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ABSTRACT

As part of a study to investigate metal chelates as possible
inhibitors of acetylcholinesterase, ccpper chelates of 1,3 diamino-
propanol-2, 1,3 diaminopropane, and hydroxy-L-proline are examined.
Since the chelate sclutions contain mixtures of species in equi-
librium, it is necessary to calculate the concentrations of pertinent
species under experimental conditions. ILguaticns are derived which
can be used to calculate the concentrations of individual species
in an eguilibriom mixture ~f lifand ani . _pper under ixed 2on-
ditions of conceuntration and pH with the zi1d of an IEM 141C computer.
Initial measurements of reaction velocity of enzyme-substrate break-
down to enzyme plus acid products, are made by observing the speed
of pH drop with the aid of a Beckman Automatic Titrator. Selection
of equilibrium pH values and ligand-metal ratios is dependent on
the formation constants calculated for each system. Enzyme kinetic
studies are used in an effort to determine lhe nature of the in-
hibition of acetylcholinesterase.

It is found that (a) 1-1 ligand-copper chelate inhiblit the
acetylcholinesterase system, (b) free cupric ion may inhibit the
enzyme system if concentrations greater than 1 x 10_6M are present
in the equilibrium mixture, (c) coordination vacancies on the metal
ion are necessary prerequisites for inhibiticvn, (d) 1-1 ligand-
copper chelates of 1,3 diaminopropancl inhibit the enzyme in an
essentially "competitive" manner, (e) 1-1 ligand-copper chelates
of 1,3 diaminopropane inhibit the enzyme in an essentially "unou-

competitive" manner, (f) 1-1 ligand-copper chelates of hydroxy-









The complex formed dissociates to yield enzyme plus products.
The model has two active sites lc which the substrate may attach,
an anionic site that attracts the guarternary nitrogen group

of acetylicholine and an esieratic site which reacts with the
carbonyl meiety of the csier. Wilson and Bergmann (10) have
found that acetylcholiresterase exhibils cptimum activity at

pH 8.3. Above or below this pH, *he activily of the enzyme
decreases. They alse ;2 2ond tharn rrerd are disgoziable gronps
near the active cites which have pK valuss of 7.2 and 9. 3.
These disscuiable groups can interact or bind with varioue sub-
strates resulting in enzyme activity at pl values above and
below the optimun value of 8,3,

Prostigmine and eserine are two classical examples of
acetylcholinesterase inhibitors. Prostigmine contains a quarter-
nary ammonium group which is charged throughout the pl range
of enzyme activity. BHserine, on the other hand, contains a basic
group with a pK value near 8.2. When fixed concentrations of
these inhibitors were studied at different pH values, thte in-
hibitory effect of prostigmine was cocnstant; whereas the in-
hibitory effect of eserine was higher cn the acid side of pH
8.2 and lower on the alkaline side (10). 1% was conmcluded trTom
this information that the inhibitors attach to the anicnic site
and a cationic group in the irhibitor is essential for inhibitaco.
to take place (11). This conclusicn was further substantiated

by observing the eifects of gimple ammisiom compounds on the



activity of acetylcholinesterase. Wilson (12) showed that the
inhibition of acetylcholinesterase by simple ammonium compounds
is dependent on the charge of the ammonium moiety. At high pH
values, where there is less of the cationic form, the inhibitory
effects of these ammonium compounds are less pronounced. This
reduction of inhibitory effect, as pH is increased, illustrated
a significant point. Since there is a dissociable group on the
enzyme surface, near the active site, with a pK value of 9.3,
the influence of the positively charged ammonium group might
be expected to be more apparent when this pH is approached.
The fact that the inhibition falls off as pH is raised, indicates
that the ammonium moiety is binding not to an adjacent disso-
ciable group, but, rather, directly to the active anionic site
on the enzyme surface. Furthermore, if the binding occurs
only at the active site, the inhibition will appear as '"com-
petitive", (i.e., the inhibitor and the substrate will vie for
the same site) when the data are analyzed using conventicnal
theoretical enzyme kinetic theory methods (13-17). If the
binding occurs at adjacent sites, the inhibition is often found
to be “non-competitive". TUnfortunately, most inhibitors do not
show a sharp delineation between "competitive'" and "non-com-
petitive" inhibition, but exhibit instead, a combination of
both types (18).

The present investigation was undertaken in an attempt

to elucidate the nature of enzyme inhibition by metallo-organic



compounds. It was felt that the chelates might act as inhibitors
due to the presence of the positively charged metallic ion.
Since the interaction of chelates with the enzyme may be re-
lated to chelate properties, it would be of value to review
some of the pertinent chemistry of chelate compounds.

The term "chelate", first introduced by Morgan and Drew
(19), is taken from the Greek term chele, meaning crab's claw.
The analogy 1s obvious, since both a claw and a chelating agent
or ligand may hold an object (i.e., the metal ion) through
two or more points of attachment. These attachments are the
result of ligand molecules successfully competing with the water
molecules normally associated with metal ions. The number of
water molecules associated with a given metal ion under known
conditions is referred to as the coordination number of the
metal, The binding forces between ligand molecules and metal
ions may be electrostatic in nature (i.e., the attraction of a
positive metal ion for a negative ion or the attraction of a
positive metal ion for the negative portion of the dipole of a
neutral molecule such as water). On the other hand, the bind-
ing may be primarily covalent in nature with electron-pair bonds
accounting for the major portion of the affiniiy. Whether the
binding is primarily electrostatic, primarily cocvalent, or some-
thing intermediate, the function of the ligand is always that
of donating electrons to the metal (20). The overall net charge

of the chelate molecule will depend on the nature of the ligand



molecule and the type of binding which occurs. If the ligand
forms a stable, water soluble metal chelate, it is called a
sequestering agent. This sequestering property can be shown

by elevating the pH of the ligand-metal mixture and observing
the presence or absence of metal hydroxide precipitation. If
no precipitate appears at elevated pH values, the metal is said
to pe "sequestered."

When one ligand molecule contains sulficient electron
donor groups to saturate all the coordinating positions on the
metal ion, a single, stable 1-1 ligand-metal chelate is usually
formed. The interaction of ethylenediaminetetraacetic acid
with several metal ions as described by Schwarzenbach and co-
workers (21-23) is a good example of a metal chelate species
containing a ligand-metal ratio of unity. If, however, the
introduction of one ligand molecule does not saturate all the
coordinating positions on the metal ion, it is possible in cer-
tain cases to bind one or more additional ligand molecules to
the same metal ion and still retain solubility of the chelate.
The formation of higher ligand-metal ratios occurs in a step-
wise manner not dissimilar to the dissociation of protons from
a polyprotic acid. A typical example of stepwise chelate for-
mation has been reported by Chaberek and Martell (24) and con-
cerns the interaction of imino-diacetic acid with cu’', Ni'',

and Co++ ions. The nature of the interaction of this acid with

\J



metal ions was interpreted from the curves obtained by titra-
tion of various ligand-metal mixtures with stardard base, The
formation or stability constants of the 1-1 and 2-1 ligand-metal
species can be calculated using a direct algebraic method out-
lined originally by Schwarzenbach and co-workers (21,25). It
should be noted that this algebraic treatment of the data is
only approximate., Certain assumptions are made which are not
strictly accurate and the true values c¢an be obtaiuned only
through the use of a series of approximaticns (26). Employing
this algebraic technique, Schwarzenbach and co-workers (23,27,
28) have determined the chelating tendencies ot several alkaline
earth metals.

Bjerrum (29) introduced a method of calculating formation
constants which relies o¢n ithe experimental determination of
free ligand concentrations at various points during the titra-
tion of a ligand-metal mixture. He also introduced the func-
tion n which is defined as the average number of ligand mole-~
cules bound per mole of metal. This n function may be expressed
mathematically as follows:

_ (ML+2(ML2)+.....+n(MLn) (1)
no= ) + (ML) + (ML, )+« - - « - + (ML)

With a plot of n versus the negative log of free ligand con-
centration, the formation constants may be obtained directly
(see Experimental). However, this method is also approximate

unless the numerical difference between the successive constants



is large. 11 the numerical difference is small, the true values
for the successive formation counstarts may be determined by an
iteration procedure (see Appendix A).

As previously menticned, the initial purpose of this
series of investigations was to cbserve the erfects of metallo-
organic chelate compounds cn the acetylcholinesterase-acetyl-
choline system. To this end, Bclton and Beckett (30) prepared
cu’t chelates of pyridine-Z-aldoxime. In this preliminary stuay,
it was felt that metal chelates, having a positive charge, would
bind directly to the active anionic sites on the enzyme surface
and inhibit ensyme activity in a "competitive" manner. Further,
1f the enzyme was poiscned with corganic phosphates such as
DFP, the chelated species might act as an enzyme reactivator
by displacing the poisor through a competitive process. Also,
certain chelates have been reported which, in fact. increase
the rate of decomposition of organic phosphate poisons (51,52)
and pyridine-2-aldoxime methiodide has been shown by Wilsen (353
to reactivate the phosphate poisoned acetylcholinesterase enzyme.
Thus the choice of pyridine-2-aldoxime chelates as potential
enzyme reactivators seemed reasonable.

The results of this preliminary study showed rhiat metal
chelates of pyridine-Z2-aldoxime were pcor reactivaturs ot phos-
phate poisoned acetylcholinesterase. The absence of good re-
activation properties was atiributed to steric factors. In

other words, the configuration of the aldoxime chelates appar-



ently was not as stereospecific for the active sites on the
enzyme surface as the aldoxime-methiodide structure. Never-
theless. an interesting observation recorded was that the al-
doxime-copper chelate species, in some way, exerted an inhibi-
tory effect on the activity of acetylcholinesterase. Uafor-
tunately, the exact composition of the pyridine-Z2-aldoxime-
Cu++ chelate is in doubt (34). Repeated efforts to elucidate
the exact ratio or ligand to metal in the chelated species
were unsuccessful.

Since one of the main purposes of this investigation was
to correlate chelate charge and configuration with inhibitory
activity, it was essential that the nature of the ligand-metal
interactions be known. Because c¢f this requirement regarding
the nature of the ligand-metal interaction, simple, well de-
fined chelate systems were sought. In the first of a series
of papers concerning inhibition of acetylcholinesterase by
metal chelates, Bolton (35) used the Cu'' chelates of glycine
and ethylenediamine. The choice of these two ligands was prompted
by the fact that the chelation properties of these ligands have
been extensively studied (3%6). Using a set of derived eguations
(34), Bolton was able to determine the precise concentrations
of all species present in the ligand-metal mixture at specific
pH values. On the basis of his observations, Bolton concluded
that: (1) Both 1-1 ligand-metal species and free cupric ion

may act as inhibitors; (2) 2-1 ligand-metal species did not



inhibit significantly, possibly due to steric factors; (3)

the exact site of binding could not be determined on the basis
of data obtained, but the anionic site or some other negatively
charged site is probably involved; (4) the inhibitory influ-
ence of the chelate mixture is greater at pH 8.0 than pH 7.0,
indicating a posgible approach to the pK value of the dissoci-
able group at the binding site (10).

In the secord paper cf this series, Bolton (37) extended
his study to include Ni*" chelates of glycine and ethylenedia-
mine. Further, the data concerned with the irnhibition of the
enzyme by the 1-1 cupric chelates were analyzed according to
the method described by Friedenwald and Maengwyn-Davies (18).
The conclusions reached in this second paper were as follows:
(1) Both 1-1 and 2-1 ligand-metal species of Ni ' chelates
exhibit inhibitory activity and the 1-1 species is a stronger
inhibitor than the 2-1 species; (2) the 3-1 ittt cuelate 8pecles
does not inhibit the enzyme significantly, probably because all
the coordination sites of the metal ion are saturated; (3) the
inhibitory mechanism of the 1-1 Cu++ chelates o1 both glycine
and ethylenediamine appears to be primarily "non-competitive"
in nature, indicating that binding is not occurring at the
active anionic sites; (4) the inhibitory influence of free
metal ion can be eliminated by working at higher pH values
provided the chelate remains siable; and (5) the inhibition

is more pronounced at elevated pH values with those chelate
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species having an overall pusitive charge, indicating a greater
affinity for charged sites available To the chelates at nizh
pH values.

The information available at thoe beginaing of this study
could be summarized as follows: (1) Meial chelales inhibit
the acetylcholiresterase-acetylcholine 1nteraction; (2) avail-
able coordination sites on the metal ico are necessary pre-
requisites for innicition; 5) wverall ohelaile charge has a
significant effect at elevaied pH values:; (4) the 1-1 chelate
species of cu't appears to iithibit the erncyme in a primarily
"non-competitive" manner; and (5) the inhibitory effects of
free metal ion may be eliminated if the chelate stability con-
stant is large or high pH values are used.

As a continuation of the above study, we were interested
in finding additional chelate systems with well-detined prop-
erties and examining their effects on the acetylchclinesterase-
acetylcholine system., In view of previous resulws anrnd cur
objectives, the cheoice of suitable ligand species was restricted
as follows: (a) The chelate formation constants of the ligand
must be of sufficient magnitude to preclude any interference
by free metal ion; (b) a large pH range of stability is nec-
essary to aid in observing the relatiovnship between pH and in-
hibition; and (c) the chelate should be completely soluble
throughout the pH range employed. Approximately ten potentially

useful ligand molecules were examired pricr to the inhibition
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studies. In all but three cases, the compounds studied were
found to be umsuitable. For example, kcjic acid chelates proved
to be too insoluble in aquecus systems; tetramethylethylenedi-~
amine formed very weak 1-1 and 2-1 chelate species; and several
other ethylenediamine derivatives proved to btc sterically hindered
when interacted with cupric icn, resulting in weak ligand-metal
interactions. The three ligands which seemed suitable for this
study were 1,3 diaminopropancl-2-(A0H), 1,35 diamincpropane (AH),
and hydroxy-L-proline(HP). All three compounds formed water
soluble chelate species with substantiaily large pH ranges of
stability and formation constants of sufficient magnitude to
preclude free metal ion interference. The nature of the Inter-
action of AOH with Cu' ' was in doubt (38,39), and the interaction
was studied in some detail. Attempis to duplicate previcusly
published results were unsuccessiul. Tt was fourd, from cnrr
studies, that the interaction of AOQH and cu't resulted in a
stable 1-1 ligand -metal species with a terdeutale attachment (40).
The stability constants of the interaction of AH with
cu' " as reported by Schwarzenbach and co-workers (41), were
reproduced, within experimental error, in our laboratory. The
inhibition caused by the twe homologues (AOH ard AH) could be
compared at identical pH values because ithey were both stable
and soluble within the limits of our studies and the contri-
bution of charge and cocrdination site vacancies to inhibitovry

activity could be observed.



The interactions of the (_HP)-Cu++ -helate were determined
and compared favorakly with published results (42,4%). This
ligand was chosen because of the presence of a free hydroxyl
group in the chelated molecule, A three dimensional scale model
showing the approximale pesitiors of the active sites on acetyl-
cholinesterase was prepared using available infcrmation (8),
and the model was compared with the possible configurations
ot the 1-1 (HP)-CM++ chelate grecies 'o Crgerve Lhe spacial
allignment and directicn of fthe free hydroxy sroup. It appeared
that the hydroxy group was directed itowards the esteratic site
on the enzyme and it was felt that this potentially signiticant

stereospecificity might result in increased irhibition.

n
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ligands were used in the chelation studiss, methods were sought
to obtain these salts in pure form. The di-HC1 salt ot ACH

was prepared by dissolving the impure diamine species in excess
concentrated hydrochloric acid, reagent grade, flash evaporating
to dryness, and recrystallizing several times from methanol-
ethanol mixtures. The di-HC1 salt of AH was prepared ir a
similar manner, but the recrystallizatlion step required a metlhi-
anol-ethanol-water mixiure for test results. The hydrixy-L-
proline(HP) ligand was obtained in pure torm {rom Nutiiticnal
Biochemical Corporation and trne moac-hydrochioride salt of this
ligand was prepared in a man:er identical to that for ihe AH
ligand. The melting poinis of these salts is ac-ompanied by
decomposition and therefore, their purity was checked by titra-
tions with standard base and subsequent comparisons of litera-

ture pKa vlaues, when available (see Results).

Description of pH STAT Instrumentation

Because one of the primary purposes of this study was tie
effect of pH on inhibitiorn, an accurate means of measuring pH
throughout the reaction process was sought. Furthermore, it
was essential to the success of the experiments that a prede-
termined pH value vte held relatively constant when measurementls
were taken. The importance of this reguirement will beccme
more apparent when the general procedure is described. Sufrice

it to say, at this point, that an extremely sensitive pH-STAT



type of instrumentation was essential.

A Beckman Automatic Titrator1 was selected because this
instrument anticipates a preset titration end-point. Unfor-
tunately, the titrator alone was not sufficiently sensitive
to pH changes and modifications were necessary. A Leeds-Northrup
pH Meter2 was incorporated into the titrator circuit to increase
the sensitivity or response of the titrator to charges in hy-
drogen ioa concentraiion. The titrator aline responded 70 0.84
volts for full scale deflection from pH orne to pH fourtesn. By
tying in the Leeds-Northrup amplifier circuit, the input voltage
from the electrodes to the titrator was magrnified approximately
twelve times. In other words, the fitrator response to hydrogen
ion concentration changes was increased by a factor of twelve,
This modification of the Beckman titrator resulted in a highly
accurate means of controlling and following the pH of the ex-

periments.

Free Cupric Ton Determination

Since free cupric ion has been shown to inhibit the enzyme
(34), a method was sought to deiermine the effects of this metal
ion on the rate of hydrolysis of acetylcholine in the enzyme

system.

1 ~ . i i
Beckman Instruments Inc., 2500 Harbor Boulevard, Fullert.:,
California.

2Leeds—Northrup Company, 4901 Stentown Avenue, Philadelpnia,
Pennsylvania.



Initially, an attempt was made fto defermine the precise

amount of cupric ion that would bind tu a rixed concentratico

. : 1
of enzyme. A Sargent Polarograph, model XV , was used to pre-
pare a calibration curve for various free cupric ion concentra-

. . b e ++ i
tions (i.e., a plot of diffusicn current versus Cu ). A ten
per cent solution of encyme stock scluticr (identical with the
stock solution used in the inhib:iticn studies) was lreaied witlh

plarograns wers taken arler

+

kriown increme:.is of cupric ion.
each addition und the i, values calculated. foe toral (cu*t)
added was calculated after each addition takins iuto conside:r-

. . . o
ation any volume changes. The concentrations of Cu added
and the amounts obtained from the calibration curve were then
compared. It was anticipated that any reduction in free Cu**
in the enzyme mixture could then ke attributed to enzyme attach-
ment.

Another analytical approach to the determination of CutT,

described by Jenkins (45), entails the use of sodium diethyl-

o . Cme o L
dithiocarbamate as a complexing agent specific for Cu . The
complex formed in this method is colored and is fuund to absorb
in the ultraviolet range of the spectrum. A calibration curve
was prepared by plotting absorption versus concentration of

++

Cu . Then, solutions ot known concentration of enzyme were

dialyzed for various lengths of time at constanl temperature

1E.H. Sargent & Company, Chicago, [1llincis.
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Enzyme Inhibiticn Studies

In all inhibition studies, cre ml of the e zime stock
solution was added to a solution of 1he chelate preset to the
pH cof the experiment., The adjustment of pH before the addition
of the enzyme was esseriial since the composition of the chelate
mixture is pH dspendent., 1f, for example, the ir.tial pH of
the chelate soluiion were low, excessive amoimnts or free cupiic
ion mignt te avallatle tor attachment * o rle onoyme surrace.

A glass, jacketed vessel of approximately 20 wml volume
was used to contain the reaction mixture and the temperature
of the system was controlled with a Lavline circulating water

1 . . . .
bath . The reaction mixiure was corstantly silirred using a
Magnestir. A plexiglass cover, fitted to the top of the reaciion
vessel, contained cpenings for the Beckman combination electrode,
the nitrogen gas inlet, and the plastic exteasion from the ti-
trator burette. The final volume of the reaction mixtures was
adjusted to nine ml with diluent.

The enzyme and chelate were allowed t0 remaln ir cortau!
for fifteen minutes at the preset pH of the experiment (except
during time dependence studies) before the substrate (acetyl-
choline) was added. The final concentration of acotyloholine
was 1.22 x TOHBM for all experiments except those concerned
with the determinaticn of the "competitiveress" of the inhi-

bition (see Results).

1 . } L _ .
Labline Instrumenrs Inc., Thicapo. illinols.



The values of Vo/V, (velocity with nc inhibitor)/{velocity
with inhibitor), were taken as the relative times recessary to
consume 0.30 ml of base during which the hydrclysis was linear
as a function of time.

The velocity of the hydreolysis reaciion corresponded to
the time reguired to use 0.30 ml c¢f base, provided the relatiocn-
ship between base used and time remained linear. In certain
cases, where the velocity was very sluw, It was necessary to
extrapolate the line to 0.30 ml of base. The value of Vo was

checked at the beginning and end of each series of experiments

to ensure that enzyme activity remained constant.

Derivations and Calculations

The dissoclation constants for all three ligands, witilh
the exception of the dissociation of the ethanclic hydrogen
in AOH, were obtained directly from the titration da%a. (Tl
special situation in 'he case of the UOH sroip io ACH will be
discussed in detail in the Results.)

By titrating solutions containing varioue ligand-metal
ratios with standard base, it was possible t¢ calculate the
chelate stability constants for all three ligands according
to the method described by Bjerrum (29). A brief descriptiva
of this method for a diprctic ligand-metal interaction, with
successive formation constants corresponding to 1-1 and 2-1
chelate species, is as follows (disrezarding the charge of

the species). The acid dissociatizn constants and the cnslate

O



stability constants are defined as f-llows:
HL ==—=HL + H s ka, = L) (1 (1)
2 1 HyL

HL s=s==>= [ + H s ka

NS
It
::L"
s
=
e
P
Ny
~—

M 4+ L ssee=—=3= M, , LA fé%%%j (%)
(ML)
——— ) = -

ML + I, === ML,, ; K, TipNGH (4)

where H_L represents undissociated ligand and M represents metal

2
Also,

Ly = (L)+(HL)+(H2L)+(ML)+2(MLQ) ()
and My = (M)+(ML)+(ML,) (&)

where LT represents total ligend in the system and

MT represents total metal in the system,
Let a represent moles of OH added/mole of ligand. Then a(LT)
will equal the number of moles of base added and (Q—a)(LT) will
equal the number of moles cf titratable nt remaining in solution.

Thus, (2—a)(LT)=(H+)+(HL)+2(H2L)—OH (7)

Substituting Equations 1 and 2 into Equation 7, yields:

(2-2) (Ly)= (")~ (0H)+ () (1)+2. 1) * (1) &)

k32 ka,lka2
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Solving Equation 8 for (L) yields:

2-a) (L, )-(H)+(
o) - ( )U;[) ()+(0H) (9)
2(H) (H)

+
kaTka2 ka2

The use of Eguation 9 allows the calculation of free ligand
species present in solution (ar a kuown pH arter a known addi-
“tion of base) duriug the titratics.

Now, let n sepresent the averarse nunber .r ligard mclecules
bound per mele of metal.

Then,

_ ML+2(ML2) o)

My

Rearranging Equation 9 yields:

(ML)+2(ML )=L »(L)+(HL)+(H L) (11)
Substituting Equations 1 and 2 into Eguation 11 and dividian
both sides by MT yields:

(1)<
LT {} " éiz * kaHia‘] (L)
ML)+2MLp) 2 12 (12)

M B Mo

The left side of Equation 12 is equal to .

3 L= [I * égl kd kd :}<L> (13)

I =

Therefore,
















I1T. RESULTS AND DISCUSSION

Free Cupric Ton Determinatiors

In the polarographic studies, a calibration curve of dir-
fusion current (iD) versus cupric ion was prepared (Figure 1).
- . ++ ,
It was anticipated that very small concentrations of Cu could
be detected by extrapolating the calibraticn curve to very low
et 7 L R
Cu  wvalues. Unfortunately, the total concentration of Cu
) . - o .
involved in tie =nayme-Cu interact.cu wag T00 small Tor ato.e-
rate measurement by this method. Repearted efforts to detect
++ .
these small Cu concentrations were unsuccessfal.
The cclorimetric method for cupric¢ ion determinations
(see Experimental) also presented problems. It was found that
although a suitable calibration curve could be made by plotting
absorption versus concerntration at relatively high concentrations
of metal (Figure 2), altempts to analytically reproduce the
. - R . , i
minute quantities of Cu apparently associa‘ed with enzyme
binding were unsuccessful. Several modifications of the liteis-
ture procedure were tried including dialysis of large volumes
and subsequent evaporation technigues to increase the per cent
. ++ . s . .
concentration of Cu . The major difficulty encountered was
color fading. The colored complex formed between the complexirgs
++ )
agent and Cu was found to be relatively unstable. Attempts
were made to carry out the complexation directly in the spectro-
photometer cuvette, but the results obtained using this technigis

proved to be unreprecducible.









Although the results of these studies were inconclusive,
certain observations of interest were noted. It appeared that
the amount of cupric ion bound to the enzyme or capable of bind-
ing was extremely small. Although the actual gquantities of
metal ion involved were not determined, they were found to be
less than 1 x 10—6M. Further, when relatively large amounts
of cupric ion were added to the enzyme and the mixture dialysed,
analyses for et were ol reproducibile., This lack o1 repro-
ducibility could have been due to metal adscrbance on the di-
alysing membrane, but attempts to determine the actual concen-
tration of Cu ' capable of adsorbing on the membrane were un-

successful.

Ligand Dissociation Constants

The dissociation constants for all three ligands deter-
mined by potentiometric titrations with standard base are shown
in Table I. Literature values are indicated when available.
Differences between the literature values and expoerimental
values may be attributed to differences in ionic strength and
the temperature at which the determinations were made.

With the exception of ACH (see below), the acid dissocia-
tions were determined from the pH at the mid-points in the

titration curves for each ligand.

Stability Constants

A summary of the chelate stability constants iur all

three ligands appears in Table I1. ILiterature values are in -
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Since the ethanolic hydrogen was released during the
chelation of ACH and Cu++, evaluaticn of the stability constant
for this 1-1 species required the evaluation of the ka of this
ethanolic group. It seemed reasonable to pelieve that this
ka value could be determined spectrophotometrically. Ideally,
two distinct peaks corresponding to the dissociated and undis-
sociated species would appear.

Unfortunately, the necessity of using systems ¢l very
high pH introduced solvent effects whil. prevented clear-cnt
resolution of the peaks. Instead one peak appeared which «.n-
tinually shifted toward higher wavelengths with a .orrespcuding
lowering of absorption as the pH was increased. Then at pif
14.06 the absorption began to increase while the peak continued
to shift as before. This i1ncrease in absorption was attributed
to (-0)” formation and the pH of the solution when this was
first observed was considered to be the pKa of the ethanolic
hydrogen.

Admittedly, the method was only an approximaticn and
some corroborative evidence was needed. A theoretical calcu~
lation of the pKa of the ethanolic hydrogen was made using
the method of inductive effects outlined by Hine (49).

For a series of substituted acetic acids (50), ¥,
the measure of electron donation or acceptance, was +3.651,
When this value was used in the expression deraved fuor substi-

tuted alcohols and corrections were made for carbon chain lengths















TABLE IT1

CALCULATED FREE LICAND SPECIES AT VARIOUS n VALUES FOR THE
AH-Cu’ T INTERACTTON

pH (L) " -log (L)
5.39 .85 x 107" CL150 975
5.55 5,70 x 107 ¢ 0. 402 9,45
5.66 5.18 x 10717 0,500 9.3
5.81 9.17 x 107 0.650 9.04
6.75 2,62 x 1078 1,250 7.44
6.88 5.54 x 1070 1,360 7,26
7.08 1.08 x 1077 1.472 6.97
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effects., BStudies run with AOH, AH, and HP alsc showed that

these ligand molecules exhibited rn inhkibitory properties even
when concentrations of total ligand used were far in excess of

the concentrations normally encountered 1n cur inhibition studies.

Inhibition by tne AOH System. The results of enzyme in-

hibition by a 2.1-1 ligand-metal ratic solution of AOH-Cu &

at several pH values, are shown in Table V, The chouice of ligand-
metal ratio was wot critical with this system because 'he [for-
mation constant resulting trom the terdentate artachmei t was
very large. Because of the very large 1-71 formation constant,
the concentration of free cupric ion was very low over a pH
range from 7.5 to 9.0. The kinetic data obtained for this
system was found to be independent of time. Examination of
Figure 4 shows a large pH change at the end-point of the titra-
tion, corresponding to 1-1 chelate formation. Analysis of the
equilibrium chelate sclution at pH values from 7.5 1o 9.0 using
the computer approximation method described in the Append:x,
revealed no change in the concentration of 1-1 chelate species
throughout the pH range used. Also, when the ligand-metal
ratio was changed to 2.2-1 and the equilibrium chelate solu-
tion analysed, it was found that the councentration of cupric
ion was lowered, but the concentration of 1-1 species did nct

change.
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according to the general procedure cutlined by Friedenwald,
et al. (18) appears in Figures 12 and 13%. Iu this method,

values of X KS and o can be determired (see Appendix A).

T°
When o« is equal to infinity, the inhibition is termed completely
"competitive" and when e equals unity, the inhibition is termed
completely '"non~competitive”"., Intermediate values of o indicuate
a combination or mixture ol both types of inhibiticn., The
derivaticn and signif_cance of rhe oK value are shown 1n o he
Appendix,

A multiple regression approach was used to it the dart.a,
This approach was used in all o determination studies and the
mathematical equations used appear in Appendix A,

Analysis of Figures 12 and 13 indicates that the 1-1
chelate of AOH inhibits the enzyme in a "competitive" marmer.
Unfortunately, the overall inhibition by this 1.1 chelate species
was relatively weak and, therefore, the experimental eroHr wus
relatively large. Possible veasons for this weak 1nhibition
are: (1) The 1-1 chelate species has only a single plus charae
and (2) the terdentate attachmeni inveolved in the formaticn
of the 1-1 chelate species leaves only one availlable coordina-
tion site on the metal. The lack of availabilily of coordina-
tion sites is probably an important factor, accounting tor the
weak inhibition properties; it had been previcusly reported
(34,3%6) that 2-1 chelate species of Cu++, where there are nc

coordination vacancies, did not appreciably inhibit the enzymc.
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Inhibition by the AH System. Analysis of the AH system

was more complicated than the AOH system because of the presence
of a stable 2-1 chelate species. Furthermore, the ligand-metal
interaction of this chelate was much weaker than the AOH system
(compare Figures 4 and 6), and, consequently, the selection of
ligand-metal ratics and egquilibrium pH values was restricted.
Initially, pH 8.0 was selected as the equilibrium pH for
inhibition studies because a significant concentration of 1-1
species was present at this pH. It was found that ligand-metal
ratios of 2.0-1 or less, could nct be used at pH 8.0 because
of the presence of relatively high concentrations of free cupri-
ion., 1In fact, at lower ratios, cupric hydroxide precipitaticn
was observed when the sclutions were allowed to stand for several
days. When the ligand-metal ratio was raised to 2.1~1 at pH
8.0, it was found that no precipitaticn cccurred and no time
dependence was observed during inhibitory studies. For the
above reasons, a 2,1-1 equilibrium chelate solution at pH 8.0
was chosen for the initial inhibition analysis of ithe AH system.
It was found that the concentration of 1-1 chelate specles
could be linearly correlated tc inhibition, by plotting Vo/V
versus 1-1 concentration at pH 8.0. Figure 14 shows the resdalts
of this analysis. The 2-1 species did not seem tc coniribute
to the inhibition.
Because of the fact that the 1-1 chelate species seemed

to be solely responsible for inhibition, under the abive cou-
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ditions, an analysis to determine values of K, and o¢was attempted

1
in a manner similar tc that described for the AOH system. The
graphical results of this study appear in Figures 15 and 16

and the concentrations of all species present in the equilibrium
mixtures are shown in Table VIL. Analyses of this data appeared
to indicate a primarily "norn-competitive" type of 1nhibiticr,

To further elnwcidate the nature of inhibiticn by the 1-1
AH chelate, the inhibiticn by soluti mns containirg 1icand-metal
ratios of 2.2-1 and 2.%-1 was examined at pH 8.0, At these
higher ratios, less free -upric ion and smaller @ unts of 1-1
species were present but the concentration of 2-1 species in-
creased. The results o1 these studies, including concentrations
of species present in the equilibrium mixture, are shown in
Table VIII. The correlation of inhibitior with 1-1 chelate
species was quite good, =ven if the very low concenlratiovn of 1-1
species is taken into account (Figure 17).

At pH values higher than 8.0, 1t was not possible o
correlate either 1-1 or 2-1 chelate concentraticns with inhe-
bition (see Figure 18). At elevated pH values, the expected
straight line relationship was not obtained when either the
1-1 or 2-1 chelate conceniraticn was plotted against Vo/V.

It was found, however, that plots of the ratio of 1-1/2-1 versus
Vo/V yielded straight lines. ©Some possible explauations for
this behavior are: (1) The double charge present 11 cutt che -

lates of AH changes either the site or mechaniem (i.e., the















Vo/V

| |

¢ 0.5 1.0 1.

|

2.0 2.5 3.0 3.5
1-1 AH x 10™%m

Figure 17. 1Inhibition by 1-1 AE chelate in several ligand-metal ratios at pH 8.0. A, ligand- on
metal ratio 2.3-1; B, ligand-metal ratio 2.2-1; C, ligand-metal ratio 2.1-1, -
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Initially, a ligand-metal ratic of 2.0-1 was examined
at pH 8.0. This ratio and pH resulted in rather large cuncen-
trations of 1-1 species and apparently insignificant amounts
of free cupric ion in the eguilibrium mixture. It was found,
however, that although the equilibrium mixture at lhis pH ex-
hibited no time dependence, a plot of 1-1 chelate species versus
Vo/V yielded a straight line with a positive y-intercept. The
"extra" inhibiiion, rot accuounted for by the 1=l gpecies, cculd
possibly be attributed to free cupric ion present at pH 8.U.
Since possible interference by free cupric ion was suspected
at pH 8.0, the 2.0-1 ligand-metal ratio was cxamined at ph
8.25. At this slightly higher pH, the influence of free cupric
ion might be eliminated.

The results of the experiment at pH 8.25 with a ligand~-
metal ratio of 2.0-1 are shown 1n Figure 19, EBExamination ¢l
this data revealed that, apparently, a critical concentratiocn
of 1-1 species was necessary before any inhibition ccourced,
Once this critical corncentration was reached, the i1nhibiticn
followed a straight line relationship tor 1-1 concentration
versus Vo/V.

In order to substlantiate this unusual obgervation, ligand-
metal ratios of 2.1-1 and 2.3-1 were prepared. These mixtures
contained less free cupric ion and less 1-1 chelate species but
more 2-1 chelate species at equilibrium. The result ot this

study, including all pertinent concentrations, appears in
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Table IX (see also Figure 19). Analysis of this data indicated

a consistent correlation between 1-1 chelate concentration and
Vo/V among the solutions of different ligand-metal ratios.

For example, low concentrations of the 2.3%3-1 ligand-metal ratio
sclution, which contained, at equilibrium, amounts of the 1-1
chelate species almest identical with the "yield value®™ or
critical concentration, showed practically no inhipbitory activity.

When the pH was i1ncrezsed to €.5, oot only did the "yield
value" disappear, but, as in the case of AH, correlation ot -1
species and inhibition could not be made. Possibly another
mechanism of binding to lhe enzyme surface or an actual physic-
chemical change of the enzyme was responsible for this odd
behavior. It should be noted that previous studies oi the
acetylcholinesterase system by Bolton (3%4,36) were conducted
at pH values of 7.0 and 8.0 and, conseguently, ncne of the
unusual behavior observed in our studies al equilibrium pH
values of 8.5 and higher, had been encounieied.

Although the reason for the occurrence of a "yield valus"
in this study is not known, one possible explanation could be
made on the basis of steric hindrance. ‘fThe HP ligand was the
only ring compound studied and the chelates formed were doible
ring structures. Possibly the relatively large size o the
1-1 chelate prevented easy attachment to the enzyme site involved
in binding. At higher pH values the charge of Lhe binding site

on the enzyme surface might have changed, thereby eliminating



TABLE IX

INHIBITION BY 1-1 HP CHELATE IN SEVERAL LIGAND-METAL RATIO
SOLUTIONS AT pH 8.25 WITH A SUBSTRATE CONCENTRATION OF

1.22 x 10’5M

Molar Conc. Molar Ccrc. Molar Conc. Mcoclar Conc.
of Chelate of Free ot 11 of 2-1
Mixture Cupric Ion Species Species
Z 2
X ‘IO_'5 X 10—7 x 1 4 e 10‘3 Ve/v

Ligand-Metal Ratic = 2.0-1

O 0.00 0.00 0.00 1.00
1 1.699 0.8Y 0.91 1.22
2 1.701 1.22 1.88 T.41
3 1.702 1.50 2.85 1.56
4 1.703 .74 5.853 1.68
Ligand-Metal Ratioc = 2.1-1
0 0.00 0.00 0.00 1.00
1 0.570 0.502 0.95 1.0%
2 0.391 0.599 1.94 1,10
3 0.300 0.641 2.94 1,15
4 0.245 0.670 2.95 1,76
Ligand-Metal Ratio = 2.2-1
0 0.00 0.00 0.00 1.0U
1 0.242 0.240 2.97 1.004
2 0.140 0.250 1.96 0.97
3 0.099 0.256 2.96 1.07
4 0.077 0.258 3.96 1.0%
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hibitory constants (KI)' (The calculaticn of KI values is dis-

cussed in the Appendix, in the section dealing with e deter-

minations.) It appears that high K1 values result in low K

I
values. Bolton, however, calculated identical values for KI
when he compared ethylen-diamine and glycine, although the che-
late stability ccnslants are quite different. Thus, although
there appears to be some relationship between K_1 ard KI’ other

factors are undoubtedly 1nvoived,

Relation of Inhibition to Charge. Althowsh the charge

associated with the chelate species nay have an effect on bind-
ing, it is not possible to nmeasure this effect at a given equi-
librium pH. Also, comparisons of charge and ichibaition among
all three ligands at pH 8.0 may not be meaningful, since the
mechanism of chelate attachment to the enzyme sarface may b
different for each system. It will be demonstrated that churic
may become a very significant factor in the extent of bizdig

at elevated pH values.
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pH Effects on Inhibition. When equilibrium pH was alvered,

the extent of inhibition changed 1n all systems studied. Tn
the AOH system, where the concentraticn o1 1-1 species did not
change over a large pH range, studies were made at several
equilibrium pH values. These results appear ir. Figure 10 and
indicate a strong dependence ot inhibition on eguilibrium pH.

The data shows a dramatic chauge 1n inhibitory activity befwe.n
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pH 8.50 and 8.75. Possibly the pKa of the group on the enzyme
surface involved in the binding process c¢ccurs in this pH range.
The overall inhibition noted by the AOH system was guite low
until elevated pH values were used. Conceivably, the charge
effect becomes a predominant factor at higher pH values and
supercedes other mechanisms of attachment which may occur at
lower pH values.

1t is of interest t7 n te that the 1-1 AH chelate 1g
doubly charged and the system was tound to be very pH dependernt.
At pH 8.0, a correlation of 1-1 species with 1uhibition seened
evident, but at slightly higher pH values this relationship
did not exist. FPFor example, plots of 1-1 AH chelate conventra-
tion versus Vo/V at pH 8.5 resulted in curved lines. Because
of this result, the inhibitior data obtailned under these cun-
ditions could not be analyzed. As was mentioned earlier, atteupts
to run studies at lower eguilibrium pH values resulted ir free
cupric ion interference,

The possibility that a different mechanism ot inhibition
or a change of binding site 1s 1nvolved at elevated pk values
seems reasonable. The fact that this curvature was rol obs.rved
in the AOH system, at elevated pH values, may pcssitly be attrib-
uted to the single positive charge on the 1-1 ACH chelates as
compared to the doubly positive charge on the 1-1 AH chelates
Furthermore, the fact that the concentration ~f 1-1 species

is quite small in comparison to the 2-1 species at clevated
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pH values may cause a significant equilibrium shift (see
page 66 .)

Examination of the HP system at differeunt pH values was
not possible. At pH values below 8.25H, free cupric icn inter-
fered and at pH values of 8., or higher the stability cf tne
chelates was questicnatle. The results obtaine1 at pH 8.9
have not been included because they were not reproducible.

The rather ui.gue behavi-r F rthe HE sysrem at pil 2.7 was

reproducible and will be discussed later.

Relation of Coordinaticon Vacancies and Inhibiticn. The

fact that coordination vacancies must be present con the metal
ion in order to observe inhibiticn, was observed in all three
systems. The weak inhibitory activity of the A0-Cu” chelate
could be atiributed to the presence of only one coordination
vacancy on the Cu++. The absence of inhibitory activity by

the 2-1 AH and HP cliclates may be attributed Lo the absecioce ar
any coordination vacancies, 1t is possible, hcwever, that :t
the metal ion itself is attaching to the enzyme surface., ths

2-1 chelates present a sterically blocked cupric icn and pre-
vent the attachment from occurring (excepl at elevated pH val o

with doubly charged chelates, sic AH system).

Relation of Contiguration and Inhibiticn. The strained,

N -+ N
terdentate attachment of the AO-Cu chelate has beern describved.

The large formation constant calculaled for this chelate wouald






V. SUMMARY

An attempt at the systematic analysis of acetylcholin-
esterase inhibition by ccpper chelates, is presented. Previcus
analyses of enzyme-chelate interactions have been limited to
pH values of 7.0 and 8.0, resulting in "ncn—-competitive'" in-
hibition by 1-1 chelate spucies.

1t is shown tha® the 1-1 crelate species of 1,3 diamiro-
propane di-HCi1 inhieits 11 a "non-compe i:ive" mar 21 an pH
8.0, At higher pH values, '‘ne relationship between enzyme re-
action velocity and concentration of 1-1 gspecies is no longer
linear, indicating a different mechanism of inhibition is
occurring.

It is shown that the 1-1 chelate species of 1,3 diamino-
propanol-2 inhibits in an essentially "competitive" manner at
pH 8.5. Further, a relationship between inhibition and pl is
developed for the 1,3 diaminopropannl-2 system resul bing ir
increased inhibition in the pH range 8.,0-d.75. Aralysis ot
data indicates a change in charge at the binding sites on the
enzyme surface in this pH range.

It is shown that 1-1 copper chelates of hydroxy-L-proline
inhibit the enzyme at pH 8.25, after a c¢ritical concentrativn
of 1-1 species is reached. At lower pH values, free cupric ion
interfers and the chelate species dissoclates at pH values avove
8.25. The yield value encountered ‘n the hydroxy-L-proline

system precludes the use of first-order enzyme kinetic tneory
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to analyse the data. The yield value may be atrributed to
steric factors resulting from the formaticr. of a double ring
system in the 1-1 chelate.

The effects of tree cupric icn are examined in all systems.
Results indicate the concertraticn of free cupric ion 1s depen-
dent on the formation coustant and the pH ot the eguilibrium
mixture. It is further shown that concentrations ot cupric
ion below 1 x 10_6M exribit nc dirkirit ry properties.

The relaticnship between inhibit.on an? ccocordination
vacancies is examined in all systems. In agreement with pre-
vious results, the presence of vacarcies on the metal icn is
essential for inhibition. The AOH chelate, with cnly wne co-
ordination vacancy on the metal ion, is a weak irkibivtor. Z-1
chelates of both AH and HP, with no coordination vacancies on
the metal ion, did not appear to inhibit the enzyme signitficanniy.

The effect of chelate charge is examined irn all three
systems. The charge on the 1-1 AOH chelate, (a sirgle positive
charge) is analysed as a function of pH and the data has been
discussed earlier. The instability of the 1-1 HP chelate (also
with a single positive charge) did not allow eguilibrium pH
changes and consequently no correlation between drtibition
and charge can be made. The 1-1 AH chelate (with a double
positive charge) is shown to exhibit ron-ideal benavior at
elevated pH values. The presence ot the dcuble positive _harge
or a change in lhe mechanism of binding to the enzyme surfare

may be factors responsitle for this behavicr.
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APPENDIX A

Multiple Regression Approach (A0H)

The equation used to determine the constants describing

the inhibition is of the following torm:

=

K .
o =1 Sis) 4 1 : s__ (L
fio =+ Vmub) Yk (1)« Klek‘S)

This may be rewritten ror convenience as follows:

¥y = a+ bx + ¢t + dw

K K
_1 3 :_E. ":L / ._.—S - ¢
where a./Vm , b T e / K o, d=p—
m [ m

Considering y as a linear function of x, 2z, and w. the
usuval least squares multiple regression appreach can be used to
obtain the best estimates of a, b, ¢, and d.

The normal eguations are:

(y-3)x = b (X-i)Z +c X(247)2 + d X{w:"}z
(y-7)z = b (x-X)z + ¢ (2=7)° + 4 (w2
T = b (=X)w v ¢ (22w + o (ww)’
(X-X)Z = 0 in the present case.

Using the data of Table VI, the following estimates were
obtained:
. -3 . 2 )
a = 41.9 b = 8,00x10 ¢ = 5.57x10 d = 1,154
Solving for the approximate constants, we obtain;

W =41.9 K _=1.91 <07 K =6.95%1077  e¢=10.8



APPENDIX B

Fortran IV Listing for Quadratlic Solution

REALMT
DIMENSIONANAME (10),MT(20),AT(20)
00026 FORMAT (14HNO CONVERGANCE)
00013 FORMAT(  10A8)
00014 FORMAT(  15X,10A8)
00016 FORMAT( 15X,3HH+=EI12.6)
00100 FORMAT( 6E12.6)
00105 FORMAT( 15X,4HAT =F7.5,6X,4IMT =F7.5)
00110 FORMAT ( 2F10.2 )
00149 FORMAT( 12)
00150 FORMAT (2F10,6)
00200 FORMAT (1PE17.7)
00250 FPORMAT(1PE17.7,4617.7)
00350 FORMAT(1PE17.7,3=17.7 )
00010 FORMAT (1H1)
00012 FORMAT(  15X,4HM++=E12.6,6X,3HMA=L212.6//)
WRITE(3,10)
01001 READ(1,13)ANAME
WRITE (3,14 )ANAME
READ(1,100)FKA1,FKA2 ,FKA3,FK1,FK2,FK3
READ(1,149)N
READ(1,150) (AT(I),MT(1),1=1,N)
READ(1,110)STPH, FPH, DELPH
7=STPH
00152 CONTINUE
H=1./(1.%(10.%x2))
WRITE(3,16)H
AL=1.+H/FKA3Z+H**2/ (FKAS¥FKA2 ) +H** 5/ (FKA 3*FKA2 *FKA | )
DO1000I=1,N
A=0
B=1
C=(AL+FK1*(MT(1)-AT(I)))/(FK1*AL)
D=-AT(T)/(FK1*AL)
X=1.0E-05
00040 FX=B*X*¥*24+C*¥X-D
FPX=2 ., *B*¥X+(
FPPX=2.*B
X=X-FX/FPX
CON=FX*FPPX/ (FPX**2 )
IF(CON.LT.1.)GOT020
WRITE(3,26)
GOT01000
00020 ER=FX/FPX*X)
IF(ABS (ER).GT..00001)GOT040
WRITE(3,105)AT(I),MT (1)
WRITE(3,250)AL,A,B,C,D
WRITE(3,350)X,FX,ER,FPX
AM=MT (I)/(1.+FK1*X)
AMA=FK1*¥AM*X
WRITE(3,12)AM, AMA
STOP
END



00013
00014
00016
00100
00105
00110
00149
00150
00100
00250
00350
00010
00012

01001

00152

01000

APPENDIX C

Fortran IV Listing for Cubic Solution

THIS PROGRAM USES THE BOLZANO BISECTION METHOD TO FIND THE POSITIVE
REALMT

DIMENS IONANAME (10),MT(40),AT (40)

FORMAT(  1048)

FORMAT(  15X,71048)

FORMAT( 15X, 3HH+=E12.6)

FORMAT( 6E12.6)

FORMAT ( 15X,4HAT =F7.5,6X,4HMT =F7.5)
FORMAT ( 2p10.2 )

FORMAT( 12)

FORMAT (2110.6)

FORMAT (1PE17.7)

FORMAT (1PE17.7,4E17.7)

FORMAT (1PE17.7,2B17.7 )

FORMAT (1H1)

FORMAT(  15X,4HM++=E12.6,6X,3HMA=E12.6,6X,4HMA2=K12.6//)
WRITE(3,10)

READ(1,1%)ANAME
WRITE(3,14)ANAME

READ (1, 100)FKA1,FKA2 ,FK1,FK2
READ(1,149)N

READ(1,150) (AT(I),MT(L),I=1,N)
READ(1,110)STPH,FPH,DELPH
Z=STPH

CONTINUE

H=1./(1.%(10.%%7))

WRITE(3,16)H
AL=1.+H/FKA2+H**2/(FKA1*FKA2)
DO1000I=1,N

A=1
B=(AL+FK2* (2. *MT (1 )-AT(I)))/(FK2*AL)
C=(AL+FK1*(MT (1)-AT(1)))/(AL*FK1*FK2 )
D=-(AT(I))/(AL*FK1*FK2)
CALLREGFAL(B,C,D,X,FX,ER)
WRITE(3,105)AT(1),MI(1)
WRITE(3,250)AL,A,B,C,D

WRITE(3, 350)X,FX,ER

AM=MT (I)/(1.+FK1*X +FK1*¥FK2#X**2)
AMA= (FK1*AM*X)

AMA2= (FK2*AMA*X )

WRITE (3,12 )AM,AMA,AMA?

CONTINUE

I8 (2 .GE.FPH)GOTO 1001

7=7+DELPH

GOTO152
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v
m ET S
= (4)

Lineweaver and Burk pointed out that this equation is linear
for 1/V versus 1/S when the theory is applicable. The inter-
cept of this line with the 1/5 axis occurs at the point having
the numerical value —1/KS.

In expanding the theopy ‘o ic-lude the presence of vary-
ing amounts ot a dissocliable innaibitor, ‘le tifal snzywme (ET)
equals:

(Bp) = (B) + (BS) + (E1) + (EIS) (%)
Applying mass action theory to the various possible dissoci-

ations, one obtains:

K
(15) == ®)+(s) K SPAS) (m)=(us) ()

(DX

- ) 1 (-]: (a8 -7

(BI) == (E)+(1) K :(E L (BI)=(E) §9)] =(BS) (7
T (EI K, (s) .

(BIS) == (E1)+(5) O<KS:(%%%§§1 (EIS):<EI)7§§§:ES;§§% (8)

(BIS) == (Es)+(I) ﬁKf(M (EIS):ES———U—)- _ (9)

(EIS) FK;
The evaluation of « can be done as follows:

Substituting into the right-hand side of Equaticrn 5, the values
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