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ABSTRACT

It is shown that the observations made of enzyme operation can be unified
by considering that these compounds operate in conjunction with
polyphosphoric acids which are incorporated into the enzyme structure
during formation. Examples of the function of enzymesin hydration-dehy-
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drating, deamination and decarboxylation reactions are presented. Physi-
ological enzyme reactions such as pepsinogen and trypsin in the human
digestive system and other reactionsin metabolism are described. Enzyme

inhibition is also discussed.

INTRODUCTION

Anextensiveliteratureexistsregarding the opera-
tion of enzymesand present hypothesesconcerningthis
functionincludethe existence active centreswithin an
enzymewhich are stereochemicaly matched tothere-
acting chemicdss, theformation of acomplex compounds
which disintegrateto givethe observed productsaong
the unchanged enzyme, and alteration of thethreedi-
mensond form of an enzyme(conformetion) to become
compatiblewith different reacting chemicals*3. The
principlereactionsin biosystemsarehydration and de-
hydration in theforming and breaking of peptideand
glycosidic bonds, dehydration in theformation of es-
ters, reduction, oxidation, therelease of carbon diox-
idefrom the carboxylic acid group (decarboxylation)
and theremova and decomposition of amino groups
(deamination). The spatial arrangement of groupsin
organic compoundsaredsoinvolvedinthesereactions.
A largenumber of number of enzymeshave beeniden-
tified and the three dimensiond structure defined. No
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two enzymeshave exactly the samestructure and from
thelimited number of biochemical reaction typesmany
structuraly different enzymes must beinvolvedinthe
samereactions. It followsthat these must contain ac-
tive centres with identical stereochemical and
stereophysical characteristics. Inenzymereactionsex-
perimental plotsof the changein concentration of the
reaction product with time using agiven amount of re-
actant (substrate) and enzyme hasthree sections, atran-
Sent section wheretheamount of reaction product pro-
ducedin agiven period of timeincreasesnonlinearly, a
linear section where the amount of reaction product
produced in agiven periodriseslinearly andfinaly a
section in which theamount of reaction product pro-
duced inagiven period remains constant. No single
mathematical equation derived from chemica kinetics
isknownwhichfitstheentireextent of thisrelaionship.
Andternative concept of enzyme operationisthat an
enzymeisajprotein which during formation stage be-
comes associated with an active chemical agent which
isinvolved in enzymereactions and whichiscontinu-
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oudly renewed unlikethe casefor normal chemical re-
actionswherethe concentration of al of thereactants
diminishescontinuoudy. Thework below describesthis

concept.
Theformation of enzymes

Enzymesare proposed as consisting of the combi-
nation of aproteinformed by dehydration of aminoacids
by polyphosphoric acid and incorporating active units
based on the various spatia formsof polyphosphoric
acid or monophosphoric acid. Phosphate ion is the
dominant inorganicionin metaboliccells(TABLE 1).
Thenext most dominant ionispotassiumand fromthe
concentration valuesgivenin TABLE 1 0.15 mole of
potassium ion requires 0.05 mole of phosphateionto
form potassium orthophosphate K3(PO4). The con-
centration of phosphateionisinexcessof thisrequire-
ment. Thismeansthat somephosphateionexistsincells
asdternativeforms. It hasbeen shownthat in mixtures
of water and phosphorus pentoxidethevariousforms
of polyphosphoric acid are dominant whenthemolecu-
lar ratio of these two compoundsisoneto oné In
cdlsthefreewater content islow. These conditionswill
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TABLE 1: lon concentr ation in and metabolic fluidg*3

Intercellular
Cations Mol/L Anions Mol/L
Nat 0.14 Cl- 0.105
K+ 0.004 HCOs- 0.05
Mg++ 0.004 PO,-- 0.006
Cat++ 0.01 SO,-- 0.002
Organic

Cations Mol/L

Acid 0.006

Protein 0.012

Intracellular
Cations Mol/L Anions Mol/L
Nat+ 0.01 Cl- 0.002
K+ 0.15 HCO5- 0.008
Mg++ 0.05 PO,-- 0.285
Cat+ 0.006 04" 0.05
Organic

Cations Mol/L

Acid 0.008

Protein 0.055

More than one value of intracellular phosphate ion concentra-
tion is given in the literature. Values from 0.008 to 0.020 Mol/L
and 0.10 Mol/L are recorded*4*

therefore encourage the existence of polyphosphoric

acidsinintracellular fluids. In support of thisconclusion
it is known that potassium dihydrogen phosphate
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(KH,PO,) and dipotassium hydrogen phosphate
(K,HPO,) possess a strong tendency to form poly-
formsand polyphosphateshavebeenidentifiedin cdls®.
Adeninetriphosphateisfoundinal celsandisasalt of
polyphosphoric acid.

Polyphosphoric acid existsin various spatid forms
asshowninfigure 1 and undergoesreversible hydra-
tion to monophosphoric acid. Polydiphosphoric acid
hasfour replaceable protonswiththevauespK = 1.7,
pK, = 1.95, pK, =5.98 and pK, = 8.74. Monophos
phoric acid hasthreereplaceable protonsand the val -
ues of the constants are pK, = 2.12, pK = 7.21 and
pK, = 12.3. Comparison of the same constantsfor
each acid showsthat when the monophosphoric acid
groupsareformed the pH of the cell increasesand the

reversein the caseformation of polyphosphoric acid
groups. ThepH vaue of theisoe ectric point and solu-
bility of amino acidsvary with pH®". Thelinkage of a
particular amino acid to theforming enzyme structure
by dehydration asshowninfigure 2 will be dependent
on both these properties. Under conditionswherethere
isno changeof pH of theintracel lular fluid and asuffi-
cient concentration of moleculesof thesameaminoacid
areavalablethesewill continueto link. When asuffi-
cient changein pH vaueoccursthispreventsthe same
amino acid joining. The next amino acid with compat-
ible characteristics joins and releases another
monophosphoric acid molecule. Again achange oc-
cursin pH with the sameresult of defining the charac-
teristicsof thenext amino acidtojoin. The pH value,
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H o 0—= |
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| o H\c LA
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H— (L H—N—H 0
0O _b__ g oo = |
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Figure2: Theformation of an enzyme
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thetemporal changesin thisvalue and the spatia con-
centration and ionisation characteristics of thevarious
amino acidspresent will determinetheamino acid se-
guence in the enzyme produced. The physical and
chemical propertiesof polyphosphoric acids support
theformation of enzymesinvolving theinvolvement of
these acidsasamolecular template. For examplethe
minimum stablelength of the polyphosphoricchainshas
been found to be 10 monophosphoric acid unitslinked
together. Chainswith morethan 500 unitsare consid-
ered to convert to cyclic formsandlong linear chains
are also considered to exist in the form of spiralg4.
These propertiessupport theformationlong chain en-
zymeswithvaryingthreedimensiona forms.

Theformation of polyphosphoricacidincellsre-
quires amechanism for the conversion of monopho
sphoric acid to polyphosphoric acid. Thisrequiresthe
removal of water from the former and ultimately the
removal of water fromacell. Processesavailablein
cellsfor thisconversion are osmosisand el ectro-os-
mosis. Theformer processrequiresthat the concentra:
tion of one or moreionsexterior to the cell isgreater
than the concentration of theseions within the cell.
Electro-osmos srequiresthat apotential differenceex-
istsacrossthe cell membrane. Both these conditions
arepresent in cells. The concentration of sodiumions
outsidethecell isvery similar to the concentration of
potassumionsingdethecdlsandthereislittlesodium
inthecdl andlittle potassum outsidethecdll. Thecon-
centration differencesand e ectrochemica potentidsof
these ions (sodium,-2.711 volts, potassium, -2.924
volts!) giveriseto potentia differenceknown asthe
membrane potentia which hasavalue of the order of
70 mV. Water leaving the cell supportsthe conversion
of any monophosphoricto polyphosphoricacid giving
riseto acontinuous process. Thismovement of water
towardsthecdl membranewill giverisetoagradientin
the concentration of polyphosphoric acid suchthat the
concentrationishighest at pointsremotefrom thecell
membranei.e. towardsthe centre of thecell. Inthese
regionswherethefree water concentrationisamini-
mum theformation of long chain, hexagona and other
formsof polyphosphoric acidswill be enhanced.

Findly thenatureof thecell fluidssupportsthepro-
posed mechanism of enzymeformation. The presence
intheintracdlular, intercellular and blood fluids of low
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TABLE 2: The properties of some enzymes
Optimum

Enzyme operational pH Reaction
. Hydrolysis of glycerol
Pal‘ncr:;n ¢ 8 esters of long chain fatty
yp acids (fats)
Digestive 40-50 As above
lipase
Pepsinogen 15-16 Hydrolysis of proteins
Trypsin 7.8-87 Asabove
Urease 7 Rupture of C-N bond.
products CO,, NH3, H,O
Pancreatic 6.7-70 Hydrolysis of
amylase ' ' carbohydrates
Catalase 7 Decomposition of

hydrogen peroxide

concentrations(millimolesper litre) of ionic compounds
which arenormally highly solublein aqueous media
(TABLE 1) isindicativeof anaturedifferent from pure
water. Theviscosity of thefluidsishigher than water.
Thissupportsthe conclusion that thesefluidsexistin
thecolloidal state. The high concentration of water in
thefluidsindicatesthat fluidsare hydrophilic colloidal
fluidg®. Thecolloidd materid inahydrophiliccolloida
fluid can a so be caused to precipitate asagel atinous
solid by reducing the temperature of theformer. The
solids soformed can bereconverted into ahydrophilic
colloidd fluid by increasing thetemperature. Itisknown
that cellscan beinactivated by freezing and reactivated
by return to body temperature (37° Celsius) support-
ingthenatureof theintracd lular fluidinvolved asahy-
drophilic colloidal fluid. Proteinsand polysaccharides
readily form hydrophilic colloidal fluidsasdo the pri-
mary alkali metal satsof the basesforming DNA and
RNA, The enzymeforming and other cell reactions
will befavoured by taking placein ahydrophilic colloi-
dal fluid which can be considered asasemi-solid. This
restrictsmolecular motion (trandation, rotation, vibra:
tion) to agreater extent than afreeliquid allowing mo-
lecular spatia position and orientation to become ef-
fectivefactorsincdl reactions.

Thefunctioning of enzymes

Onthebasisof the above proposalsthe properties
of anenzymee.g. optimum operationa pH (TABLE 2)
are dependent on the protein structurealong with the
relative concentration of the monophosphoric and
polyphaosphoric acidsassociated with the structure. The
conditionsinagivenfluid (pH value, temperature, na
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ture and concentration of cations present) arethefac-
tors which decide whether monophosphoric or
polyphosphoric acid is the stable form!4.
Polyphosphoric acidsarelessstableagainst hydrolysis
at low pH values (acid conditions) and the stability in-
creases at high pH values (alkaline conditions)!. In
extremeacid conditions(pH = 1.0) littleor no polyphos
phoric acidispresent and thereversible hydrolysisre-
action doesnot operate. AspH isatered towardshigh
pH va uesthe polyphosphoric acidsbecomemorestable
againgt hydrolysig¥ and thereversiblehydrolysisreac-
tion can operate. In extremeakaineconditionsthesta-
bility of the polyphosphoric acidsissuchthat there-
versiblehydrolyticreactionisagaininhibited. The ob-
served variation of the optimum pH among enzymesis
theresult of therelative amounts of monophosphoric
and polyphosphoric acid associated the structurd dif-
ferences of theenzyme protein. Thismeansthat an en-
zymewith an optimum operationa pH at low pH val-
ues (pepsinogen, optimum operational pH =1.5-1.6)
containsmore mol ecul es of monophosphoric acid per
unit enzymevolumecompared with polyphosphoricacid
than an enzymewith an optimum operationd pH at high
pH vaues(trypsin, optimum operationd pH =7.8-8.7).

IJ.E’,U\IF.‘ >

Pepsinogen will tend to be a hydrating enzyme and
trypsin adehydrating enzyme. Interaction between the
former typeof enzymeand anormal proteinwill result
inhydration of thelatter to amino acidsand the conver-
son of themonophosphoric acid groupsassociated with
the enzymeto polyphosphoric acid groups. Thelatter
type does not readily interact with aformed protein
and reactswith amino acidstogiverisetoaproteinand
the formation of monophosphoric acid groups. The
optimum operationa pH of an enzymeisthe point at
whichthereversblereactionisfavoured by thereative
concentrations of mono and polyphosphoric acidsand
thenature of the physica association of theseacidswith
thematrix of theenzyme.

It followsthat the same reaction can be supported
by different enzymeswhen theseareused at apH re-
moved from the optimum. Under these conditionsthe
rate of thereaction will depend ontherelative concen-
trations of monophosphoric and polyphosphoric acid
associated withtheenzymedtructurei.e. trypsinwill act
asahydrating enzymeat pH = 1.5- 1.6 although not as
efficiently aspepsinogen at the same pH. Thismeans
that therate of aparticular enzymereaction isdepen-
dent on enzymetype and concentration and isdemon-

OH 0
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o=t o
Cc__0.H |‘\ﬂ
O H H—C H—0~0
P v N e
H—C—H
c!, OH . c— H c— H
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O0—F —0H ‘
H—C—H |
j H—c on — €
= |—DH
C___oH
~ 0. H 7 o 0
| Fumaric dialdehyde ~ Fumaric acid from
H oxidation of fiumaric

Succime dialdelryde dibydrate
from reduction of succinic acid

H, OH designates transfermng groups

Linear polphosphoric acid
attached to an emzyme.
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Figure3: Theenzymeoxidation of succinicacid
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Decarboxylation  Conditions pH = 7.0

Carboxylic group Aldehvde dihydrate
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Figure4(a): Enzymer eactionsleading to decar boxylation

Deamination  Conditions pH >7.0
Glycine Glycine
H L
” | H H Polyphosphoric acid linked to an enzyme
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S H O
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Figure4(b): Enzymer eactionsleading to deamination

strated by thedifferencein between the plots of reac-
tion of hexokinaseand glucokinasewith glucose.
Magnesium isthe activator of morethan 300 en-
zymes and magnes um-dependant enzymes compose
the biggest group™. Magnesium ion has been shown
to be three times more effective than potassium in
catalysing an increased rate of hydrolysis of
polyphasphoric acids®. Thismetal ion therefore con-
trolsthe conversion of enzyme polyphosphoricacid to
monophosphoric acid. Asisthe case for the case of
magnesium the presence of other metal ionsin an en-
zyme structure assist or inhibit the conversion of
polyphosphoric acid to monophaosphoric acid. In addi-
tion carbon atoms situated closeto carboxyl groups (-
CHOH, -CHO, -COOH) are more chemically active

than other carbon atomsinthestructure. Metd ionsin
the structure of any enzymewill induce electron dis-
placement in these bonds contributing to enzymeeffec-
tiveness.

Specificenzymesupported reactions

The polyphosphate groups associated with an en-
zyme are also active other biological reactions. The
conversion of succinic acid to furmaric acid under the
control of an enzyme known as succinate dehydroge-
naseisshowninfigure 3. Oxidising/reducing agents
present in biosystemsare hydroxylamineand hydrogen
peroxide. Hydroxylamineisformedinmammaliancels
by the Raschig reaction*!!. The oxidising and reducing
characteristicsof hydroxylamineand hydrogen perox-
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ide are dependent on the pH of theliquid. When the
pH > 7.0 these compounds function as an oxidising
agentsand whenthe pH < 7:0the compoundsfunction
asareducing agents. In the above reaction hydrogen
peroxide or hydroxylamine act asreducing agents (pH
is<7.0) giving riseto unstablesuccinic ddehydedihy-
drate. Thiscompound isdehydrated by linear polypho
gphoric acidin conjunctionwith hydrogen peroxide pro-
ducing fumaric did dehydedihydratewhichisoxidised
by hydrogen peroxideasthepH increasesasaresult of
theformation of monophosphoric acid. The processes
of decarboxylation and deamination involving
monophaosphoric and polyphosphoric acidsassociated
with an enzymeareshown infigure4aand 4b.

I nhibition of enzymes

Inhibition of enzymesisthe observation that the
characteristicsof particular enzymes can bedtered by
particular compounds. The effect isnot the same as
denaturation of enzymeswhich normally resultsinthe
disruption of theenzymestructure. Inany givenenzyme
the effect can be observed asadecreasein the s ope of
thelinear section of theMichadlis-Menton Equation*
on addition of theinhibitor to theenzymereaction. Inhi-
bition on thebasisof theaboveistheresult of interfer-
encewith thereversible hydration of polyphosphoric
acid. Thelatter isproposed as being common to all
enzymes and it would be expected that any inhibitor
observed to affect agiven enzymewould affect all en-
zymesto agreater or lessextent. Thereisno clear evi-
dencethat thisisthe case. However any compound
which possess characteri sticswhich can competewith
enzymesin enzymic reactions (hydration-dehydration,
deamination and decarboxylation etc.) islikely tobean
inhibitor. Inaddition any compound whichformscom-
plexeswith monophosphoric or polyphosphoric acids
will resultintheinhibition of enzymeactivity. For ex-
ample peroxymonophosphoric acid (H,PO,) and
peroxydiphosphoric acid (H,P,O,) areformed from
monophosphoric acid and hydrogen peroxide. These
two acids convert from one to the other in agueous
solution according tothepH of thesolution™. Hydroxy-
lamine phosphatef(NH,OH),PO,] is formed from
monophaosphoric acid and hydroxylamine. Thiscom-
plex hasreducing characteristics. For examplethein-
hibitor ritonavir contains a considerable number of

BIOCHEMISTRY (mm—

-NH groupsindicating theformation of hydroxylamine
phosphate astheinhibitor.

CONCLUSIONS

Enzymesareidentified asorganic compoundswhich
cons st of the combination of aprotein associated with
active units based on the various spatial forms of
polyphosphoric acid or monophosphoric acid. Any pro-
teinwithout the attached polyphosphoric acid molecules
will not bechemicdly active. Thisisidentified withthe
compound presently called aproenzyme. Theeffect of
thelyotropic series of anionson the characteristics of
enzymes hasbeen investigated™. Phosphateionwas
found to inducethe highest stabilisation and the maxi-
mum reactivation of adenatured enzyme. Thisindicates
that phosphateisrelated to enzymefunction. Enzyme
activity inrelation to pH, temperature, enzyme concen-
tration, reactant concentration and spatial orientation
of themol ecular groupsforming organic compoundsis
mirrored by the stability and activity of polyphosphoric
acid with respect to the samefactors. The stability of
polyphosphoric acidissenstiveto pH vaue, tempera-
ture, natureand concentration of cationspresentinthe
fluid. These observations account for thesensitivity of
enzymesto these parameters. Metal ions associated
with enzyme structure assist thereactions of thelatter
by controlling the reversible hydration rate of
polyphosphoric acid and giving riseto charge displace-
ment which weakens chemica bonds.

Thereactionsinwhich enzymesareinvolved take
place between thereactants and monophosphoric acid
and polyphosphoric acid for which the protein struc-
ture provides support. Thetransient section of thean
enzyme reaction reaction curverepresentsthe estab-
lishment of the relative concentrations of mono or
polyphosphoric acid according to the conditionsin the
reactionfluid. Thisisfollowed by thelinear section of
the enzymereaction rate curvewhichinvolvesthere-
action of therelevant acid and supporting reagentsto
form giving the observed product. Theconstant section
indicatesthat an equilibrium stateisattained between
rate of reformation or the rate of exposure of either
mono or polyphosphoric moleculeswithintheprotein
structure and therate of thereaction giving riseto the
observed products. The specific nature of anenzymeis
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decided by the spatial form of the associated
polyphosphoric acids (mono, linear, branched linear,
hexagonal and quadratic) and therelative molecular
concentration of these per unit volume of theenzyme.
The specific natureof an enzymeisdecided by the spa-
tid form of theassociated pol yphosphoric acids(mono,
linear, branched linear, hexagonal and quadratic) and
therelative molecul ar concentration of these per unit
volumeof theenzyme.

Theseproposa sare supported by thewe | known
hydrolysing action of pepsinogen oningested proteins
and carbohydratesin thestomach. Theobserved change
inthepH of the of thestomach fluid (chyme) isfroma
pH vaueof 2whenthestomachisintheresting condi-
tiontoapH vaueof 6.5 on digestion of atypica med.
On entering the stomach fluid monophosphoric acid
distributed throughout the pepsinogen hydrolysespro-
teins and carbohydrates present in thechymeand is
converted to polyphosphoric acid. The reactions of
stomach hydrochloric acid with itemsof thediet pro-
ducesanincreasing pH valuein thechyme. AsthepH
va ue changesto the optimum valuefor trypsinthisen-
zyme continuesthe hydrolysis process at alower rate
and theincreas ng concentration of polyphosphoricacid
initiatesdehydration reactionsgiving riseto other prod-
uctsof thedigestive process. Severa vauesof intrac-
ellular phosphateion concentration arerecordedinthe
literature (TABLE 1) and may indicatecellular varia-
tionsin the concentration of thision. Under thesecir-
cumstancesthe nature of an enzymeformed by agiven
cdl will dsovary. Biologica chemicd reactionsinvolv-
ing polyphosphoric acid are exampl es of stereochemi-
cal reactionsinvolving the stereochemistry of aninor-
ganic moleculeaswell asorganic molecules. This, in
additiontothefact that metabolicfluidsexist acolloids,
distinguisheshiologica chemica reactionsfrom aque-
ouschemical reactions.

—== Regular Paper
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