glass
Company. Chronologically, this was the first NMR experiment performed. Tre
sample was then used for the pH4-dependence and E-RP intermediate studies.

The samples containing enzyme were run sequentitally, (as listed in
*Results’) and were prepa-ed from the initial PRPP-OPRTase sample in tha
following manner:  Additons of Mn2* were done by the addition of § ul aliquots
of a 0.4 mM solution of Mn2*  Dilutions of OPRTase were done by the acdiion of
a equal volume of solution containing amounts of Mn2¢ and PR-P. without
OPRTase. This solution was divided and half used as :he next sample.

L X r

Magnetic relaxation measurements of the iongitudinal relaxation rates of -
proton resonances of PRPP we'@a measured, at 19% C, by emgioying an irverscn
recovery method at 220 MHz using a Vanan HF-230 FT-NMR Spectrophotometer
at Rockefeller University. For PRPF alore, readings were taken at T = 0.1, 02,

03 04 05 06, 07,68, 09, 1.0.20, 30, 50. and '00 seconds. For tre




PRPP.Mn2* complex, readings were taken at T = 001, 005, 007, 0.1, 02, 03,
04,05 06, 07, 08, 09, and 1.0 seconds. in the presence of OPRTase,
spectra were collected at 7 = 0.01, 0.05, 0.1, 0.2, 0.3, 1.0, and 5.0 seconds. The
spectra, thus produced, were based on 258 acquisilions under each T listed.
Assigrment of Proton Resopances

The ailferant proton resonance signals of PRPP were assigned by
comparing different peak heights and by comparison with previously established
resonances of protons of sugar rings in nucleosides and nucleotides (Altona and

Sundaralingam, 1973, and Davies and Danyluk, 1974).




Section V: RESULTS

PURIFICATION OF OPRTASE FROM BAKER'S YEAST

Orolate phosphoribosyitransferase was purilied from Baker's yeast
according to the procedure described n ‘Methods.” The procedure was
performed m several baiches, over the course of four years, on a total of
approximately 200 pounds of yeast. The lotal yield was approximately 25 mg.
The bulk of the enzyme was needed for the NMR work. Some of it could be
conserved between NMR experiments. The enzyme used for pH studies,
chemica: modification, and amino acid analysis was not recyclable.

If all steps were followed, a single protein band was obtained on
polyacrylamide gel electrophoresis :un at pH 8.9 in the presence and absence ol
sodium dodecyl sulfate. Any protein used for amino acid analysis or NMR work
gave one band, while some of the enzyme used for the kinetic Studies contained
a small amount of a single impurity. .

PH-STABILITY PROFILE OF OPRTASE

The stability ot the OPRTase over the pH rarqe studied is represented in
Fig. V.1 Depicted in Fig.V.1a is the activity remaining at various times during the
incubation of OPRTase at pH's 5 thru 8. Fig. V.1b depicts the actiity remaning
_a}ter 15 minutes of incubation at vanous pH's from 45 thru 95. As can be seen
from these figures, OPRTase is stable for 15 minutes thru pH 9.5, with over 80%
of the activity remaimng at pH 5.5 and 73% of the activity remaning after that
length of time at pH values as low as 4.5.

Since the velocities derived for the kinetic studies utlized. at most, only
the first 2 to 3 minutes of each trace, any denaturation of the enzyme at the pH's

studied should oniy account for up 10 a 5% drop in activity even at pH 4.5.




Figure V.1
Stability of OPRTase:

a) Activity remaining at various times with
incubation at: pH § (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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Theretore, the change in velocity ol the enzyme calalyzed reaction (in the pH
range of 45 to 9.5) cannot be attributed 1o the denaturation ¢! the enzyme.
PH-ACTIVITY PROFILES

As dascribed in "Methods," OPRTase activity was assayed in both
directions over a range of pH values. The kinetic data gathered under these
conditions were then analyzed graphically and with the aid of four computer
programs. Three programs (i.e. HYPER, PHBELL, and HABELL) were adaptions
of those written by Cleland in Fortran and published in Methods of Enzymology
(1979 ). They were converted to Basic and adapted for use on the Apple Ii
minicomputer with Epson printer. Listings of HYPER, PHBELL, and HABELL can
be found in Appendix 1, Appendix 2, and Appendix 3, respeclively.
Descriptions of data entry for all three programs can be found in Appendix 6 and
sample printouts in Appendix 7. Descriptions and applications of these
programs, and a fourth, MANIP DATA, can be found in the Appendix and the tex!
below.

Phosphonbosyitransterase (Forward) Reaction: To study the forward
reaction, the concentrations of orotate and Mg*2 were heid fixed while the
concentration of PRPP was vaned over a range of 10-100 uM. The data for the
forward reaction were then analyzed graphicaily by ploiting mean values of /v vs
1/[PRPP] for each pH Ined. This is illustrated in Fig. V.2.  Each point represents
al least three assays. Apparent Vmax and Xm values were determined trom the
inverse of the y-intercept and the negative inverse of the x- intercept
respectively. Loganthmic plots of these values are ftound m Fig V.3. The data

was also subjected to the program HYPER (see below) and this gave similar

results.
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Figure 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 going
counterclockwise represent the following pH values: 95, 8.0,
75,70, 65, 60,55, 5.0, 4.7, and 4.3.
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Within the range of pH'S for which the enzyme IS stable, the Km for PRPP
varies only shightly compared to the change observed lor Vmax, so the change in

activity with pH is probably not due l0 ionization state of PRPP ( Fig. V.3).

Byrophosphorylase (Baverse) Reaction: To study the reverse reaction,

the concentrations of PP; and Mg *2 were heid fixed while the concentration of

OMP was varied over a range of 1-30 pM. The data for the reverse reaction,
however, were much more scattered than that for the forward direction due to the
lower Km of OMP vs PRPP and the nature of the assay. It was, therefors, more
difficult to analyze this data graphically in an unbiased way, and 80 il was
subjected to the program HYPER . This program was converted from Foriran to
Basic by me and made interactive and able to store data. (This Basic adaption of
HYPER has also been utilized by Hanna et al. (1983) and Gabrielle et al. (1985))
For each pH, the raw dala was used, instead ot averages of points, so that there
could be some weighting of concentrations of substrate for which more assays
were done. HYPER fits the velocity data directly to the equation:
Vs Vmax x AKm + A) (Eq. V.1)

with:

A = the substrate concentration

V = the velocity at substrate concentration A

Vmax = the projected velocity at infimite substrate concentration
Km = concentration of subsirate at half-maximal velocity

It compbines least square analysis with iteration to derive best fit-values for Vmax
angd Km.

Graphically determined constants were plotted to show that within the
range of pH's for which the enzyme is stable, the Km for OMP vanes only slightly
compared to the change in Vmax so that the change in activily observed s

probably not due to ionization state of the sutstrates (Fig. V 4).

Det lon of pK's By Cleland Programs




Figure V.3
Kinetic constants for the forward reaction:
Logarithmic plots of apparent Km (closed circles),
apoarent 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).

32




M\
[

hax -
o o
swyyrinbo|

N

0



General Considerations: Visually, the plot of Vmax's vs pH for the back

reaction approximated that of a bell-shaped curve and that lor the forward reaction
approximated the left half of suc_h a curve (individual points on Figs. V.6 and V.5,
respectively).

To determine the pK's of the curves, the generated Vmax values for the
forward and back reactions were then fitted to the flollowing equations

respectively:
log Y = log (C/(1 + [H*})/Ka)) (Eq. V.2)
- log Y = log(C/{1+[H*[/Ka + Kb/[H*]))  (Eq. V.3)
. Y = Vmax at a given [H*]

C = a constant which is approximately the maximum Vmax
The computer programs HABELL and PHBELL were used for the forward and
reverse data respectively. These programs were also originally written in Foriran
by Cleland (1979) and converted to Basic by me and adapted for use on the
Apple Il. The latter program assumes that the data fits a bell-shaped curve and
generaltes the best litting theoretical curve and the pK's on either side. The
former fits the data to the left haif of such a curve.

The theoretical curves generated by these programs did nol seem to
approximate the data well (Fig. V.5, Fig. V.6). The generaled K and C values
were used, however, as starting points for later computer manipulation of data .
For the forward reaction, HABELL generated the values of pKa - 5225 and C =
0.0292. For the reverse reaction, PHBELL generated the values of pKa = 5.12,
pKb = 9.36, and C = 0.0207.

: . o G . L Th cal G
A computer program was developed in Basic for the Apple Il computer

and Epson printer which could be muiti-purpose and :n addition generate and

compare the fit of theoretical curves to experimental data. This program, MANIP

H




Figure V.5
Points: Apparent Vmax's for forward reaction
Curve: Gengrated by HABELL.
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Figure V.6
Points: Apparent Vmax's for reverse reaction as
determined by HYPER
Curve: Generated by PHBELL.
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OATA, can perform functions on columns of data . It yields a pnnted output format
of up to eight columns and up to 150 points per column. The data entered can
be retained for future use, but any generated values are erased when the run is
ended. The general functions MANIP DATA per‘orms are on one or two columns
but the program can be easily amended lo include any equation, no matter how
many variables or constants.

Appendix 4 contains a listing of MANIP DATA. A description of data
entry and interactive manipulations for MANIP DATA is contained in Appendix 6.
Sampie printouts are contained in Appendix 7.

Eorward Reaction: The equation:

Vmax = C/(1 + [H*]/Ka) (Eq. V.4)
was used for the forward reaction since the data approximates only the left haif of
a bell-shaped curve. The pH values were stored in Col#1 and corresponding
Vmax values in Col #2. [H*] values were then generated from the pH values and
placed in Col #3. Then five combinations of C and Ka were entered and the
series of Vmax's generated were placed in Cols #4-8 and printed.

These theoretical curves were then compared o the experimental data
as follows: A function was performed which subtracted the corresponding value
in Col #4-8 from that in #2 and squared the difference. This value was
substituted for that in Cols #4-8. The sum of each column from 4 thru 8 then gave
the sum of the squares of the difference between the experimental and
theoretical for each of the five theoretical curves generated. The procedure was
then repeated for other combinations of C and K.

The sum of the squares of the difference between the theorelical and

experimental, the residual sum of squares (RSS) is an indication ot the closeness
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of fit. The lower the RSS the closer the fit. The RSS for the HABELL generaled
curve was 0673 x 10°3.

The closest apriori generated fit to also visually approximate the data was
that with a pKa = 6.5 and C = 0.0420 with an RSS = 0.339 x 10°3. Even this
curve, however, did not seem to fil the shape of the data (Fig. V.7a). Therelore,
a second series was generaled which assumes Iwo ionizable species. This gave
a very close curve (RSS = 0.0273 x 10°3). 1t employed Equation V.4 for the first

part of the cata to the plateau and the following equation from the plateau to the

peak.
Y e (YL + YHx KTHH (1 + KIH*)) (EQ.V.5)

with:
YL = the value ot Y at low pH {in this case, the plateauY=0.0120)

YH = the value of Y at high pH (in this case, the peak Y=0.0470)
This method generated a curve with pK's of 4.6 and 7.1 respectively (Fig. V.7b).

A summary ol the theoretical curves generated by the procedures
outlined above is given in Table V.1. ~

fAeyverse Reaclion: For the reverse reaction data, the curve generated by
PHBELL (Fig. V.6) gave a closer fit than the curve generated by HABELL (Fig.
V.5) for the foward reaction data. The RSS was only 1.802 x 10°4 for 20 points.
The MANIP DATA program was used, however, to refine the fit.

The equation:

Vmax = Ci{Y + [H*})Ka + Kb/H*)) {Eq. V.6)

was used for the reverse reaction since the data approximates a beil-shaped
curve. As with the forward reaction data, the pH values were stored in Col#1 and
corresponding Vmax values in Col #2. [H*] values were then generated from the
pH values and placed in Col #3. Combinations of C, Ka, and Kb were then

entered and the series of Vmax's generated were placed in Cols #4-8 and
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Theoretical Curves for the Forward Reaction of OPRTase

TABLE V.1

pH Exp. Data HABELL One pKg Two pKy's
4.3 0.0042 0.0031 0.0003 0.0054
4.7 0.0084 0.00687 0.0007 0.0088
8.0 0.0105 0.0109 0.0013 0.0108
8.8 0.0129 0.0191 0.0038 0.0128
6.0 0.0187 0.0250 0.0101 0.0146
6.5 0.0200 0.0277 0.0210 0.0190
7.0 0.0287 0.0287 0.0319 0.0275
7.8 0.030 0.0291 0.0382 0.0370
8.0 0.0421 0.0292 0.0407 0.0431
9.8 0.0470 0.0292 0.0420 0.0469
o 0.0292 0.0420 0.0120
YL 0.0120
YH 0.0470
pKa 5.225 8.5
pKaq 46
pKaj 7.1
RSS x 104 8.73 3.39 0.273
6.73 0.273

RSS x 105/#pts

L1
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Figure 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.
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printed. This was repeated for other combinations of the constants. RSS values
for these curves were generaled as described above. The closest fit that wisually
approximated the data was with C = 0.0240, pKa = 5.3 and pKb = 855, with an
RSS of 1.287 x 104 (Fig v.8a).

Since the last points at high pH deviate from the bell shape, theoretical
curves were then generated withoul the data gathered at the 4 highest pH values
(and the two replicates) and the closest fit for equation V.6 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 Yy respectively. The best fit for pKb was found to be 7.9. it
this curve is combined with the left half of the previous curve, the curve
generated closaly approximates the data with RSS/#pts. = 0.01258 x 104 (Fig.
V.8b).

A summary of the theorelical curves generated by the procedures
outlined above is given in Table V.2.

c : { the F I R Reacti

It OPRTase is assayed at pH 8, the Vmax for 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 ¢t ai. (1979). The Vmax vs pH protiles
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 maxmum

below pH 7.




Table V.2
Theoretical Curves for the Reverse Reaction of OPRTase

------------------------------------------------------------------------------------------

Theoretical curves

i v

0.00521
0.01126
0.01408
0.01773
0.01909
0.01909
0.01983
0.02012
0.02012
0.02029
0.02039
0.02020
0.01997
0.01981
0.01981
0.01934
0.01903
0.01864
0.01105
0.00551

0.00439
0.01062
0.01405
0.01915
0.02123
0.02123
0.02239
0.02277
0.02277
0.02291
0.02251
0.02100
0.01957
0.01869
0.01869
0.01658
0.01535
0.01405
0.00362
0.00128

0.02418

0.02427..

0.02337
0.02070
0.01855
0.01729

0.01448

0.01617--
0.01549--
0.01487--
0.01204--

0.02423--
0.02269--
0.02008--
0.01850--
0.01770--

VVvVYVvyv v

VVVvy

0.00393
0.01006
0.01374
0.01969
0.02229
0.02229
0.02374
0.02467

0.02423,7
0.02269
0.02008
0.01850
0.01770

0.01617
0.01549
0.01487
0.01204

pH Data
4.65 0.00533
5.2 0.00953
5.45 001472
5.9 0.01945
6.2 0.01928
6.2 0.02155
6.5 0.02494
6.7 0.02435
6.7 0.02435
6.9 0.02375
7.3 0.02451
7.7 0.02050
7.9 0.01729
8.0 0.01865
8.0 0.01665
8.2 0.01485
8.3 0.01554
8.4 0.01455
9.3 0.01189
9.8 0.00582
C
YL
YH
pKa
pKb
# pts
RSS x104

1.802

RSSx105/# pts 0.901

1.287
0.644

0.18114
0.1295

Ls

10
0.0855
0.08S5

...............................................



Figure 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
B { DEPC in Soluti

To characterize the stabiliity of DEPC in solution DEPC at a concentration
of 1mM was incubated in potassium phopsphate buffer at various pH's as
described in “Methods.”  Aliquots were removed at various limes, reacted with
imidazole, and the absorbance of the solution at 240 nm was determined. The
resuits of this experiment are depicted in Fig. V.10. As the pH of the incubation
mixture is increased, the hait-life of DEPC in solution decreases. For example, at
PH 4.8, 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 olffer protection to OPRTase from
inactivation with DEPC. To determine if this eftfect can be explained by the
enhanced breakdown of the reagent in the presence ol substrates, the
experiment depicted in Fig V.11 was eedormod. The top graph represents the
breakdown of DEPC in phosphate bulfer at pH 6.5. The bottom graph
represents the breakdown of DEPC with 1mM PRPP and 20 mM MgCl, present

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

conditions.

l on_of OPRT M Diethy! :

OPRTases was then incubated with 1/mM DEPC at various pH's and its
aclivity 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 DEPC and inactivation

of OPRTase were determined using intial slopes and the Slopes were plotted
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Figure 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 MgCla.
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Figure 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 (Fig. V.13). Notice that the rate of breakdown ot DEPC in phosphate
buffer is faster at high pH, thereby leading to less DEPC remaining in solution at
high pH. Even so, the rate of inactivation of the enzyme is greater at high pH,
thereby demonstrating that the pH dependence of the inactivation is not just due
to the concentration of reagant remaining.

The pH 6.5 condition was chosen for the remainder of the studies.
OPRTase was incubated at various concentrations of DEPC (0.17-11.5 mM) and
time dependent inactivation at various concentrations of reagent was
demonstrated (Fig. V.14). Notice that the initial rate and extent of inactivation
were both aMected.

Fig. V.15 coniains several graphs demonstirating substrale protection of
OPRTase from inactivation by DEPC. In all 3 graphs, curves b-d depict the
fraction of the initial activity remaining when DEPC is added to the incubation
mixture and aliquots are removed at various times to be carried through the assay
procedure. Curves a and d represent the ethanol control and unprotected
inactivation respectively. Protection from inactivation by DEPC was observed in
all cases in which PRPP and /or Mg*2 were present, with more protection saen
with both PRPP and Mg*2 present. Each curve is the result of several
experiments.  Graph A demonstrates that PRPP and Mg;*2 offer greater
protection frcn inactivation than I.‘lg;’2 alone. Graph B demonstrates that PRPP
and Mg*2 of'er more protection from inactivation than PRPP alcne. Graph C
demonstrates that higher concentrations of PRPP and Mg’2 (at the same ratio)
provides greater protection.

In order to show that the inactivation of the enzyme by DEPC was due to

the reaction with a histidine group, reactivation of the enzyme with NH,OH was

attempled.  Following incubation of DEPC-inactivated enzyme with NH,OH, it
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Figure 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.




65

o-  k(Activity /min)

A Q

- \' | X I -
h ~\

00‘1

1 1 1 1 1 1

1021

N J o

o k (DPC /min)

-0




Figure V.14
Concentration dependence of the inactivation of OPRTase
by DEPC in potassium phosphate buffer at pH 6.5.
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Figure 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 1/mM 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

b)incubation 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
c)incubation mixturecontaining 1 mM PRPP and

10 mM Mg+2
d) without substrates.
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was found that even after extensive dialysis the enzyme activity did not return. It

was later found that NH,OH itself inactivates the enzyme. This will be discussed

in a later section.

inactivation_of QPAT ih oBPB

A second histidine-specific reagent, para-Bromo-phenacyl Bromide
(pBPB) was used to support the theory that there is a histidine at the active site of
OPRTase. Ting Wong, an undergraduate student at C.C.N.Y., assisted in
performing experiments with pBPB. As seen in Fig. V.16, pBPB inactivates
OPRTase in a time-dependent manner. Thig inactivation is also concentration
dependent. Each point represents an average of 3-6 measurements.
Experiments were aiso performed to determine if substrales can protect the
enzyme from inactivation. The results of these experiments are depicted in Fig.
V.17. Curve a is the controi with acetone in place of pBPB solution. Curves b-e
represent inactivation in the presence of 1 mM pBPB.

PRPP and Mg*? offer more protection from inactivation than Mg*?2
alone, and higher concentrations of PRPP and Mg*2 offer better protection than
lower concentrations ath the same ratio of PRPP to Mg‘z. This is similar to the
protection afforded by substrates to inactivation with DEPC.

_— | QPR ith NH,QH

Hydroxylamine (NH,OH) has been used by several researchers to
reactivate enzymes which have been inactivated by DEPC (Miles, 1977). This
was attempted in our case but it was found that NH,OH itsell inactivates
OPRTase. This occurs at concentrations as low as 2 mM and the concentration
needed for re-activation from DEPC is in the Molar range. When experiments

were performed as described in °Methods,” the individual experiments showed a
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Figure V.16
Semilogarithmic plot of the time and concentration
dependence of the inactivation ot OPRTase with pBPB.
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Figure V.17
Substrate protection studies for the inactivation of
OPRTase with 1 mM pBPB:
a)Control without pBPB or substrates
b) incubation mixture containing 10 mM PRPP and
100mM Mg*+2
¢) incubation mixture containing containing 1 mM
PRPP and 10 mM Mg+2
d) incubation mixture containing 10 mM Mg+2
@) without substrates.

67




W

flr_oaﬁr_ |

Ol X 3;:2

%

30

10
Incubation Time (min.)




ot of scatter, but patterns did emerge if several replicates were performed and

their mean vaiues at various stages plotted.

The inactivation by NHoOH is time dependent. This has been shown at

each pH, concentration, and condition used. Therefore, the inactivation is not
just due to the competition of NHaOH with assay components for a sight on the
enzyme. That the observed inactivation is not just an artifact of interference with

the assay system was further displayed by the inability of pre-incubation of the
assay mixture with NHoOH to result in a drop in initial velocity.

Catalytic quantities of OPRTass were incubated with NHZ0H for up to 20
minutes at concentrations of 1-10 mM. Each point is the resuit of 2-4 samples.
The inactivation of the enzyme by NH,OH is concentration dependent, with
higher concentrations of NH,OH resulting in faster inactivation (Fig V.18). At 10

mM NH,OH, OPRTase is totally inactivated in under 10 minutes. The inactivation

of the enzyme is also pH dependent (Fig V.19) with 50% activity lost after 20
minutes at pH 6.5 (mean of 3) and 100% lost after only 15 minutes at pH 8.5
(mean of 4). Inactivation at pH 7.5 (not pictured) was nearly indistinguishable from
that performed at pH 8.5. Orotate does not afford any protection against
inactivation. In fact, as illustrated in Fig. V.20, in the presence of 3ImM orotate

(mean of 6) OPRTase was inactivated by faster SmM NH,OH than without

orotate (mean of 3). When solutions were prepared for amino acid analysis, we

attempted to regenerate OPRTase from NH,OH inactivation by extensive

dialysis. The enzyme -emained inactivated after several attempts.  Later, using
successive dilution and concentration with a Centricon (Amicon) concentrator,

there was some regeneration of aclivity. The inactivation of OPRTase with

NHo0H was done, however, at much milder conditions than is necessary for

reactivation of the enzyme from DEPC inaclivation and 'herefore this reactivation
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Figure V.18
Inactivation of OPRTase at pH 75 in the presence of:
1 mM NH20H (closed circles), 2 mM NH2OH

(triangles), S mM NH20H (dotted circles), 10 mM
NH20H (open circles).
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Figure V.19
Comparison of inactivation of OPRTase with 5 mM NHyOH

at pH 6.5 (closed circles) and pH 8.5 (open circles).
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Figure V.20
Comparison of inactivation of OPRTase by 5 mM NH20H

at pH 7.5 with (open circles) and without (closed circles)
3mM orotate.
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does not necessarly imply that we could get reactivation from DEPC. Table V.3

delails this experiment. Two incubalion mixtures were made up and both were

assayed for initial activity. Then water was added to the control, NH,OH added to
the other, and the clock started. The solution, to which NH,OH had been added,
was assayed al 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 pi aliquot of each was then diluted with 800 ui of Tris-
HCI (pH 8), concentrated by centrifugation for 1 hour, diluted again,

concentrated by centrifugation, and then assayed thwee times each. The activity
of the control was essentially that of the OPRTase before successive dilution,

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

prior to successive dilution and concentration.
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TABLE V.3
Inactivation of OPRTase by NH,OH and Its Reactivation

Control NH20H
Volumes Activity Volumes Activity

Incubation
mixture:
Tris 200 ui 400 ul
H40 +50 pl +100 ul
OPRTase +50 ul +100 pl
Total 300 ul 600 ul
Assay(Before)-50 pul 0.0214 -50 uli(x2) 0.0170
H20 +50 nl +20 pl
0.25 M NH20H +80 pl
Total 300 ul 600 ul

Assayed at intervals
Assay(S0 min)-60 ui(x2) 0.0182 60 pl 0.0065
Final Vol. 180 pl 200 ul
Vol. Dliuted 150 pl 150 pl
Tris +800 ul +800 ul
Total 950 ul 950 ul

Centifuged in Centricon for 1 Hour

Final Vol. 300 pl 300 pl
Tris +800 ul +800 uli
Total 1100 ul 1100 pl

Cantrifuged in Centricon for 1.5 Hour

Final Vol. 350 ul 350 uli
Assays 100 pi(x3) 0.0138 100 pl(x3) 0.0097

Adjusted Activities 0.0190 0.0136

.............................
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AMINO ACID 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 NH,OH.

Analysis of Control OPRTase

Three separate analyses were run on each of three sampies 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 sublracted from that of the enzyme samples. This gave
the average number ol 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 ol 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 (o number of residues per subunit (with
aMW. of 21000 ¢ 1000 grams per molg) , the following calculation was done:

NR. AAX22.000 (EQ. V.7)
TAx 114

with:

NR = number of residues of a given amino acid in OPRTase

AA = picomoles of a given amino acid in the sample

TA = lotal picomoles of amino acids in the entirs sample

114 = median amino acid molecular weight(minus 18 for condensed
H20)
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TABLE V.4
A. A. Analysis of OPRTase incubated at Various Conditions

incubation with:

Control DEPC NHoOH
0.5 mM imM 30 mM

Asp,Asn 1101 1424 499.3 876.5
Thr 5§18.3 719.7 238.7 468.5
Ser 886.7 2150 701.3 838
Glu,GIn 1394.6 2509 831.3 1409
Gly 1563.4 3817.7 1386 1380.5
Ala 980.3 12953 380.3 918.5
Val 550.3 687 262.6 508.5
Mot 137 2227 138 83.5
lleu 869.3 743 203.7 668
Leu 1023.7 1166.3 474 857
Tyr 439.7 551.7 219.3 372
Phe 479.3 504 200.7 399
His 399 581.7 238.7 187
Lys 7343 797 272.6 588
Arg 4123 715.7 324 385
Cys (113.3) () () ND
Trp (97.1) ND ND ND
Pro (443.8) ND NO ND
Total 12053.2 17884.8 6428.5 9937
Note:All values in picomoles
ND-not determined

( )-determined in separate experiments
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The above calculation was performed utlizing the MANIP DATA program,
described previously. The AA values were entered into a column and muitiplied
by the appropriate values to produce the NR valves.

Other analyses were run on chemically modified OPRTase, so that it
could be determined which amino acid residues were affected. Table V.4 lists the
number of picomoles of amino acids of these samples (i.e. incubation with 0.5
and 1 mM DEPC and 30 mM NH;0H In order to compare these with the control,
the following calculation was done on the raw data of these thres samples (minus
dialysates):

NR. AA X 22.000(1 - 00604} (Eq. V.8)
TAx 114
with:

0.0604= fraction of the M. W. of the theoretical control contributed by
proline, tryptophan, and cysteine.
and the rest of the values the same as in Equation V.7. Other calculations were
performed as above.

Table V.5 lists the distribution of amino acids in OPRTase as calculated
by EqQ. V.7 and Eq. V.8. Table V.8 lists the distributions of amino acids rounded
off to the nearest whole residue.

To determine whether the rounded off values could produce a protein of
21,000 + 1000 M.W. , the lollowing calculation was made. The molecular weight
of each amino acid (minus 18 lor condensed HoO ) had been previously entered
into a column of MANIP DATA. The generated NR values were then multiplied
by this column and the total of the generated column provided the molecular
weight of the enzyme given that theoretical distribution of amino acid residues.

Table V.7 lists the contributions of the various amino acids to the molecular




TABLE V.5
A. A. Analysis of OPRTase Incubated at Varlous Condlitions

incubation with:

Control DEPC NHo0H
0.5 mM imM 30 mM

Asp,Asn 16.19 14.44 14.09 15.99
Thr 8.30 7.30 6.68 8.55
Ser 14.20 21.80 19.79 15.29
Glu,Gin 22.33 25.44 23.48 5.7
Gly 25.03 s n 39.11 25.19
Ala 15.70 13.13 10.73 16.78
Val 8.81 6.97 7.41 9.24
Met 2.19 2.28 3.89 1.52
lleu 13.92 7.53 7.44 12.19
Leu 16.39 11. 82 13.37 15.64
Tyr 7.04 5.59 6.19 6.79
Phe 7.87 511 5.66 7.28
His 8.38 5.90 8.87 3.41
Lys 11.78 8.08 7.69 10.73
Arg 6.80 7.28 9.14 7.03
Cys (181) () () ND

Trp (1.55) ND ND ND

Pro (7.10) ND ND ND

Total 192.98 181.33 181.33 181.33

Note: All values are in number of resilues per subunit and have been rounded
off to the nearest 0.01

ND-not determined

( )-determined in separate experiments
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Asp,Asn
Thr
Ser
Glu,GIn
Gly

Ala

Val

Met
lleu
Leu
Tyr
Phe
His

Lys

Arg
Cys
Tep

Pro

Total

18
8
14
22
25
18
9
2
14
18
7
8
8
12
7
(2)
(2)
n

193

TABLE V.6
A. A. Analysis of OPRTase Incubated at Various Conditions

incubation with:

DEPC
0.5 mM imM
14 14
7 7
22 20
25 23
39 39
13 11
7 7
2 4
7 7
12 13
8 8
5 6
6 7
8 8
7 9
(2) (2)
ND NO
ND NOD
182 183

ND-not determined

( )-determined in separate experiments
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TABLE V.7
A. A. Analysis of OPRTase Incubated at Various Conditions

incubation with:

Control DEPC NH,OH

0. mM mmMm 30 mM

Asp,Asn 1832 1603 1603 1832
Thr 808 707 707 909
Ser 1218 1740 1914 1305
Glu,GIn 2827 2955.5 32125 334
Gly 1425 2223 2223 1425
Ala 1138 781 923 1207
Val 891 693 693 891
Met 262 524 282 282
leu 1582 791 791 1356
Leu 1808 1469 1356 1808
Tyr 1141 978 978 1141
Phe 1176 882 738 1029
His 822 959 822 411
Lys 1536 1024 1024 1408
Arg 1092 1404 1092 1092
Cys (206) (206) (208) ND
TP (372) ND ND NO
Pro (679) ND ND ND
Total 20813 18733.5 18335.5 19417

ND-not determined
( )-determined in separate experiments




weight of the theoretical protein, given the distribution of amino acids in Table
v.8.

We had expected initially that if DEPC reacted with histidine, or any other
residue, they would appear at a different position in the elution profile. As a
control, histidine was reacted with DEPC and then treated by the same acid
hydrolysis as the OPRTase. It eluted however, at the same position expected for
higtidine, suggesting that the DEPC-His bond does not survive hydrolysis. The
basic difference between the controi and the sampies reacted with DEPC seem
to be a reduction of longer chain aliphatic amino acids and an increase in glycine
and serine. These results will require further investigation. OPRTase reacted with

NH,0H gave an elution profile of amino acids nearly identical to control except for

a 50% reduction in the number of histidine residues. This result, along with the
inactivation of OPRTase by NH,OH, suggests, but does not prove, that an

essential histidine has been modified.




'H- and 32P- NMR STUDIES OF OPRTASE. GENERAL CONSIDERATIONS

Our access to the NMR facilities during th four years over which the NMR
experiments were performed, was very limited. Al most, 3 days were allowed for
each experiment. We could not do any preliminary experiments nor could we
retumn for any additional experiments if our data were lacking in any way. It is
hoped that now that a 400 MHz instrument is available at Hunter College, this
work can be continued in further detail and performed for other PRTases.
GENERATED 'H-NMR SPECTRUM FOR OPRTASE IN H20

Using the procedure described in detail in *Methods,” a spectrum was
generated for OPRTase using the amino acid composition determined
previously for the native enzyme and the computer program, NMRSPEC
(Appendix 5). Table V.8 contains the proton species, spectral positions in ppm,
and the height of each lriangle contributing to the composite theoretical
spectrum for OPRTase. Appendix 8 lists the printout of the entire spectrum
produced by NMRSPEC for OPRTase. Fig. V.21 is a graphical representation of
these resuits.

PH DEPENDENCE OF THE 'H-NMR SPECTRUM OF OPRTASE IN D,0

The TH-NMR spectra of OPRTase at pH 8.0 and pH 7.7 are represented
in Fig. V.22 and Fig V.23 respectively. The former is a composite of 780
acquisitions and the latter is that of 682 acquisitions. Fig V.24 and Fig. V.25
reprasent the 'H spectra of OPRTase at pH 7.0 as the composite of 936 and
3072 acquisttions respectively. By more than tripling the number of acquisitions,
several peaks became more well delined and an additional peak appeared out of
the baseline at 8.3 ppm between Fig V.24 and Fig. V.25. This peak also appears

in the spectrum acquired at pH 5.0. The 'H -NMR spectra of OPRTase at pH 6.0
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Central Positions and Maximum Helghts of Composite Triangles

TABLE v.8

Total Altitude

Residue Name
LEU CHJ
LEU B-CH3+G-CH2
ILEU CH3
ILEU CH2
ILEU CH2
ILEU B-CH2
VAL CH3
VAL B-CH2
ALA CHI
THR CH3
LYS G-CH2
LYS D-CH2+B-CH2
LYS E-CH2
ARG G-CH2
ARG B-CH2
ARG D-CH2
PRO G-CH2
PRO B-CH2
PRO D-CH2
GLU B-CH2
GLU G-CH2
GLN B-CH2
GLN G-CH2
ASP B-CH2
ASN B-CH2
ASN B-CH2
MET CH3
MET B-CH2
MET G-CH2
CYS B-CH2
HIS B-CH2
HIS IM-C4
HIS IM-C2
TYR CH2
TYR O TO OH
TYR M TO OH
PHE B-CH2
PHE B-CH2
PHE AROM
TRP B-CH2
TRP IN C2
TRP IN C5,C6
TRP IN C4,C7

Delta
.888
1.638
.832
1.136
1.409
1.932
932
2.250
1.409
1.227
1.432
1.682
3.023
1.659
1.841
3.205
2.023
2.114
3.295
1.977
2.273
2.068
2.318
2.682
2.795
2.888
2.068
2.068
2.568
3.023
3.182
7.068
7.909
2.977
6.818
7.091
2.955
J.182
7.273
3.388
7.205
7.045,.7.114

7.454,7.545

........................................................................................................................
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Figure V.21
Predicted 'H-NMR spectrum (in H20) of a random coil

protein, having an amino acid dlstrlbutlon as
determined for OPRTase.
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Figure V.22
TH-NMR spectrum of OPRTase in D20 at pH 8.0
(780 acquisitions).
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Figure V.23
YH-NMR spectrum of OPRTase in D20 at pH 7.7
(682 acquisitions).
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Figure V.24
'H-NMR spectrum of OPRTase in D20 at pH 7.0
(936 acquisitions).
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Figure V.25
1H-NMR spectrum of OPRTase in D20 at pH 7.0
(3072 acquisitions).
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and pH 5.0, products ol 945 and 1538 acquisitions respectively, are found in Fig.
V.26 and Fig. V.27 respectively. Fig. V.28 represents the 'H-NMR spectum of
PRPP in D20. Notice that several of these peaks appear on the OPRTase
spectra, suggesting that the dialysis was not complete.

We were looking for a spectrum of OPRTase discernible from the
baseline noise and wanted 1o conserve the enzyme and reduce the time it spent
unirozen and at low pH. Therefore, at each pH, the number of acquisitions was
different (just enough to discern individual peaks). A comparison of heights of
one spectrum versus the other cannot be dons. However, we can look at the
relative height of peaks at the various positions and theses can be compared.

In order to get the clearest picture, the results were expanded and
printed out in intervals of 2 ppm each. These expanded spectra are found in
reduced form in Appendix 9 and can be compared region by region. The lop row
is the computed spectrum. This is followed by spectra produced at pH 8.0, 7.7,
7.0 (3072 acquisitions), 6.0, and 5.0 respectively. The spectra from right to left
cover the ranges of: 0-2 ppm, 2-4 ppm, 48 ppm, 6-8 ppm, and 8-10 ppm.

Only a few minor differences can be seen among the spectra of
OPRTase. The first major peak shifts to the left from 0.74 at pH 7.7 ppm to 0.8
ppm at pH 5.0. There is a growth and definition of the peak at.1.8 ppm. At 3.05
ppm, a small wide resonance appears as the pH is decreased. There is also an
increase in the height of the peak at 3.8 and a general change in the shape of
peaks between 42 and 4.5 ppm. The region between 6 and 8 ppm is essentially
unchanged. No peak is apparent in the 8-10 region except at 8.3 ppm at pH 7
and two peaks at 8.3 and 8.5 ppm at pH 5. These two spectra are composites of
the greatest number of acquisitions. As can be seen in Fig V.24, at pH 7.0 and

936 acquisitions, the 8.3 ppm resonance also does nol appear.

¥




Figure V.26
'H-NMR spectrum of OPRTase in D20 at pH 6.0
(945 acquisitions).
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Figure V.27
'H-NMR spectrum of OPRTase in D20 at pH 5.0
(1536 acquisitions).
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Figure V.28
1H-NMR spectrum of PRPP
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In genetal, nowever, the sboctrum's-«ms 10 be conservea over the pH
range studied (5-8). 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 1o a change in
conformation of the enzyme.

COMPARISON OF GENERATED SPECTRUM OF OPRTASE TO ACTUAL

The resonance positions selected by McDonald, et al.(1969) 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 D20 at p0 7. Therefore, for comparison, it's most appropriate to use Fig V.25
(pH 7, 3072 acquisitions) or the expanded pH 7 'H-NMR spectrum in Appendix 9.
As mentioned in °Methods,” the predicted spectum is for & random-coil protein
with its sidechains exposed 1o soivent and therefore is not expected to
completely mimic the 'H-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 close to the same number of significant peaks in both the actual
and predicted spectra. f the entire spectrum is shifted so that the first major
peaks of the predicted (Fig. V.21) and the actual (Fig. Vv.25) spectra coincide, the
following comparisong 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 ol the theoretical
spectrum. Peak #1 (0.89 ppm), representing the methyl protons of leucine,
isoleucine, and valine, coincides with the first large resonance of the 'H-NMR

spectrum. Peak #2 (1.23 ppm), representing isoleucine CH, and threonine

methyl protons, is found at the same position as the shoulder of the next

resonance. Peak #3 (1.41 ppm), representing isoleucine CHz. alaning methyl,
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and lysine gamma-CHp protons is shifted downfield from the second major
resonance. Peak #4 (1.64 ppm), representing leucine beta-CHz and gamma-CH,
lysine delta- and beta-CH, and arginine gamma-CHy protons, coincides with the
next wide short peak. Peak #5 (2.07 ppm), representing proline gamma- and
beta-CHy, giutamine and giutamate beta-CHy and methionine methyl and beta-
CH32 protons, coincides with the hump foliowing the next tall resonance. Peak
#8 (2.23 ppm), representing valine beta-CH, proline beta- CHp and glutamate G-
CHj, coincides with the small peak lollowing this hump. Hints of peaks #7 and #8
(2.57 and 2.80 ppm respectively), representing two proton species each,
aspartate beta-CHz and methionine gamma-CHy protons and aspartate and
asparagine beta-CHy protons, respectively, can be found in the next two small
bumps. Peak #9 (3.02 ppm), representing lysine epsilon-CHa, asparagine beta-
CHja, cysteine beta-CHp, tyrosine CHy, and phenylalanine beta-CHa protons,
coincides with a distinct resonance of reasonable size followed by a small
resonance coinciding with peak #10 (3.20 ppm), representing arginine and

proline delta-CHp protons and histidine and phenylalanine beta-CHy protons.

The envelope between 3.5-5 ppm contains all alpha-CH protons , the
beta hydroxyl protons of serine and throenine, and the glycine alpha-CHp
protons . Since these rasonances are expected to be obscured by HDO and any
PRPP present, they have not been included in the theoretical 'H-NMR
spectrum.

Five peaks are found in the aromatic region of the theoretical 'H-NMR
spectrum. Peak #11 (6.82 ppm), representing tyrosine protons ortho to the
hydroxyl, coincides with the first resonance in the aromalic region. Peak #12

(7.07 ppm), representing histidine imidazole-C4 protons, tyrosine protons meta
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to the hydroxyl, and tryptophan indole-C5 and -C8 protons, coincides with a
shoulder of the next peak. On closer examination, (see Appendix 9), this
shoulder contains several small peaks. Note that much of the noise which
appears in the spectra generated from under 1000 acquisitions is not observed in
this area at pH 7 and the spectra collected at pH 5, the two pH's for which over
1500 transients were made. Peak #13 (7.27 ppm), representing the
pheylalanine aromatic protons comes out at the same position as the next
resonance. There is some hint of a small hump at the position peak #14 (7.5
ppm), representing the tryptophan indole-C4 and -C7 protons. No resonance is
found at the position of peak #15 (7.91 ppm), which would represent histidine
imidazole-C2 protons.

As described in detail above, the number ol peaks and their positions
relative to the first major peak, closely coincide with those of the theoretical
spectrum, though relative heights do not agree as wel. Upon thermal or pH
denaturation, the YH-NMR spectrum should approach that generated by
NMRSPEC, with a decrease in the broadness of the peaks. To give a frame of
reference for these types of analyses, a comparison of the 'H-NMR spectra of
the native and denatured lysozyme (McDonald & Phillips,1967A) are given in Fig.
V.29A and a comparison of the denatured and theoretical spectra of
lysozyme(McDonald & Phillips, 1969) is given Fig. V.29B. Unlike the spectra of
native lysozyme which shows saveral distinct satellite bands upfield from the first
major peak and only upon denaturation do they nol appear, it was found for
native OPRTase that the first major peak has only some very slight bands uptield
bands. It was noted by McDonald & Phillips (19678) that these bands can be
attributed to ring-current shift induced in protons of the side chains which loosely

approach the faces of the indole groups of the six tryptophan residues in lolded
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Figure V.29
'H-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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conformation of lysozyme. The absence of these bands in OPRTase can
probably be attributed to the fact that mﬁ. are only between 1-2 tryptophan
residues per subunit. The lack of a significant reasonance in the spectrum of
OPRTase where peak #6 should be seen, has been found in other proteins
and may be due to the shifting of valine, glutamate and giutamine resonances or
their broadening relative to the computed resonances (McDonald & Phillips,1969),
The absence of a resonance at 7.91 ppm is probably due to exchange of C-2
protons of histidine imidazoles with D20 as noted by Meadows & Jardetzky

(1988) for lysozyme. Since this region has resonances from only one species of
protons would contain useful information if the spectra were performed in H;0. A
smail peak appears in the 8-9 ppm region where the amide protons of the
backbone should resonate( McDonald & Phillips,1967A). This demonstrates that
while most ol the amide protons have exchanged with solvent, 8 few are ditticull
to exchange.

From the point of view of studying the active site of the OPRTase, the
most interesting region is that from 6-8 ppm (see Appendix 9). In particular, Peak
#12, for which haif the height is contributed by the histidine imidazole C-4
protons, is broad and containg several small peaks. This suggests that the
histidines are in distinctly different environments and that at the concentration of
approximately 2mM OPRTase subunits (in a 0.15 ml volume), the spectra is clear
enough to discern these different resonances. Note that much of the noise of
the spectra collected for under 1000 aquisitions is not observed in the spectra
acquired with over 3000 acquisitions at pH 7. The distribution of small peaks in
this spectrum around 7 ppm compares quite well to thal acquired at pH 5 (and

over 1500 acquisitions). Therefore, it seems 1o indicate that the peaks seen are
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real. This opens the way for studying the proximity of substrate to the individual
amino acids on the enzyme.
USE OF 31P.NMR SPECTROSCOPY IN SEARCH OF
A P-RIB-OPRTASE INTERMEDIATE

In order to stabilize the OPRTase aher the pH dependent NMR study, the
enzyme solution was treated as described in "Methods.” This solution contained
potassium phosphate, MgCly, and PRPP in addition to the enzyme. When it was
thawed (nearly two years later), approximately 2 mg of OPRTase remained in
solution and was catalyticaly active. To test whether a phosphoribosylated
enzyme (PR-E) had formed, the 3'P-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 bela-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 3'P-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 P; peak.  Excess orotate 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 3'P-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 phosphoribosylated enzyme intermediate formed by the incubation of

PRPP with OPRTase in the presence of Mgz’. This could be shown by the
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formation of OMP from such incubated enzyme in the absence of exogenous
PRPP(i.e. upon dialysis of this incubation mixture). A negative result could be
found because ol insufficient sensitivity bul a posilive result would support this
theory. Upon dialysis of the OPRTase solution which had been incubating in
PRPP and Mg2+, exogenous PP, and PRPP were removed and some P;
remained. If a PR-E intermediate were present the resonance of the

phosphorous moisty would be expected 10 appear near the P; peak, probably
slightly 1o the left. However, the concentration could be 00 low or the

resonance could be broad due to its presance on the enzyme. As it turned out,
only the P; peak appeared in the spectrum. Il was expecled that it a PR-E
intermediate had formed (but was obscured by broadening), the addition ol
Orotate to this solution would cause a burst of production of OMP and the OMP's
31p might appear as a single peak in the vicinity of the P; peak. ' OMP were
formed, this is not evident in Fig. 30C, since the spectra shows the resonances of
PRPP. It appears that PRPP was tighty bound o the enzyme and was released
in response fo the addition of orotate in the absence of addiional Mg2*. The
resuits of this experiment demonstrate that extra care must be taken n
interpreting any results in which PP; is used lo toom PRPP from a PR-E enzyme
intermediate since a false positive could result it tightly bound PRPP is thereby

released.
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Figure V.30
32p.NMR spectra of OPRTase
A) with PRPP and Mg+2

B) after extensive dialysis of sample in A
C) with the addition of Orotate to sample in B
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DETERMINATION OF METAL-PROTON DISTANCES OF THE MN2+ .pRPP
COMPLEX IN THE PRESENCE AND ABSENCE OF OPRTASE
Belaxation Measurements

Experiments were performed as described in ‘Methods,' on 7 samples:
A) 100 mM PRPP
8) 100 mM PRPP + 20 uM Mn2*
C)10 mM PRPP + 1 mM OPRTase
D) 10 mM PRPP + 5 uM Mn2* + 2 mM OPRTase
E) 10 mM PRPP + 10 uM Mn?* + 2 mM OPRTase
F) 10 mM PRPP + 10 uM Mn?* 4+ 1 mM OPRTase
G) 10 mM PRPP + 10 uM Mn2* + 0.5 mM OPRTase

To illustrate how the raw data looks, two examples are provided. Fig.
V.31 demonstrates the relaxation of the proton NMR spectra of PRPP-Mn2* in
the absence of enzyme. From bottom lo top the spectra shown represent 7 =
0.1, 0.2, 0.3, 0.4, and 0.5 sac, respectivaly. Fig. V.32 demonstrates what
happens to the proton spectra of PRPP in the presence of enzyme. From
bottom to top, these traces represent T = 0.05, 0.1, 0.2, and 0.3 seconds. Nole
that when enzyme is present at concentrations near that of PRPP, there is a non-
linear basseline which itself relaxes. The enzyme was too fragile to allow for
performance of relaxation experiments in the absence of PRPP and the

technology provided by the Vanan 220 MHz instrument, did not allow for

normalization of the bassline. The carbons on PRPP are numbered from C,

altached to the pyrophosphate moiety through Cg attached o the phosphate

moiety. On both Fig. V.31 and Fig. V.32, arrows indicate positions of resonance
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Figure V.31
Relaxation of the 'H-NMR spectrum of PRPP in the
presence of 20uM Mn+,
From bottom to top: T= 0.1, 0.2, 0.3, 0.4, and 0.5 sec.
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Figure V.32
Relaxation of the 'H-NMR spectrum of PRPP in the

presence of 20uM 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 C3 and C, overlap when enzyme is

present.

Fig. V.33 is the spectrum of PRPP used for identification of the peaks.
Note that the Cy proton corresponds to a peak near 5.5 ppm, the C, proton
corresponds to & peak near 4.1 ppm, the Cyand C, protons correspond to peaks
near 3.9 ppm and the Cg proton corresponds 0 a peak near 3.8 ppm. For
spectra taken in the presence of OPRTase, the C4 and C4 proton peaks overiap
and therefore measurements taken near 3.9 ppm are taken as an average of the
two.

In order to determine the distances, (r) between protons of the ribose
moeity of PRPP and the Mn2¢ complexed to it, several preliminary calculations
must be done on the data to get it to the point whers distance calculations can be
done.

Generation of (T,)"' yalues

For each condition and proton,.mo height of the peak at each T was
determined. This value was then subtracted from the totally relaxed value (T yn,,)
and the result plotted on semilog paper against T.

Table V.9 demonstrates the generation of points for such plots for a
sample containing: 10 mM PRPP, 10 uM Mn2*, and 0.5 mM OPRTase. Similar
calculations were performed on the raw data of each sample. Fig V.34
demonstrates the plotiting of these lines.  The siopes thus generated = (-T)"!.
Generation of (T1p)! values

(T1)! values of sampies not containing Mn ion were then subtracted from

the corresponding (T,)“ to generate the paramagnetic contribution to (T,)" (or

(Typ) ).
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Figure V.33
TH-NMR spectrum of Mg2+-PRPP.
Spectrum was taken on a 220 MHz instrument at 20°C
and pH 8.0.
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TABLE V.9

! ] in v v
Experimental Peak T Peak HY(Tmax) - IV
Conditions (sec) Meight
10 mM PRPP C,y 1 44 0
10 uM Mn2¢ 0.2 43 1
0.05 17 24
0.235 mM OPRTase 0.01 -13 57
Cz 1 68 0
0.2 62 8
0.1 “Ss 2.5
0.05 -13 5§
0.01 -30 98
Cas 1 87 0
0.2 59 8
0.1 38.5 30.5
0.01 -54 121
Cs 1 138 0
0.3 134 1
0.2 111 24
0.1 53 82
0.05 0 13§
0.01 -64 199
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Figure V.34
Sample semilog plots for the generation of T, ! 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 ([T,p) '_values for each proton species at infinite enzyma
The (Typ)'! values were then muitiplied by 11 (with f= ratio of [Mn2+] to

[PRPP]) to give the (fTyp)! values listed in Table V.10. For each proton species,
(fTyp)’! values of samples E.F, and G wers plotted versus [E['! and the line thus

generated extrapolated 1o infinite enzyme concentration to give the (1T,p)"! at

infinite enzyme concentration.
Generation of (T5)"'_valugs

(T2)! valves for each sample were determined directly by measuring
the width at half-height of the totally relaxed spectrum of Cy and C, protons for
samples C, €, F, and G .
Generation of (Tpp)!_values

The paramagnetic contributions to the transverse relaxation time (T,p) !
for the C; and C, protons were generated by subtracting the (T2)'! values of
sampie C from the comesponding (T,)'! of sampies E-G.
Extrapolation of (T,p/Top) fo infinite enzyma

(T2p)"! values generated above for C, and C, protons at three
[OPRTase]'s were divided by corresponding (T,p) ! values to give Typ/Top for
each proton species and enzyme concentration. These values were then
plotted against [OPRTase]'! and extrapolated to infinite enzyme. For both C,

and C, protons, a value for Typ/Top of 7.2 was determined as depicted in Fig.

v.35.
Calculali Tet I -
The vaiue of T¢ for the samples containing OPRTase was then

determined by insertinginto the following equation, the value for T4p/Top

extrapolated to infinite enzyme, as determined above:
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TABLE V.10

(1T4p)? values for protons of PRPP In the presence of

..........................................

Expetimental
Conditions C-1

OPRTase and Mn2*

C-2 C-3

Sample B
100 mM PRPP

10 uM Mn2¢ 10800

Sample E

10 mM PRPP

10 uM Mn2¢ 15200
0.25 mM OPRTase

Sample F

10 mM PRPP

10 uM Mn2+

0.5 mM OPRTase

5000

Sample G

10 mM PRPP
10 uM Mn2¢

1 mM OPRTase

3600

Extrapolated
to Infinite
OPRTase

2500

tT1p

8400 3200

11000 9400

3400 4000

2800 1200

2100 800

2400 2800

9400 5600

4000 3600

1200 1000

800 420

0.400x10°30.476x10°3 1.25x10°3 1.25x10-3 2.38x10-3

6




Figure V.35
Extrapolation of T,p/T,p to infinite enzyme.
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w;Tc = (V2(Typ/T2p - 76)'R (Eq. V.9)
with:
wj = 2x (220 * 108) = 1.382 X109
for a 220 MHz NMR instrument.  The value of Tc thus determined equals
2.176 * 109,

Caiculation otf (Tc )_tor sampies containing enzyme
e valus of f(Tc ) was then determined by substitutingTc into the
equation below:
f(Tc) = 3Tc (1 + W2Tc2) + TTc /(1 + W,2Tc?) (Eq V.10)
with:

w; as above
W, = 2x (220 ¥ 108) x657 - 0.9082 x10'2

for a 220 MHz instrument and protons as the resonaling nuclei. The value of
£ (Tc ) thus determined equals 0.65 x 109 sec or 0.65 ns.

The distances (r) between protons of PRPP and Mn when the complex is
aither on or off the enzyme were then caiculated utilizing the following equation:
re=cq(Typ)* FiTc)'® (Eq. V.11 )

with:
Gs1 (coordination number)
c= 812 for Mn*2
{T.p as determined above for each proton species (see Table V.10)

f (Tc) =0.3 ns for samples without enzyme and 0.65 ns for samples with
enzyme

The values for 'r .’ thus delermined, are in A and lisied in Table V.11.

Madel C . ' Graghical .

Looking al 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




TABLE V.11

Distances (In A) from Mn*2 to protons of PRPP
in the presence and absence of OPRTase

Experimental Protons
Conditions C-1 C-2 C-3 C-4 C-S

10 mM PRPP®* 4.5:0.5 4.9:03 5.1£0.3 §5.7:0.5 6.0:0.5
10 uM Mn2°¢

10 mM PRPPY.C
10 uM Mn2* 6.5£0.7 6.7+0.7 7.8t0.8 7.8:0.8 8.7:0.9

extrapolated
to Infinite
OPRTase

employed for these calculations.
b) Anf(Tc ) value of 0.65 ns was used for these calculations as determined in

foxt.
c) Because of overlap of resonances of protons on C-3 and C-4, only an average

distance was calculated.
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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 MnZ* is in the vicinity of the
1°-PP; moiety , but not attached to the 5'-phosphate. Sticks were attached to the
H's proportional to their distances to Mn2* and bonds rotated so that they could
reach the metal. Fig. V.38 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
demonsirated, using 3'P-NMR, that the S-phosphate is also near to the Mn2*
fon, particulardy in absence of enzyme. Models conforming to this new

development can be found in Syed (19886).
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Figure V.36

Graphical representation of the PRPP-Mn2+ complex in
solution.
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Figure V.37

Graphical representation of the PRPP-Mn2*+ compiex on
OPRTase.

13+
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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 'H-NMR spectra of OPATase. As
of this writing, OPRTase is the only PRTase from Bakers 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 Bakers 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 proteing in general, and in the thikd column are the percantages of amino
acids in OPRTase as found by this researcher. Compared 10 other PRTages, 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 for proline and valine. The sarine percentage of OPRTase does
agree with that found for proteing in general, however. From the amino acid
compostion of OPRTase, we were able to generate a theoretical 'H-NMR
spectrum for a random coil protein and when this was compared with the actual 'H-
NMR spectum ot (2 mM) OPRTase, a similar number of major peaks were seen.
(Details of this comparison are found in “Results.”) The '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

saveral hours at pH 5.0. It was concluded, therefore, that the enzyme is not
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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 discemed. With the new high-
tield instruments now available, this can be expiored even further. By studying the
relaxation times of the protons of PRPP in the presence and absence of a high
concentration of OPRTase and a very low concentration of Mn2*, the distances
between the melal and the carbon protons of PRPP were determined. I 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 aN of the kinetic studies, the conformation may not represent the
optimum active compiex where more than just a singie metal ion site might de
occupied.

Chemical modification with two histidine-specific reagents showed
irrgversible inhibition of the enzyme. These studies were not tofally definitive
since DEPC can react with the sidechains 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 NH,OH, could not be done since NHyOH itsel 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 bulfer used was phosphate (as in our case), only
histidines were modified.

The pH profiles of the lorward and reverse reactions are consistant with
the presence of at least five residues at the active site, that are essential for the
combined lorward 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, | specuiate on the steps that might be occuring during the
reactions catalyzed by OPRTase in the presence of excess Mgz’. In this figure, ‘a’
represents the active site of the enzymes containing one histidine, two carboxyls
and three lysines. Though the actual number of Iysines present at the active site
is unknown, the presence of at least one such residue has been indicated by the
work of Ashton and Sloan(19868). According to the pH profile, one lysine would
have a pK value near o 8 and the athers over 9. Below pH 8 these lysine residues
would mostly be protonated. Though thers 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 4.8 and the other
with a pK of 5.2). Evidence for the presance 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(l1)-PRPP is the best substrate prolector, even Mg2* alone protects.
in addition, when OPRTase is inactivated by NH,OH, the only amino acid residue
which is significantly affected in the amino acid analysis is histidine.

| 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
Amino Acld Dlstflbutlono (%) of PRTases, Proteins, and OPRTase
- PRTlu Avongo
average protein OPRTase
+8D composition
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Pro
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Figure VI.1
Proposed mechanism of action of OPRTase in the
presence of an excess of Mg+,
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enzyme. Alternately, PRPP may bind as Mg({)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 a8 Mg(ll) ion. A flexible lysine could then position itsef near to the 1'
pyrophosphate side of the PRPP, because of its attraction to the one negative
charge of PP, not neutralized by Mg2¢. This geometry would place the bond-lo-be
broken near 3 second carboxyl group of an aspartate or giutamate, as shown in
Figure Vi.1b. The bond breaks, possibly driven by the need to relieve the strain of
having a phosphate negative charge near lo a carboxyl negative charge and by the
ability of the newly generated positive and negative charges to be neutralized
through light ion-pair bonds with the caboxyl and lysyl groups respeclively (Figure
VI.1b). Negatively charged MgPP; 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 orotale is stabilized by a
protonated lysine on the enzyme and an unprotonaled histidine removes a proton
from the orotate ring nitrogen, thus leaving the nitrogen in the carbonyt tautomer
with electrons free 1o react with the posilively charged ribose ring (Fig. VI.1d) The
reaction occurs and OMP (Fig. Vli.1e) can then be released, leaving the enzyme
with the metal ion still attached at the active site (Fig. Vi.1a).

The proposed mechanism ol the reverse reaction would aiso begin with
(Fig. Vi.a) the active site with a metal ion attached o the carboxyl.  Thereatier,
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 dnving torce fol the breaking of the glycosidic

bond of OMP is the protonation of the orotate nng either at the 2-carbonyl group
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(to form a hydroxyl group and a new tautomenc form as shown in Figure VI.11) or at
the 1-N position itself (no change in tautomeric form).  Orotate dissociates and
Mg2+.PP; is then allowed to bind and positioned $o that is in located close to the
positively charged ring (Fig. Vl.g) to which it reacts to form PRPP.

Some indication for the separate needs of the forward and reverse
reactions, can be seen by examining the dilferences 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 differant pK's, and that as one becomes deprotonated, it
hampers the reverss reaction which needs it for catalysis. The forward reaction,
which utilizes onfy the other lysines is unalfected 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 outiined above contains many facets
that are unproven and therelore speculative. It does, however, provide a working
model for the development of new avenues of experimentation which may

eventually lead to a clearer understanding of the OPRTase mechanism of action.
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APPENDIX 1: LISTING OF HYPER PROGRAM

1 REM  HYPER

2 REM  AROGRAM TO FIT DATA TO A
HMYEERBOLIC CURVE

S ~OME : ARINT "FIT TO w~vPERBOLA
VevmBA/ (K e@) "

10 DIM vluwr,Aa(100),8¢(3,8),0()
SSM(Z),85¢3)

Y OIM «E(10) ,SE(LO)

22 PARINT 1 INPUT “DO YOU WISH TO
MULTIPLY ThE V'S AND/OR a
'S BY & CONSTANT™  * yNe

SO iF YNS e ‘NO" THEN VI(O) e 114

(0) = t: GOTO aVOQ

23 FRINT : INPUT “ENTER A CONSTA
NT MULTIPLIER OF v iv(0)

20 SRINT ;. INPUT “ENTER a4 CONSTA
NT =ULTIPLIER OF A"31A(0)

43 PRINT : PRINT -ALL V'S ENTERE
D wiLL BE MULTIPLIED BY™,V(O
)

SO PAINT ; PRINT “ALL A'S ENTERE
D WILL BE MULTIPLIED BY~,A(0
)

TS PRINT : INPUT “BSEFORE CONTINU
ING., DO YOU AGREE WITH ™
€SE VALUES™ “;¥YNS

27 IF YNS = “NO" THEN S

avy REM FOLLOWING IS THE DATA v
Ou <AVE STORED

1000 HOME @ PRINT “FIT TO HYFERD
OLA VavMIA/ (Ked) ™

1003  REM

1oce  REM

171 FOR [ = 4 10 3

129 PRINT

LT NEXT I

0d0 JJ s 0

143 REN AREAD NP, NO

tud? PRINT CHR® (10)

14 PRINT CHRS (9) o *I*

T READ NP NO

192% RE=

1.%3 REM

1 T7  REM

e IF NR o m) THEN 2430

LI Y

Il -0

S N = D

w98 N & N ¢ |

UST N2 s N + 2

0 GATO Buo0

3 RE™M READ V(I),A(l)

2 REm

4 READ V(D) ,ACD)

]

9

<
7]

vi]) & V(o) 8 vl
ALY = AG)Y 8 Al
IF "0 ¢ & 0 THEN 2040
/¢l = 4, 7 vl
A€y = v(l)y ~ 2 7 At
22 = vy ~ 2
-

LR N N N N N N I R N

el I Vil

Ty 53073 €110
oo IK ® 501,172 B2, 1)
22023 e 23 .y
ze PRINT “LINE NUMEER®S*,JJ
-

PRINT NUMBER OF POINTSa N
[~

PRINT “Cre” CK

NT e )
R I
GOTI TULO

e J w ke Al
11 2¢1) = Aty 4 D

YRR LT

2020 Q(2) = Al 7 D ~ 2

2020 Q¢ e vl

3040 GOTO 3110

2S00 Cr e Cx - $(J,1) 7 S(1. 1)

T2V PRINT ‘Cre- CK

225 NT = NT o 1

3820 IF NT < 3 THEN SOvO

12%0 82 = O

1570 PRINT

=@V FOR [ = | TO N@

2C90 12 = t, 7/ A(D)

2600 13 & |, 7/ V(D)

Tel0 11 » S(1,1) 7 (), + CK s Al
[R]

2620 0X1 @ V(1) - X}

3626 PRINT CHAS (®) « “fIIN"

3627 PRINT CHAS (1% [F I » | THEN
2629

3628 PRINT "CONC"”; SPC( 16)3°1/C
ONC"; SPC( 14);"VELOCITY": SPCY
121y "1/VELOCLITY™y SPCC 1003
CALC v=) SPCt 14);DIFF"

3629 XKL} ® AC1IXK(TY = L54w (T
) @ VID) XK (8) » A3EIK(Z) =
E11XK(8) = DX}

T6Z0 FOR JK @ O TO Si14x @ XV (JK &
1)

6352 89 @ 20 - LEN ( STRe (XX})

2623 PRINT XX3 SPC( SB)y

TaZ4 NEXT JKx

3680 82 @ 82 + (VI]) - S(1,1) 8 A
(f) 7 (CK & ALY ~ 2

S6%0 NEXT L

Thau P s NP - 2

T470 WP = P

ZaB0 §2 = $2 / P
Za%0 51 = SQOR (8
2750 BL e Ch / Si1.8)
710 VK = {, /7 SL

I730 N e, /7 8¢(1,1)

I?0 FOR 3 = 2 TO 3

740 FOR x e § TQ 2

272 Sir, 1) e S(¥,J) & SMiK) § SM
3 -1

740 NEXT X

S?TO NEXT g

2780 SE(T) = 91 8 SOR (1.2

379 SE(1) = S1 & SQR (ST, /
S,

3900 SE(S) e SE(Q) / Sif, 1y °

SBI0 5¢1.3) @ 1 8 SOR (CK
Se1,2) » S¢(2,3) « 2, 8 Cr s

[FRE)

Se1,.In
T8I0 SE(4) ®, 8(1,3) /7 S, 1) - 2
8IS SEts) ® S(1,2) /7 Cr. 2
TBIO wB(1) e 1, / SE() 2
T830 W€y & 1, s SE(I)Y ~ Q2
J8%Z0) «Ed) w1, 7 SEWY 2
2330 wWE%) w 1, / SE(Z) ~ 2
8T wE€ier w1, 7 SEt&) ~ 2
)

EGY GF = SL 8 11, / ANP)

I89) PRINT ; FRINT

T391 PRINT ‘wa' (b3 PEINT ‘S . E. ¢
vI)m -  SEil)s FRINT we’ € 1)

* VN

230 FRINT ;3 FRINT

1901 FRINT ys» §(1,1): PRINT §
LEL vrat SE- 2y PRINT ae W
€

I959  FEINT ; PRINT

10 3BT e SECDY 7 SUILL)

Y wET) e 1, 7 SE(D) 2

ZATH FRINT CLV, Wie SET)
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S2i0

9T) PRINT ‘wWel/CVe- wEtI)
9”4 FRINT <22
973 PRINT ; PAINT 3230
294 PRINT “k/ve- SL; PARINT 'S.E
Lir/vIet SE(AY: PRINT “we', W 32490
€& - 94-1V)
2949 PRINT ¢ PRINT 338v
1950 PAINT “1/Ve,UNi PAINT S, E S370
L(trve  SES) PAINT ‘we' Wk 3390
%) 22%0
b4 PRINT ; PAINT 33ov
3900 PAINT ‘V/rer,vr) PRINT “S.E S31v
J(V/KI @  SE(6)1 PRINT “wWe'.,d <22
| 4Ty 8320
T9a9 PAINT ; PRINT 3240
29°) SE«7) = SE(8) / VK
980 wE(?) = 1, / SE(? 2
3990 PRINT “C.V.(V/k)e" QE(7): PARINT s3s
“wWie|/CVe" Wwk(7) 3380
T999 PAINT ¢ PRINT 3370
4000 PRINT “1/V AT As“ A(NP) 3280
40: 2 PRINT * IS *~,0F SZe0
409 PAINT ; PRINT <S40
4010 PRINT “SIGMA=",Si Sa10
4012 PRINT S42n
420 FRINT “VAR[ANCEe".S2 430
4022 PAINT “FOR",LP, 'DEGREES OF
FREECON"
404 PRINT <300
4Ny PARINT
aw IR 1Ly 9 THEN 104
4040 81 = 2.6 t S}
4)S0 FOR | = | TO NP
4Ca0 TEST o APS (v(l) - Sil,1) @
ALLY 7 (Cr » AllY))
4062 TEST = TEST - §1
4070 IF TESY <« Q THEN 4100
4080 PRINT “POINT DEVIATES mORE
THAN 2. 00817, V(D) ,A(D)
40%) GOTO 4120
4100 Il = [ » 1
4110 V1D e VI
4120 Atlly = Al
4170 NERT 1
4140 TEST o @ - [}
417, I|F TEST < = O THEN GOTQ 1
DY ¥4
417 NP e I
4168) NT @ O A
4197 PRINT "REVISED FIT~
PRINT
PRINT
o0 REM mATRIX SOLUTION SUBROU
TINE

[RRRN]

LA RL R INL UL Y Y Y L)

R ANE IS

o
P

ARt RTRT Y]

1o e e

FCR J @ | TO N2
FCR x = | TQ NI
Sir.20) =9

NERT K

NEXT J

FI= 1 = 1 TQ NP

IF m =t GGTO 2000
I# = = 2 G3OTO 3000
FCR J = 1 TO NI
Fo& » = 1 TON
Sr i ® 3P, 0)
)

NEXT v
NECT )
NEAT ]
FIa » =
SMiv) a1, 4
NELT v
SMINL) = |,

e Jin) 8 QW

TO N

SIR tS.Fr,r))

146

FOR 1 = { TQ Ny

FCR v a | "0 N

Str,J) @ Sir,J) ¥ SMIF) ¢ Sm
)

NEXT

~NEXT J

SN @ - 4,

S(1,N2) = |,

FOR o =t TO N

FOR v w | TO N

$S(y) ® S(r, 1)

NEXT X

FOR J = | TO N3

FOR X = | 1O N

S(h,J) @« (v o | . J  |) - S8
X e 1) 8 861,33 « 1) 7/ S84
NEXT K

NEXT J

NEXT L

FOR X = | TO N
Sk, 1) ® B, 1) & gACr)

NEAT X

IF m = | QOTO 2900

IF m e 23070 T2

PAINT 1 PARINT ; ERINT "PROG
RAM COMPLETED TO "33t L
InNES, ¢

END




APPENDIX 2: LISTING CF PHBELL PROGRAM

I REM  PBELL
S REM PRGGRAM TO FIT DATA TO A
BELL SHAPED CURVE

10 DIMm Y(IOU) .ACLIOU) w100}, S(8,
$),0(8),81(4),58(8)

20 DIM xx(7),Cr(2),5C(2),0%().3
€8 PR()

a00 MEM FOLLOWING 1S THE DATA v
ou ~av€ STCRED

999 DATA 0,0

1000 HOME ¢ PAINT “FIT YO LOG Ve
LOG(C/ (tem/RA » kRB/H) "1 PRINT
s PRINT 1 PARINT

1040 JJ = 0

1u47? PARINT CrHRS (1B

104@ PRINT CHRS (9) « "™

1080 REM

1u%9 READ NP

10Se IF NP < = O THEN %430

1097 READ NO

10S@ M @ 1INT & OIN ® 3.N1 = 4N
-3

1100 FOR J = 1 TO N3 FOR » = | o

N1

1110 $(n,J) = 9

1120 NEXT my NEXT J

1120 FOR I = 1 TO P

1140 [F M & 2 THEN 120U IF ™ =
3 TmEN 1Sw0

1120 REM

1192 READ v, Aacl) @)

1.54 FREM

IR 7Y oM™

tlouv A(l) = 1, / EXP (2,2026 ¢ &
o

1170 Q1) & v(])

1180 Q) e adl) 8 21

1190 Q(3) » (1) 7 Al

1200 Q(4) = 1,

1310 G0TO 1800

1200 D ® 1. e ACl) /7 Zr(1) « Cr (2
) /7 adl)

1210 Q) = 1,

1220 2(2) @ Ay 7 D

1220 Q¢2) = (4, 7 A¢IY) /7 D
1340 Qc4) » LOG 'Y(1) & D)
122 30TQ 1800

1SOU D @ 1, e A(l) 7/ CK1) & Cr(
1) 7 &, /7 Ay

1210 Q1) = g, ..

T2V QD) = (2%, Al - A
Creyry =2y 7 D

120 Q) o LOG 'Yy & Oy

tevv FCR J » | TO N1; FOR v = | TQ
N

1610 S(k,J) ®» 3w, )

) 8 Wil

NEXT w3 »NEXT J

420 NEsT I

1820 FOR x = { TOQ N

1600 SMtr) » 1, /v SER (S(r,r))

1870 NEXT v

1680 SM(NL) = |,

1700 FOR J @ | TO Nis FOR » = | TQ
N

1710 S(K,J) » S(v 1)
)

1720 NEXY vy NEXT 3

1720 SSiN1Y = -y,

1780 S(1,N2) = 1,

1800 FSR L = I "G ~N

18lv FCR » = { "O N

e Qr) 8 Q¢J

Lel0

8 SMy) & 3M

L7

Ze6l9

S8 (M) = G, 1)

NEXT »

FOR J =« t TO NI

FOR « = | TO N

K = o & 11J) = ] &«
Sm,J) = (k1 ,J1) - 38(rl) &
gc1,J1) 7 3981

NEXT K1 NEXT Ji NEXT

FOR x = | TO N
S(r,1) » F(K,1) 8 3M(K)

NEXT K

IF ™M e 2 THEN 21001 IF M e
T THEN 2200
Cxtl) = 8(3,1) 7 S(1,. 1)
Cr(t) & S(1,1) 7/ S(2,1)
JJ = JJ - 1

PRINT "LINE NUMBER= ~;JJ
PRINT "NUMBER JOF POINTSe ';
NP

PRINT 1 PRINT “Crae-, Ch (1)
PRINT : PRINT “CrBe-~,Cr (1)
gC(1) = Ck(})
SC() = CK()
" e 2

30T0 1100
Rl @ Chit)
Cri2) ® CK(D)Y =~ S(2,. 1)

PRINT “CkAe* Ch (1}

PRINT “Cr.Be" ,Cr (D)

IF Crt1) » O THEN 21%0
Cr.(1) = SC(1)

IF Cr(1) » O THEN 2170
Ch(J) = 3C(2)
Cv = EXP (S(1,1))
NT & NT »

IF (NT ® 3) THEN 1100

IF (NT > 8) THEN 2300
Cr(1) » CK(L) = S(2,1)

PRINT “CrAe " CK(1)
NT = NT + |

IF NT - = %) THEN 1100
Cv « EXP (S(1,1))
Cr(2)y » Critl) 7 &,
FOR J » 2 TO-N1s FOR » = | "0

e Stl.1) 8 Cr

N
Sik,J)
-1
NEXT r3 NEXT )
S2 =
FOR [ = 1 Y0 NP
X ® Y /7 (L, * Al /7 Cril) .
cr ' acly
PH = - ,42429 &t L 0G ‘Al

® S(K,J) & 3M(K) & SM

X = 3G YD) ¢ (CG 1

T = LOG (X) / LCG 1O
Ox¢t) =& 2 - 2

Dx3) = v(l) - x

PRINT CHRS (9) o "1IZ2N"

PRINT CHRS (1%): [F I 1 THEN
2629

PRINT 'PH“3 SPC( 18): 'SxPTL

vy 3PCC 1) "CALLC v 3PCH

t3) i "DIFF": SPC( 1)y EaPTL

W36 vy SFCC T AL W23 v
i 3FC( 3)3"DIFF"

APt 1) = Pr3AF (D) = Yl ar (3
) @ K3 AP (4) » DX (T1:ar %) =

(234k(0) ® AT 4ARTY = DR.L




Is30

X EREYEN]
Quvuwu
]

'

700

=10
=20

T30
740

srey

pat 1O
2320

I32
J340

2830
860
z870
Za8o

2900
910

2320

I930

TR0
b1

T80
970

TI80
390
a,0
4 . 1¢
4,20
4023
4020

4040

4..4%
420

4C70
4300

FOR Jv @ O TO 6:XX = XF(J4
1

SA &« LEN ( STRe (1X))

S6 = 18 - SA

FRINT «x3 SPC( SBr:

NEXT J»
S @ ST « W(l) & (Dxi(t) M

NEXT |
P a NP - N
S2 @« 82 / p
Si1 = SCR (S
SE(1) @ §1 & SOA (S(1,2)) &
c.
Ch = 1. /7 CV
Se‘)y = SE(1) / (CV ~ D
ERINT 1 PRINT 1 PRINT “Ca",
Cv: PRINT "§.E.(Cre" SE(L
PRINT ;1 FRINT ; PEINT “1|/Ce
“.Chs PRINT "§.E.()1/Cre ,SE(
-~
0= TN Sy
I® Cv.(ir » O TWEN 2840
PEINT “vA NEGATIVE"
GCTO 2870
Prit) @« = 43429 s LOG (C»
1)
SE(I) = 81 8 ,43429 3 80R «
g(2,3¥) 8 Cr 1)
PRINT 1 PRINT 3 PRINT "Praas
“,Pr (1)1 PRINT "S.E. (Pra)e",
SE(I)

IF Cr(2) > O THEN 2910

PRINT : PRINT ; PKRINT "WB N
EGATIVE"

GOTO 2940

Pr(d) @ - ,43429 38 LOG (Cx

(2
SE(4) = S1 8 43429 SOR ¢«
9(3,4)) /7 Cx(»

PRINT 3 PRINT ;3 PRINT "PrBas-
" Pri(J)s PRINT “S.E. (FrBre-,
SE‘ &

ERINT 3 PRINT 1 PRINT "SIGM
A= 51

PRINT : PRINT 1 PRINT "VaRl
ANCE=", 82

IF M e 3 THEN 1047
X » (Chet) ~ 2) - &4, 8 Cr (1)

s Cx(2)

1F x ¢ ® O THEN 4300
SQR (Xx)

Cr¢2) s (Crv(1) - X3 7 2
Sril) m (CHCL) e Xy 7 2
Fril) m = 43429 8 L0OG «(Cw;

1

IF Cri2) < O THEN PRINT S
» IFPFING 4030 : 30T0 4¢a%

Pr () @ - 42429 ¢ L0OG «C¥

(a1

FRINT ;7 FRINT : PRINT “1F T
w0 GAOUFS ARE INVOLVED, TRUE
PrS LKRE:

FRINT : PRINT “Pram: Py (11

GOTO 4070

FEINT ; PRINT "Evrae: Pr (1)}

PEINT "Prke ,Pr (2)

GOTO 1ca7
FRINT : FRINT : PRINT £ §
TO00 CLOSE. AasSsu
ME MmN SEPAR artio

148

4%
L 3-Ae{Y]
4T T0
asaq
LAY
4260
VG

SO0
3030

3030

3030

2060
430

3300

N (0.8 FH LANITS
S IF I G® ™

€D, TRLE zv g5 [-g
NTIZaL
"N a
N e 2

Nl = 3
N2 = &

NT = O

GOTO 110C

P (1) @ = AT3a2Z9 ¢ 15 - Is
1)
Pr(2J) = Fr (1) o .o 2 &
SE(IY =& 1 & .3AT31F & SIK ¢
$(2.3) Sy o
sE(e) o S§
..!q' l.:.:’ :
“.PF Y. PEINT “§ . E. Ervé =
36

PRINT ¢ PRINT §, EEINT CrEw
“yPR ()1 PRINT "S.E, &1 b.w
Pr (&)

GOTO T9a0

PRINT 1 FRINT ; ERINT ERGS
RAM COMPLETED FQOR Tieog
LINES

END

o -

LY S EE * v oa




APPENDIX 3: LISTING OF HABELL PROGRAM

1 FEM ADELL
S FEM PAQGRAM TQ FIT DATA TO
LEFT SIDE OF BELL-SHAPED
CURVE

10 OIm 71100 ,ACL10) (100,82,
4),2¢2),5Mc2),55(3)

SO 0IM k(7 JK(),SC(2), 0N, 8
€ &) .Pr (D)

eu) BEmM  FOLLOWING 18 THE DATA v
Qu ~AvE STORED :

99® pata 0,0

10V0  =OME 1 PRINT “FIT T0 LOG ve
LIS(C/ CLlem/MAY YY"y PRINT ; PRINT
t FAINT

1040 J3 = u

1C47 FAINT CHRS (1@)

1ud9 EQINT CHRS (9) o 1=

teSy  RE™

W= READ NP,NO

14 IF NP - = O THEN S4350

1UZ@ M & 1INT = O

110 €IR J = | TO 41 FOR ~ = | TO

1119 S(v.J) =

1120 NEAT My NEXT J

112 FIRA 1 = 1 TO NP

1140 [F M = T THEN 1300

2 &=Zw
11S2 GE=D Y(D) A . Wt])
1124 €Eg™
1126 FREM
e AL et eem e mams e A
e DU = Ly - '3 ’ CaAar e wwald & m
(BN

1170 Q) » v(])

1180 Q¢2) = A(l) 8 Q1)

1190 0(2Y = 1.,

12190 33TQ 1600

ITOO D w L, e A(DY / CK(1)

1710 Q1) = g,

1720 Q¢ @ a¢l) /7 0

1240 3¢2) = LOG (v(I) 8 D)

1600 FIR J = | TO S FOR K = | TQ
-

1610 Sir,J) = Sk, ,J) o Q(K) 8 QJ
) o Wil

1920 ANZ«T vy NEXT J

el sNeExT L

12y FIR v a | TQ 2

itav € - e 1,/ _SQAR (S(K,F))

1970 NECT ¢ )

152V SP-2) e 1,

1700 FIR J s | TO 35 FOR K = § TO

S(v,J) & SM(K) 8 SM

NEXT J

L]
-
-
-0
tie)

.
-
PY
muw

3
% - =

"
Ui -
>
-
-
"))
3
s

[EYERTRPTRTH
"

(LIRS
"o

™ & 2 TREN Ituo
}om S, 7 S
T Cras [ Zr ()

‘
T

. [
e oee

)
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2100 Cri1) ® CX(L) & S, 1 0 Cr
1y ~ 2

2129 PRINT “CrAe* ,Crl)

2128 IF Crtiyr - ) TREN 217D

2140 CY (1) = SCc1)

2179 Cv =« ExP (St 1))

2180 NT & NT » )

2190 IF (INT < = 8) THEN 1100

2%y FOR J @ 2 TO 31 FOR x = | °Q

N

2310 SN, I = S(r,J) 8 SM(F) 8 SN
J - 1

230 NEXT K31 NET J

270 33 = JJ -1

T3T%  PAINT “LINE NUMBERe “3JJ

2740 82 = O

VU FOR | = | TO N#

2010 X @« CV /7 (1, & ALl) 7 Crt1)y

2820 PM e - ( LOG Aty /7 LOG
VIS

2630 12 = LOO (V(I)) /7 LOG (1V)

2640 13 @ LOG (X) / LOG (10)

2620 DX(1) @ 12 - x3

e0 DX(J) = vil) - X

6 PRINT CrHRS (%) « -

Je2 PRINT CrAe (1% [F
3629

3628 PRINT “Pm~y; SPC( 18): "EXP

VT SPCC 11)3 CALC v"; $BC!

12)3"DIFFE~; SPC( 14); EXPTL
LOG v*; SPC{ 7);°CALC LOG v*
1 SPCC @) 'DIFFE

3629 IK(1) ® PHIIKIZ) @ YT e X (3
) @ ApXK(4) = DX()3In(F) =
X21AK(H) ® AJ14». (7)) ® Drey:

3630 FOR JK @ QO TQ attX = 1V (Jr »
1) b

3631 SA @ LEN ( STRS (xX))

3622 SB = 10 - SA

Te3> PRINT xx; SPC( 8S8)

364 NEXT JK

T640 82 = S§2 ¢ wWi(l) 8 (DXt1) ~ D)

TN
t

> 1 THEMN

Te%TO0 NEXT |

Téau P e NP - 2

680 S = 32 / P

7690 §1 = SCR S2)

I7CO SE(1) ® S1 8 SCR iS(1,2)) 8
cv

712 Ce =1, /7 CV

TS0 SE) w SR /4 QY S D)

3770 FEINT ; FRINT ¢ PEINT 'Ce |
Cvt PRINTY ‘S . E.(Chre’ SE(L)

I740 PRINT ; FRINT ; F&INT '{, =
*L.CB1 PRINT 'S.E. L Crer ST

-

)
e : NG P Tr (1) > O TeE PR D]
18I0 FEINY v A NEGAT!.EC
870 3270 3=:o
2840 Fr ) e - (43429 ¢ CG T
)

EEN)

T8%0 SE ) e 51 8 432379 9 STF
S(2,.Z11 8 Cr 1

ZBeu  FRINT 3 ERINT § FRINT ‘Pr_s
CWFY(l): FEINT 'S.E., PrAis
SE 3

T4 PRINT 3 P&INT ; FRI°T 'S .-
Ae -, 51

I9TH FCINT ;. FRINT 3 FRINT el
ANCEs ", S2

2420 GITY 1.4

€47 FRINT ; E&INT ; FEsT €273
RAM CCMFLETED FIR <133
LIiNES

L o END




ezZI2

L }-p4

L34 1a]
4580

4700

47CS
LSV
4800
4301

4807
4808

LY-RYV]
4321
4340
494
£3%0
4800
4370
4830

4892
4993

L1-A4

4900
a9

4920
4929
4920

IF M o 2 THEN DO, Nur = Din
.01 -~ D». 0O

IF B o 3 ThEN L O ,.U) @ DO
.C1» & Der G

IF («(& = &) AND (D01 , Q) =
0)' TMEN GOSUR 472

1F Rk« Q) TREN 9

I1F R = & THEN DO N = DX
LOty 7 DO, 02y

IF R =% THEN DO NU = (DY
». 01 - D¢ Q20 2

NEXT K

REM

RETURN

REM ERRATA SUEBROJOUTINE

IF (R & |) DR (kK = 4) THEN
RETURN

IF («(R & 2) AND (X Yy OR
((R = %) AND (1 = 01) “HEN RETURN
IF (R » 3) THEN PKINT “CAN
NOT COMPUTE THE LN OF A NUMD
ER- =0"

IF (M » 2) AND (X = ) THEN
PRINT “CANNOT COMPUTE THE |
NVERSE OF lERO"

IF (R =« %) anND (X <« O) THEN
PRINT "CANNOY COMFUTE TWE S
QUARE ROGT QF A NEGATIVE NUm
BER™

GOTO 4340

PRINT “CANNQT DIVIDE BY ZER
o~

IF Nk > NF THEN 4700

PRINY ¢ FRINT ; FRINT "vOU

MUST NOw REGENERATE COL ® 3
NU
PEINTY ; PRINT ; INPUT “READ
ComMmMENTS, ENTEP YOuR INITIA
LS TO CONTINUE"; YNS
N e NE
w s - Rt RETURN
REM  SFPECIAL FUNCTION
HOME 3 PRINT "ORODUCE A NEW
COLUMN whiCH FITS THE F
OLLOMING FUNCTIONs "1 PRINT
PRINT "BIPHASIC Pw CURVE"': PRINT
FRINT
LLOWING: "t
INPUT “COLeX
PRINT
INPUT
PRINT
Ineyr
INPUT

PRINT "ENTER TWE FO
PRINT
“101

“NEW COL ®"iNU

“yLe"§Cr (1)
“ymw g CE (D)
INFUT “xe “gCK(3J)
Cr(3) & EXP (¢ LOG

[N S § ]

PRINT : PRINT “L0OK OVER TH
€ AFOVE vALUES."

INPUT "CO YOU AGREE WITHW TH
EM™ Vi YNS

1F YN® » “ND“ THEN PRINT
WERE'S YOUR CHANCE TOD REENTE
R THE EROPER VALUES. *: PRINT
: GOTO 480V

FOR v = 1 Y0 RW
Dir JNUY =& Cr ey » Tr iy
¥ .21« Der Ot o [

/ D 081

NEXT &

IF ~NU

RETURN

(10 8

s C

ol v}

> NRCTHEN Nk @ NY

150

AUV
1o
2110

120

12T
170
T2
<14
S1za
2140

142
Tids
c147
3148
2120
z131

S132

S183
<154
L1441
<1%6
2187
S160
<170
2180
2109
S190
S00V0
6200
7000

7200

73500

Fee 1

FEI"WT Cw~Fe 30 . LIINT

FEINT  Cm2e T

ST = I : IF o TrEN GT =

INT 022 7 Ny

SZ = 52 - »

FIR L @) "2

FRINT "COL @ :L; 22C¢ 52
REXT L

ERINT

FIR + & | TO Ruwp 2R J » |
Ny
Si & LEN ¢ STRe (D, 3y
§2 = 87 -~ 31

FEINT Dar, 3V 85C 32,
NIXT J3 PRINT ;1 AZXT
F2INT

FCR J ® ) TO Nr:SUMid) = o
FOR » & | TO RWiS_UMt)) = SU
M(J)  DIF.J 3 MEXT »; wWEXT
J

FOR J = 1 TQO nv
81 = LEN ( STRe (SuM(]) )
82 =» 8T - 9

PRINT SUMtD)y SEC( SI1;
NEXT 3

PEINT

FRINT CHRe 1D)

PRINT CHRS (9 & 1™

FR® O
NFE & Nk

GOTO 9

HOME

PRINT “YOUR GEVEEATED vaLuE

8 AKE NOW ERASED FAIm wEMCRY
. YOUR DRIGINAL DATA REMAINS.

IF vyOu WOULD LI*E TO TRy AQ
AIN,FFINT RUN"

ERINT “FOLLOWED BY CARKIAGE
RETURN, =
END



10 REM maNlP DATA
N DIM D(1VV, 10
TO ~OME
10N READ RwW
LS IF (AW ¢ 1) OR (RW @ 100) THEN
PRINT “YOU GOOFED'": PRINT
1 GOTO 190
110 PRINT
00 READ N
UB I (re - 1) DR (e D> @) THEN
PRINT “YOU GOOFED'™: PRINT
+ GOTO 209
210 NF = N
290 PRINT 3 PRINT
300 FOR J = | TO NK
32 REM
323 FOR X = | TO AW
323 READ O (K, J)
320 NEXT X3 PRINT : “NEXT J
400 REM THE FOLLOWING 1S THE DA
TA YOU »AVE STORED
900 HOME ; PRINT “THE FOLLOWING
OPTIONS ARE AVAILABLE: '1 PARINT
901 PRINT * 1.PERFORM A FUNCTIO
N ON ONE COLUMN®
902 PRINT " 2.PERFORM A FUNCTIO
N ON TWO COLUMNS™
903 PRINT = 3. FAINT™
9084 PRINT * 4.CHANGE A VALUE"
908 PRINT * S.STOP"
906 PRINT * o.3PECIAL FUNCTION®
907 PARINT 31 PARINT 1 INPUT "ENTER
OPTION ® “jNC
910 [(F NC = | THEN GOSUB 1309
911 IF NC = 2 THEN GOSUB 4000
13 IF NC = & THEN GOSUD 4800
914 [F NC = &4 THEN GOSUD S0U0
1S [F NC = 3 THEN 6300
916 IF NC = 3 THEN 920
917 PRINT 1 PRINT ; INPUT “WOULD
YOU LIFrE A PRINTQUTS “"iVYNe
918 IF vNe @ 'NO* THEN S190
970 G0TQ 2000
1500 REM SUBROUTINE FOR ONE COL
UMN
120 INPUT CENTER JLD COLUMN »
10LD
1210 INPUT "ENTER NEW COLUMN ® (
mAxa@) 'iNU
LTI IF (NU < ) CR (NU > 8) THEN
F&INT “vOU GOOFED‘*31 PRINT
: 3070 1310
1218 IF Ny NY THEN NM = NU
12350 PRINT "FUNCTION TO FERFORM:
1560 PRINT *  t.x*
70 PRINT * 2.1/x"
1280 PRINT * I LN(X)"
1S90 PRINT * &4 EXP(X)"
1592 FRINT *  S.50R(X)"
1994 PRINT *  o.4B3(X) "
1600 PRINT * 7.C 8 X~
1610 PEINT * @,C » 1
1620 PRINT * 9, x ~ =
1620 PRINT *  (0.C/(} » X/FA exP
/)
1640 FRINT * {1 ,CONC He*
1800 PRINT : INPLT "ENTER FUNCTI!
IN @& ;R .

APPENDIX 4: LISTING OF MANIP DATA PROGRAM

151

<320
<330
<340
<3%0
2360
2370
2380
<3%0

23939

2600

2810

2700
2710
2718
2717
27:0

2720
2770
-8vu
pTelV)
2010
NG
T30
Z080

lvey
400U

010
4020
4030
LIVE V]
4U%0
4060
4100
4110
3120
4130
4173
4200

a203
4210

IF R e | THEN DEF FN a(1)
- x

IF A = 2 THEN
- i /7 X

IF A =« 3 THEN DEF FN a(x)
= LOG (x)

IF A = 4 THEN DEF FN A(X)
* EXP (X)

IF R =S THEN

O&F FN a(x)

OEF FN a(x)

= S0R (X)

IF R = s THEN DEF FN A(X)
= A8 (XD

IF R o7 T"EN DEF FN A(X)
= CsXx

IFR =@ TEN DEF FN A(X)
o G o X

IF A =9 TN DEF FN A(X)
e x ~C

IFR e 11 TEN DEF FN A(X
) @ EXP (¢ LOG (10)) 8 ( -
X)) GATQ 2700

IF R . 6 THEN INPUT ‘ENTER

C (INTEGER OR REAL-NO FRACT
IONS)  *3C

IF A » 10 THEN
N A "jRAy
“1xP

FOR X = { TO AW
X = D(K,0LD)

IF (X ~ ® 0) AND (R ¢ = %
) THEN GOSUD 4300

IF (R < O) THEN 900
IfF R = 1O THEN D(¥ NU)
(1L « X /7 KA +¥D / )8
2720
D(r,NY) =
NEXT x
RETUAN
REM CHANGES SUBAQUTINE

INPUT "ENTE
INPUT “ENTER v B

® 7/
GOTO

FN A(X)

~“OME 1 PRINT “TO CHANGE ONE
VALUEs

FRINT 3 INPUT "ENTER COLUMN
® “:J

PRINT : INPUT "ENTER RQwW @
“aw

PRINT 1 INPUT "ENTER NEW vA
LJE ;0,0

LY RV 1, ]

REM SUBRQUTINE FOR TWwO COL
UMNS

PRINT “FUNCTION TQ PERFORM:
"3 PRINT
PRINT
PRINT -
PRINT
PRINT *
PRINT *

1.COLNX & COLmvV"
S.COLex - COLwy"
3.20Lex 8 COL®Y"
4.COLex / COLWY"
S. .CCLex-CCLaY) ~ 2

PRINT
ON o "R
PRINT 3

INPUT “ENTER FUNCT!

INPUT “ENTER x *;01

PRINT 1 INPUT “ENTER v ;02
FRINT ; INPUT “ENTER NEW CO
L. ® (MAX=@) "";NU .
IF (NU < 1) OR INU > 3) THEN
PRINT “YQU GOOFED'": PRINT
: 30T0 4130
IF NU > NK THEN NK = NU
FOR K » | TO RW
(F R & | "WMEN DK, NU
W31 e Dix, I

a Dx




APPENDIX S: LISTING OF NMRSPEC PROGRAM

1
10

100

109
110

200
219
220
<2

220
240
230
260
270
<80
282
Z8s
<as
<8s
287

299
cee

=90
291

200
400
403
410
43
420
440
430

433

4860
T
bAND)
Stu
°D
-
“7
.=
<22

<40

REM  NPRSPEC
REM PROGRAM TO DETERMINE
NMR SPECTRA FROM AMING
ACID DISTRIDUTION
Dim »(30),8(30),A(30) ,NR(S0)
AL (S0) , DL (SO
DIiM RESIDUES (SO

DIM SP(360),HS(360) ,RAESS (S
N
READ N

FOR | = t TO N

REAN (ESIDUES (D) P (L) . BD(D) A
(B 3
DL(I) @ Pery) s 22

NEXT

FOR [ = { TO N

READ NR(I)
AL(L) = A(I) 8 NR(I)

NEXT

PRINT “RESIDUE".,"POSITION"

FOR | = | TO N

PRINT RESIDUES (D) ,P(])
NEXT

PRINT "DELTA". "BASE"

FOR | = | TO N3 PRINT DL(D),
Bil): NEXT

PRINT “ALTITUDE", "NO. OF RES
{DUES"

FCR [ = | TO N: PRINT A(I),N
R(I): NEXT

PRINT “TOTAL ALTITUDE™

FOR I = | TO N1 PRINT AL (D)}
NEXT

FOR | = | TO N

0% = B(I) / 10

SN @ B() / S

FOR J =« - D% TO D%

3] = SN ¢ J

*» ® Aaps (J)

RA = 10 & AL(L) 7 B(D)

HS(SJ) ® ~8(SJ) « AL(I) - x
RA

FRESS (SJ) = RRESS(S)) « RESID
VES (D)

NEXT J
NEXT I

PRINT 'SPECTRAL POSITION". "M
EIGHT"

FOR J = | TO T&0

IF ~8¢J) » . THEN GOTO S22
PRINT S ¢ J,. NS0

FRINT

~NEXT J

FRINT : PRINT “DELTA", "wEIGH
T

FOR J = | TO Z&0

IF HS(J) = O THEN GOTO <%
PRINT RRESS(J)

PRINT S &8 J / 220,H8()
NEXT
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APPENDIX 6: DATA ENTRY
and
INTERACTIVE MANIPULATIONS

lntroduction

The data for the programs listed in Appendicest thru 5 are entered as
lines of the programs. For HABELL,PHBELL, and NMRSPEC this is the only
interaction the user has with the program. For HYPER, the user can also enter
constants to muitiply velocity or concentration in response to an inquiry from the
screen. MANIP DATA is totally interactive except for the actual entry of data.
HYPER, PHBELL, HABELL, and MANIP DATA aiso exist in forms which allow for
the interactive entry of data, but the data is not saved from one run to the next.
These variations, which need very !ttle instruction to run, are not listed in the
Appendix but are available from me upon request.

HYPER

The data for HYPER are listed as lines 601-998 in the following format:

1600 REM FOLLOWING IS THE DATA YOU HAVE STORED

Jlinenum REM descnption of first set of data
Jlinenum DATA ny.cy

Jinenum DATA v, 1.811.Y12.812.-V1i.31,.V1n,. 310,

Jinenum REM description of last set of data
Jinenum DATA n.ci

Jinenum DATA v q.aLy.vp2.2L2..YLi-ALi-Yin 3Lng
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1993 DATA 0.0
with:
n; = number of data points in the ith curve to be analyzed
¢ = 0, unless velocity data is to be entered as 1NV
v = velocity of enzyme catalyzed reaction under given conditions
a = concentration ol subsirate used !0 generate previous v
The data can be broken up into any number of entry lines as long as the
sequencs is retained. It is advisable, however, not to enter 100 many points per
entry line so as to be able to correct mistakes or easily remove paints. As soon as
one curve is analyzed, the next is read. If 0 is encountered as the number of
points per line then the entire run is ended. This is the reason for line 999.
A sample entry is given below:
]600 REM FOLLOWING IS THE OATA YOU HAVE STORED
J601 REM MULT. CONC. BY 0.125
]602 REM LINE 1 REVERSE -
605 DATA 9,0
606 DATA .0145, 60, .0145, 60, .0147, 60
608 DATA .0102, 30, .0108, 30. .0115, 30
610 DATA .0178, 100, .0177, 100, .0172, 100
620 REM LINE 2
622 DATA 12, 0
624 DATA 013560, .0147,60, .0123, 60, .0131,60, 0125, 60, .0127, 60
626 DATA 0097, 30. .0089, 30, 0087, 30
|628 DATA 0141, 100, .0157, 100, .0155, 100

|999 DATA 0.0
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When HYPER is run, there is an inquiry on the screen as to whether 'v'
and/or 'a’ should be muitiplied 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 tor future runs.

HABELL. PHBELL

The data for HABELL and PHBELL are entered as lines 601-998 in the
lollowing format:
/600 REM FOLLOWING IS THE DATA YOU HAVE STORED
Jinenum REM description of data
Jlinenum DATA n, ¢
Jlinenum DATA Vmy, pHy, wy, ... Vm;, pHi, w, ... Vm,, pHp, wy
999 DATA 0,0
with:

n = number of points in the pH profile

¢ = 0, unless Vm is to be entered as t/Vm

Vm; = Velocity extrapolated to infinite substrate concentration

pH; = assay pH at which corresponding Vm was determined

w; = weighting of ith point; it no weighting wanted put 1

Data for more than one curve can be entered at one time, but this is not
usually the case and is therefore not spelied out above. As in HYPER, if 0 is
encountered as the number of points in a particular line, then the entire run s
ended.

A sample entry is given below:
1600 REM FOLLOWING IS THE DATA YOU HAVE STORED

602 REM REVERSE REACTION DATA

155




]605 DATA 14, 0
J610 DATA .00533, 4.65, 1
|615 DATA .00953, 5.2,1, .01472, 5.45, 1, 019545, 59, 1
620 DATA .01928, 6.2,1, .02155, 6.2, 1, .02494, 6.5,1, .02435, 6.7, 1,
.02375{ 69, 1
]625 DATA 02451, 7.3,1, .0205, 7.7, 1, .01773, 79, 1
]630 .01665, 8, 1, 01485, 8.2, 1
1999 DATA 0, 0
As with HYPER, the data can be broken into any number of entry lines as
long as the sequence is retained.
MANIP DATA
The data for MANIP DATA are entered as lines 601-899 according to the
following format:
)600 REM FOLLOWING IS THE DATA YOU HAVE STORED
Jlinenum DATA nr,nc

Jlinenum REM description of data in first column

Jlinenum DATA d¢4.d¢2.....84j.....d¢4nr

Jlinenum REM description of data in last column
Jlinenum DATA dncq.9nc2.---.9ncis--9ne nr
with:

n¢ = number of columns

nr = number of rows (or points per column)

d = data points
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A sample entry is given below:
|600 REM FOLLOWING IS THE DATA YOU HAVE STORED
1601 REM REVERSE DATA
1605 DATA 14,2
J610 REM PH'S
]615 DATA 4.65, 5.2, 545, 59, 6.2, 6.2, 65, 6.7, 69, 73, 7.7, 79, 8, 8.2
|617 REM VMAX'S
618 DATA 00533, .00953, .01472, .01945, .01928, .02155, .02494, .02435,
.02375, .02451, .0205, .01773, .01665, .01485

Up to 8 columns and 150 points per column may be entered. The data
can be broken up into any number of entry lines as long as its sequence s
retained. This data and any generated in the course of a run can be subjected to
several lunctions by response to inquiries from the screen (with X and Y
representing the columns and C representing a constant). The generated values
can be put into any column designated by the user. Printouts can be produced
repeatedly at any point during the run. (This does not terminate the run.) If one of
several common errors is encountered (e.g. division by zero, or taking the log of a
negative number) the user is notified so the error can be corrected without
aborting the run.

The functions below are those available on the version of MANIP DATA
printed in Appendix 4. In addition, the program can be easily modified to include
any other function on any number of columns with the restriction that the printout
is limited to 8 columns,

. Eunctions on one colunm

1. X

2. X
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3. LN(X)

4. EXP(X)

5. SQR(X)

6. ABS(X)

7.C*X

8. C+X

9. X¢

10. C/(1 + X/Ka + Kb/X)

11. Conc. H* (if the colunm entered contains pH values)
I. Eunctions on two columns:

1.Col X+ Col Y

2.Col X-Col Y

3.Co X CalY

4. Col X/Col Y

5(Col X - Col Y)2
. Print

Prints out all columns stored or generated with the column number and
column total at the top and boltom respectively.
IV._Change a_valua

Inquiry from the screen for column number, row number, and new value.
V. Stog

Ends the run.
VI. Spegial function

Space for any function: in the case of Appendix 4, the equation for a

Biphasic pH curve.
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NMRSPEC

The data for NMRSPEC are entered as lines 1000 and on, according to

the following format:

]1000 REM

Jlinenum

Jlinenum

Jlinenum
Jlinenum
Jinenum

Jlinenum

with:

DATA n

DATA NAME1, SP1, B1, H1

DATA NAME,, SP,, B, Hq
DATA NRES;,NRES,,...
DATA NRES;,...

DATA ...NRESp

n = number of proton species o be represented

NAME = The name of the particular spacies of proton (e.g. LEU CH3)
SP = spectral position in Hz (based on a 220 MMz instrument)

B = width of base in Hz (based on a 220 MHz instrument)

H = height of triangle representing that proton species

NRES = number of residues in OPRTase (from amino acid analysis)

NRES values are listed separately since it is this set of values which is

varied with dilferent amino acid analyses while NAME, SP, B, and H are based on

literature values.

The data used for NMRSPEC are listed in Table IV.1. Columns 1 thru 5

contain the values entered for NAME, SP, B, H, and NRES respectively.
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APPENDIX 7: SAMPLE PRINTOUTS

Below are descriptions of the sample printouts of HYPER, PHBELL, and
MANIP DATA followed by the printouts themselves. The actual printouts were
not clear enough for reproduction in this thesis. Therefore, abridged facsimilies
with the pertinent information contained in the printouts are provided instead.
Values have been truncated to fit the page.
A_HYPER

The sample printout of HYPER was produced using the data listed in
Appendix 6, if the user had indicated to mulliply the concentrations by 0.125.
Notice that the values for concentration (Column t)have thereby been changed
from those entered. Column 3 contains the inputted velocity values. Columns 2
and 4 list the inverses of the concentrations and velocities, respectively. Column
5 lists the theoretical velocity based on the concentrations given and the Vmax
and Km derived. Column 6 lists the differences between the experimental and
the theoretical velocity values.

The rest of the printout is a listing of various constants and values of
interest and their standard errors.
B PHBELL, HABELL

The data used to produce the sample printout for PHeéLL are listed in
Appendix 6. Column 1t contains the pH values. Column 2 contains the
experimental Vmax's found at the corresponding assay pH's. Column 3 contains
the calculated Vmax's given the pH values in Column 1 and the C, pKa, and pKb
generated by the program. Column 4 lists the differance between the
experimental and calculated Vmax values. Columns 5 and 6 are the logarithmic

equivalents of Columns 2 and 3 respecively and Column 7 is the ditference
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between Columns 5 and 6. These columns of data are followed by calculated
values of C, pKa, and pKb , and their standard errors. The printout of HABELL is

similar to that of PHBELL except that no pKb is generated.

CMANIP DATA
MANIP DATA can be used for many functions. The sample described

below is that for generating theoretical curves and comparing them with the
experimental data. The first printout is that of data itself. One may nolice that the
column number is printed on top and the column total is separated from the rest
by a blank line. In this case, the first column contains pH values and the second
column containg experimental Vmax values for the corresponding pH's.

The second printout contains the entered data and in Column 3, the [H*|
values generatad by using the Conc H* from Columni.

The third printout contains generated values in addition 10 that in the
second printout.  Columns 4 thru 8 were generated by perfcrming the following
function on column 3:(i.e. Option 10 of 'Functions of one Column', Appendix 6)

Vmax = C /(1 + [H*}/Ka + Kb[H*])
with:

C = 0.0260

Kb = 50119 E-09 (i.e. pKb = 8.3 )

Ka = 5.01187 E -06, 3.98107 E -06, 3.16228 E-06, 2.51189 E-06,
1.99526 £-06 (i.e. pKa = 53, 54, 55, 56, 57 ) for columns 4 thru 8
respectively.

For the third printout, Option 5 of ‘Functions of 2 Columns’' ( Appendix 6)
was used and this was performed between Column 2 and Columns 4-8

respectively 1o produce the new columns 4 thru 8 . The sums of these columns

are the RSS.




Appendix 7A: PRINTOUT OF HYPER
18UN
FIT TO HYPERBOLA V=VM A/(K+A)
DO YOU WISH TO MULTIPLY THE V'S AND /OR A'S BY A CONSTANT? YES
ENTER A CONSTANT MULTIPYIEROF V 1
ENTER A CONSTANT MULTIPLIER OF A 125
ALL V'S ENTERED WILL BE MULTIPLIED BY 1
ALL A'S WILL BE MULTIPLIED BY 12%
BEFORE CONTINUING, DO YOU AGREE WITH THESE VALUES? YES

LINE NUMBER- 1
NUMBER OF POINTS= 9

OONC 1CONC VELOCITY IVELOCITY CALCY DIFE

78 133 0148 0.9¢ 01478 -2.910€ 04
1.9 133 0148 60 90 01479 -2.916E 04
18 133 0147 68.02 01479 9.181€ 08
18 208 0102 96.03 01071 5.107E-04
LTS 208 0108 ” s orwon 8.924€ 03
3.7 208 0118 .95 oo 7.002€ 04
128 08 o178 817 01748 3.487E 04
128 0o 0177 50 .49 01748 2407E 04
128 08 o172 58.1) 01748 2512604
L] 40104

S.E. (e 4433

Ve 0238

S.EMWe 6.564E 04

CV.(W)e 0358

KVa 193.188

S.E.(MV)e 12054

1Ne 418478

SE('\ Ve 1.49897

VX 5.176E-03

8.E (ViX)e 3.2290E-04

CV.(Vi)e 0823

SIGMA= 4.3373E04

VARIANCE 18012697
FOR 7 DEGREES OF FREEDOM

LINE NUMBER= 2
NUMBER OF POINTSs 12

OONC 1/CONC VELOCITY 1/VELOCITY CALCYV HFF

78 AR ] 01338 7497 0129 S 6E-04
75 133 0147 68 02 0129 1 78€-03
75 AN 0123 " X c129 832E-04
75 133 0131 3 2129 187€-04
78 133 0128 ] 0129 4 2E0e
79 133 0127 ™7 2129 -2 J2E-04
375 2668 9 7E-N3 103.09 932€-03 I7EC4
175 268 8 9€-03 11238 9 32€-0) 4 20E-04
37 206 8.7€-03 1494 9326903 -8 20E 04
128 08 0141 70.92 0-%53 -1 20E-03
128 08 0157 63 69 0153 I 93E-O4
128 1] 0158 64 51 .01%) 1 95E-04
L] 4744

SE.(Xe- 957

Ve 0211
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SE V-
CV(V)e

XVa
S E (KM=

e
SE (" W)e

Ve
S.€ (Ve

C.V.(VX)a
SOMA=

VARIANCE=
FOR 10

PROGRAM COMPLETED FOR 2 LINES.

1621€-03
ores

24 7
20 043

47 381
36

4 450€ 03
ST11E04

12038
8.0419E-04

0.4072€-07
DEGREES OF FREEDOM
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Appendix 78: PRINTOUT OF PHBELL
RUN
,FIT TO LOG V=LOG(C/(1 +H/KA + KB/H))

LINE NUMBER=. 1
NUMBER OF POINTS«= 14

LY EXPTLV CALC Y DIFF EXPTLLOOY CALCLOGV  DFF
4eame $.33€09 4 7059E.03 8 240604 22732 21 0540

S 19990 9.53€0) 01123 -1 701€03 -20209 -1 9498 -on3

S 44997 01472 AR ¥s ] -t 915E08 -1 8720 BN L1E ) -8.951
309907 01988 01908 3121E-04 1 P08 -1 7020 400
..10007 01920 02108 26130 A48 -1 6598 - 0852
619997 02188 02109 -3 434E-04 -1 0808 -1 8396 'y Y
849997 02494 0229¢ 1 970€-03 -1 6031 16308 0387
cosm? 02438 02327 1 O7%€-03 48138 4 8331 0196
s09907 02378 02330 4477E-04 16243 16328 205603
120007 02481 022% 2.009£-0) -18108 168479 037t
7690907 0208 02019 3035604 -1 6082 16947 8 497€.0)
700990 01773 01831 S 187E04 17812 2172 - 0160
799908 01688 21ns -5 307€-04 -1.7788 -1 7848 0138
0.1990¢ 01488 01480 2422€-04 -1 0202 -1 8354 7143609
Ce 02480

SE(Cle 4.058E 04

1Ce 40,551

SE(1.C)e 873

P 5277

S E.(PXA)e 0201

PXBa 8.303

$.E.(PXB)= 0367

SIGMA- o3es

VARIANCE « 1.340€ 03
F TWO GROUPS ARE INVOLVED, TRUE PXS ARE:

P A s27?
PXBa= 8.38)
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APPENDIX 8: PRINTOUT OF NMRSPEC
On the following pages are the individual points of the curve generated
by using NMRSPEC and Table V.1 (which contains the amino acid analysis
values found in Table V.6, Column 1). The values are listed in the format of one
line containing the proton species contributing to the point followed on the next
line by the spectral position based on a 220 MHz instrument, the position in ppm,
and the height of the curve at that point. This is not the actual format of the

printout generated by NMRSPEC but a paste-up thereof.
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