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The only way of real advance in biology lies in the
_téking as our starting point; not the separated parts of an organism
and its‘envirdnment, but the whole organism in its actual relation
to enviromment, and defining the parts and acfivities in this whole
in térms implying their éxisting relationships to the othef parts>

and activities.

J.B.S; Haldane.
(cited in ref. 378)
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SUMMARY

This thesis describes an investigation, by computer
'simﬁlatidn, into the nature of the metal ion biﬁding to low molecular
‘weight ligands in blood plasma. A successful attempt is made to
accommodate the effeéts of metal protein bindingbon the computed‘
distribﬁtion that is obtained. An evaluation of the results is ' 
undertakeﬂ. The value ahd some applica;ions of ths knowledge arising

from this kind of study are examined.

The cqllection, sssembly and érocéssing sf the data is
deséribed. A computer program islﬁriﬁten to cope with Fhe very large
equilibrium systems thst arébsimulated,v The gxperimentally deter-
minéd vslues for the formétion soﬁstants-of the metal isn 1iéand
'qqmplexingvreactions in'thg biofluid aré found_iﬁ the liﬁerature.

These are COfrected wheneve; théy are nst:appligable‘to_physiologicsl
| coﬁdiﬁiohs of tempsrature and ionic stréngth; ~ Where no experimental
values were available, formation constants for complexes that seemed

likely to be important were estiﬁatedvusing certain types of chemicél

trend.

The results of fhe blood plasﬁé_modei msy be summarized
asvfoilsws. Copper and ferric iron are-féund to exist ekciusivély
as térnsry complexss>except that the copper dihistidiﬁato coﬁplex is
imporfan;; With éoéper; these ternaryrcdmplsxes slways involvé |
hiStidiﬁe whilst citrate plays an analogous roie'in the ferfié complex
formation. Calcipm,vmagnesium and msnganese-do'not appear to exist
as térﬁary coﬁplekés;' jWitB these three'cations-the»bicarbonate‘Species

v predominate although the binding is weak, as a consequence of the



relatively high ligand concentration in plaSma.~v Zinc and lead form.»
’ both.binary and termnary complexes. The ternary ziné»cyétéinate
citraté complex is found to account for a significant bercentagé of
the low molecular weight cbﬁplex fraction of this meta1.  ._This result -

is in contrast to those of previous models,
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CHAPTER ONE

INTRODUCTION



1.1 Motivation for the research.

- This.thesis describes an investigatidn,‘by céﬁputer‘
~simulation into the nature of the metal ion binding to low molecular
weight_iigan&s in bldod plasma..' The study is motivated by the large
numbet of biochemical systems which depend on metal ion ﬁart‘ic_ipation
and by the central and pervading role that is playéd by bibod:in_'v. |
mammalian physiology. Attention is focused on fhis'biofluid_bécause'
‘it has Been the subject of extensive research and so there exists in .
fhe literature not only a sdbstantialybackground of'informétidn but
also much of the necessary data. However,‘it is emphasised at the
outset,'that the kipd_of analysis deveIOpgd for plasmaimay in principle,

also be applied to other physiological solutions.

The pfim#fy quect Qf‘;his resea;cﬁ iies:iﬁ the»glﬁcidation
of the equilibrium dist;ibution of the complexes formed in mﬁlti-
component biosolutions by the transition metél ioﬁs copper (II), iron(III),
lead(Ii), mangénese(II) and ziﬁc(Ii). : These ﬁetals all occur in
plﬁsma in very sméll quantities. .Theif’low concentrations in vivo
aré indiéa;ive'of-their cafalytic function and are ﬁnrepresgntative of
their conSiderable'biological importance. Total-concentratiohs in
normal_humén plésma fali between 50 and 0,1uM (534) whith.means that, .
in géﬁefal,.experimentai mgasurements are difficult and that, as‘yét,
there is no practical method of determining the free metai”ion
‘concentfations. In ad&iﬁion, the problems with‘eiperiﬁentai‘-
assessméﬁt of the equilibrium con¢entraﬁioﬁs arefhéightened-Both by
thé'largefnﬁmber of potential ligands‘that occur in biofluids and

by the fact that probes which interact chemically'ﬁiﬁh the system



are likely to upset the very distribution one is attempting to
monitor. For these reasons, simulation of the metal ion ligand
equilibria in biofluids using high-speed computers constitutes the

only current method of achieving the proposed objective.

Metal ions in biofluids occur in a number of distinctly
separate fractions each of which is characterized by the type of
chelation involved. Apart ffom»the non—chelated; free metal ions
‘themselves, metals are bound both to low molecular weight'ligands
and to proteins. Further, the protein bound amount may be divided
into two : a fraction in which the metal is loosely held and in
labile eq;ilibrium with othef similar ions in solution and the
remainder which is tightlf bound én& thefefqré not exchangeable
(see, fér example, 552), To all intehts, the latter non-exchangeable
metalloproteins do not have any di:ec; or dynamic part to playlin
the strong competitiopvfo: the reiatively‘scarcg transitién elemeﬁts
;nd thus, are of iittle imhedia;é:percinencé to the present study.
Héwevgr, the other protein fracfion iﬁcludes the largg percentage
of the bound buﬁ 1abi1e metal ions in the equilibfium-pool and as
suéh is likely to determine, at least in part, fhe cohcentrations of
the low molecular weight complexes in the £luid. -As the mefal
protein iﬁteractions éré aﬁ present not sufficiehtly wéll'tharéc;erized
to incorporate them in a simulation of the whole sysﬁem,.this‘raiéeé
a fundamenﬁal obstacle which must be overcome or éiréumn;vigated
before a realistic'picﬁure of the detailed distribution éf metél ions
infphysioiogical solutions can bg'cdnstfucted. | A Siénificant portion
of this‘work is consequently dirgcted as eétablishing means whereby

the effect of labile’mecal protein complexes on the rest of the



equilibrium system can be accommodated.

| Although the low molecular weight fraction of metal ion
complexes is small in contrast to the amount of metal boupd to proteiﬁ,
its significance Zn vZvo should not be underestimated. There is a
clear need for é detailed knowledge of the equilibrium concentrations
of these complexes because, expecially in the case of the transition
. metals where the free ion concentration is always verj small, complexes
of low molecular‘weight ligands play an important background role in
many vital biochemical and physiological processes (see, for example, 
534, 507), They are_likely to be involved as intermediates when
. metal ions are insertedvinto or removed from metalloenz&mes,or_
carrier proteins.. There is a growing body of evidence which
implicates them in the tr;nsfer of some metal iqns across membranes.
In addition,-chelation is anbéffective ﬁeané,of keeping»essgntial
metals in sdlution_and'it caﬁ aléo be éxploited;in nature as part of
a procedure for alteriﬁg'the potential of certain redqﬁ coﬁples.
In facﬁ, the.concentrations of low molecular_wéight complexes prbvide
a foundation not only for the metal ion chemistry that takes place in
“the Biofluid itself but also, less directly,.for the reéctions and

equilibria which are set up within cells supported by the medium.

Finally,~§nce the normal edqiliﬁ:iﬁm state of the low-
molecular weight fraction has beeﬁvsuccessfully;simulated,'the stresses
 whichQare impbsed.on the sySﬁemvby metal ion_pbisoning, &efiéiéncy or
by drugs éan also be investigated.' This may throw light on the
mechanisms whereby SOme‘of these imbalances exert their effects and
consequénfly suggest ﬁéys of improving‘current therapy or of reducing

undesirable side-effects.



1.2 - The biological role of metal ions.

It is not easy to keep the biological significance.of the
transition metais'in'true perspective. This is well illustrated in
the literature where those reports which deal specifically with metal
ions in vivo tend to emphasise their indispensible role Whiist eise-
where this is often comnletely neglected. The nolarizationhof;
lviewpoints has also been intensified by~attemnts'to correet‘the'
inadequate impression which has been,created_byla oredominance of
organically-orientated investigations:(543;'536).v So; before
focusing on the detailed hioehemical'mechanisnS"invwhich metal ions
constitute an essentialﬂpart it is as well to consider their overall
p031t1on in the life process. Hopefully, this wi11 to some ektent,_
'compensate for the b1as whlch is almost inherent in a revrew of this
subJect and if, by reflectlng that 11fe 1s 1ndeed chlefly organle R
1t h1ghllghts the 1mpos1ng array of auxlllary serv1ces ‘that the

transition metals prov1de, then 1t w111 have served a useful purpose.

IIOf all that is known-about the chemistry of life, little
can be more impresaive than the faet'that'the vast majority of the
very considerable number of compounds employed in‘living systems
consist of less than half A'dbzeh elements. The nolecules which
can be constructed from on1y carbon, hydrogen, oxygen and nitrogen
are 1nf1n1te both in number and varlety and it is pr1mar11y thlsv
flex1b111ty whlch makes a chemical life feasible. These four
elements acconnt for more than 99 percent of the.atoms'in a human
body (301). Vv However, in spite of all the organic possibilities,.

all biosystems employ to a greater or lesser extent a generous



selection of inorganic elements. These are used because they provide’
a wide range of additional chemical facilities.‘ The importance of
this inorganic contribution centresson the ability of most of these
elements to exist in aqueous solution as stahle ions. The tramsition
metals in particular possess two additional_features‘which.haue a key _
role to play in the overall blochemlcal scheme. -'These are the‘f
capac1ty to bond, co-ordinately and with a partrcular stereochemlstry,'
to electron donors (espec1ally oxygen and nltrogen) and the ab111ty_

to set up easily reversible electron transfer systems. These features
are by no means the prerogatlve of the transition metals, but thelr
spec1al usefulness arises because the1r reactlon energles are often
moderate enough for them to participate in cyclic processes-(6l9)-

and becauSe'the ranges_of properties which the.series exhibits makes

it easier to meet exact-chemical requirements. Thus, the prominence
of metals>arises largely because'without them, the full organic potentialr

could not be biologically realized.

A_considerstfon of the_oathways by which primary organic
metabolites are'interrelated and-syntheslsed into the civerseeand»
often sophisticated compounds required forebiological growth, reveals
that uerf many‘chemical.reactlons'take place iﬁ viv0 under conditions
vthat can truly be descrlbed ‘as astonlshlngly mlld. It is no wonder’
that prlor to. Wohler s preparation of urea, pOpular sc1ent1f1c bellef.
held thet organic materlals could only be‘constructed under the
influence of a so-called 'life force'f ~ In terms of the ordinary
reactions ‘conducted in laboratories;-it'is not~only diffiCult to
xmaglne how all the 11fe processes are so unerrlngly accompllshed

'and the various syntheses 80 prec1sely controlled but it is also



hard to comprehend'how so many transformations take place with
apparently minimal energy of activatidn; VToday, with hindsight,
it isvclear.thar all living organisms have at their disposal a large
: numser of catelytic.mechsnisms embodied, for the most part,rin their
enzyme activity. These catalytic properties together with the
.varlous energy transfer and storage systems prov1de the bas1c tools
employed in metabolism. It is in both these sets of bloehemlcal_

_ processes that the transition metals are intimately involved.’

'vThroughout the scientific disciplines, generalization

has proved anifnvsluabledaidlin understanding»patural order sovthe
- fundamental trends in the biochemical properties of metal ioss need
to be considered before concenrratisg on inddvidualdsystems.; The':
classification of cations in‘a biological sense is nd; a recent
idnoratienvfor the pattern whieh emerges from the grousing of elements
in ;hé periodic.table,is tookclear to_be‘obscured; »During‘the last
decade, however, the concept of‘affine delineation that emphasises
biological featdres has been advanced, primarilf by R.J.P. Williams
(2, 95, 100, 73, 50). Using several selected charscreristics, he
has stressed the differences between the varlous types of cation
wh11st s1mu1taneously p01nt1ng to the graduation of propertles between
them. The criteria used are. essentlally Pearson's hard and soft

acid and ‘base (HSAB)- pr1nc1p1es (35, 100, 86 87, )01) but these
| are applied in conjunction'with the generally-obseryed biochemieal
nature of'rhe metal ion in question. A particularly characteristic
property called 'mobility' by Williams, describes the ease with
which the.ied.is able to move about in vivo. Table 1.1 summarises

the picture which is produced (50) and.with some additional emphasis



TABLE 1.1.

BIOLOGICAL CLASSIFICATION OF CATIONS.

HSAB

COMPLEX

 MOBILITY

CATION FUNCTION
PREFERENCE STABILITY OF IONS
SODIUM Charge Hard Weak Fast
POTASSIUM- Carriers oxygen =
; anions
CALCIUM -Structure Hard, " Moderate Moderate
MAGNESIUM formers and oxygen
C trigger " anions
mechanisms
IRON Redox Inter- o Strbng - Slow
COPPER catalysts. mediate- o : o
COBALT ~ nitrogen
ligands
ZINC Super- - . Inter- Strong ‘Slow
' acid mediate '
catalyst ‘nitrogen/
sulphur

ligands.




on the analagous trends within the transition series itself, provides
a helpful background to the variation in-the biological roles played
by the individual elements; In strong contrast to the Group IA and
IIA elements, the transition metals act predominently as redox
catalysts and they are rarher immobile Zn vZvo because they form
stromng complexes, preferentially with nitrogen and sulphur dbnors.
Zinc is somewhat exceptlonal in that the dIo ion is not prone,tq‘
a change of its valence state and so catalytic actipn is usually
confined to its Lewis-acid nature., No doubt, unique abilities in
this regard have promoted,fhe_evolutionary selection of this metal

in séite of the fect that it is farvscareer thanllees familiar aﬁd
elees used elements such as zirconium, vanadium, fitanium aﬁd:strohtium
(293). Manganese, at the opposite end of the first series, behares
more like calcium ahd ﬁagnesium. ,Consequentiy,_its biochemietry

is often more in line witﬁ these Group'IIA_cations“than_rhat efvthe

other transition metals (95).

1,241 ' The essential elements.

- The transition metals are not the only ?traee' inorganics
necessary for piant.and animal life although they are amongst the.
more abundent. v'Tﬁere are, in total twenty five elements presently
regarded as essent1a1 and- the se are 11sted in Table l 2 (294, 301, 196,
601) It can be seen that most of these appear in characterlst1ca11y
minute quant1t1es and the current 1nterest in trace element mechanlsms
follows frbmvthe‘recognition that importance ievnot a priori reflected

in biologicel concentration, ~ The major effects preduced'by small



amounts of'metal,,iﬁ particular, have profound implicationsias far
as nutrition, therapeutics and poliution are concerned. It is
only by uederstanding'the processes involved and the consequences
of:disturbingbthe equilibrium balance that damage to delicete life
mechani sms may be foreseen and thus avoided. Attempts to define
‘the set of indespensible elements have beer 1arge1y.motiVated by
the desire to ascertain ehe.minimal nutritional requirements nee&ed
" for good heaith. | These haye,'however, also set the stege for
investigation into the mechanisms whereby specific elements exert
their vital ﬁfoperties. "The ultimate critefion'which determines'
whether a giveﬁ element‘is essential, is of ceuese; the detrimepta1 
effect on growth that is produced by the exclusion of the substance
from every potential source end‘the reversal of such éymptoms once
the deficiency is correctee. Often; it is onl& when the fdnction
of aq:iﬁvvivp process is impaired tha; it_draws attention to itself.
Thus,_the enderstehdiﬁg of‘the normel.role of trace elements ie

often aided by the disruption of their physiology.

Recently, very sophisticated techniques have been devieed
to test the need fof'variOus e1ements and these effoftsvhavevbeen
rewafded in that the listlof essentiale which has been produced is
now likely to be ciose to c0mp1etion. The attainment‘of this -
ijectiVe could'hi;her;o never have been claimed with certainty
beeadée_of the rapid riseiin fhe practical difficulties agsociated
withﬂdiminiShing concentrations. 'Those_exﬁe;iments iﬁ which the,
groﬁtﬁsof rats is retarded whenvthey are suejectedito.a'strihgent
trace element_isolation (301) illustrate the problems; ' although

the control animals are fed the same ultra-pure diet, they remain
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healthy because they can pick up sufficignt quantities of the screened
mineral from their surroundings.  However, there are good grounds for
suggesting that there isva limit to the number of élements that
mammalian life requires and tﬁat this will not be many more than the
twenty five already known (nickel, aluminium and'boron have béeﬂ'
suggestéd aé essentials but their status is_stiil uﬁcertaiﬁ).r
The.most pertinent factor is the'eVOlutionary disadvahtaéeVSufferedi
by a species which is dependent oﬁ scarce qommodities'(2; 301, 72)£
ﬁence, the availability of an element must be weighed againét its =
 chémica1 usefulness. It is certainly no coin;idehce that tﬁe |
composition of the humanibody hés some s#riking pafalleis_with the
composition of séawater and the earth's crust”(294,_301);v Also,
éolubility can iimit biological utilizatibn b& preventingvsufficient
trace element uptake (2). Furthermore,'the strong binding of
nickel and chromium inithe miperals ofibagic magmas has been used
;o'account for the dea:tﬁ_of thesé elemgﬁts in living systéms (548).
v0h the other hand, once a ﬁetal ion has'beeﬁ absorbed, chelatioﬁ_
tends to brevent it being excretéd so most organisms acéumulate a
broad spectrum of trace aﬂd ultratrace elementé. | Shell-fish, for
exaﬁple, are particularly prone to colléctingvheavy metals. Because
ﬁuclides such as-poloniuﬁ are about one miliibn times more concentrated
in thevdigestive.glénds of the rpck-lbbgter, somewhat less than 7.kg
of this material is officially fegarded in South.Africa as a radio-

active source! (604, 605).
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TABLE 1.2

THE ESSENTIAL = ELEMENTS

GRAMS PERCENT OF TOTAL NUMBER OF ATOMS
N PER
ELEMENT . . 70 KG ,
MAN. IN MEN |IN SEAWATER | IN EARTH'S CRUST

1. OXYGEN 45000 25,5 33 - 47

2. CARBON 13000 " 9,5 0,001 0,2
3. HYDROGEN 7000 63 66 0,2
4. NITROGEN 2000 1,4 - -
5. CALCIUM 1700 0,31 0,006 3,5
6. PHOSPHORUS 700 0,22 - -
7. POTASSIUM 250 0,06 - 0,00 2,5
8. CHLORINE 115 0,03 0,33 -
9. 'SULPHUR 100 0,05 0,17 -
10 SODIUM 70 0,03 0,28 2,5
11. MAGNESIUM 40 0,01 0,033 2,2
12. IRON 4,3 = - 4,5
13. FLUORINE 2,6 - - --
14, ZINC 2,3 - - -
15. COPPER 0,10 - - -
16. MANGANESE 0,013 - - -
17. SELENIUM - 0,013 - - -
18. IODINE . 0,011 - Lo - , -
19. MOLYBDENUM 0,009 - = -
20. CHROMIUM . 0,003 - - -
21. COBALT -0,002 - - -
22. BROMINE - - 0,0005 -
23. SILICON - - ' - : 28
24, TIN - - , - : -

25, VANADIUM - - - - -




1.2.2, The mechanisms of the biological activity of transition

metal ions.

A detailed review of the biomechanisms in whiéh transition
metals aie an intriﬁsic part would require a very lergthy ekpds‘ition
and is bejond the'scoﬁe of this work. The field is growing rapidly "
and its déveiopment_is well regofdéd:in a nﬁmbé; of'collecte& répdrté,v
the most recent and comprehensive of which are’ 'Inorgaﬁic'Bibéheﬁiéfry"
(1973), edited by ﬁichhorn, G.L. and_thé‘sé;ies on fMetal'ioné'fn |
biolqgicallsystems' edited by Sigel, H. Hérevdnly'an outline wi1£~'

Se presented to indicate the substantial fole éf trépsitidn elements .
iﬁ bivo aﬁd to communicate several of.the ﬁore_fﬁndamental idegs )
behind the simulétion.of the metalviqn-ligand equilibria in‘biqfluidé.;_
Evaluation éf the metal‘complex concentrations in physipiogical'média
and a‘knpwledge_of th thesé concentrations are éltered, eithervpy
acci&ent,Or by.design, méy c&htriﬁpte considerably towards‘undefstanding
thevoverall funétipn of ﬁeﬁal-proﬁéin éystems. The inhibition of |
enzyme actiQity_by heavy méfai.poisoning is today well known. Also,

in the reversed serse, several inQestigationé'have concerned ﬁheﬁselves
with ﬁhé effect of cheiating agénts.on Systems that are knéﬁn_to be
metal ion defendent (154; 346, 347, 343, 549).  In fact, i;,is the -

| delicaﬁe ba}ance of metal concentrations upoﬁAwhich optimum health
_depeﬁds'(534); Furthefmore; the perturbation. of thesé'conceptrétions,
ﬁithin'tﬁe_normal limits, éctivate and ihhibit particular metabolic
sequencés'and thereby constitute the metal ion éontributionvto the

incredibly complicated system df-physiological feedback controls.
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Mention of the role that.enzymes play in the biochemical
synthesis of organic compOunds.has already been made. It seems no
exaggeration to claim they are the key to life process; almost every
metabolic step is catalysed by one enzyme or another (551). Their
r‘émarkable'acti\}ity has been inténseiy itivestigated for many years
and. it appears, primarily, to be a_conSequence of the interplay::d
between'a number of their features rather than any particular one .
individually. The potential for modification in macromolecules )
generally, provides a #ariety which simply cannot be matchedtby ;

- smaller syatems. This is reflected in the astonlshing range of
highly Spec1f1c tasks that enzymes perform. Their diversity is
exploited in two,ways : the structure of the.protein'creates a
geometrical environment in which ordinary chemical functions attain
extraordinary properties (73) -and the combination of groups, ava11ab1e
from a broad spectrum of permutations, ensures that the 1nd1v1dual
parts are able to react together in a most synergistic manner (339).
More specifically, a lowering of the activation’energy for the |
deSired reaction 1s accomplished by 1mp031ng a series of constraints
on the catalysed mechanism. Amongst these are the 1ntroduction of
strain'in the ground state complex, the stabilization of intermedlates{
the immobilization of atoms involved in the bond breaking and making
process and the advantageous positioning of high reactive functions
capable;of attacking normally inert sections of the substrate molecule
(487;.572). a In addition; the active site needs to be highly
selective.becauee catalytic efficiency must be high for one set of

- reactions but low for all others (534) Breslow haa pointed out that
the organisatlon of the site and the reactive groups must preclude

the p0551b111ty of the enZyme 'biting other parts of itself (372).
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FIGURE 1!,
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¥Figure 1 A whimsical representation of the factors involved in selective enzymatic
-oxidation :

+ from 372
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Both selectivity and reactivity have beeh:associated with another

feature of proteins, namely, the fact ﬁhat they exist as polyelectro-
1&tes with definite regions of Opposiﬁe hydrophylic and charge nature
(339, 73). Thesé'changes produée unusual states of solvation

‘(pOSSibly'Similar to the ﬁoundary béfWeen two phases) which can
enhance the~genefa1 hybridizgtion of properties and thereby create

a chemical system completely without analogy_in thé réalm of hdmogéﬁqus‘_”
solveﬁts and low moleculér weight reageﬂté.': >A sobering férépecfiﬁe,
of these phenomenal catalytic powers is brovided in a-tﬁééry bthhéir
evolution that has been advanced by.Black to describe their contribution
to the origiﬁ of life (562). This picture_is'welivbalanced by . |
Mildvan when he_notes that 'Before ascribing this‘combination of
techﬁiques to aﬁy undue wisdom of Mother Nature or her various male
conéqrts;.we;mus; reca11 that she has had_ng_ years to evolve

‘ énzymeébwhile.man_has had but ”102 years to comprehend and duplicaté‘
them, “'Thus, like érdiﬁafy moft&ls, the fb:ceéiof nature.plod
vélowly;along by tria1 and erfor occasionally making and order of
.magnitﬁdé advancé,.oécasioﬁailyvﬁ mistake fESulting in fhe disappeérance

of a species' (487).

Aithoqgh the trend has ceffainly appeared, the division
betweén 'organic' and 'inorgénic'_has not been as extreme in their
study'bf eﬁzymology aé_ih so-many.other biochémical areas., Thé
reasons for fhis are mainly tﬁofold;_ mostnclasseé of enzymes have

rat 1éésf-one member which is métal ion.deﬁeﬁdeﬁt:(73) and the
vinQéstigations intb tﬂese complicated'sysfems have been ehormously.'
aidéd?ﬁy fﬁe féct'thatrmetals in the active éeﬁtres prévide‘a most
cdnvéhient focué for‘é whole.host of experimental probes. - Since.

the metal ion is so physically and chemically distinct from the bulk



- of protein sur;ounding it, monitoring the variations which occur in
its'enQifonment are faci}itated by its presence; - In this way metals
have been instrumental in reveaiing'much of what is known about the
general mechanism of enzyme action (552, 545, 609, 561); Apart
from the measurements which can be made on the properties.of-the
naturally occurring ion, substitution of one metal for anothef is a -

_powerful experimental technique which has oniy pérﬁia11y beéh>
exploited. Furthermore, a recent innovation extends évaiiaﬁlé_
‘methods by synthesising ligénds with the spécific objectivevof_:
labelling metal—containing enzymes with radioactive isotopes. The
investiéators forsee that- 'The preparation of chelating agents
whoée complexes can interact, in some selected ﬁanner; with biological
macrémolequles could make possible several ﬁew applications of

metal ions as probes of biological systems' (614).

Evaluatéd in terms of the speciallrequiremencs for enzyme
activity, the transition catiénsxare remarkably-wgll-endowed with |
suifable chemicai propertiesf No.un&ue éoincidence_is implied by
this because ﬁo doubt these attribqtes-dirgéted evolutioﬁ's course.

It is neQertheless true that the transition metals' biological :
imporfance is an outcome of the usefulness of a combination of
their‘feéturéé. As fhey.ére most effective co~ordinators, their
ability to bind several dénors simultanebusly enableS'them'fé |
tranéfdrmvbimoléCular to unimolecular reactions. ‘Also, the independence
‘of théif inner énd outer co-ordin&tioh»spheres.can be.utilized for
Cataiytic purposes (544, 487). Béth their capacity to provide a
reversiBle electron sink-and-source and their:stereodheﬁiéalchnstraipts

(which can be changed with oxidation state and other factors) are ideal.
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Whiie‘chelation of low mélecular weight ligands is able to enhance
their reactivity (338), macromoleéules cén exploit this effect to
the full; . So, it is not surprising to find that a'bréad fange.
of_mefai;enZyme mechaﬁiSms have‘béen described ip termsréf.quite
detailéd aspects of the chelation_at the éqtive centre (581, 574,

456, 601).

For operationél cohveﬁience, metal-enzyme interaction
is classified on the basis of binding stability.' Those pro;eins'
which hold the metél ion véryvtightly give rise to the éo—called
metalloenzymes which, typically, have sufficiently‘high bindingb
.consténts to prévenf the ion being extracted dUring thevisolation.
and p#rificafion of the substance (349,'147). This property causes
a stoichiometric relation Betﬁeen the_ﬁetal and'thé protein énd has
led Valiee.ahd Coleman févdeduéé, "that this unique.aésociaéion has
spécifié biological significéncei-(SSZ)._ Tﬁe-roles,pf haémogipbin,
chlorophyll gnd vitamin B,, are good examples. Qﬁ_tﬁe other hand,
numerous labile metal—protein‘iﬁteractions Qcéur'with.nd Speéific or
exclusive‘affiniti forféértéin iop'typeéfand these_ére denoted 5y the .
term 'metél—enzymé complex'.  The chief role of the metal inﬁsuch
systéms.is often just to St#bilize a speciallcthormatibn of the:
protein (552, 363). In general, thése enzymes may be activated By__
a series of different metal.ions. A reversible, competitiV? _ |
association with.ﬁhe metals is set up between the proﬁeins éhd other
1igahds in solution. The equilibrium is easily displaced by pbwérful
chelatiﬁg agenté which are theréfore capable of inhibiting enzyme
activity (552, 154, 346, 347). The re~activation whiéh follows the.
replacementlof the metal in'question underlines the hature of.the

i

]
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metal's role and points to one of the possible means of controlling
metabolic cataiysis in vivo. Mildvan has suggested that metallq?
enzymes and metal-activated enzymé cdmplexes can be distinguished

by a Stabiiity constant valué of 108 ! <574). This dividing
line, however, is somewhat arbitrary and it is important to remember
thét the 'stability ofvmeta1¥éontaining'proteips, like that of
simpler metal-ligand complexes, may be expected to span a considérable
aﬁd cont inuous range of values depending of the nuﬁber of'doﬁd;s and
the geometry of the binding site' (552). ' Although the stoichio-
metfy Qf'métal—activated enzyme systems is nét apparently constant
- (as in the case of metalloenzymes), it hés been noted thét‘in tﬁeir
vancpional state they also have a 1:1:1 ratio with respect to_métals,‘
" enzyme sites én& bouﬁd substrates‘(574), v The enzymes in-bléod
plasﬁé which_are activated or inhibited By met;l ions.appear in.:

Table 1.3 (576, 577, 552).

Two additibﬁal»aspects of ﬁetal'ions in Biologicél roles
are worth& of specific mention alfhough they are an integral paft of
the tépics on.énergetics and synthésis ﬁhich have been discuséed.

The first is the wide-spreéd formation éf adductsvof bidlogicaily
iﬁpbrtaﬁt gaséous molecules by metals supfOrted in a pfotein matrix. -
fhe phenomenon includes nitrogen fixafion processes in which attachment
éf_the moleéule precedes its catalytic reduétipn and oxygen bindingbv
by haemoglobin‘or’similar'systémslwhere reversibility'is the_eSSence of
the reaction (582, 546, 541, 593, 401, 624, 483). The tremendous
import of such processeé on physiology is difficult to describe
adequately. Thé secohd aspect which reqﬁireé some mention, concerns
the party played by metal'ions‘in the structure and replicatioﬁ of the

nucleic acids. Eichhorn and his co-workers have been amongst the
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1.3

 ENZYMES IN BLOOD" PLASMA- WITH AN ACTIVITY THAT IS ALTERED BY METAL IONS

ENZYME

Metal activators

Catalytic activity -

Metal inhibitors

Alcohol dehydrogenase
~ Aldolase

._ Amylase
Alkaline‘phpsphatase
‘Arginase

Céruloplasmin

Glyeylglycine peptidase

Glutamade-oxalacetate
trans aminase

Glutamate-pyruvate
trans aminase

.Lactic dehydrogenase
| Leucine amihopeptidaée
Lipase ‘
Malic dehydrogenase
Phosphoglucomutase

Plasma amine oxidase

++

Zn
++ ++:

Zn .; Fe 3 Mn.

Zn++; Mg++,
Mnf+;-Co++;
Cuf+‘

Mot

S+t
N1

++

Cu.»-'

++
; Co

T

++

Alcohols into aldehydesA

 Hexose diphosphate into triose phosphate
-_Hydrolysis-of starch glucosidic bonds

- Hydrolysis of orthophosphonic monoesters

Arginine into Ornithine

Oxidation reactions
_Hydr01y51s of glycylglycyl g1yc1ne

'Amino group transfer
Amino group transfer

~ Lactate into pyruvate

Hydroly51s of peptides with free amino

on N-terminal LEU.

Hydrolysis of dicarboxylic acids (fat)‘
Malate into oxalo acetate

Glucose~l-phosphate to Glucoée—ﬁ—phosphate:

~ Amino oxidation

oty agt

.Heévy metals

Heavy metals

Héavy metals

Heavy metals

++ 2t
+4 04T

++

Cu ;Pb ;.

g
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most instrumental in formulating the evidence which shows that 'virtually
every stén in the utilization of the genetic code for the evéntual.
production of.thé.protéins specified byithe code is governed in some
wéy by the presenne of.metal ions'»(585), (542, 584), (231,,283).v
Pdssibl& the most étriking information in this regard is (a)bthe
selectivity exhibited by certain ions which ensures that only.de—
~oxynucleotides as oppoéed‘to ribonncleotides nre incorporated invDNA
synthesié, (b) the abiiity of divalent ions to stabilize the. DNA
helix and (c) the role played by copper and zinc cations in the

: reversible unwinding and rewinding.of the DNA and, in particular,
the properAalignmenn of nase néirs whinh is brought abau; by

‘chelation.

1.2.3 . Mineral metabolism and homeostasis.

Blood, as the chief distributor Of_nutrients, enjoyS'a'
prominent position in the scheme of metabolic activity and:it meri;s
attention amongst other reasons, simply becausé it is suchna'vital
link in the processes of absorption, utilization énd disposél. ~ In
many inétances; this fluid acts not oniy as a transpofter but also
as avétorage reservoir so it is npprppriate to consider both these
properfies and specifically, to summarise the metabolism of the

essential transition metdls in this context.

The word 'homeostasis' embodies a variety of ideas (602,
603). The initial impression conveyed is almost invariably associated

with the constancy exhibited by living systems, particularly with
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regard to concentrations. In fact, this>does reflect a fundamental
connotation in that the well-being of an organism défends on 1imited
_fluctﬁéﬁions in its ?internal enVironment'; blActually,‘the control
of‘thisvcbnStancy is mOfe to the poiht.v' Furthermofe, the contrbl
applies ﬁbé only to concentratiogs but also to factors such as the
orgaﬁism's body weight, temperature, fluidvvolumes, blood pressure,
respiration rate and so én. .Anything which hés a beafing 6n the:v
status of the 'interﬁal énviroument' and which is_subjeét to regﬁlation
is includéd.. Morebver,'no absolute constancy is nécéssafily impiied
becauée méhy homeostatic -controls involve.a systematic ﬁériation of
tﬁe parameter in questién; _' 1f céntrol is regarded as'mességés-which'
positivély alter a set of éharacteristics of a receivér, then hoﬁeo~
.stasis may be seen as a cyberﬁétié feedback whicﬁ, at the most-
elementary level, links some kind of éénSbr to an orgah.which is
capable of afféctiﬁg the chaﬁ8é requiréd to returh the-paraﬁe;er to
 i£é'propér 1eve1..} This &emands that'variétion in fhé pérameter‘
' i$ likely or éssentiél ;nd_thAt self rééulation is‘really'the"
“maintenanée of a steady ;taée;>  In terms of concenpration, which is
our priﬁary concefn, the;contrqlling device mﬁsﬁ be ab1e to altef
the input or ouﬁput éf.thgléuﬁstéhce either.by directly influencing
v'fhe supply or removai or by manipulating the émount.Stored_in some -

- kind of internal reservoir.

As far as transition metal homeostasis is concerned, a
" complicated and interrelated system has evolved because no universal
process is capable of rééulating'the whole spectrum of'essentiél
elements and because trace quantities are particularly subject to

severe disturbances as they lack any type of 'concentration buffering'.
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Without .a fairly advanced form oflprofection, inadvertentvingestion

of small amounts of éontaminant'dould easily result in poisoning. On
the other hand, even with.the most effective meané of avoiding
excretion; natural losses of skin, sweét,_blqod, héir and so on would
soon cause géneral deficiencies if the body;s;réserves'were not
regularly replenished. So, it is clear thét a'very fine balapce'.
between supply an& demand must be set ﬁp and maintained. ‘.Uptake-

..of mgtal ions can be controlled by the secretion of cﬁelators into
stomach and intestinal fluids. Lossés may be restficted:by'metaif
biqdiqg oncevthe ion has been absorbéd. 'Exceséive quantities may

élso be rejected by_tféﬁping thg metal in ﬁucoéai cells thereby
ensuring itliq lost when-the cell is fin%lly sloughed. The differenCes
in fransition metal SOIﬁbility, which are céused.by the-variatioﬁ'in |
pH aloﬁg the.gastro—intestinal‘tract,'céﬁ also bejexpldited. Moreover,
when natura1'16Sseé_prove insuffi;ieni;,_activ:atioh‘of‘excr'etv:vion
pfocésses_ip organsASUCH as the kidneys‘provides'an'additiOnal resort.
‘Excretion is, in féct,lthe predominant means ofihdmeostatic adjustment
for cations exéept iron. It has‘bgen shown to be‘contfolled, in sbmé-:
. cases, bylhquonesvproduced in_varioﬁs, distant sensor glands (563).
in'spité of #his_knowiédge, much remains‘tq’be'learned about such
contfolé..' It is easily ;ppreciated thét an ﬁndérstandiﬁg of both
fegulators'and the Sensofs involved would be advanéed by aﬁ ihproved
perCeptién of the équilibrium or near-equilibrium conditions under

which they operate.

Although the characteristics of the transition metals
and proteins have been described in an attempt to show how the

extraordinary powers of enzymes are achieved, the specific effects
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of thesé systems on animal physiology and the.actual biochemical
processes in which they.are involved have yet.to'be considered.

Many of the'indiﬁidual aepects will be presentedhin the'summeries

of copper, ifon, manganese and zinc metabolism which follow but
before concentrating on these, a broader perspective can be obtained
by examining the role which they all play in connective tissue
synthesis. The term 'connective tissue' means that bodily material
which joiﬁS,together the primary epithelial, muecle and hervoUs
tissdes‘(blS); "The cells produCing it may secrete either the solid |
of cartilage and bone or the.fibroue meteriéls used¢in the consttuctioh
of collagen, elastin;‘tendons and skin; ‘Only recently has the
participation of'trace_elemehts in this area of metaholism,become
regarded as a.general pheﬁomenon with'each of ‘the most biolOgically
_1mportant tran51t1on metals 1nd1v1dua11y 1nvolved (447) 'Ho&ever;
.there now seems 11tt1e doubt that they all have the1r own partlcular
part to play, probably by their part1c1pat10n in at least one

essentlal enzymic contr1but1on.' . Both z1ncpand»mangahese.arep
ihvolved in the cohtroliof caléificationlprocesees (479, 436), whilst °
cobalt is 1mp11cated in lipid metabollsm and copper in the formatlon,
of both collagen and elastln (480). Iron is requlred for the- |
.hydroxylatlon of lysine ahd prollne in protocollagen synthesis (482)
and it.has lohg been known that zinc is essential for rapidihealing

of wounds (616, 617). Both skeletal and postural’defects'associated
withhabreduction in tissue mucopolysaccharide content have been-
attributed to mangahese deficiency which impairs at least two different
enzyme systems (4815. In general, an inadequate supply of any of
the above mentloned m1nerals eventually 1eads to connectlve tissue

disorders and in turn, to the variety of pathologles which such
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- breakdowns imply.

Einally,'there follows a short metébolic outiine for each
of the transition metals which contribute significantly‘tb the_§001
"of low molecular weight complexes in blood plasma; The readér is
referred to a selection of comprehenéive accounts on the me@ébqlism
of the other essential minerals (553, 620, 371, 571, 572, 573, 527,

528) .
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a) ~ Copper (403, 567, 191, 596, 371, 587, 608, 610, 146, 530,

553,. 620, 478, 633)

Due to uncertainty that the coppér found in various organisms
was possibiy just a éontaminant, this metal was nbt ;ecogﬁiséd as an
‘essential element until the early nineteen twenties. ,Today, the
established minimum requirement for a.human beiﬁg'is about two milligrams
per day and due to widespread occurence of the mineral it is difficult
t§ consume -a balanced diet which doe; notvfulfil these:réquirements.
Consequehfly, natural cooper deficiency has never beeﬁ,deﬁonstrated

to occur in human beings.

Abébrption_of copper occurs;?Féééiiﬁéﬁtly in the.sﬁomach and
upﬁer int_estinef This pfbcéss is-usualiy ébout 30 ﬁéfcent_efficient.
There ié’evidencé fdr.both active and_passive transpért through'the
-inteétinal}meﬁbpane. As certain ligands, eépeciailY'amiﬁo acids,
increasé‘absofption it ié likely that éhelation ié invélyed and it ié

possiblé"that such comﬁlexesfare absorbed intact.

Oﬁcé the metal eﬁteré'ﬁhe"bloddsﬁream, it is traﬁspéxted'by
‘serum albumin to the-liyer'where it is laggely incorporated into ﬁ
vceruloplasming' The degradation of.this metalloprofein ié possibly
involved in'the synthesis‘of cytqchfoméi.oxidase but little else is
known about its catabﬁlism except thé; ultimately some of its copper
is found in the bile."Né doubt, much of the non-ceruloplasmin copper
in vivo is complexed to protein andvpeptides. As is often the.case
with heavy met#ls, copper fends to accumulaté in.specific'organsv
rather than. appear evenly'throgghout the body tissue. The liver,
brain, heaft and kidneys.contain; in decréasing order,'tﬁe highest

concentrations.
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Whenever copper def1e1ency is induced either art1f1ca11y, by,
genetic defect or other diseases it is assoc1ated with a pernicious
.anaemia in all the speéies examined. The exact function of the metai
in this regard is not known but is thought to involve mobilization of
iron froﬁ'body stores, pOssibly.by oxidase conversion of the'ferrohs.

to the ferric state.

Important copper—containing enzymes include ceruloplasmin,
cytochrome oxidase,.honamine oxidase;.tyrosinaSe,‘laccase, superoxide
dismutaee, uricase and ascorbic acid oxidase. Copper is essentiei
in the formation of both eiaetin ano collagen where it ie involved
'in'the cross—iinking of chaine and so deficiency resultshih defective
connectire tiesue, bone disorders, lack ofipigmentatioo aﬁd_cerdio—
vescularrfailure. Itvhas lohg been known that oopper is‘essential

for the normal keratinization of skin.

Excretion of copper ieealmost exclusively via the faeces
‘and negligible quantities,appear in urine. Bile is inVolved in
the homeostatlc control of this metal and half of the copper thereln

is bound to prote1ns other than ceruloplasmln.
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b) Iron (566, 553, 419, 103, 295, 468, 396, 485, 597, 405,
593, 138, 507, 344, 424, 400, 590, 174, 175, 42,
443, 4b4, 458, 459, 620, 297, 298, 420, 522, 464,

386, 613, 625, 589, 632, 441, 323, 172, 401, 661).

If the theme pr0pound1ng the essentlallty of many transition
elements has created the 1mpre581on that all carry an equal prlorlty,
then this perspective should be corrected by even the shortestuaccount'
of iron metabolism. That this metal is.paramount amongst the trace |
elements is clear whether assessment is made in terms of quant1ty or
vlw1th regard to the number and consequence of the functlons for wh1ch
it is physrologlcally responsible., This is well-expressed by Nellands
when he wrotel'Among_those elements essential to’life,tiron enjoys a

status of extraordinary iﬁportance.- It is involved,in storage and
’transport of oxygen, in electron transport,'in the'metabolism'of N2.
and H2, in the reductlon of r1bot1des to - deoxyr1bot1des (precursors

of DNA), in ox1datlon and hydroxylatlon of a host of 1norgan1c and
organic metabolltes and, finally, rn the decomposrtlon_or utilization
of hydrogen peroxidel. lt is no wonder thatthe ls drawn‘to the” |
‘conclusionvthat lLife, invany‘form,'without'iron'is in all likellhood

impossible’ (103).

The homeostatic control of iron is.quite different from all
the other essential transition elements principally because there is,
except in circumstances’of the most chronic overload, negligible
physiological ability to excrete the'metait This:islprohahl§”anh
evolutionary consequence of the fact that only about one fifth of the
dietary intake can actually be absorbed Because such an amount only

just replaces the natural loss, (a 11ttle through the faeces, and the



28,

rest in blood, sweat, tears and'So on) tﬁere is obvious difficulty in
~avoiding ?egative iron balahce( As a ﬁatteruof c&ncern; iroﬁ_
deficiencf.anaemia has been said to bévsecqnd'only to‘protein ﬁalnﬁtf'
rition‘in the number of.people it afféCts.' Lack Of iron dépresses
growth, causes a reduced résistanée to infection and.as a.consequence
of iron's contribution to the bodj's energy supply proceSses,'pro&uces
fatigue, listlessness and palpitation upon exertion. Thus,, this
mineral needs to be very carefully hdsbﬁndéd. In stark cbntraétvto
the fate dfvfhe porphyrin moeity from héémogiobin, the metal is
remé§ed in thé prbtein degradation and feturned to thersfprage pool.
The‘criticai nature of the position is illustrétediby'the differeﬁce
in the déily miniﬁum requiremeﬁts‘bf adults : whilst meﬁ'négd about
'l,O'mg/déy,and can usﬁally.satisfy-this_démand, pfé*ﬁenopﬁﬁsal women

need 1,5 mg/day and_aré'dften iron deficient.

" As thé_ﬁomeostatic ﬁechanism for iron &oes pdtglie with
, exqfetion; investigation into the processbahd coﬁtrbl of absor§tion
has beeﬁ bothv&eterminéd1$hd'intense; R Ho&evef, other thgn establish_
ing that aﬁsorption does indeed régﬁlate the indgction of fhe'metal?
according to iron statug, littlé has been unequivocably discoverédA
‘that may guggést exactly'how this ié managed. Absbrptibh of iron
takes place throughdut the intestine but mainly in the &uodenum and
maﬁy‘studies héﬁe shown that tﬁe principal factor ihvdivéa%iéhgzmply
‘that of iron solubility. Anything &hich tends‘to make the iron more
" soluble thereby preven;ing hydroxi&e preciﬁifationvas'thé pH rises
upon exit from the acid'étomach, will promoté iron abéorption. - So,
ferrous forms are preferred to ferric. Furtherﬁofe, both chelatdrs

and reducing agents are almost always beneficial. Ascorbic acid is
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well established for its enhancement in both these regards.v
A1ternat1vely, substances, whlch form 1nsolub1e salts such as phosphate,
- oxalate and phytate (from cereals) depress absorptlon as do exce331ve
‘quantities of citrate which encourage polymerlzatlon. Return;ng to
factors which could regulate the process, no humoral substances whose
effect is not attributable to lndirect aCtion;-have7been identirled.
Moreover, the hypothesis that the phenomenon'is controlledgby'conform4
ational changes, induced by saturation, in the plasmalironfbinding vv
protein,_transferrin, has failed to be verifled in vivo. v.
Suggestions vhich assign the control to substances'secreted’into the
'intestinal milieu have prbduced a;fair measure of confusion'and much
controversy. Such secretlons have been c1a1med to regulate passage
of iron through the intestinal membrane by chelatlng the metal wh11st
it is rendered soluble in the acld content of the stomach. .Whether
thls b1nd1ng enhancestr inhibits absorptlon however, is, 1n the-face
,Of contrad1ctory assertlons, unclear and governance by suchvneans isj
currently thought to be un11ke1y More attractlve is the concept
that iron remains solubilized, 1f not by co—ordination'to low molecular
welght*llgands, then by b1nd1ng 'to a mucopolysaccharlde whlch can
carry the metal to the mucosal surface. In any‘event,_the macro—
moletular'ligand is unable'to penetrate the membrane. Hence, iron
must be released either to acceptor sites on the intestinal brush
borders or'to small chelators such.as citrate, ascorbic acid or

low molecular weight sugars.

As soon as the iron enters the bloodstream, it is rapidly'
bound into the primary transport form, transferrin. This metal-protein

complex has great stability because the free iron concentration must
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be kept very low to prevent precipit#tion and»bacterialﬂgrowth.‘
Actually, the cb-ordina;ion is of-sufficient{strengfh'to prevenf
" irom exchange even Between transferrin_moleculés unless the éwop is
mediated by a powerful ligan& such as citrate% {As yet, the exact
mechanism of physiological extraction frﬁm ﬁhis évid'protéin is not
known but is likely to involve one or mpfe‘pf'théEﬁbliowingi;'
alterations :.(i) reduction of the metal‘(ferféuSgipﬁ'ié bound iny ':‘
weakly, if,ét all), (ii) transfer to low moleculér“wéiéhtfadduct§j
and (iii)‘conformational7changés of the protein.  Whether iigéndsv
are iﬁvolVed or not, it is evident at this_stage that the investi-
gation into both the ébsorption and trénsport’prdceéées'Qouid beﬁéfit
from any infbrmation_pértaining to the concehtrétiéﬁé §f low molecuiar
 weight irqn eompIEXeé_ﬁﬁ'vivo;
. ‘ t

.ﬁosﬁ of the transferrin iron is delivéréd to the érythroid
marrow fof‘haémogloﬁin synthesié But a'significant;fractién is tfans—b
éorted to tﬁé liver fofféﬁo;age.and oth;r.purposés. Atbthe.marfow,
the iron is transferred into reticulocyfes whiéh show a marked
preferencé for-the irop¥laden ffanSferfin oVer_thé apbprotein.
RadioactiQevstudiés héﬁe.sﬁown théf absérbéd'meﬁal céﬁ be inéorpératedv"
in hagmoglobip within a mere four hours and that avcoﬁpleﬁe dose is
utilized within a week.  It is this production.of.red bloo& corpuscleél
‘which is first‘affécted by iron defiéiency.’ Iﬁdeed, the reduced
concenﬁration:of haemoglobin in erythrocytes is a principal indication
of this common condifion.- Haeéoglbbin“normally comprises-just'less
than SéQenty percentvof the body's total iron whilst myoglbbin, the
oiygen'binder in muscle tissue, holds about three.percent; - Most of
the remaining iron is stored as_ferri;in, a macromolecule consisting

of a relatively large inner sphere of ferric hydroxyphosphate polymer
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éurfounded by protein. Chelating'agents have alSd-beénfimplipated

in the trénsfer'of iron ‘to -and from thevferritin_resérvdir;-3
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¢) . Manmganese - (553, 568, 481, 462, 620, 257)

The me;aboiigm of copper, iron and zinc have éll been
far more extensively invqstigated.and are much bettér dhdersﬁood
than that of manganése. ‘Even today, knowledge of manganege in-
bhysiology*exhibits a noficeable'deérth of unifying‘pfinciples.
With thejsingle'exception of skeietél defeéts,'ﬁangéneéé déficiency
symptoms are rglatiQely.difficult to induce;: This state of affairs
is due, in large measure, to-the abiiity of other ions, parﬁicularly
. magnesium, to substitute_fof_thig‘transition element wi;ﬁ'only a
small'détefioratioﬁ in biochemical efficiency. By no means does
thiS'impiy that mangaﬁese is a superfluous mineral ( it was recognised
asveSsential_abodt 1930) but the‘systems‘in which'itvparticipates:can

_often continue operating with an glternative metal ion activator.

The_normal intake of ﬁapgangsé is abéuf five ﬁilligrams
,'per.day. | Precisely where ébsorptidh béstAtakeé'élace is still'nof ;
clear,ﬁut thé lécality is certainly not_as speéific as it is with:
iron.v .Excretion provideé the principal meané of hoﬁeostatic-controlf
it éeems well estabiished-that much ofrthe.ﬁetalvthat is returned to
the intestine is reabsorbed and éubsequently again excreted. This
'cyclical procédure underlies many of the éxperimental difficulties
"which are encountered with thié mineral. Excfetioq takes place
largely by way of the bile." Hence, manganese in urine is usuallyl
négligiblef Most‘mammais have a particﬁlariy high tolerance towards
<overdo$é§ of the métal because excretion is both quick and thoroﬁgh.
This efficiency introduces its own disadvantages, however, because
the éxctetéry process, although it can be,moderated, cannot'be gurtailed

e
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completely 8o any cut-off in the dietary supply brings on the symptoms

of - def1c1ency.

Manganese esists chiefly as the divalent ion but provided
the trivalent form is stabilized by some complexation, it also appears
in ¥ivo and has an important role to play. Concenttations of the
mineral afe highest in bone, pituitary éland, mammary glands and.
liver,‘ip that order.. The state in plasma is rather unclear but
~ some. mamganese is definitely,bound to transferrin. Most of thevf
.remainder.is associated with;another. Bl—globulin or'sefuﬁ aibumin.

The. chief -enzyme systems in whlch it part1c1pates are pyruvate
:carboxylase (for 002 flxatlon), arglnase, 1soc1trate dehydrogenase
'Fand glycosyl transferase. This last enzyme is respons1b1e'for an
essent1a1 step 'in mucopoly—saccharlde synthes1s and it is th1s which
causes the connectlve tissue defects whlch are brought on by manganese
def;c1eney. Apart from the ske1eta1 abnormalltles mentloned, other,
effects which arise ftom deptlvatlon ef this metal-are the deyelopment,
of congenitalaataxia,and'a loss of balance due'te defeets in tﬁe.

construction of the inner ear.
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d) Zinc. (553 293, 569 349 529, 479, 362 289, 371

620, 5, 555, 616, 617)

The occurrence of zinc in living material is‘quite.universai
and whilst this in itself pointed to the metal's essentiality, general
acknowledgement of its indispensibility to Iife was not achieved until
- 1934 because the widespread appearance ‘also made thls d1ff1cu1t to i
prove. The minimum daily requirement is still not we11 established
as defi61ency is highly‘unllkely-to develop 1n'persons receiving an
v anerage diet. The figure is probably upward of five milligrams per
day compared with a normal daily 1ntake of between ten and f1fteen |
m1111grams,vi Death from zinc deficiency has never been observed
a1thongh'severe ill-effects which commonly 1nc1ude 1e81ons of the.
skin, skeietal defects, reproductive organ abnormalities;:dwarfism
_and hypogonadism are often assoclated with a general malnutrition.

Accordlngly, these have been noted part1cu1ar1y in the Middle East

i Absorptionvof:the_metai occnrs chiefly‘in the‘distal_
portion of the small intestine. Once again,.complexation to iow
molecular weight 1igands'has an important function because zinc
solubility drops sharply'as.it‘moves from an acid to a neutral
environment.. Amino acids, peptides and some synthetic chelating
agents increase absorption in contrast to phOSphatedand'phytate which

- form insoluble compounds with the metal ionms.

In blood, about eighty percent of.the‘zinc is held in
the erythrocytes (almost a1l of‘this is contained in carbonic anhydrase),
fifteen percent occurs in the plasma and approximately three percent

in the leucocytes. Thete is considerable exchange of the metal
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between the red blood corpuscles and the plasma pool.

The bones (which are the major storége locality), tissues of
the eye, the prostate gland and skin'éll_exhibit high concentrations

of zinc.

The ;émarkéble acceleration in the healing of wounds which
follows zinc administration is well known, and hééjﬁeén aftfibufed
to the meﬁal's role in commective tissue synthesis.. Zinc hés-lohg
been regarded as an.integral part of insulin although’this:is no
longer accepted.impliﬁitly because of the impossiblity of an in vivo
investigation in'the absence of the metal. The number of zinc
metalloenzymes and.metai;aétivated enzyme complexeé is lggion, amongst
the more importént Béing carboxypeptidase, éarbonié anhydfase,
’alkaiine‘phOSphataéé, uricas¢, arginase, enolaSeiénd the a1¢oho1 _

malate'and glutamate dehydrogenases. .

Most of the excretionvof zinc is inythe faeées althoﬁgh'-
significant‘amounts,areAioSt in sweat ahd skin. Somewhét'iess than
ten pérceﬁt of the'dietary:intéke éppearsvinvurinei 'CleéraQCevrates
'~vafy widely from one orgéﬁ to another. ﬁomeostatic coﬁtrol_resides
primarily with excrétion but there is evidence that regulation.is
also imposed upon absofption in spite of the fact that the absorﬁtion_

mechanism probably does not. involve an active transport.
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1.2.4 Transition metals and disease.

In their discussion about the implications of trace metals
1n human diseases, McCall et al, have commented that the trace metals
are more diverse more 1nterdlsc1p11nary, and, often, more misunderstood
than any other group of constituents essential to biological function'
(478).  Now, although this is, indeed, applicable to all trace
mineral biochemistry, it is.particularly pertinent in thefcontekt of
metabolic malfunction. Whilst an enormous volume of data-has been -
collected;on'the fluctuations of metal concentrationsﬂiﬁ vivo that
occur with a host,of.illnesses;.it,is difficult to cocordinate'this
1nformation and to formulate hypotheses that may suggest how and
why these concentration changes take place. The authors mentioned
above, go on to say’that‘trace_metalsv fhave been implicated in
diseases since it was first shown that metals were an integral‘part
of metabolism' and'that there. 'are few diseases of any conseQuence_
which are not accompanied.by changes in the cOncentration'Of one or
more traceimetals‘in some‘tissues or body fluids'.v | Yet, even today,
very fem diagnostic techniques based on trace metal imbalancevhave
been developed. Whilst there are Statistically significant increases
of copper and to a lesser degree, decreases of zinc with most patho-

'loglcal condltions, a 1arge number of patients in each category
exhibit values that are we11 within the normal ranges (631). . The
picture.is further complicated by the treatment of diseases with drugs

that may alter metal ion‘distributions'by'chelation (478).

Before the implications of the trace metal ‘involvement

in human diseases can begin to be appreciated, a great deal must still
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be learned about the normal metabolicvinterrelationships that exist
between trace metals.. - Once agaln,‘there is verynlittle.theory upon_
which to hang a good deal of experimental observation.. In fact, only

a few principles have'emergedr Reports of antagonistic and sympathetlc
relationships between different metals abound in the,literature. For
example, excess dietary zinc_can induce a copper deficlency which then
upsets thelmetabolism of iron and thereby causes anaemia (567). Also,
'_the effects-of copper and other heayy'metal excesses can,be,_at least
partially,valleviated by zinc supplementatlon (569;.3435.v ~ The inter-
»relationships of iron with.other_metals have been the most investigated
(596, 523,v626, 627); The-link'betWeen copper.an& iron‘metabolismhis
most important as it involves haemoglobin blosynthesis;' the ferroxidase
activity of ceruloplasmin releases iron from the body'stores‘(547);

The action of'heayy metal poisons is believed to bejdue,iin part, :to

the replacemeht of benevolent ions from proteln and enzyme systems.
Somellnteractlon between dlfferent metals is attr1butable to competition
for common 1ntest1nal absorptlon pathways (see,_for example, 627).
Also, it appears that the ratlo between two metal concentratlons 1n'

11V1ng systems is often more 1mportant than the1r absolute Values (606)

Although transition metal concentrations in vivo are
commonly observed to change durlng many pathologlcal cond1t10ns, 1t
is often d1ff1cu1t to establlsh the extent to wh1ch an imbalance is
a _cause rather than an 'effect' of the dlsease_and its symptoms,
- Nevertheless, for the purposes of this discussion, one may distinguish
three situations in spite of the fact that there is actually a grad-
uation between them. The first is the most clear-cut. This is

. because it is the extreme situation of poisoning or deficiency which
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ia imposed'by.an unbalanced diet. Obviously, such circumstancee are
ultimately responsible for'all.the symp toms which accompany.them.
The‘second is simllar to the first in that the effects of,poisonlng
pr‘deficiency are also‘induced buthln this case,vthese‘are-due to a’
defect in the:primary hcmecstatic control of'a metal ion. The over-ﬁ
all result is still, clearly, too much or too little of the metal in
question. The third situation also entails alterations in the
concentrations ofimetal ions aa a consequence of the disease‘but it
»differs frcm the others in.that the source‘of the disorder doesvnot
necesaarilyvinvolve_metal_ionS'directly. | The imbalances result

from the disturbance of many related physiological reactions;
Furthermore, the changes are less lnclinEd to pivot on a single type.
of metal ion and the d1rect10n of the stress is not so pronounced
because concentrat1on upsets are more of an’ effect' than a cause

'of ‘the d1sease. A knowledge of metal ion part1c1pat1on in s1cknesses
_belonglné‘to the thlrd'category is 11ke1y'to y1e1d the r1chest reward
because those -cases in wh1ch there is a more d1rect metal 1nvolvement
are relatlvely_rare; At the same t1me, the very fact that the trendsf
are less definite means that they are 1esa_con31stent and harder to

monitor, systemize and understand.

;. Cancer-ls an excellent example of a“diseaselin the'
third'categcry. Thia notorious and intensively studied disease 1is
almost invariably associated.with high zlnc concentratibns and low
copper contents (293). Cancer cells, therefore, have a greater need
for exogenbus zinc than their normal counterparts (638). They-
usually show elevated potasaiumllevels, reduced calcium concentrations‘
and lower pﬁ (638). Furstvoutlined the relationship between metals,

ligands and cancer in 1963 (620). Since then, chemical carcinogenesis
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as well as canceritherapy has been increasingly.associated with both
metals'and ligands. Most non-metallic carcinogens are potential

| chelating agents which may, for example, 1nh1b1t enzyme systems and
thereby initiate or promote the malignancy. On the other hand,

many therapeutic agents are also potential metal ion binders and may
be effective because they are able to transport the ions in question
into or out of the neoplastic cell (320). There are few tranSition
metals thatvare not potentially capable of inducing cancer (637) but
‘thls should be viewed in light of the fact that many widely used
materlals, some as 1nnocent as glucose, have been made to produce
malignancies in test animals. _Conversely,_a range of metal anti- -
tunour compounds-is nell'known (72). Some platinum complexes,
especially, are spectacuiarlyieffective in certain cases although
these 'are not likely to. be a panacea for all cancers' “(320). They
are belleyed to proceed by way of .interaction w1th nuclear DNA In
this regard, stereo spec1f1c1ty has proved to be an 1mportant and
1ntr1gu1ng factor.' Other chelates, espec1a11y some 1nv01v1ng
coppergvare also thought,to exert their selectlve cytotox1c activity v
by inhibition ofVDNA synthesis (638). The investigation into the
mechanisms nhereby'metals andkligands enCourage or.suppress carcinoma"
" has now reached the stage where the actual de31gn of drugs has crossed
the threshold of fea31bii1ty. D.R. W1111ams has reveiwed metal ions
and amino acids in this'context (82)f Such avcoalitlon between
chemistry and medicine“is_; ponerful_defence again;t-disease and

so it‘is hoped that the present;research1project can contributevtowards
this goal. There are many_possible applications. ' For example, one
may investigate the nature of theaactual complek of the metal.which
exists in vivo, It should not be forgotten that in blOfluldS many

spec1es will be sufficiently 1ab11e to undergo modification, by 11gand
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‘substitution. Thus, the administered compound is not necessarily

the active form.

Other diseases in which metal_ied concentrations
are characteristicaily disturbed but wﬁich cannot be c1assified»as
" an expressien of metal deficiency or'poisoning are numerous,
Representative exaﬁﬁles‘includedDiabetes, Encephalitis, Hodgkin's .
disease, Parkinsoﬁ's syndrome, Rheumatoid'Arthfitis and Schiaophrenia
(294, 494, 491, 489, 490, 191, 293, 470). This does not mean that metal
ion intake eannot influence the condition. Qn_one:hand,!heavy metal
.pqiSQnisgjean initiate otviﬁtedsify the'symptods_(e,g,;in Parkinson's . .
syndrope (294»;whilst inﬂdiffereht cireumstances, metals and‘metai
- complexes may alIeViate the conditioh (e,g.,ceppef_armbaﬁds and
baﬁgles are pepularly‘thoughtvto'be beﬁeficiaivin many Rheumaticf
illnesses and although this is difficult to substantiate.scientifieallf
~ there isua growidg body of eVidepcevin sdpport‘ofvthe‘edntentipn (e.g.
‘493)). Rheumateidiarthritis,vin faet, serves as a geed reminder of
the complicated.interplay of metal ion teactiohs ia physio;ogy ﬁtich
ﬁust be'unraVelled Befote,Systematic chemical therapy can begin te
sueceed; ‘Conflicting epinions aslto the eause, treatment and the
role of metal ions in thls dlsease abound (see, for example, 469, 492
495 496) . In this regard, cons1der the relatlonshlp between iron
and COpper ﬁetabollsm. Few 51gns of Rheumatlc affliction are more
characteristic than anaemia (471). The causerof this is an inability
to utilize iron Body stores. This islbewiidering because ceruioplasmiﬁ
1evels -are often raised and as menttoned, iron moblllzatlon is one
of the vital functions of ‘the metalloenzyme (472 497, 494) It is
also temptlng to speculate about the cqnnectlon between copper-

orientated therapy and the ceruloplasmin increase but the same increase

] . v
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is commonly observed during most inflammatory diseases so a direct link

is by no means certain (Meyers, 0.L., private communication).

Attention may now be foeused on those-pathologicel conditions
which ate associated withzactual metal poisoning and deficiency. In
addition to cases which arise from an unsatiSfactory metal'inteke, |
~there is a number of physiologicél &isorders which Specifically‘inter—.
fere with the normal inorganic homeostssis‘controiiprocesses'(474)}

Apart from.the fact that a.physiological'malfunction may affect only

a limited part of a mineral's metabolisﬁ and thus deplete or hoisbn
only a few body compartments, the consequences of too much or too 11tt1e
metal in vzvo are obv1ously 1arge1y 1ndependent of the cause. For

thlslreaSOn, these two categor1es'w111 now be_cqns1dered together.

h As outlined}in Section 132.5, inshfficieney ef'essentiai

' metals deactivates enzymevsystems shd thus, impairs the growth ef‘a
1arge var1ety of body tissues. This factor is primsfilyvtesponsible

for the specific phy51ologlca1 defects observed in metal deficiency
d1seases. Menkes's kinky hair disease, for example; arises from a
genetic'defect,whieh'prevents the propet absorptioh of cepper. ' it_ﬁ
eauses arterial degenetation, cetebral-degeneratioh, hyhothetmia,
peculiarbhair changes and'bonellesions (622, 357, 403, 628, 6)f
Fortunateiy; thete is no counterpart'of'this condition knewn in either‘
zinc or mangenese metabolism (474); Irdn'defieiency and the anaemia
that results,,havevbeen-dealt with in some deteil (see, Section 1.2.3
and additional references 598, 599, 600)t' In all cases of deficiency,
it is clearly desirable to be able to raise the bodily or comhartﬁental'
metel concentrations. Section 3.2.4 ihdicetes a.possihle means where-
by the simulation of metal ion distributions in biqfluids canwindicate

 how low molecular weight complexes could be set up to_bypass defective
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absorption pathways and introduce metal directly into the bloodstream.

| There-is no doubt that a eombination of effects-contri—f
butes to the.conseqnencejof metal ion poisening, whether this is the
result of enceesive intake or‘physiologieal.disorder; The disruption
,of.enzyne systems by malevolent replacement of -essential types.of
metal_ion.ie probably the most serious factor. It eertainly underlies'
a large number of the éymptoms which arisevfrom'thisfkind of bio-
chemical trauma. The strong affinity for'many‘bieehemical.sites by
metal ions in general may severely ‘interfere w1th numerous de11cate
organ1c processes whenever these must take place in the presence ef
high concentrations of the offending element. _This could be over and.
above those instances when,an essential metal ion is lost by cempetitive
substitution; Many‘revleﬁs detail the toxic. effects'of the nhole range'
of trace elements (for two of the more recent, consult 343 549)
hFor example, mercury, cadmlum and lead all 1nterfere w1th cerebral
pyruvate metabol1sm and s1mu1ate thramlne def1c1ency (343) It is -
also knewn that 1ead toxicity 1nterrupts the syntheels of both haem
and globin; not surprizingly; this leads to anaemia'(343). - Under
chronic conditions, all metale tend'to bevdepoeited in certainvOrgans;v
‘This'is,obvibnsly lethal unless arreSted and medieally reversed.
The toXieity of e#éess metal ion has also been-suggeSted to beldne,
at leastvin part, to the alterations which they can induce in -
cellular membranes. - Changes in function and permeability are

produced, especially by copper (623).

As far as severe metal overload is ‘concerned, it is
sufficient to consider just two of the more important conditions which.

beleng_to;this pathological category. They serve as good illustrations
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of the type of.prqblem which may arise. The first of these diseases

is particuiarly pertinent in the Southern African context as.it is
ubiquitous‘amongst.the Bantu peopies of this éubpontinent. It is cailed
Sidefosié (468). 1t differs from other iron ovérloéd conditions, such
as idiopathic haeméchromatosis, in that it is not brought abogt by

..some abnorhality'in mucosal behaviour. Thé overload results from gross
excesses of dietary iron; between 100 and 200 mg per day are commonly
‘ingested. This is to be éompared with a dailjbrequirements of about
l,SImg aﬁdva‘normal Western diet which containsvsomewhaf less than 20 mg
per daylk386). The iron stems from cooking pdts ana drqms‘which are
used to prepare food and an aicoholic,vhqme-bfeﬁed 'Beer;.. The

staple cafbohydraté'diet'mékes matters-wOrsé bécaﬁse.the polyéaccharidés,'
by complexation, keép the»metal solubilized in the reiatiyely alkaline
‘intestinal fluid and appear to transport the métal-directly ﬁhrough

the mucosal barrigr} Once the iron bindihg capacity of thevélasma
'transferriﬁ'ié-ekgeédéd,_thé meta1 begins to-be deposited in a number
of.organé,'par;igularly the livervand urinary exérgtion increases
méfkedly (405).. I; ié egtimatéd that the majorify of Bantu suffer from‘
Siderosis and that over 20 percent are sevefly'affected'(468), It ié
noteworthj that'the.ﬁorméi,vprotéctive_ﬁpcdsallbloéké arévnof’inféllible
and, in.faCt, afe clearlyroverwhelméd.\>:"Thisﬁéuggeétscth;t‘ifggv
-deficiéncfvénaémia, a far more frequent occurence, mayvaSSibly_bé
correéted by_a therapeutié strategy based on a knowledge gf how the

mucosal mechanism is by-passed.

The other exémple of metal overload which is to be
considered, is Wilson's disease. Hére, copper levels are elevated as
.a.result-of'ah inability to_dischafge the'ﬁetal from the 1iver‘(l91).
This syndfpmé,‘otherwisé known as hepatblenticpiar &egeneration, has

been the subject of-ﬁany hypotheses but to date, none of these can be
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accepted as proven (403). Like most other inborn errors of metabolism,
this rare disease is lnherited in a recessivetmanner (341). Although
a complete set of. symptons is not common to every case of Wllson s
dlsease, the very large maJor1ty of'v1ct1ms exh1b1t a varlety-of_
neurological abnormalities (such as tremor, dyston1a and atax1a) w1th
cirrhosis of the liver and less often, cart1lage d1sorders (341)

Most pat1ents are about twenty years old when the condltlon is first

. detected although this is qu1te var1able (191)7 The uncontrolled
d1sease is lethal and sometimes swift but once again, thls is subJect
to 11tt1e uniformity (530) Death usually results from haemorrhage
and:lfver failure. Copper concentrations are then 1nvar1ably found
,cb bevelevated ln the brain and the 11ver. The. k1dneys also usually

' show 1ncreased copper levels whllst plasma values are reduced as a
secondary effect of the characterlst1cally low ceruloplasm1n concen-
tratlons (191). Fallure to 1ncorporate copper 1nto thls‘metallo—.'
‘prote1n 1s a most 51gn1f1cant aspect of the d1sease but the exact
Teason for th1s and 1ts actual role in the consequences of the disease
are;st1ll unclear.-_‘Thevpresence of a prote1n with 1ncreased copper

~ binding capacity could emplain most clinical observations;_ it would
appear that the defect must occur prior to both the excretlon of copper
and its incorporation into ceruloplasm1n (403). This hypothe51s‘

has recently heen supported by evidence for such a copper brndlng
macromolecule but this has still to bevconfirmed (640). Although
rare, Wllson s disease has been v1gorously investigated (see, for
example, 341, 191, 352). .In thls regard, it prov1des a perfect
‘example'of‘the contribution which,research into physiological disorders
can make towards the understanding of both normal and abnormal

~mineral metabolism (341).
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. Handwriting of N.Y., a patient with Wilson’s discase: (upper) of ter one year of
-intermittent treatment with BAL, and (lower) again after 26 months of treatment with
p-penicillamine HCI, 1800 mg daily. . ‘

'+ from 342
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Today's»growing concern withvpollutiqn is certainly a
most powerful factor eddcating ﬁhe man in the stréét towards some
-awareness of the biological implicatioﬁs 6f.the-heavy metals;; In
' particﬁiéf, thg toxicity of many ﬂén-essential trace elements has
been emphésiééd, sometimes to a point of ﬁySteria; | It'hés been
primarily described in terms of industrial waste and.the»con;aminatiop
of‘consumébles. ﬁhilst there is no denying the éeriousness_of both'
these instances, a better balance wou1d recognize that all metals,
~ even the most essential, are lethal in high concentfagion" MdreOVEr,
it would be wise to féfleét‘that cases of acute poisoning répresent'
.ohly one‘side of the probleﬁ. 'Still unknown is tﬁe influence that
'Smail amounts of éﬁch-substanceg.haQe on‘ﬁan when ingésted.or inhaled
- over a prdlqnged period‘of tiﬁe. Yet, this is.ﬁrobably Fhe most
imporfént‘aspécfvéf trace éubstanCe eprSure' (549); _ Ohé éf the
mosttfrightening thoughts ébput this tYpe‘of 1bng.terﬁ infake c§ncerns
the mentgl énd'psfcholdgiggi conseqﬁeﬁcesu Metéls.tend to con¢qn£rate
in ali.body qféans.and the brain is né exéeptiOn. 'Metais qu implicated
in a numﬁér-of intellectuai &isorders apd in gener#l behaviourv(see,
‘for example, 473, 513,_430, 432). . A éhoft cénsideratioﬁ of lead,
alone,»will suffice to illustréte the point._ Bryce-Smith has questioqed
. thé adeQuaéyvof ﬁodernbfoéd regulations_pertaining to this metal (431).
ﬁe claiﬁs thﬁt lead causes brain damage and prodﬁces:a hypefactivity'
with a‘predi3position towards delinquent behaviquf._ ' Thié is suﬁported
by a study of lead blood levels ofvprisdn inmates compared with those
- of normal, city-dwelling compatribts (430, 432), These and other
.similar fésults merit deep coﬁcern, espeéiélly when onée fdéuses bﬁ
the high lead éoncentrations’which have been found to accﬁmulate in

the. blood of people residing close to some motorways in Britainl(634)}
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Before leaving the.t0pic of pollution and heany'metel

: tokicity,'it is difficult tolrefrein from commenting cn those individuals
whc,'discontented withfgenetal background concentrations,_wilfully

~ expose thenselves‘to considerable additicnal amounts of cadmium,

nickel and other trace metal poisons. - Cigarette tohacco contains
relatively high concentrations'of these substances. So, even

moderate smokers annuellyvinhale several times:the'amount of nickel_
required to induce tumours in rats (549). inhalation,_in fact, ds |

a most efficient means of absorbing trace metals.

, Although in thie'discussion.little mentdon hes.sd far
,heen7made ofvtheitole cf,medical chelatingvagents,‘it ie clearly" ;
often‘desdtabie to adminieter‘a drug in order tbrremoﬁe‘unwented .
.metai_ions.A‘ Some such compounds'in enefyday uSe'ate deferoxamine.‘
and penicillanine;v. The former ‘helps in cases of 1ron overload (402)
. WhllSt pen1c111am1ne is the currently accepted treatment: of Wllson s .
disease (342). In fact, the overall development of therapeutlc |
viigande:has not been neglected (7, 4025 236, 534, 536,_537‘ 188, 229)
hut.until recentiy theré has been a-distinct lack'cf eystematic |
approech. ‘ Progfese has been laréely-a mattet of trial andferrot,>
.although 0ccasiona11y.compounds were suggested hy analogyf Thus,
even_today, there ate relétively few medicel chelating,egentsiin use
and these tendlto exhibit general rather than epecific'binding
‘properties; " For example, BAL (2 3 - d1mercaptopropanol a11as
Br1tlsh Ant1—Lew151te) was or1g1na11y developed to treat the tox1c
effects-cf Lewisite (an arsenical mustard gas used in World War I)
but has since been administered quitefwidely to counteract a variety -

of heavy metal poisons. »Unfortunately;vboth'EDTA (ethylenediamine-
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. tetra acetic acid) which_io usually taken as its daughter compound
.galciumvdisodiumiedetate and penicillamine are also non—séleétivo.
' “ These drogs are all well established and'therefofe enjoy an advantagé '
because the risk inherenf'in tho use of any dfug.is obviously

greatest when it is'first introduced. HoWeVor,oit'should noovbé
difficult to appreciate that a search for new ligands,'especiallyvfor
those which are aole to discrimihato between different metal ions,
could produce some substéotial_improvements; Indiscriminant ligands
tend to romove essential ions such as’zinc in addition to-the toxic
ones. Moreover, ﬁgny chelating ageﬁts are_themsel?es poisonous,
opartioolarly in high ooncontratiohs.j So, a systematic orUg désign

: must atﬁempt,to ovorcome'both theso liﬁiting.factors;.' In this
| regard, a number of principles are beingvincréasingiy recogoiseo.
'Hard aﬁo soft acid and baso prooéfties must bo éxploitod (534, 224);
Whenevér posoible, drogs should be builtxfroﬁ non;toiiC3oob—units
ouoh‘os_amino acios Qﬁich:are harmloss after the'ooﬁpoopd has been
biologically degraood. :Efforts ﬁo.undefstandband simplate the
‘binding sités_of nétore‘s’ﬁetai—carryingvmacromolecules are potontia11y>
most»rewarding. Both of the last two_ptinoiples havelbeéo‘embodiod
in'the‘syntheéis of a peptide with which it is hope to improve upon
‘ pénicillamino in the treatment of_Wilson'é disease (641). The tripép~
tide mimics the copper'bindihg site of seruﬁ albumin and therefore,
should be able to compete effeotiveivaith the'protein in vVivo. It
is expected that the copper complex will be small enough to cross the.
biological_membrané in the kidneys and hence, be excreted. Another
development with much:potential is.the'construction of cyclic molocules
with se1ective ion binding in the.interior of the ring.(398). By

matching'the size of any chosen metal ion to the internal diameter -



_of such a ligand one hbpes to ensure that‘it will discriminate in a
pre-determined manner. Fufthermore, the 1eséons which can be learned
'.from medical cheiating agents.already in use 'should nof be ovérlooked.
For'inétanée, in_;he seafch for powérful 1igaﬁds it is gaéy_to'négléct'
the fact that unless ternary complexaﬁion fbrﬁafiQn'is possible, the.
chelating agent may be unable to éXtract the_iqﬁ from its mac?o-
molecular-transporting.ageﬂt; It has been sugge;ted thét the exiStf'
ance of é ternary complex is a neceSsary'stagé in the migration of~
‘copper from serum albumin to the»penicillamine c§@p1éx (269). If

: this'is_indegd the case, both dénticity énd(ligand bulkinéss are
féctorévﬁhich should be tékgn info consideration. Finally, the
 performance of metal chelating agenés in biofluids may be evaluated
'by_computer simuiafion. . Thisfis COﬁsideped‘in'some-detail in

Section 3.2.4.
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1.3 ' Blood and metal ion transport.

A compariéoﬁ of the number of pageé devoted to é synOpsis
on many of the body fiuids by thaf excellent publication Documehtg:
‘Géigy.'Scientifié Taﬁlés' (577) clearly reveals the superiority of
blood ovér the other»fluids as far as accumulated knowledge is
cOncerned; The sheer bulk of the data that hés been collected
about‘bIOOd reflects both on its.imﬁor;ancevand on the'felative ease
with which it may‘be sampled and studied. The biological funcfions
of this'fluid are_mény and varied (618, 606). A means 6f supplying‘
qutfientéfand removing wastes‘is inﬁerently neéessary whenever organs
and tissues are physically séparate. Thqs? fhe moveﬁents of meta-
7 b61ités throﬁghoutvthe_body is, obviously, a moét fundamental concern.
'.Bloodsi>fole'in respiration, alone, f6r exémp1é, requiresvc0untér—
'currénés df oxygen and carbon diéxide. ' Th¢ homeostatic functién
of‘biodd invqlvés a.variety Qf c0nfrols in.addition to general #ervice
asvajétqrage rése;§oir.‘ Thése inclﬁde acidfbase homeosfésis, Body
vfluidfbalénceé and tgmperature.fegulation. 'Blood‘is also ; key -

factor in the body's defence against infection.

, ”Whole blood consists of a pale, straw—yellowvfluid called

" plasma in which the platelets and the red and white blood corpuscles
are‘éuSpended_(618), Tﬁe suspended particles are qalled ’tﬁe

formed elements' of the blood. The.platelets are éytoplasmic particles
withpﬁt a nucleus and are involved in the blood clotting process.

The rediblood corpuscles or eryfhrocytes also have no nucleus; their
chief constituent is haemoglobin. They transport oxygen from the

lungs to,thg tissues'whérg-it is used. On the other hand, the white

cells or leucocytes do have a nucleus. - They are primarily concerned
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with the protection of the body from infecéion. Healthy adult males
‘'usually have a whole blqodvvolume of about 5 1itres; approximatély-one
_third of which ig océupied'by the formed elements (577, 618). Blood
plasma consists of just.ovef 91 percent water and about 7 percénf

- protein (618); The total protein cohcenﬁration of_plésma is between
7 - 7,5g7100m1: (606). Inorganic salts and low molecular weight
organiévmetaboliteS'constitute most of the.small_plasmé fractioﬁ

remaining.

_There ére,three_types of plasma prdtéin in mammais"(606,
¥618). Thé firét is.albumin,‘ﬁhich accounﬁs.for over half of the
iftotél.. This is a multipurpose m#cfomoleculélbu; is.eépecially‘.
 fe§p§nsib1e,for the maintéﬁanée of the‘oéﬁotic pressure between the
| tissﬁeé and the blood veésels. Néxt,’tﬁere are the globqlins. These
also haye.mére thanjéne fﬁﬁction.- : Théy are’résbonsiblelfor:the
» traﬁspoff,of iipids, hqrménés‘and sﬁgars.' '.Many of fhe Y?globulins;.
ére‘antibodies. The_fhifd type of piasﬁé protein is_fibriﬁogen. |
- This particularly elongatéd macromolecule is aiméjor.cdntributof in.:

‘the coagulation of 5100&. This coagulation is actually a most

'faséinating.and'complicated prbcess which involves many sb—cailed
;bloodvclotting factors'v'includiné some a- and B—globtliné, as well
as calcium‘ions.' Blood serﬁm ié the liquid which is exuded from
blood dufing‘the_coagﬁlaﬁion. It difféfs from plasma.in that the
" fibrinogen is converted to fibrin during the clcttingiaﬁd_iS'thus
removed from the fluid (608).v The relative sizes and shapes of

the plasma proteins are shown in Figure 4 (from 618).
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1.3.1 Metal binding proteins in blood plasma.

Protéins are the major transpofting agents for ﬁeCal ions
,in'blood plasma.  The protein—bound'me;al'ion ffacfi¢n is.insignifiéaﬁt
only for sodium and ﬁotassium.‘ fhé perdenfage'Of these éikéli.metalé.
attached to macromolecules is very small not'dnlyvBecaﬁse‘tﬁeir.bind- |
ing is weak but also as a cﬁnséquencé of‘tﬁeir féiatiﬁely‘ﬁigh plasma
cohcehtrations (575). With calcium aﬁd‘magﬁesium, the metal ioﬁs
complexed.fo prdtein are bften_in lower.conceﬁtrétion thaﬁ the free
“ion but, éspecially for_calcium,vthe magnitﬁdeS'pf both these fractions
are éiﬁilaf (57?).'vv11n thé‘Case,qf the_transiﬁion ﬁetéls; howevef,
profeiﬁs bind the ?ery large préportion of'thesé élgments ih plasma.
The:ffaction‘of cations bound to low molequiér weight iigands is
‘iﬁvéfiaﬁly_smallll.:Thié is pérticﬁlafly true of the tfansitioh
elemeﬁts_copper, i;on, lead,_manganeée_aﬁd,ziﬁq, wifh whicﬁ.this
'thesig ié céﬁcerned. | Nevertheléss,'Laﬁréll has.pdinted éut that
éven_thoughia certain tyﬁe of cation affiﬁity:may predémiﬁ#te; this
.dbes_not exclude £he possisiiityféf the:smaller fractions ‘pbsseSsing
.a:much.higher specific activity in certain_bioéhemicé} prddess¢s-and | |
thereby beingvof greét'phyéiologiéél importance' (575). - dn the-othér. 
hand, the Hisfa;ity betWeeh.the-various'métal ion fractioné of plésma
i$ of cbncérn because the behaviour of the low'molécular.weight o
‘fractiop.méy easily be dbminated,by’metal-brbtein inferagtion; The

protein bound metal fraction thus merits further consideration.

The protein which is most likely to control or seriously
affect the low molecular weight distribution of most metals in blood
plasma is albumin. - This is not only becaﬁse'it has a rélatively

‘high’ concentration. . Serum albumin has the least specific cation
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‘aff1n1tybof all the 1mportant metal- ~binding prote1ns - ‘Apart from-
‘anything else, it has a h1gh net negative charge at physlologlcal

pH (190) "In fact, the interaction of serum albumln with a whole ‘h
range of ‘metals has ‘been exper1menta11y.1nvest1gated (see, for example,
22, 23, 24, 28, 31, 32, 33, 160,_178, 445, 446), It is potent1a11y,
a most powerful binding agent for the. large majority ofdbiologically :
important‘netals. As‘it contains numerous, 'hard’,'vcarboxflateh-
groups,uit‘is particulariy well suited torco—ordinate the ionstof
calciun:and magnesium, both'of nhich‘appear in much larger concentrations
’than‘the transitionlmetals. ! This protein'is thus a'dominating factor
in the percentage of a1ka11ne-earth 1ons in plasma which are prote1n
*bound However, it also possesses, at its amlno—termlnal end a
c0pper-b1nd1ng 31te of great 1mportance 1n copper metabollsm (31 i73,
177,-178, 180, 181, 190) It is this site whlch-carrles the metal,‘
after 1t has been absorbed into the bloodstream, to- the liver for

' 1ncorporat10n into ceruloplasmtn. In addltlon to serum a1bum1n s
role as a transport1ng agent for essent1a1 ions, it also has been
~demonstrated to be able to moderate the toxic effects of metals (623).
Moreover,.it.also binds a number of~organic netabolites which wbuld..
‘otherwise be‘difficult to'keep in aqueous solution. The moSt important
of these are bilirubin and the fatty acids; the free concentration

of these hydrophobic molecules is maintained at about 1/5000 of their
total plasma value by b1nd1ng to serum albumin (190). Piasma trypto-
phan, three quarters of which is also attached to a1bum1n protein, |

- is the only amino acid markedly affected in this manner'(556, 239).
Serum albunin, with a molecular weight.of some 65 OOO-daItons, is
formedvin'the liver (190). It is assembied from free anino acids
by'the normal ribosome mechanisn for protein’construction (190).

'The’synthetic machinery'performs the remarkable feat of selecting
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“and linking all 575 amino acid residues of albumin within about one
minute' “(190). " The albumin concentration in blood serum is_somé_‘

42g/1 or about 650uM. (190, 577).

With the exceptién of a normally very small quantity of
haemoglobin which is firmiy boundvtb;a'protein called hépﬁdglpbin
'(575,‘644), almost allvtﬁé iron in plasma is.boﬁnd to tfansférrin;
The-percentage of this metal which is not attached to macromolecules

is so minute-tﬁat many authors ha?e claiméd’that transferfin holds.
‘the entire plasma sfpre of iron (see,'for'éxamﬁie, the diéqussion
“abouf:this invréferenceli69).‘ A cqnsideration_of the ferric hydfoxide'
soluﬁility‘pfoduct.shows that atfpﬁyéiélogicél’pﬁ, thé.ffee Fe3+ ion

concentration cannot exceed aboutle—]6M._(56O);' . So, the need for

a Specific carriéf,to'maintain iron in é-solublevand.atéﬁic form is
A*quite_élear.,v In fact,:tb prevent bécéérial growﬁh,.even lower free
feffi; idhjlefels must.bé achieVed'(99); it is thué ﬁotISprriZing
ithatztrénéfeffin binds thisnmétal with aﬁ'éffinity.tﬁaﬁ leaves iittle
»fof‘distributioﬁ amohgs;'tﬁe bther iron chelating'ageh;s iﬁ.plasﬁa.
The 5iologica1 sigﬁificaﬁcé'of trénsferrin'hés meant.that tﬁié B1-"
globﬁlih_h;é received ﬁuch éxperimental attention (589;.485, 99).;. If
has a mo1ecu15r weight of about 90 000 daltons (353).. With its

‘ cdncéntratioﬁ of about'30uM. (575; 200), traﬁéferrin is the most pre-
‘dbminant B-globulin in plasma. 'Ticration data, various spect#ophotor'
metric techniques, optical rotatofy dispersion studies,; the effects of
chemical modification and electron spin resonance measurements have
all been combined to throw light on the metal binding structure of
thé-protéin. 'Cd—ordination by ﬁhree tyrosyl feéidues, two to four

nitrogen ligands and one bicarbonate ion appear to be involved in
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the reaction with Fe3+ at each binding site, Two of the nitrogen
donors are believed to belbng to imidazole residues.' There has been -
ﬁuéh controversy about the role éf bicarbonate.in.thé'ﬁransferrin_
iron-binding (179, 409, 410).but the évidence seems to favour'attaéh—
ment of this inorganic species td the protein rather than.direéfly

to thé:metal'(179, 589). There are two‘féfric ions bound by each,
transferrin ﬁoleculé Eut the‘équivaience of the binding sites and

. thus of the two binding cénstants is aléo cohtroveréial‘(485,'$89,‘
404). A number of.workefs have attempted measurements and a}thbugh
:their exacﬁ magnitudes vary, both values are Qery'lérge..ﬂ Uﬁdef
physiological:conditioné of pH énd.COtheﬁsion; thesé lead:to’an

' abparent eqﬁilibriqm céﬁstﬁnt of S.IOZ?IMEI. (162,_6113. iransfgrrin,
in fact, biﬂdsrmost pf the.transition.metais but tﬁese arelalluéasily 
displéced by ferric ion (27, 184); Even ferrqué’ioniis only weakiy
:co-or&ihéteﬁ (463). Thié‘fact'suggests a means whereBy the iron may
be libefatea.frém ﬁransferrin in vin.‘ A simple mechanism is necess-
ary because tﬁeré is ﬁd evidence for any'Special enz&mié process for
#ﬁis.dissociationrin bodj tissué (99). Other possible means of
-release‘are listedrin‘Sectioh.l}Z;B. _The importance of chélation

in iron megabolism:particdlarly’ih the.rembval.and g#changevof’irqn L

- from transferrin, is also discussed therein.

Neither the nature nor thevcdncentratién of all the metallo-
, protéins in blasma are known. This.is for the most part due to the
véry small abundances of some of these subStanceé. " Whereas the more
important metallopfoteins of copper, iroq and zinc:have been extensively
'.characteriéed,_speptrographic and chromatographic work by Himmelhoéh

‘et al. indicate that metallopfoteins of, at least, manganese and nickel
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FIGURE 3. .

RELATIVE DIMENSIONS OF VARIOUS PROTEINS
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Diagram showing relative dimensions and molecular weights of blood proteins. ) The molecules
. of albumin, globulin and fibrinogen are elongated bodies of about the same diameter but of very
-+ different lengths according to their molecular weights (E. J. Cohn (1945), Sci. in Progr. 4, 319).

+ from 618
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also exist (559). They point out that, in addition, there may be
other met&l%binding proteins containing the three first-mentioned
cations. For example, they note the possibility of an iron-binding

protein in addition to transferrin.

‘The major copper-containing metalloproégin iﬁ plasma is
ceruloplasmin (144, 133). Tﬁis protein withiavﬁéiéquiar;ﬁeighﬁbdf
about lSOVOOO'dalfons, contains,ﬁefween{si# éﬁd eight'éoppér atoms per
molecule, half of which are in the cuprous.state and gannot be oxidized
withouf denéturation (580, 147)7 Some reports of other copp¢r4
| bindiﬁg_pfoteiné'have appeared but rémain‘to be coﬁfirﬁed (645, 640).
iZincfinvblood plasma is known to be’éénsigtently a;taéhed to albumin,
trapsferrinland an‘az;macroglobﬁlih'(557;5345). * Immunoglobulin G
also abﬁeérs to Bind this cation (557). HbWéyef; approximately.tﬁo

thirds of §erum zinéiisvégsoéiated with alﬁumin. . This 'ioosély—
"bounq'  frapfiqﬁ fepresénps gﬁevpfimary transpor;'fcfm_(646, 345).

The stagg‘of'mangénesé,and iead‘iﬁ plasma is 1¢ss gleaf._: Both theée

v métalg are certainly bpund.by albumiﬁ.(ZS,'1553 332). Manganésé,
.particulgfiy, cén océupyisome of the unfiliedvirén—bin&ing:Sites of
tranéfgrrin_(184, 99)f' However, general in;eréétiéﬁ with the muiti—'j
‘tude of déﬁof grouﬁs in pfotgiﬁs'will ensﬁre‘fhat ﬁll cations in blood
will aésociate; aibeit. to a limited extent, with the whole spé;trum

of plasma pfdtéinS'(seé, for example 225).

1.3.2 The low molecular weight comﬁlexes in ﬁlasma.

Although most of the transition metal ions in blood plasma

are protein-bound, it isgchemically necessary that the macromolecules
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compete for these cétions with all the low molecular weight ligands
in the biofluid. Hence, the proteins participate in an equilibrium
which must exist between the free metal ions and theufull'variety of

, ppssiﬁlé complgxes.uﬂ The>free ion qoncentratioﬂvand the 1owvmolecﬁ1af
weight complex fraction may be very small. Indeed,'wiﬁh_avnumbe; of
thg.fransitiOn elements, if not all of fhem the‘concentraﬁions | |
concérné& are below the 1eve1vof aﬁalyticaiidetéctidn;vv.NéQe;tﬁéieSS;
the small complex fraction and mofe'eépecially,.the:diétributiénvof_%
the meﬁal-ion amohgst the various léw ﬁélecular Weigﬁt éhelatofsza;é

of great interest, as outlined in Seétion»],l.

Great effértvﬂas beeﬁ expend§d in:numerous studies designed
to demonstrate; e#perimentally,.the gxisfeﬁce‘of the low moleculéf
vweight-met31.comp1ex fréc;ipn. _ Many attempts have even been made
.téveiucidéte its néture. Néumann énd‘SaSSfKoftsak initiated this
’movementf(l35).'"Cénseqﬁéntlyvthgy have‘bftén been quoted in support
ofgothet_ekperiﬁenﬁs and'in‘various arguments cdn;erning the low
moleculérlwéight fractidna These wofkeré éhowed:#hat aAsubstantial
number of amino acids compete effectively with serumlaibumin-fbr the’
binding'of'copper. They proposed that the amiho.aci& bound fraction
.had a ﬁhysiblégical roie-in fhe biological transport of the metal.
‘They also sﬁggested that undef normal conditions histidine would be
the aﬁiﬁo acid primarily involved in the formation of mixed amino acid
copper complexes in the serum. Now, whilst it is not'intgnded to
dispute their findings, it is important at thié»stage'to point to the
hazards whicﬂ militate against attémpts ﬁo draw physioiogical conclusions
from this type‘of éxperiment,.especially if these are in any way‘

quantitative. The investigators mentioned measured the percentage
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of radioactive copper in the supernatant fluid after ultracentrifugal
_sedimentation of the proteln and the copper protein.complex.'_ They
showed that this percentage was dramatically diminlshed in the absence
of serum amind acids. Thus, these ligands_arefresponsible.for most
of the copper which 'escaped'. ultracentrifugal sedimentation.
Hence, they are implicated in the formation of anp»low molecular.
weight‘fraction; However, whilst care‘tas taken to:utilize;physio-
logical concentrations of the anino aclds in the experihent;‘the'
nature of the technique requires considerably larger than physiological
doses of copper. ‘ .In fact, the copper to albumin molar ratio used,
only produces the pertinent effect conv1nc1ngly when it is ranged
hupward of 0,5 (th1s represents approach1ng saturat1on of the spec1t1c
copper b1nd1ng s1te.of the protern.). | The appllcable plasma rat1o.
is actually less than 0,002 (see 144 for the non-ceruloplasm1n copper
'and 190'for'the‘albumin‘concentration) It is clear that under the- |
ertreme enperlmental cond1t1ons, the copper d1str1butlon amongst
'low molecular we1ght l1gands need not necessar1ly be anythlng like -
: the1r phys1olog1ca1 counterpart. This cr1t1c1sm is applicable-
toa number of similar stud1es (for copper. 2803 for zinc: 140; for
iron: l3l, 200, 169). 1In Splte'Of these d1ff1culties;'there is'no"
&oubt that thertransition metal ions not'bound to prOtein‘Will-be
largely co—ordinated'to low.molecular weight ligands, probably as

ternary complexes.

In much of the earlier work on metal complex equilibria
in plasma, the presence of low’molecular weight complexes was ignored.
This omission calls the interpretation of many experiments into doubt

because the investigators did not take into account all the equilibria

N
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that could be disrupted. Perrin (369) cites the ‘Ttypical experiment
where‘plasma was dialysed against lafge volumes of buffer' (his example
'is reference 133). .He notes that 'amino acids would be progressively
removeé by diffusioﬁ_across the_celiéphéne memBrane until only the
protein remained'tb bind exchangeable copper; such an experiment dbesk_
not provide information éBout the nature of meﬁal cbﬁplexes in the
original plasma'. In fact, ﬁhis sort of comment ié gpplicable, to
diffeﬁing extents, to many experimental techniqués.which'are:appliéd

fo the study of metal ions in physiological solutions. Biélogicél
investigators, in general, would be weil'adviéed”to considér the
'degreé to wﬁich‘equiiibrium disruption may inflﬁeﬁce their results.
Furthermore, thisvis pertinent to a‘number of feported sfudiés which
h;ve beén concérned.with the.ﬁype of 1ow‘m01éculér weight:comﬁlexeS.
that are formed in plasma. Unless exact physio1ogica1 conditions are
" set up.and strictly maintained, ohe may. easily upset'the equiiibfiﬁm‘
.and alﬁer the céncenfrations.bne'is attempﬁing to measure, ‘This
gxﬁlains thévdiscfepancieé found betweén'certaih theoretipal simﬁlétions
~and reported éxperimentalvstudiesv(369, 340, 166’._4 In fact,'there
is no‘vélid comparisdn. Hoﬁever, whilsﬁ‘éomplexes ﬁféduced ﬁndér
ﬁseudo— or non-physiological cbnditions afe not:néceésarily the same

as those formed iﬁ-vivé, investigations such as those refgrenced (340,
166) één'yieid a valuable insight'intd the reél‘situatibn provided

they are interpreted with caution.

One of the most interesting insights into the biological
role of low molecular Weigﬁt complexes has been described by Osterberg
(319). - It concerns the biological specificity of copper and zinc ionms.

His calculations reveal that the mixed amino acid complexes of copper
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may account for the zinc:metal—activated enzyme systems which occur
in physiological solutions. A superficial appraisal.cohld easily
lead to the conelusion that zinc would compete ineffectively with
copper iohs; Indeed, the iatter metal is certainly capable.of
forming very strong complexea 80 some means is'required to ensure
that-enZyme.sites are reserved for zinc.  Osterberg demonstrates
that most prote1n b1nd1ng of copper would not ‘take place 1n the
presence of hlst1d1ne and other amino acids because “the m1xed 1lgand
complexes would be fotmed preferentlally. Thus, ﬁany‘preteln'f
sites ﬁould be leftvavailable for zincfbccﬁpation.' 6sterherg.
also shoﬁs that the zinc m1xed ligand complexes are 1ncapab1e of

a role: analagous to- that of the copper compounds. This and similar
types of calculatxon may be_fac111tated.by accurate computet simulatiohs

of the low melecular‘weight distribution of cations in biofluids.
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1.4 : Models.

~'In the sense employed in this thesié, a'modgl is anything
which simulates a real system. It is a constrﬁction which attempts
to imitate reality by representation of the system's various parts
and.of thg_intérrelationships'which are manifest between those ﬁarts.'
Models come in a variety of forms. ,_Sometimes théy Are'réélvﬁﬁt £héy
may also be,iﬁaginary.  'The models of'éciencé‘aré often ﬁathéﬁég}tél;
the rigorousness of a.mathematical formulation helpé toiaV6i& both
errors and ambiguities. Models have an important role to plaj in
- mankind's éfforts.td describe the physical uni?efse.; In fact, they
are éﬁ.iﬁtegfal part‘df‘thé;scientific method. - This phi;oséphy
requires:that h§§otheses; drawn up in the 1ight‘of obsefvétion, be
used to méke predictions which are then cqnfirmed or réfutéd by' v
fgfther exﬁgriment;v‘vln ﬁhis éonfext,'éhg'behévioursoé the mo&el‘
constfucted on the basis of the hypotheseé aﬁd‘maniéuiating-ﬁhe.eétly'
obsérvatibﬁsfas data, consti;utes:thé pré@iction. '_Typicalif,'thé
model is subjected ﬁova’néw-seé of Circuﬁétances.v If it,reacts 
towards them in_;he-same_Wayba;_the.real syéﬁem; théihy§othesés are
to édmeﬂextent'subsfén;iatéd.; If it.ddeé not, tﬁey must be rejected
or mbdified; By repeated appliCainn of this procedure>in§olving
extensive ré—évaluatioﬁ.in terms of a broadening horizon of éxpefimental
' obéervation, the hypotheses become accepted. - Finally, many
complementary hypotheses are fashioned iﬁto a single broad'explanation.
This is called a theory. The entire scientific method depends on
an ability tb predict fﬁture observafions. | Furthermore, these
observations should not be a simple re—arr#ﬁgemeﬁt of the old data

By manipulating the constraints on a model it is often possible to
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generate predictions which are by no means obvious because they depend
on the relationships which exist within the system. These, then, enable
one to design new experiments that test both theories and hypotheses

extensively.

One of the foremost applicacions-of'computers ih:science
;oday is mgdei testing. During'thé last two decades,. theée machines
have been increasingly_recogniSed as an essential écientifiC'toolﬁ
In fhe fieid of chemistry alone, coﬁpﬁterization has revolutionized
many areas'ofvresearch - N.M.R. studies,‘X-féy crystallogréphy and
ab initio molecular orbital calculatioﬁs; to mention just a few. The
idea that computers are merely a cOnvenience_haé'been Steadily,repléced
: By an awareness that their advantagés of speed, calculatibn reliability
and vést data sforage capﬁcity endow tﬁeﬁ with‘capabilities which
cannot bevéquélled. The ease with Which computeffmodels can be
: varied*iliﬁstrates this.unique potenfiai.- In thé_ﬁre—computer age,
,.thé énofmous quaﬁtity'of wéfk which simulatidnvoften_required‘precluded
ﬁhe thorough analysis théh modelé»éan.now feCeivé. A goodiexample
of this, applied in the detérminafion'of formation constapts,_is the
fecent PSEUDOPLOT pfogram (317).  Essentially, this provi&es a
convenient means of evaluating onéis pbstulated choice ofbspecies
that exigt.in solutions ﬁﬁder ﬁotentiomeﬁfic iﬁvestigation; | The new
program creates an alterhative to the lengthy graphical nbrmalized
curve fit£ing procedures as a méans of detecting oligonuclear complexes
in metal ionfligand solutions. -Another.exampie which displayé how
effectiﬁely computers may'sdpplement graphical methdds_as far as
chemical model selectidﬁ-is concerned is the series of studies by
Ulmgren and Wahlberg on aséorbate,complexation (234, 233, 235, 448)

dsing the LETAGROP VRID program (42, 46, 47)..
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1.4.1 Physiological models.

There have been many contributions to the devélopmenf’of
the current philosophy on models of living systems. However, two
sources in particﬁiar must be acknowledgedlfor their éart towards the
,follbwing discussion. In 1973, a conference wés‘held_onvmodelliﬁg,
techniques in aniﬁal science (475). This dufiiﬁg&"a ﬁdmbér:off
vpotential applications ofvsystems analysis. | It also includéd'é
,_comprehensivevaccount-of‘thé gimulatioﬁ of biological systems at the
level of bioéhemistry and physiology (476) . _Howéver, the most-direct
attackran physiélogicélusimulation'has beén conducted under the
auspices of’thé Rand Co;poration,,éalifornia (378, 220, 380, 381,
281).  'be1Haven, eépecially, has detailed thé»fundaméntals of Chémicalv
théfmodynamic'applicatioﬂ to_mddelé of in yivo érocesses'(QSI)TI_Soﬁe

~of the more important aspects follow:

i) - It is taken as axiomatic that all the_physicalllaws apply
-fto-biolbgicalvsystems.': These laws may not all be known or even in a

-fdrm'that is easily aﬁplicable to the complexity of life processes.

2) Even a figorods.model may appear inconsistent and at odds
‘with reality if it 'is being stressed in an inappropriate fashion,

i.e., it is being'asked questions it was not designed to answer' (281).

3) No model can create new infofmation. It éan only reflect
old'informafion iﬁ an economic,veffecfiveland»eﬁiighgéniﬁé“ﬁay; Both
this and’the pfeyious point are appiicable to models in general but are
enfered here'because'thesé issueé.are easily obscurgd in’compliéated

physiological simulations.
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4) - A most importaht concept is that of body compartments.
All chemical systems ma} be regarded as a~fihite number of homogenous.
 phases. This is also true of a physiological entity (378, 281). | A
ﬁhaee is defined in tetms of chemical composition, temperature_and
pressure and need not be;physically contineous. "The idea of a
Vphase‘as'defined by Gibbs is identical with the concept of compartment
~as uSedAby many physiologists to designate a body spaee' (281).
Thus;.aithough the cells exist individually in bleod, it is legitimete'
to designate a 'red cell compartment'.  Plasma is the body compart;.

ment treated in this thesis.

5) o 'Modelliné.comﬁositionel'aspects qf physioiégical systems
is likely to be easier aﬁd more -reliable than energetic simulatioﬁs, |
The meaSurement of substance is almost invariabi& 1ess difficuit thap
‘the measurementfofeenergy. It is aleo easier to keep track of matter;
enetgy.trensfotmetioﬁe on the pther hand are often:quck, diverse and

~hard to detect.

6) | _Although no bielogical system is ever in true equilibfium,
tﬁey'often.epproeeh and.epmetimes attain a steady stete. Mereover, |
'te achieve high.efficieneies of_energy'conversion,_most'biologicall.“
systems eﬁerate.neérvto reversible equilitria' (369). Thus, to
assume that equiiibrium exiets is often justifiable. It has the
added’advehtage that any ﬁeed to involve kinetics is removed. The

theory of k1net1cs is less we11 developed than that of thermodynamlc

equ111br1um and the mathemat1ca1 treatment is also more difficult (281)
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2N o Finally, it rs_necessary to comment on that mythical -
target of so many models - the so-called istandard map'._ .Whilst
it is true that the set of .'normal; values does eot‘ﬁecessarily
-represent‘anyIOf the individuals upon which they are based, this
problem is experienced by'ell inveStigators concerned with living
organisms. It does not appear unreasonable to infer that the
properties of the 'standard man' will reflect those of et least
_the majority of persons concerned. - This is particularly so
because most biological.variation is continuous. .Fertﬁermere,
"-averagedvdata'permits the development of'models'which'may in time
be applied to simulate and thereBybselve‘tﬁe problemsrof.séecific

: individuais.

' In-reply to those who crrticize‘the whole eonceﬁt of
51mu1at1ng phy31ologlca1 solutlons, th1s author cannot express a
more cogent argument than that presented by Iversen in hls d1scus51on
:on a model for homeosta31s (603) | |

'Many biologists of the old school react strongly
against the use of mathematical models for 1nterpret1ng
biological phenomena, arguing that all biology is -
so fantastically complex that any model is bound to
be an oversimplification of the grossest kind.

On reflection it will be evident, however, that.a
good simpZification 18 a big advantage - as a matter
of fact it is a precondition for a model being at '
all serviceable. If a map included all the details
really present, it would be quite useless.....

If we succeed in constructing mathematical models
that include the main features of the structure of

a biological system, such simplification will not
rule out the possibility of finding the biological
laws. On the contrary, the model offers us the
opportunity to understand the main points of what -
goes on in biology.'
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1.4.2 Previous simulations of metal ion distributions in biofluids.

Thevwell—béhaved and ﬁncqmpiicated.nature of metal ion’
‘equilibria in aqueous solution is reflected by the large proportion of
_physidlogical simulations in the literature which are concerned with
metal ioﬁ systems. Furthermore, aéart from ﬁodels of metal—protgin
interactions (for éxample, 526, 381) and a few studies on'cqmpﬁftmental.
électrolyte distributions (439, 220), moét of the simulatiéné mentioned
above focus on the distribufion:of the mefal ion émongst fhe iow

molecular weight complexes it can form in the biofluid.

In spite of the wide variety of>biof1uids in which metal
iqn equilibria are impo;tant, for the most part only two of them,
bnatural waters and blood, have been simulatedf. The concern wiﬁh
natural'waters'hés motivated a number.of inﬁestigations, In faét,

' .tﬁis_ﬁaé 1éd to the déterﬁinatiqn of formaﬁién constants with a host -
of.lig#ﬁds (éee, for exaﬁple, 434'andv524, 512.and the preceding.part§
.of.thié series). MOreover,.Sillén's claésiéal siﬁhlations of sea
Watér‘piéneeredlmddelling of meﬁal ion distribUtioné ih ﬁioflﬁids
géneraily. - Sillén's Qork ( see 5]95vis a strikiné applidatioﬁ'of
the scientific method; In particular,'it»demthtrates,ﬁhe value of
modélsf‘ He showed that”the.contrbl of pH in’his>sea water model was
primarily'effec;ed by the reactions between micés.and kaolinite. This
was in”starkvcontradiction to the widespread belief that bicarbonate
buffering was responéibie for the cbnstancy of the sea's pH. However,
subsequent research into the chemical properties.of tﬁé‘clay minerals
’has substantiated his'idéas. Today; they are‘thought td be quife
acceptable.v Bicarbonate may have some local buffefing action (653).

It certainly facilitates equilibration (519). Otherwise, it acts more.
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as an indicator than as a‘buffer (653 and 519 with the references
therein). Otner modeis of natural waters incldde a simulation of -
'all the principaltinorganic'chemical species in Lake Keystone, Okla.'
- (246) and-a'study of the metal ion equilibtia_in drinking watet
COntaminated with nitrilotriacetic acid (244). The concentration
- of this ligand (NTA) is on the increase in natural waters because‘it
is being used in commercial detefgents as a:replacement for noly—
'phosphates. The "heavy metal_binding_sites' in river water have

~also.been recently investigated (535).

>'Whilst De Land has set up a very succeesfnl mathematical
model of blood biochemietry (380), his simulation was designed to
investigate tne grose'cnemical properties of this.biofluid'and so it.
included no traneition metai ionvequilibria The investigation into
the conputatlon of thevdlstrlbutlon of metal ions among m1xtures of
B complex1ng.agents in blood plasma‘has been ploneered by Perrin and
developed by him in a series of pub11shed stud1es which date back to
1965 (3, 286, 158, 369). Slnce then Perrin has concentrated on
'expanding the model's eize and eliminating some of the nany difficulties
which are inherent in this type of physiological simulation. .vHe has
been.especially concerned.nith two metal ions, c0pper and'zinc, althongh
recently he has incldded eome calcium and magnesium ion teactions (369).
A.similar trend may also be discerned.in his choice of ligands; eaflier
models contained only 16 anino acids (286) but tnis numoet has been
esteadily'enlarged.  In his 1atest work; 22 amino acids in the presence
of coppetfand zinc were considered to form 217 complekASpecies (369). |
The results of this study were not materially different from previous
computed distributions (158). Tney.nave been set out in Table 3.1.

Another model, the one nith magnesium andecalcium ions, contained. 147
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species. Copper and zinc were included as usual;valong with the more
important amino.aclds and some additionalvinorganic and organic
ligands. At the same time, Perrln attempted to take some account .
of the metal proteln‘interactions‘in plasma.. 'Unfortunately, his |
eﬁforts did not meet with'muchbsuccess. for example, the model
predicted negligible formation of the copper-albumin complex‘(369).

~ Also, the computed estimate of the calcium distribution hetween
albumin and globulin is in complete.disagreement with that found -

by direct_measurement. "Indeed, a comparison of thedresults‘in
reference 369-with those.reported in'reference 136'(and other cited"
there1n), shows that the rat1os in- quest1on are: reversed lncorpor-
-ation of protein equrl1br1a in s1mu1at1ons such as these is, at.
present, extraordinarily difficult. 'This_subject is discussed at
‘greater length in Sect1on 2.2, Two other models for metal ion
H-react1ons in blood plasma have.been publ1shed. Glroux and Henkin
;lrefrnvest1gated the compet1t1on for zrnc among amino acids.in.the
presence of serum albumin-(l64) The maJor zinc 11gands of 1ow
molecular weight that they found were essent1ally the same as those
suggested by Perrin although as they pointed out Perrin had used
~an 1naccurate value for the total-plasma1z1nc.v st1ng a practical
equilihrium conStant'they had formulated:and measured, they found
that about'twodpercent of the exchangeable'zinc in plasma was not
-bound.todalbumin. This value is in agreement with the percentage
of ultrafiltratable zinc:inanrmal human serum as measured by Prasad
.and-Oberleas (140).‘ finally, Brandegard and Osterberg have slmu—
.lated\the calcium ion reactions in blood plasma (525). They set
up an eight component model that included proteins, carbonate,

phosphate, sulphate, amino acids and organic oxy-acids as ligands.
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Their findings are of considerable inte;ést and appear to be-reasonablyf;
realistic. - They do, however, neglect the formation of calcium
.bicarboﬁate which, in spite of -the undogbtedly weak association, is
'iikely.to exist in significant concéntration due to the relafively.i
high concentrations of bicarbonate and free calciuﬁ ions (seé‘Section

3.2). This_omissioh~thus introduces a distortion into their results..
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1.5 ' Objectives of the reseérch..

Perrin's éonélusions have far-reaching mgdical'implications.

He has, for éxample, iﬂQestigated the effects of penicillamine
treatment on the éoppér distribution in the plasma of ﬁefsops suffering’
froﬁ Wilson's disease (369). = However, criticism thét his results
may be unrealistic is ﬁustified on the grounds that his model is too
simple. . Just over 200 species mﬁst be a.smail fraction of the

“total numBer of possible @omplexeé that can form froﬁ'cqpper and zinc
in a biofluid that contains as many 1igénds aé plasma'dées. Moreover,
Athe metéls he:has.cénceﬁtrated on are only two_of about a dozen bid;
idgiCaily important cations occuring in blood{ - Whilst there are

good reasons.for assumiﬁg-that a:modei can be ‘rigorous without |
'including'all these metal ions (see Sectioﬁ 3;3)} a number of qﬁestiohs
:‘remaiﬁ unénswered. Fbr example, what would the éonsgquencés be‘of
including‘the cgmpiéxing feactiéné of.manganése in the model?

MangaﬁeSe does not as a rule éomplex very strongly but for this

teaépn may . not be aSsociatedzﬁith proteins to the same extent as

fhe othef'traﬁsition météis, leaving it ffeg to éompe;e moré
_effec#ivé1y for iow molecular weight ligands. Furthermofe, the -

full Eonsequences of protein biﬁding; to aniané as well as éations;.

oughtvto'béAtékén into account.

The present work is concerned with the construction of a
very large model for computing the distribution of metal ions among

" the low molecular weight ligands in blood plasma. This involves

.

over 50‘of the more important ligands and the several thousand species

which arise from complexation between these ligands and the metal

+ + Lo -
2 , Fe3 s M32+, Mn2+; Pb2+, Zn2+. A strong emphasis

ions Ca2+, Cu
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on the formation of ternary mixed ligand complexes is fegardéd as

a pre—requisite. An atcempt is made.to accommodate thé‘effects §f“
protein binding and it is hoped.that.this will enable the simulation

to reflect more accurately than earlier_models, the complicated
interrelationships which stem from the competitive metal ion equilibria'

in plasma.

Accordingly, the objectives of the research are stated

as follows;v
1. The acquisition of formation constants.

.Tﬁe modél need# as many fofmafion COnstants as it is to Contain
complex speéies. A large fractioﬁ‘of these réﬁain.tb be_determined
e*perimentally. This is especially true of mi#ed ligand complexes.
Moréo§ér, fewer have been measured undef con&itions appropriate to
blood plasma. Methods of estiméting miésing values aré therefore
'investigated; aléo,‘the influen;e of temperature éﬁd'ionicvstrength
on the'ﬁégnitudé ofiﬁariOus‘formatién-constants.arevCohsidered.
Selected means of estimating and‘correcting forﬁatién consfants

are applied and a large data base is thus accumulated.

2). . The development'of a computer program capable of

handling the very large system which is envisaged.

At present no program exists which could be satisfactorily applied
to the present problem. Both the computer core storage requirements

and the time needed to reach a solution are substantial. A program
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that can cope with both these difficulties, therefore, is developed.
3. -Construction of the model.

This entails setting up the formation constants in a self-consistent
fashion. -If also involves selection of components and their represent=-
ative cohcehtrations; A major task in the conmstruction of this or

any model is'the'search to find and femove aspects which have no
counterpart in réality. For example, care is taken not.to overlook
'érroneops reiationshipsvﬁhich.are,so_easily generated amongst thousands
of similar but iégitimate reactions. In the plasma mode1; thisv
commonly céncerﬂs the simulated chelafion by a ligand which is kﬁoﬁn,
by experiment, to oxidize.o; reduce the metal ionrin duestioh;
Furthermoré,‘omiSSion of':he anomélous-cdmplex is'not‘necgssarily

ﬁhé beéﬁ resoft-becﬁuse the reddx.pqtential'may be altéred in the

biofluid by other ligands. (158).
4y,  Eva1uation of the consequences of modél.segmentationg

It is‘cleérly im§0ssib1e to include everybmetéi ibn'interactioﬁ in

the simulétidn.‘ vSo, the effeeté of segménting the model are investi-
~gated. Whilstvit is ésséntial to.eﬁsure thét no important aépett of -
the system is dﬁitted,vit is éléo pertinent to determine;which parts
do not play_a‘dominating role and can thus be reﬁoved. Such an
:analysié iﬁgludes a comparison of the.results obﬁained.by Perrin

(158, 369) and those produced by the extended model of this thesis.
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5). Investigation into the applications of the model.

The importénce of metal ions in vivo hés been eﬁphasized in this_

- introduction and many applidations which require a knowledge of thé
metal ion distribution amongst low molécular_weight:ligands haye
been noted. In this connexion, investigations'are'madé (i) into
the éffects on the computed distribﬁtion of metal ioﬁ poisoning or
" deficiency, (ii) into the corresfonding effectg of administered

- therapeutics and'(iii)’into possible applications to problems

concerning the transport of metal ions through biological membranes.



CHAPTER TWO

THE.ACQUiSITION OF FORMATION CONSTANTS
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2.1 Metal-ligand equilibria.

The titlé éf this séétion covers an extremely broad
subjgct, the details of which have been.presented in numerous;books
apd articles (see, for example, 367, 364, 368, 365,‘656, 654; 655).

It is not.intended to dwell here on the vast majority of these
considerations. Rather, the purpose of-this'sectiqﬁ is tp.cov;r i”
those aspects which have a diréct bearing‘on the eqﬁiliﬁfiﬁm:feactidns
‘set up between metal ions and ligandé iﬂ plasma; 'It is-h6?;d ;§ o
highiight those thermodynamic principles updn whiéﬁ dependvthe:
formatiohvéonstants to bevused and thus, alsb} thé computed distri-
bution of the metal ions among'the’low’molecular Weight.ligands in

the biofluid.

- Consider a mixture of metal ions and_Iigands in aqueous
SOIdtioﬁ. 'These'componentsbcome into a ¢oﬁpetitive chemical equili-
brium wiﬁh the manifql& complexes tha; can be formed from them. 1In
'genéral, there will exist for each typé of metal ion with each 1igan§
a series of complexes created by successive co-ordination of ligand
moeities to the central cation. This 'step~wise' formation is
iiﬁited by a saturation of the metal ion and thus términafes with
'a fully.co—ordinated species;. The maximum number of 1igapds
thch may be attached to the metal ion is a charécﬁeristic of the
properties of both components. The‘Step-wisé‘complexes will, on
the one hand, incorpgrate oﬁly one kindAof ligand. Altefnatively,_
'mixed ligand complexes' will be'préduced aﬁd in fact, arevfavoured
statisﬁically.~- Further, polynuclear complexes with tWo.or more

metal ions, be they similar or not, can also exist. Finally, it



76.

should not be forgotten that the ligands can themselves appear in a

number of protonated and deprotonated forms.

.‘The concentrations of all the complex species in thé
solution dépend upon the equilibrium’gonstants of tﬁeir formation'
reactions. The computation of these conceﬁt;ations in a genérai"
context is dealt with in Sectibn»3jl.l. 1'Fork£he$£iﬁe_being$:é'

‘more 1imiﬁed approach will simplify the'fdllowing'discuséidn.”
Consider fhe formation of a complex MéLéHr' Azlist of symbols-
used in this sedtibh and their meanings is provided in Appendix 5.1.
Wé have the;formationvreaétion, whichbwe aiwayé Q;ite'ih terms of

- the free concentrations df'each component :
M+ qL + rHE=2M L H_
PRt T

'The thermodynamic equilibrium constant is then given by

C MLE} | -
ty . _Pqr o o Ceeeea(2.1)

Tt
The braces indicate activities. Now, létting S represent the
complex species and f the activity,coefficient; éxpréssion 2.1
may be reformulated

g, MLEl T e )
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Provided the activity coefficients, f, are fixed, expression 3.2

can be reduced to a 'concentration' formation constant, qur’

as follows:

(ML H]
PqQr

. |
Pqr [MIPLL19Cul®

The analogous expression 3.1 is the general statement of equation
2.3. Note also, that the step-wise formation constants are the
products of each individual equilibrium constant for the successive

‘additions of ligands. For example,

By30 = Ky Ky Ky

| 075 ' % [me,]
where - K, B, e P Ky = ———— jKy=——
-..""[M]ELJ o [mu] [ L] Cra,1CL]

- Several aspects of metal ion equilibria that are'felevaht_

to biofluids can now be examined.

1) Co-ordination sites which are left unfilled by ligand
components will be occupied by water molecules. These moeities are
not reflected in this thermodynamic treatment because as.thé pure

‘solvent, their activity is taken to be unity.

2) Hydroxyl ion co-ordination may be regarded in the same
light as any other ligand attachment. However, for reasons arising

from (1) above, their binding is analogous to a deprotonation of the
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complex. ..This-treatment is unable to disfinguish Betwaen'the tw0 

- alternatives because the complexes, although strﬁcturally QUite different,
are stoichiometrically équivalent. Both effects may be expressed byH
de;rementing.the hydrogenvion index, r. Thus, this subscript can

assume negative values.

3) In aqueous solution, electron donors are not exclusively
availaBle to metal ionms. Compefition by hydrogen ions advérsely
influences metal-iigan& co-ordination. Thié fact is exploited in

the defermination‘of formgtion gonsfants by giass electrode potéptio~
méﬁry. It is also é'most important féctor in éimuiaéions such ‘as

the one bresénted in this thgéis... The outcoﬁe of the metal-hydrogen
ion:combetitiqn depends on a balance between the protqnation_and the |
‘metal ligaﬁd formatipn‘eQuilibria. It isbimportant‘to‘nbte_that only
avsimulatioﬁ, using éil the applicaBlgvéquilibriuﬁréonstants, ﬁili

-unerringly predict the result of these éOmpetitive reactions.

v4j ‘ The.meta1<ioﬁ équiiibriavin-biofluids wifh wﬁich this
thesis is ébﬁqerned,axe all requirgditd be fairly iabile, Inert
cémpléxes, being fhoSe which are dissociated slowly, must bé‘exciuded
|  Bécaﬁse the simﬁia#iohais ﬁ#sed on the assumption ;hat the systém_is

at equilibrium.

55>  " ; . Inyérdér té employ concentration formation 6onstaﬁts
(as iﬁ.éxpression 2.3),lthe activitybcoefficients'of the species in
solution must bé maintaipgd constéﬁtv(éeé 4i, 373). :As the activity
coefficients of charged species, at»least,:vary with ionic¢ strength,

the réquirément is not fulfilled in dilute solutions when the concentration
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of ionic charges presént in the system is altered by the reactions
under investigation. In such cases, research workers must resorﬁ-
to attempts to calculate'the changes in ionic strength~and‘fhus in
the éctiQify COeffiéienté; these approaches are ofteﬁ difficult and
.afe subject to incfeaéing;inaccuracy as the concentrations are raised.
However, the ionic strength of a>$olution méy be mainfained materially.
‘constant by a felatively high cdncentratibn of 'inert'; 'background'
electrolyte. This swamps the effect of reactions taking place in the
solution and justifies the use of equation 2.3. This pérticulaf
,éppanch is employed in the determination of many formation constants.
Thermodynémic equilibrium constants' can bé obtained by measuring a
series of.concenéfation;cbnstants at Qarious ionic Strengthé and
extrapoléting to infinite_dilution.: However, the tacit aséumpfion
that the suppor;ing electfolyté does not iﬁteffere~with thé reactions
 being studied.is_noﬁ;completely justified.» The myth qfnthe non
COfordinating anibn'ﬁaS'béenvexposed’(392). In féc;, the cpnéentration
cqnstantS-oﬁe'measures in a‘supporting elgétrolyte mgdium.;gf}eét the-‘.
'competitidn of tﬁé eleétrolyte ions_with the other components.‘ As
.the_electrélyte'is chosenibecausé of tﬁé fééble binding abilitiés 6f
botﬁ its_éation and‘anioﬁ, thé interference is ﬁinimai at iow background
concentraﬁiqns, éspeciall& below O,QSM.(see, for eiample, 377).
Pétassium nitrate (withxthg added advantage that its,ioﬁs have approxi-
ma;ély.eéual tranépéft nﬁmbers(639)) and sodium perchlorate are the
salts usually empioyed. . Sodium chloride has also béen‘used but
nbwadajs investigators téndlto avoid iﬁ becauée the co-ordination by
chloride'ioﬁ can certainly not bé taken as negligiﬁle. " However,
this trend.néglects the}ﬁact that sodium chloride medium is{iaeal for

the purposes of simulating metal‘ion distributions in blood and other

. 1
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biofluids because this eliminates the need to include chloride as a
ligand in the model. This is a big advan;age_as accommodation of
chlbride bin&ing inAthis way introduces consideraBly less efror than
=quantitafive considerations of the weak binding By an ion'in-felatiﬁely

very high concentration (% 100mM) .,



81.

2.2 ‘The difficulties with metal protein binding constants.

Whilst the phenomenon‘of metal protein binding is quite
easily demonstrated, it is not a simple matter to establish the
quantitative aspects of this. In addition to the difficulties E
which apply to the measurement of any formation constants the
nature of proteins, in particular the multiple equilibria in which
they narticipate, add considerably to the problems associated with
both theoretical and practical elucidations. Metal'protein
bindiné studies are generally designed toiaccomplishhthree objectives.
'(699)' The first is,to.determine the number of binding sites.

The second is to estimate the strength of the bonds formed lhe
last is" to ‘establish. the 1dent1ty ‘of the ligand atoms. Techniqnes
which are usually employed 1nc1ude equllibrium d1aly51s measurements,

gel filtration chromatography and potentlometric t1trat10ns.

In contrast to low molecular-weight systems, proteins
~_exh1b1t an 1nterest1ng gradation in hinding properties which is ‘>
based upon a change in the spec1f1c1ty of'the 1nteraction with a
given type of metal iom. All proteins'interact with cations as
a consequence of the donor atoms that belong to the-amino acid
residues'making up the protein skeleton. At the-other extreme,
a.number of proteins have binding sites which are very.specific
for a certain type of ion. Between these tno Opposite'modes of.
binding, one finds, for various metal ions, differences in (i)
selectivity, (ii)”strength of_thevbonds formed and (iii) thehnumher
~of sites involved. Serum'albumin illnstrates the situation’very

well. TIons such'aS'calcium‘will interact with the carboxylate
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groups ofvthe protein. ‘The bin&ihg is relativeiy'wgak but there
are almost one hﬁndredvsites availéble (388); Zinc haé_been _
sﬁggeS;ed as co—ordinafing 16 imi&azoie‘side cﬁéins at physiological
pH (23) although t&o-éf,tﬁe sites éppéér.stronger tﬁaﬁ fhe éthers
(32, 33). . The SPeéificify‘on‘one site for copper at the amino
terminal gnd of serum albumin, is well known (31, 173). fhe
selectivity of fhis site is due to both the positioning and the
vériety of ligand atoms. These are a nitrogen-frém theia—amiﬁo-_
térﬁinus (31), two pepfide ﬁitrogens and one imidazole donor from
_HIS(3> (178); _These:coﬁfer sﬁch_a ptefepenge for copper ghati
'thié.metal is not diéplacéd or Biocked'éyen-in the ﬁréééﬁge of

.very-high zinc concéhtrations (366).

: Tﬁe difficulties ipherenf invany attémpted éimulatiqﬁ
" of the metéy Einding ﬁroﬁertiesvof proteins‘composé the core of
 §bjé¢tidnsUdifeétéd at fﬁe'conceét of cdmpﬁting metal idn.disfri—
bﬁtions in'biofluids;(Kench, J.E.y pri?ate ¢6mmunicatiqn). This
opposition'is not without foundation. . Indeed, fﬁerg_is as yetk
no’rigérbus'means'df_accommodatiﬁg protéin effgtts in modelé of
metal ion éOfofdihétionuin solution. r.Proteins possess a.lafge.
-numbér of donor.sites which bind-ﬁo.bothihydrOgen and metal iqns..’
Thus, tﬁe macromlecule compléxesAcan exist in numerous fdrms,
differing in their degree of protonation.  In ﬁraCtice,,it.is
not possible to défermiqg,thé eoncentratidns of these individqal
species (569). 'Howe;er,_a‘selegtion of experimen;al methods -
can provide estimates ofdthe ave#age numbér of sﬁbsfraﬁe'ﬁolécﬁiesv '

or ions bound to the pfoteinf(659, 657, 622, 658). If one makes
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some rather sweeping assumptions about the relatlonshlps that Operate
between b1nd1ng s1tes, this average number.can be used to- determlne
parameters that under the assumptlons;_characterlze the pr0pert1e5>
of the macromolecule (657, 662) Unfortunately,_these'assumptlons
are rarely good ones. It is_usually necessary to consider all sites
to be identical. Also, the independence of or co—operativity
between the sites is important. If they arevconsi&ered to be.
completely independent, the indiVidual.binding constants Ki for

n equivalent sites are given by

K. =‘n—:]._+1_.vK° o o : ‘ >....‘...':(_2>.4)
e i .9 ' ’ A

.wherea_K is the intrinsic constant app11cab1e'to each 1nteract10n

‘ (657) . | The factor.ls a consequence of the statlstlcal effect

arising from more than one site. | Alternatlvely, the 1nteract10n
between b1nd1ng sites may be.taken as hlghly co-operatlve. Th15'1s,
v”exempllfled by ‘the oxygen b1nd1ng of haemoglobln 1n which attachment

- at the flrst site actlvates the others so that they then become ‘more
readlly occnpled. The potential advantages-of such COntrol_processes
are obVious and thus, some co-operativity is always to be'expectcd.h‘
Such features distinguiahImacromoiecules from-low_molecular weight
systems. Interactions between binding sites can arise:through‘(i).
steric'interference, (ii) e1ectrostatic‘interactions and (iii)‘con—

- formational changes indnced by binding (657). In fact, 'most,proteins
do“not fail into either.of the extreme categories. Thus, they are
not suited to s1mp11f1ed analyses, such as equation 2. b, wh1ch can _

be developed from the assumptiomns dlscussed above.
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To incorpbrate a protein in a quél like Perrin's (369)
or that presented in this thesiss(see Secfion 3.2) would strictly
require all the equilibfium constants (i) for';hé proton.diséociations
‘and (ii) for the formation of the large variety of possible meﬁal.
coﬁpiekes; The full implications of the second fequirement are
staggefing; if thé model -is to simulaté the.true competition
between protons‘and metal ions; it heeds.the metal Binding constaﬁtsb
for each spéciés that is formed by protongtion and deprotonation of
thé'native protein., Whilst it is no doubt possible.ﬁo leéve out
many of these equilibrium constants and_still obtain a realistic
picture, the diffiéulty is still unsolved: the definition of the
important protein species in terms of the number of protons aﬁd

metal ions that are bound is no less tractable.

AS it is hét preéeﬁtly possible to adopt"fhe‘théorét-
1ca11y ideal method of 1ncorporat1ng metal ion b1nd1ng by protelns"‘
in. the model, the obJectlves of th1s the51s can only be fu1f111ed if
vsome othgr-satlsfactory means of accomquatlng their effects can be
found. Actually there_are é number of approaches th#t.can bé-
ifoilowed. A brief survey.of these reveals that all have 1imita£ions.
Perrin has éhdsen to apply.equation 2.4 to eétimate é.stabiliﬁy
coﬁstant for coﬁper bindiﬁg to séruﬁ albumin in‘plasmé (369). This
assumes 16xequiva1ept and iﬁdependént.sites'for COpper which, as hé_
aCknowledges, is certainly ﬁot very realistic. In this author s
op1n1on, the procedure of Branegard and Osterberg is more 11kely to
achieve the deq1red,resu1ts.. In their model of the ca1c1umvreact10ns
of.blood-plﬁgma,_;ﬁe intéractioh with\serum'aibﬁmin wa$ rebrésented

by formation constants from a single, isblated ¢arbdxy1éte ligand (525).
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The protein was regarded as ninety-nine separate~carboxylate groups.
~So, the albumin's concentration rather than the protein's formation
constant was multiplied_hy this figure. | The outcome differs from

that of equation 2.4 whenever the free concentration of the protein.

is not taken to be the same as its total concentration. Other

workers have determined 'practical' metal protein binding constants: .
(for eXample, 164, 155). These have an advantage because no asSUmptions‘
are made about the relationships between hinding sites. However, thev
values are only applicable to the conditlons,under'which they are made. .
Moreover, they do not often reflect the influence of changes in pH.
.Apparent nH dependant constants which relate the number of binding

sites carrying metal to those which do not can in fact, be defined

(see, for example, 366) However, these require electrostatlc
“interaction factors to allow for charge 1nteract1ons on the macro-
molecule. Flnally, all the methods ment1oned so far tend to focus

on one of the more: 1mportant protelns and thus neglect the 1nf1uence ‘”

of all the others.

It islnow suggested that.the difficulties associated
with proteins and the computation of the metalvion‘distrihution
among'low‘molecular;weight substances can be largely circumvented
by aAdirect method. By supplying the model withveither the-free‘
'concentration of each metal iom or its total concentration not bound
to protein, the sfmulation is expected to oroduce'a realistlc low.
molecular WEight‘complex dlstributionr Provfded_these.values replace
the total concentrations‘of 'exchangeable" netal ion that'are.usuallyvt
employed the effects of metal proteln b1nd1ng are va11dly excluded

In partlcular, if the metal ion's free concentration is known, the
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low moleculgr weight complex concentrations depend only on the ffee
concentrations of each ligand. These free 1igaﬁdyconcentrations afg
determined by thg model from (i) the total concentration of eacﬁ ligand
not bound to protein, (ii) the pH of the biofluid, (iii) the ligand's
acid dissociation constants and (iv) the competition for each ligand

by the metal ions in solution.

Unfortﬁna;ely, the free concentrations of the trénsition_
metals in biofluids are all necessarily very low and as yet, remain
unmeasUrg&.' Furthermore, at least the majoritf of thése COnceﬁtrétipnsv
are likely to be below the level of analytical détection-for avlong

time. Thué, the following steps to break the deadlock are proposed.

1) - To utilize those free concentrations which have been
experimentally measured, for example, free calcium concentrations -

which have been estimated using ion-specific electrodes (136).

v2) , _ _To ascertain, wﬁgré poésibie,'the total concentfations
of metalvions notbbound to proﬁéiﬁ.' The free concentratign of
 magné$ium.is.not generally_as well estéblished as thaﬁ of éalciuﬁ.
However, the to;al amount that.is bound to protein haé been esﬁimatedA
.(seé Séction 3.2). ‘This can be .used to Calculafé the magnesium
congenfration whicﬁ'constitutes thevfree ion and_;ow molecular Qeight

fraction.

3) :  To estimate values for the free metal ion concentrations
of each of the transition metal ions. This can be done by using the
"practical constants' which have been measured for the most important

binding p;cteins (see, for example 164; 155, 23). Then, by scanning
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in the model a range of concentratlons around these values, it is
hoped to obtain some - idea of the real d1str1but10n. | If the
changes in free concentratlon do not induce rad1ca1 alterations
in the computed diStributions of the metal ions,_cenfidenee in |

the results of the simulation is unlikely to be miSplace&.

These suggestions do not pretend to be an ultimate
‘answer to the question concerned'with-inc0rporatihg metal protein
’binding into a eimulation. The approach suffers from a numﬁer of
11m1tat1ons whlch are dlscussed in deta11 1n Section 3. 2 3 Howevef,v
1t is hoped that the pr0posals w111 help to free thls type of model
from thefstlgma'whlch is attached‘to stud;es that 1gnore the\pa;en;ly‘“

impertant influence of}pteteins._
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2.3 The acquisition of formation constants.

The acquisition of the formation constants for the model
presented in this the51s was accomplished by a three phase procedure.
"To begin with, as many of the applicable values that had been experl—
mentally measured were collected together from the 11terature.;_ This
accumulation did not excludeivalues which did not‘correspond_toi.
physiological-conditions. So, where necessary,'the'formation constants
were then:corrected for hoth*tenperature and ionic s££§hg£h; finally;
missing values deemed_to‘he impOrtant were estimated-by‘a variety-of

" . methods..

An'important guideline used throuéhout the:proceduresfor
acquiring formation constants, needs to be emphas1sed before each of
the three phases are described separately. The concept actually has
a number of 1nterre1ated facets which may be outlined as follows._‘
Every complex Species that is to'be included in the model.requ1res

_a correSponding formation constant. The.fewer species that'are |
:omitted and ‘the more accurate the formation constants used, ‘the
smaller will be the error in the computed distribution. Conversely,j
omitting complex spec1es which really appear in the biofluid in |
81gn1f1cant.concentration is tantamount to using a formation constant
edual to zero; it is'thus in error and may wellvdistort the sinulated
'result.h: On such grounds, itbis'necessary to utilize‘experimentally
measured values, no matter how unreliable‘the value is adjudged to be
nhenever'there isvno‘alternative. Similarly, it is better to'guess
formation,constants than to leave them out. Omission will‘always

be worseithan'a guess if.the eStinate used is lower than the real

_value. Thus, whilst estimates should be freely made when they are
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required, a value lower than that which might otherwise have been
used, should be chosen in an attempt to ensure that it is on the low -

side of its real counterpart.

2.3.1 The literature search.

Preliminary work produced a list of almost ome hﬁndred
low molecular weight ligands of potential importance to the metal ion
distribution in blood'plasma. A comprehensive literature search

‘was carried out with,the following objectives in mind.

’f) S To collect as many formation'cénsténts pertaiﬁing to each.
of'the.ligands and:the seven types of metal ion némed'in Séctioh i.l,
This‘inéluded4£hé.prétoﬁation cénstants. In fhosé cases where no,value'
had been measured uﬁder physiological conditions particular care was
taken ;o include any_reports.which could contribute towards an

v?edﬁcated'v assessment of the_équilibfiﬁm gonstént Qperative‘pﬁder

the desiredvconditidné._

2) . To acquire up-to-date values for the total concentrations

of each ligand in blood plasma.

vj) -, . Toicollect,evidencevin the litgfaﬁure about the sfaté of
theéelligands in piaSma.' The fraction of each that is bognd to
‘protein, for.etample, is considered to be excluded from the metal
binding pool and must therefore‘bé_subtractgd'from the total améunt

present in the bibfluid.'-'
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Two sources of formafion constants which deserve specific
mention are (i) the special publications of the Chemical Society Nos.-
17 and 25 'Stability Constants' edited by Sillén et al aﬁd (ii) |
the Valges‘measured experimentally by Perrin et airand listed along-
side the accounts of Perrin's blood pléSma models (158, 369). - The
other formation constarits used in this work were obtained;frqmithe :
literature appearing subsequent to that covered by the ’Stabili;y )
Constant' publigafions. The search ektende& ip to March, 1975,
This included a systematic coverage of each ligand of potential
importance ip plasma and indexed by the Chemical Abstract Service

up to and includihg Volume 80.

In order to catalogue the large number of references
that arose from thié literature search, a computer program called
INDEX was devéloped. A listing of the program appéars in Appendix
‘5.4. ‘Théuprogram'was designed to sort and process a daté‘set
comprising the suitabiy codéd references whiéh had been accumﬁlafed
iﬁ a randém o?dér. The output 1i§ts the references chronologically
and in,order‘for each.author, keyword and journal in turn. These
éatalogueé,haﬁe also proved ﬁost'valuable‘thfoughout the organisation

and writing of this thesis.

Finally, a list of formation constants used in the
model, suitably adjusted to the conditions of temperature and ionic
strength of blood plasma as discussed in the remaining sections of

this chapter, is presented in Appendix 5.6.
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2.3.2 Adjustments for temperature and ionic strength.

The théoreticél means of calculating an equiiibrium
constant for a givén temperaturerfrom one measured at a different
temberature has long been‘esfablished. Assuming that the standard
change in heat content AHO is independént of temperature, integration
of the vdn't Hoff telationship between the temperature limits. Ti' |
-and T, yields an expression 2.5 (639). |

i 2 ~:?A.tf(T?--Tl) - @
R T T.T : ’
, _ A A .

Actually, the heat of reaction often varies slightly between -Tl

and T, and in sophisticated treatments this may be accommodated

2
by éxpressing pH° as a function of temperature. ~ This, however,
requires a knowledge of the heat capacities of the reactants and -
.prOducts and such data is not generally available. So,. in this

“work, the less exact method hasvbeen.ad0pted}

Corrections for temperatufe were applied whenever
necessary thfoughout the acquisition of the formation‘constants.
This is illustrated in Table 2.1 l Data measured by Gergely‘et al.
waé used to transform their equilibrium constants measured at 25°¢
(504) into values applicablé to 37°C. Thése were compared with
Perrinis.formation constants for the same reactions (369,158)
which_weré:experimentally deterﬁined at 37°C.7 The comparison
revealed that the agréement was reasonable in all cases except one,

bearing in mind the slightly different ionic strengths (A = 0,05M).
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TABLE 2.1 -

FORMATION CONSTANT TEMPERATURE CORRECTION

| - a° log { K,\ [log K = '|log K  log K
Reaction KJ/mole (WZ‘) Obsegved Predicted Qbsegved
: L VMJ e 25°%c  |e 37% @ 37°%
vCu+Asn'aﬂCu(Asp) | -26,3 -0,18 7,79 ,61 7,69
Cu(Asn)+Asn = Cu(Asn), | -27,9 -0,19 6,50 6,31 5,97
CutGln = Cu(Gln) -22,9 | -0,15 7,62 7,47 7,24
Cu(Gln)+Gln = Cu(Gln)2 ~25,6 -0,17 6,38 6,21 6,16
Cut+Aba = Cu(Aba) -22,6 -0,15 8,02 7,81 7,65
Cu(Aba)+Aba = Cu(Aba)2 -27,4 -0,19 6,70 6,51 7,44

24

Cu = Cu

Asn = Asparagine-

Gln.A= Glutamine

Aba = Aminobutyric,acid.
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Furthermore, the calculated predictions were in better agreement with
Perrin's values than the constants measured at 25°C,vexcept the one
alregdy mentioned. . The exceﬁtion drew atténtion to the fact that
Perrin's valpe for the formation conétant of copper (aminobutyric
acid)zlwas extraordinarily high, Further examination, in the light
6f_(i) other independent work cited in 'Stability Constants'

Special Publication 25 and (ii) the observation that this ligand
:tends to exhibit formation constants_which are lower than most other
amino acids, led to the conclusion that Perrin's value was erroneous.
Thus, this was considered to be an exception to the rule that formation
constants measured under 'physiological' conditions are used in
preference fé otﬁer values obtained from studies unde; different

temperatures and ionic strengths,

Corréctions'for ionic strength are not as straigﬁtforwafd
asbthoée apﬁiied for temperature differeﬁces. 'The reasons for this
are twofold. .In tﬁe fifst place, the'theory-ipﬁdlved'is‘not as
fundamental or as well established. Secondly, the variations which

arise from the non-ideal nature of the system are more pronounced.

in 1923 Débye and Huckel published their fheory-on tHe
influence of interionic attraction in electrolyte solutions (663, 664).
.They attributed the departure from ideality of such solutions to the
charges carfied by the ions and from a mathematical consideratioh of
these electrical interactions derived a limiting expression for
activity coefficients of ion pairs in terms of the ionic strength (1).
Their relationship has been verified for extremely dilute solutions
(70) but attempts to extend it to deal with mixed-electroiytes'and'

higher concentrations have been met with limited success. The
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extension to concentrated éolutions is particularly difficult
because many specific properties of the ions need to be taken

into account. The application to mixtures is even more complicated,
largely because of the presence of more than one kind ion with
different sizes (71). 0n¢ approach to wﬁiéh referenée is often
made, introduces a term which allows for the finite sizes of ions:

This uses equation 2.6 for the activity coefficient, f

} - AzZI% _
log f =——‘-—-—'—r——'— ) -..-.(2.6)
"1 + Bal?

where " A -and B areFCOnétants, z 1is the ionic charge and ‘a is
the average diameter of the ions in solution. However,.it is
'}fhermod&namicélly inconsistent' t0'qsé equation 2.6 with syétems
éf mixed electrolytes (654). Thus, a number of empiricai é#pressions
ﬂave been pr0p§sed for solutions of mixed'electrolyteé at moderate
concéntraﬁion. One of these which is in very good agreement with
vexperiment for solutions having an ionic strquth up to I = Q;lM
is fhe Da§ies equation 2.7

log £ = ;!Azz ( I£ ) - CI
- 1+t /)

eeeed(2.7)

Unfortunately, none of these methods has proVéd to be
much use in the present study. - The available data is almost
invariably insufficient to determine the parameters which appear

in the various equations. Moreover, few of the methods are applicable
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to solutions with an ionic strength greater than 0,1M whilst the
backéfound electrolyte concentrations used in formation constant
measurements are seldom below this figure. The greatést need, in
fact, for this type of calculated correction applies to solutions
with I = 3,0M.  This is for two reasons. A,large nUmbér of
formation constants have been detérmined under these cqﬁditioné;  |
Also, the formation constants exhibit minima between I é.O;ISMT
and I = 3,0M so other means which can sémetimes bevémployedftéeé
Secfion 2.3.4) such as empirical interpblation;‘becoﬁe quite‘

unreliable.

One report by éergely et al.has been of particular
value in the attempt to make the ﬁodel's formation_éonstgnts
representative of the ionic strength.of plasma. This study
investigated the depen&ence on ionic s;rength of tﬁe’form&tion
constants of parent and mixed complexes of copper (II) with some
amino acids (377). Thebchange of each fprmﬁtion cbﬁstant is'
depicted not only as a function of ionic strength but also for
each of.three background:electrolytes, potassium chloride, potassium
. nitrate and sodium pefchlorate. These workers have thus established
a guideline concerning the.approximate variation one can expect for
formation constants measufed under different conditions; Figure 4
shows their reéults (377). The following poiﬁté have 511 been

applied on several occasions on the present work.

1) - At the ionic strength of piasma (c.a.0,15M) the nature of
the electrolyte used has little influence on the value of the

formation constants.
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FIGURE 4.
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2) . The plots all sﬁow a minimum. This is in accordance
with theoretical cbnsiderations, for éxample, the Davies equation
2.7. | Specific applications of this have included the fact that
the formation consfant applicable to physioiogical ionic strength
is lower than the value fépdrted for infinite dilution and probably
greater than that measured at I = O,ZM; Formation constants at

infinite dilution are commonly found in the literature.

3) Formation constants measured in 3,0M NaClOAIare very

much 1arger‘thén tﬁe corresponding values at 0,15M, .often by more

than an order of magnitude. On the other Haﬁd, formation conétants
measured at ‘I = 1,0M are very apprbximatélylthe.same value as those
applicable to plasmé'ionic strengths. This is important because.
mény_studiés use one or other of these high eiectrolyte concentrations.
So, in despgfétiOnvand only when there is nb alternative, correctiqns
can be made.by analogy to the behaviour of the systems étudied by

Gergely et al. (see the example in Section 2.3.4).

2.3.3 The cbmputation of ternary complex formation constants.

Many articles dealing with the formation of mixed complexes
comment on their biological significance (for example, 336, 502, 221,
- 334, 97, 183, 453, 279, 186, 307, 308, 309). This is in large ﬁeasure
owing to the realization that ternary protein complexes are the ’
intermediates'bétween the metal iéns bound to protein and those
belonging to the low molecular weight fraction (see 168, 29, 185, 269).

The possibility of ternary complexes arises whenever two or more
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~ligands are present in solutions of metal ions although this has only
becbme generally recognized during fhe last two decades (74). All
biofluids contain a multitude of potential ligandé in high concen-
fraction compafed with the transition metal ions so mixed ligand
complexeS'will be the rule rather than the exception. At least
the majority of such ternary species in blood plasma will need to

be included in the model to ensure its reliability but unfoftunately,
‘only a véry’small fraction of the applicablévformation constants
have been experimentally mea;ured. Even fewer have been determined
under the appropriate conditions of ionic strength and temperature.
Thus, the ohtsténdiﬁg valués‘need to be calculated before thé
simulation is attempted. Perrin (369) has éet a,pfeéedent in

this regard by computing estimates of 28 constants eacﬁ for mixed
cbpper and Zin; complexes. However, with n differeht ligands
there are n(n—l)/2v possible ternary cémbiﬁatipns so that 28 |
constants.séems comple;éiy inadequate;  the actual number-of

ternary complexés for each metal ion formed by, say, 50 1igénds

is well over one thousand.

In the présénce of eqﬁal concentrations df two ligands
’A and B, the mixed éompiex MAB is statistically more favoured
fhaﬁiﬁAz or MB, (74,88). This is simply the outcome of the
probability associated with the formation of each species.~ The
.binary complexes are only half as likely as the ternary one.
Each binary complex is associated with a probability of one‘in four
because the chance that a particular ligand will co-ordinate is

exactly 50 percent on each of two occasions. On the other hand, the

ternary complex is formed by both of the remaining combinations.
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On. these grounds, an estimate for the formation constant for the

mixed ligand constant is taken to be twice the average of the binary

formation‘constants. Hence,
ok : .
log By,p = i (log BMA2+ log BMBZ) + log 2 | veel.(2.8)
and
*
log BMAB'= ElgggL_‘f—‘ % log BMAB
. [M1[A][B] '

Sharma and Schubert have outliﬁed a general approach for calculéting
_stétistical factors for the mixed complexes formed when more than

fwo ligands are involved (88). These factors can be quite'éonsiderable
but owing to the dearth of experimental evidénce,it_is difficult to
vevaluate_theif‘real influence for épeqies more complicated than

quaternary complexes.

It would be most surprizing to find that the statistical
énhancement of mi#ed ligand_formation gqnstanté accounted cpmpletely
for their.observed stabiiity. In fact, this is not the case. The
large'méjority of ternary complexes have formation constants somewhat
larger than that predicted by equation 2.8. This reflects a number
of factors which are energetically favourable (502). fﬁe most
coﬁmon of these are (i) further neutralization of charge, (ii) steric
synergism and (iii) the formation of additional bonds, I-bonds and
hydrogen bonds, for example. Ho&ever, ligand~ligand interactions
occasionaly also lead to destabilization. = Thus it is conventional
“to emplof a factor, A.lég's which expressés the enhanced or diminished

stability of the mixed ligand complex after correction for statistical
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effects (88, 83).
) . *
4 log BMAB'_ log BMAB - log BMAB ceeaa(2.9)

‘Most studies cohéerﬁed with the férmation consfants of ternary
complexes provide A log $ or anélogous valﬁeS'(BB, 336, 88;'502,
74, 308, 334, 504, 335, 267). TheseAstaBiliZatign'facfors”may bé ‘
used to compute estimates of the fbrmation ¢constants and iﬁ&eed,

'provide one of the easiest means of doing so.

Appendlx 5.5 contains a listing of a Fortran program
MIX which was developed using the Un1ver51ty of Cape Town's UNIVAC
-.1106 computer. This program was de51gn¢d to accompllsh three tasks;
they are'dealg with by a single program because they all involve
.manipulationAof the primary férmatidn constaht data. The'objectives

may be detailed as follows.

1) : To compute the ternary comﬁlex formation constants

which haQe not been experimentally measured, using eqﬁation 2.8 and

a general étabilization factor A log B provided by the uéer. - The
value usually employed is a little greatervthan zero because except
when the two ligands afe_very similérvfhis'is likely to introduce

less error than zero itself. The-program-is required to set up

all the possible ternary complexes that can arise from ligands for
which MA2 bformation constants are known. - As the formation constaﬁts

it uses are already applicable to the ionic strength and temperature

of plasma no further adjustment in this regard is necessary.



101.

2) To cbrrect the ternary formation constants which have
been eXperimentally measured to values more appropriate to plasma
conditions. Direct application of the various correction methods
used to obtain binary constants for 37°C. and I = 0, 15M is_not favoured

because of the widespread dearth of data concerning ternary complexes.

The problem is instead tackled by taking the A log B
factor which is observed under the'(nonfplasma) éxperimentél_conditions.
and after scaling.it‘to take account of the different conditions,
subStitdting it for the theoretical sfabilization factof used in‘(l).
Thé scaling adjustmént reflects the difference between the binary
constants apbliéable to plasma and those measured for the. experimental
solution. In other words, by.considering-equation; 2.8 aﬁd 2.9 one
obtains A log BMAB (éxperimentallcqnditions) and scales it'to

A log BvaB (model conditions) by applying equation 2.10.

BMAZ(model).BMBz(model) \

A log By, p(model) = A log'BMAB(exp.)v.

{ BMA (exp,)tBMB'(exp.) j
2 2 Y,

The scaling factor adopted is chosen somewhat arbitrarily. However,“
its value is seldom far from unity so the error introduced is limited.
Moreover, its effect on the relatively small A log 8 s is much more
contfolled than it wouldee if applied directly to the ternary

formation constant.
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3) To set out the data required by each model. Program
'MIX assembles the data from three computer files. These contain (i)
a list of components desired fof the @articular occasion, (ii) all
tﬁe binafy formation constants and (iii) the éxperimentélly measured
fernary complex formation constants and appropriate stabilization
factors. The program oﬁly selects ﬁhevforméﬁion constants aﬁd
corresponding species éppearing'in the 1a£ter‘twé files if they
involve cohpOnents appeafing in the first fiie.  This procedure
fécilitates the numerous manipulations and alterations‘which are
inhefent in a study of this kind because it enables one to set up
different models_ﬁithout ;ampérihg with the primary formation

constant data base.

2.3.4  Miscellaneous estimations of formation constants. -

Fof'the‘reasqnéialready'statea, the formation:gonstants
which are requiféd by.a'rigordﬁs modél_buﬁ whiéhihaVe‘not yet.beeh
expérimentaliy measured under the appropriate conditions must be -
estimatedbby onevmeapé or another. TheSe'ougsﬁaﬁding values fall
into two categofies, ‘A small fraction havé not Been.measurednét
' a}l. The rémaindéf have been determined-But are not suited to a
théoretical adjustﬁent for ionic stréngth or temﬁerature (as discussed
in Section 2.3.2), usually because there is insufficient data avail-
.able or because ﬁhe evidéncé is not mutually compatible; This
séction-outlings the vafigty of methods used,‘ﬁhere possible in
concert, to gstiﬁate ﬁany of the formation constants listed:in
Aﬁpendix‘5.6. To illustrate these procedures the estimates for

aspartic acid, tabulated with the values upon which they'aré based,
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are presented in Table 2.3 after the following discussion. No
formation constants for this ligand under blood plasma conditions

of temperature and ionic strength have so far been determined.
1) Numerical interpolation and extrapolation.

This is the Aevice most commonly employed. It is given
preference whenever sufficient data is available. It entails |
estiﬁating_the change in the formation constant value produced‘by
changes in»temperature of ionic stréngth. quite satisfactory‘values‘
cén often be procured by such means. However, a major obstacle
encountered was the large disparity often found between valpes for
the same constant feportedvby diffefent.workers. These discrepancies
sometimes e#tend to orders of magnitude (see, for example, ;Stabili;y
Constanﬁs' Chem. Soc. Spec. Pub. Nos, 17 énd>25). Ekfrgpolatiqns
by analogy with the ionic strength plots of Gefgely et al. aiso |

proved very valuable (377).
2) _ Relations between ligand basicity and Cdmpléx stability.

It is well known that for a series of structurally
similarvligands,va linear relationship often exists between the
protonation and metal-ligand equilibrium constants (364). Some
correlation 1is to be expécted whenever metal ions and protons are
in competition for the same ligand site. Sigel has recently’extended
this approach to include ternary complexes in solution (505). The
most important application of this method for estimating formation
constants'iﬁ the present wérk applies to the ferric and ferrous

complexes with amino acids. Few studies have been published about
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these equiliabria.other than those by Perrin (51, 52, 53).
Unfortunately, ?errin's.measurements were made under conditions ill-
suited td.the plasma model. These were in aquedus solution at

20°C and unit ionic strength. In fact, the coﬁsiderable.difference
in conditions makes it inadvisable to apply any of the usual methods
of correction unless there is absoiutely no alternative. However,
Perrin has established that there is a linear dependence of the
logarithm of stability constants of the iron cbmplexes on the acid
ionisation constants of the amino acids. Equation 2.11 is applicablg

to the combination of a cation with a series of simila;_ligands.
" log K = apK'+ C ' ceeea(2.11)

where o and. C are constants and Kﬂ is the ionisation'éonstant

of thé 1igaﬁd. Perrin evaluated the slofe of the linear relationship
: for‘both ferric (o = 1,8) and ferrous complexes (a = 0,4) so these |
have been applied to the acid dissociation constaﬁts applicablg;to
37°CAand.I = 0,15M. to obtain certain of the ferric and férrOus ligand
.formation constants listed in Appendix 5.6, Provided that the actual
form of.the linear relatioﬁship is not too defendent upon the expéri—
" mental temperature or ionic strength, the observed change in proton-
ation cbnstants will impose upon the difference between the formation
Vconstanﬁslof the iron complexés. In fact, the slopes evaluated

by Perrin éfe simply convenient proportionality constants. The
apélicatién of this procedure to ferrous aspartate is illustrated

in Table é.3 9). Incidentally, one might note that the magnitude
of the correction>for both ferric and ferrous complex is small.

This is in line with the suggestion made in Section 2.3.2 (3) and

applied, for example, in Table 2.3 (17) that formation constants
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_measured at I=1,0M often correspond to those appiicable to plésma
conditions.
3) Chemical analogies.

Whenever no formation constant at éll has been detérmined,
the estimation of its value has had to depend upon some kind ofl
chemical analogy. Using the Irving-Williams rule and other observed
chemical trends (see Table 2.2 for binding'trenas of.the amino acids,
for example); it is often possible to gauge an épproximate_value.

Of course, the more of these analogies which caﬁ be brought{to bear on
ahy_onevproﬁigﬁ, the better that answer is likely ﬁo be. | This approach
has'beén'used, foriexémple,té obtain most of the magnesium amino acid
.éomplex formation constants used in the model. Very few have been
measuréd because of the weak binding and‘experimental difficﬁlty in
monitoringHCOmpiexation espéciaily bj poteptiometry. By considering
.a number of chemical aspects, é safisfactory picturé has emerged.

At physioloéical_pH magnesium 5iﬁdiﬂgvis likely to be predominantly

to the deprotonated cérboxylate fﬁnction of tﬁe amino acid.  Thus,
formation constants witﬁ 1ogVB = 2,0 are expecfed, This figure is

a iittlé lower than the majority of réported magnesium-carboxylate
intefactidns~(see 'Stability Constants' Chen. Soc. ‘Spec. Pub. Nos.

17 and 25), in line with the general drop‘in magnitude associated with
the transitions 25% —‘37°C and 0,0M.— 0,15M (see Seétion 2.3.2).
Moreover, the magnesium species are likely to be more stable thaﬁ the
analogous calcium ones but less stable.than the corresponding manganese
compounds. Finally, the general binding trends exhibited by the series
6f amino acidAligénds towards other metals can be superimposed (see

Table 2.2). This exercise underlines the primciple that even a
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poor estimate is usually better than no value at‘éil. Althougﬁ the
magnesium amino acid binding is weak, fhé complexes formed in plasma
are important because of the relatively high concentrations of both
components. The considerable influence of the ﬁagnesium and calcium
.amino acid complexes on the computed diStfibutiop of the transition
metals amongsﬁ the low molecular weight ligands in blood plasma is

discussed in Section 3.2.3.
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TABLE 2.2

TABULATION OF THE BINDING TRENDS® EXHIBITED BY A SERIES OF AMINO ACIDS

Amino acid | Trend Cul CuL2 Mol MnL, ZnL ZnL, ZnL,
Simple amino acids 0 8,0 14,7 2,5 4,4 4,6 8,5 10,9
Average - 0 8,1 14,6 2,6 4,6 4,7 8,4 10,8
Alanine , , 0 8,0 14,6 2,4 4,3 4,6 8,6 10,7
Aminobutyric acid - - 7,7 14,0 b4 7,2
Arginine ' - 7,4 13,7 4,0 7,6
Asparagine - 7,7 13,7 4,5 7,8 10,0
Glutamic acid + 8,7 14,9 - 4,8 8,5 '
Glutamine - 7,2 13,4 4,3 07,9
Glycine o 8,0 14,7 2,7 4,8 4,9 9,0 11,3
Histidine + 9,8 17,5 3,2 6,2 6,3 11,7
Isoleucine 0 8,0 14,7 4,4 8,1
Leucine 0 8,0 14,7 4,5 8,6
Lysine 0 9,3 14,6 3,5 7,0
Methionine - 7,7 14,1 4,2 6,9
Ornithine + 9,8 14,8 5,9
Pheynlalanine - 7,7 14,4 4,5 8,4
‘Proline + 87 16,0 2,8 55 5,1 9,7 11,2
Serine - 7,6 14,0 2,5 4,0 4,5 8,3 10,6
Threonine - 7,6 14,0 2,5 3,9 4,4 8,1 10,1
Tryptophan + - 8,1 15,3 - ' 4,5 8,8 11,6
Tyrosine + 9,1 15,1 - 6,1 '
Valine 0 7,9 14,6 2,3 4,0 4;4 8,2 10,6

Cumulative stability constants measured a£.370C;
I =20,I5M KNO3 (158, 369, 62)

Simple amino acids = Alanine, Glycine, Leucine, Isoleucine and Valine.

#'TREND' means the strength of binding of the particular amino acid

relative to the average for the series of similar ligands.



108,

TABLE 2.3

ESTIMATION OF LOGS OF CUMULATIVE FORMATION CONSTANTS FOR ASPARTIC ACID.

AT 37%C ; T = 0, 15M.

References with alphabetic characters refer to 'Stability Constants'
Chem. Soc. Spec. Pub. Nos 17 and 25 and references therein. Other
'Refs' are those listed for this thesis. See Appendix 5.7 for
explanation of symbols. '

1) ASP2(+1) H+1(+1) log B,y = 9-20
Ref log B I t medium
53L 9.62 0.1 25 KCl
52C 9.46 0.1 30 KC1
52K 9.60 - 0.1 20 KC1
61B 9.87 0.1 25 KC1
62Ca 9.63 0.1 30 KC1
65R 9.63 0.1 25 KNO,
Ref 377 9.73 0.1 25 KCl
Ref 377 9.63 0.2 25 KCl

Estimation: log B = 9, 7 @ 25;0,10 as average
1og B =19,6 0 25;0,15 ref 377
A % 0,2 from 25 to 30 ref 62Ca more recent
Assume A% 0 4 from 25 to 37 '
2) ASP2(+1) H+1(+2) - log 5]02 = 12.60
Ref  log K I t medium

61B 3.87 0.1 25  KC1
62Ca 3.79 0.1 30 KC1
63F 3.69 0.2 25 KNO3
Ref-377 3.75 0.1 25 KC1
Ref 377 3.72 © 0.2 25 KCl
Ref 267 3.68 0.2 25 KC1
65R 3.71 0.1 25 KN03

Estimation: 1log K = 3,7 @ 25;0,15
Assume log K = 3,4 @ model conditions

coritinued...



109.

3) ASP2(+1) H+1(+3) lop 1y = 14.20
' Ref log K I -t medium
52K 1.88 0.1 20 - KC1
53L 1.94 0.1 25
52ZA 2.08 0.01 20
63F 1.92 0.2 25 KNO3
65R 1.9 0.1 25 KNO,
Ref 377 1,81 0.1 25 ° KCt
Ref 377 1.85 0.2 25 KC1

Estimation: log K= 1,9 @ 25;0,15 S
' Assume log K = 1,6 @ 37;0,15 analogy with glutamic acid

4) © ASP2(+1) CA+ Z(+1) log B,y = 1-60
Ref log K | t
53L © 1.60 0.1 25
Ref 668 1.53 0.7 37
| Ref 668 1.53 0.7 25

‘Estimation: log K = 1,60 @ 25;0,15 o
Assume log K= 1.60 @ 37 AH = 0 7Ref 668

5) . ASP2(+#2) CA+2(+1) ' log B,,, = 2-10
Gugss} log K, is uﬁlikely to be less than 0,5
6) ' ASP2(+1) cu+2(+1) | log B, = 8:50
Ref  log K I t medium
52C 8.57 0.1 30°  KCl
5IM. 8.40 0.1 25 KNO,
Ref 377 8.99 0.1 25  KCI-
Ref 377 8.86 0.2 25 KCl
Ref 267 8.70 0.2 25  KCl

Estimation: 1log K = 8,7 @ 25;0,15 o
Take log K = 8,5 @ 37;0,15 conservative value AH < 0
, for glutamic acid

continued...
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7) © ASP2(+2) CU+2(+1) log 8 15.20

210
Ref log K I . medium
52C 6.78 0.1 30 KC1
Ref 377 . 6.89 0.1 25 KC1
Ref 377 6.88 0.2 25 KC1
0.2 25  KCl

Ref 267 6.96

Estimation: log K = 6,9 @ 25;0,15 . o
' Assume log K = 6,7 8 37;0,15 : A = 0.1 for 5°¢C

8) . ASP2(+1) CU+2(+1) H+I(+1) - log 8,,, = 12.20
Ref 1og'6 I t med ium
Ref 267 12.38 0.2 25 KC1
' . ' L
9) ~ ASP2(+1) FE+2(+1) ‘ log B4 = 4.20
‘Ref  log B T "t medium
Ref 53  4.34 1.0 20 KC1

Estimation: log K = 0.4 pK' +C; C=4.34 -~ 0.4 x 9.56

(see Section 2.3.4(2)) C = 0.52
log K = 0.4 x 9.2 + 0.52 = 4.2
10) ASP2(+2) FE+2(+1) ‘ log 85,0 = 775
Ref ‘log B I t
52A 8.5 0.01 20

Estimation: log B = 7.75 conservative value

continued...
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D ASP2(HD) FES2(+1) : ~ log B, = 11.0
| Ref log B 1 t
Ref 52 11.4 1.0 20
Estimationﬁ Linear calculation as in (9) with slope = 1.8
(see Section 2.3.4(2))
12) ~ ASP2(+2) FE+3(+1) | _ log Byyg = 17.0

Guess; very conservative value

K2/Kl is the approximate minimum of the same ratio with Cu amino acids

13).  ASP2(+1) MG+2(+1) S log B, = 2-20
Ref log K I t med ium
S3L  2.43- 0.1 25 KCI. l

Estimation: By analogy with other amino acids
(see Sectiom 2.3.4(3))

14)  ASP2(+2) MG¥2(+1) log 8,4 = 2:90
Guess; consefvative value c;f. Manganese K,
15)  ASP2(+1) MN+2(+1) o log 8, = 3.20
Ref log B It
524 4.0 0.01 20
52K 3.74 0.1 25

Estimation: see Table 2.2 for other amino acid values

continued...
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16) ASP2(+2) MN+2(+1) log By, = 5.20

Guess; based on K2/K1 ratio from Table 2.2

17) ASP2(+1) PRE2(+1) log 8, = 580
Ref log B I t - medium
64R 5.88 1.0 30 KNO
ref 311 6.67 3.0 25 NaCl0,

See comment in text; Section 2.3.2(3).referehce 377

18) ASP2(+2) PB+2(+1) - " log 8210 8.20
" Ref log K 1 t ‘medium
64R 1.5 - 1.0 30  KNO
Ref 311 2.76 3.0 25 Nac?o

Estimation: log K = 2.4 conservatlvely
Using K /K ratio;” c.f. Zn and Mn rat1os

19)  ASP2(+1) 2N+2(+1) ’ log BllO - 5.80
Ref log K I t
52C - 5.84 0.1 30 KC1

Estimation: c.f. other Zn amino acid values Table 2.2.
: Aspartic acid is invariably a stronger ligand

20) ASP2(+2) ZN+2(+1) ‘ 103'8210 = 9.3
Ref’ log B I t medium
52C - 10.15 0.1 30. Kcl
52A 10.4 0.01 20

Estimation: log B unlikely to be greater than 10.0 conservative value
1og B = 9.3 is already con51derab1y larger than average
4 (Table 2.2)



CHAPTER THREE

' THE SIMULATION OF BLOOD PLASMA
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3.1 Computer simulation of large equilibrium systems.

A knowledge of the distribution of components and the
evaluafion of constituent concentrations in chemical equilibrium
mixtures is impor;ént for many reasons in addition to those associated
with the present application to biofluids. The computation of the
amounts of sbecific species'présent in solutions invqivéd'in speétro—
photometric, calorimetric and other physicél étudies ié pg;haps the
most obvious (114, 115). Other examples centre op-the deterﬁination
of optimum conditions for a variety of analytical and chemical
separation techniques. Aiso, the effects produced by the addition
of some reagént can be calculated. It has already been implied
tha‘t‘one of the primary motivations behind the measurements of
formation constants isvthat.they enable évaluations of this sort to

be made.

Alfhough_the equilibrium concentrations may in principal
be evaluated directly from Guldberg and Waage's law of masé actidn,
formulated in 1864, the solution of ﬁhe appropriate equation is,
exéeﬁt in the case of relatively simple systems, by no means straight—
'forward.. This is largely the outcome of the non-linear nature of -the
mathemafical relations involved; these complicate‘any sort of general
approach. ﬁnder some of the more elementary conditions, specific
methods ére easier and more economic. So, over the last thirty
years this problem has been taékled.by many investigators (e.g. 10,
11, 12, 13, 91, 92, 215). With the advent of common high~speed

computer availability, the last decade has seen it fall increasingly

into the realm of computer application (115, 85). Early work




114,

concentrated on gaseous equilibria and using a variety of Optimisatioﬁ
'téchniques usuallyfapprOACHed the question by minimising free energies;
With mixtures in éolutibﬁ, a'fundamentally analogous means seeks a best
fit té the masé action and mass baiance exprgssions. This is moré
convenient and nowadays more common. Thg most frequently referenced
programs in this regard ére HALTAFALL by Ingri et aZ.(llZ).and COMICS
which was deVeIOped by Perrip and Sayce (111), . There have aiso
appeared a selection of others (49, 219, 110, 2[4, 119, 245, 227,

327).v ‘The trend is hardly surprising because manual methods,iespecially

vthoée:with general applicébilify, are tedious and difficult.

vIn’édditioﬂ to the problems which are associated with the
actual calculation of concentrations, multicomponent mixtures in
b.chemical equilibrium may also exhibit a behaviour‘which, to those
well—yefsed.in the properties of systems with.only é few components,
may.appear at first sigﬁt to beva-contraqiction of Le Chatelier's:"
principle! Broadly spéaking, this may arise as follows. When
the coﬁcéntration of any one component in a large, general and weil—
deiihed equiliBrium system is altered; there is no rule of thumb which
will alwaysvcorréétly predict thé effect of thevchange on any specific
‘reaqtioh operating in the solution. . The direction of equilibrium
shift is determinéd‘gyvthe relative magﬁitudes of all the eqqilibrium
- constants acting in concert so the outcome on one particular equilibrium
can easily seem anomaloué. ' For example, if the free cbncentration_
of a componeht common to more than one species is raised, the product
faVoured,by a large formation constant can quite possibly increase
to avlesser degree than o;hertspecies,whdsé formation ié governed by

smaller equilibrium constant values. In the extreme case, the
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concéntration of the former species may even decréaée.provided~tha;

the equilibrium is disturbed in such a way that the free coﬁcentfations
of its éther coﬁponents-are sufficiently reduﬁed; For this reason,
the only method by which the influence of any factor may be‘prbpefiy
evaluated is to compute the equilibrium.conceﬁtfations'before and |
after the change. A comparison of the results whicﬂ emphasises

fhe differences that have arisen will then reveal the exact.effect

of the aisturbance. This .has a bearing.on the phildsoﬁhy which.is
édopte&_ih this thesis because it denies the vélidity‘of shért-cuts

to the .solution which rely on a straightforward chemical intuition.

3.1.1 ' Progfam theory and development.

In almost all but the most tfivial of bomputgr projects,
a balance must be found between the two limiting factors of processing
time énd core storage requirements. Program development must
consequently take place within a‘framewofk thét not only atﬁempts to
achieve an overall coding optimisation but also reflectsévin the -
compfomiée between the two factors mentioﬁed{ the unique dehénds of
the ﬁarticulaf problem. The approach adoéted towards this question
must be formulated before the coding is begun because time and time
‘again it will be found heqessary to decide in favour of one or the -

other.

In the present case; lérgely_because of the considerable
number of constituents in living systems, the size of the model will

_ invariably represent one of its most fundamental restrictionms.
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So; special care néeds_to be paid to thé question of compﬁter core
storage. Whilst the value of speed should never be forgotfen, wﬁenever
its needs wouid'seriously conflict wifh spatial considerétions, the

latter must be giveﬁ pfidrity. _ This point is pertingnt throughout

the following discussion.

The ﬁroblem under consideration here, is to calculate the

concent;ation of all the chemical constitﬁénts‘whiéh exist in a well-
xdefined, singlgaphase équilibrium mixture. Thesé constituents'aré
classified.either as-cbmpénents or as complex species. 'The’componépts
are‘s;oichioﬁetricaliy inde?ehdent and afe'selected as fundamental

»in the'sense;thaﬁ there may be.nd complex species which comprises a
more e1em§ntar§ chemical unit. ‘_Thié definition is arbitrary and’
chosen merely for convenience - sometimeé components héve.Beéﬁ selected
on the.grounds éf highest concentration‘at equilibriﬁm. The concen—'
traﬁion.of each éompléx speqieé ‘(S) is then fixed by ﬁhe law of mass
actioﬁ.‘_‘Iﬁ is.a function of the éumulative stébility qonstaht (B
and thé free cpncentrétions‘of each of its comﬁonents.‘ix).' if i
is the ihdex for éémponents and j the index'fér ébmplek specieé;
4:0ne‘has3 | |

s, = g, 1x<(h3)
J J 3

(3.1)

where k(i;j) is the matrix containing the number of times the ith
component appears in the jth complex species. It may be pointed
out here that the distinction between metals and ligands in this .

context is superfluous for mass action is indifferent as to the
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nature of the reactant. A list of the symbols used in this section

appears in Appendix' 5.1.

Gené:ally; the equilibrium system is-definéd in terms of
the total concéntrationsvof each of the compoﬁents. ﬁoweVer, if
the free concentration is known instead, .that is, of course, just as
satisfactory. In most exPerimental situations, dnly thg‘ffee
concentrations of‘hydrdgén ion and possibly hydrdxylbion Qill bé
é#ailable but sometimes free metal ion concentratidns’and/or free
liéand éoncentrations are also measured. It;is therefore important
that thé program be able to'accept the input‘databin_terms of either

the total or the free component concentrations.

Aé there is no direct way to determine the equilibriuﬁ
concentrations, the;apbrqach usuaily adopted is.based on an‘iteratiﬁe
improvement of sdme‘éet.of initial estimates. - By systematic
variation of the unknown free component conéentrations and caléulating
: via,eqﬁation 3.1 the COrresponding values of all the compléx species,

it is'poésible to arfiﬁe'at the pointvwhere the mass balanée eqﬁétions
for éécﬁ cbmpqnent are sétisfied. These are:

T =%+ LS km,j)
(3.2)

where m- is a specific value of 1 and is the index pertaining to
a particular component. T, is the total concentfation of that
component., Provided the concentrations of all‘the‘constituenté’
are not permitted to be less than zero, once the mass balance relatiéns

are all obeyed, the unique solution has been found - (see, for example, -

216).
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It has long been appreciated that the constraints of mass
balance and of mass action may be fully described by n nonlinear
equations in n uﬁknowns, where n is the number of components
whése free concenfration must be.determined. The questidn may
therefore be solved, in principle, by the application of any nonlinear
optimization techniQue which yields those conditions which produce a:
set of total calculated concentrations from equation 3.2 thét'aré :
identical to the given real concentration totéls (rTm). | .These
calculafedVValués (ch) are obtained by summation over all the
species concentrations arising from the current free component
estimates. The objective function to be minimised could be, say,
fhe sum of the squares of the differences betweeﬁ the corresponding
totals. Howéver, except in the case of‘gmaller systems (where both
general and specific techniques are effective), it transpires that
an.exchange_of the part%CUlar préblem for the genéfal, introduces
more diéadvéntages fhan it is wdrﬁh. _Equilibrium is dictated by a
set of well behaved aﬁd easily manipulatable relations and methods
of.geheral applicability do not exploit this. These methods also
suffer iﬁ a number of ﬁays as the nonlinear system ekpands, General
convergence'diffitglties become more apparent (Zeleznik and GOrdén
have.pointed outxthat in practice many élgorithms fail in this
regard (216)). In fact, no general method can be trusted always
tobconvéfge if tﬁe initial estimates are poor ones (621). Iﬁ
large systems, good starting values are likely to be the exception
rather than the rule. Gans and Vacca (329, 330) have gone so far
as to pfoduce an entirely new program for the calculation of stability
constants because both the other programs commonly employed for this

(42, 113) exhibit limitations as a result of the iterative procedures
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" upon which the& are based. Abové all, most generai tecﬁniques are
unsatisfactory becausebtheir compuﬁer core storagé requirements would

‘ seribusly limitvthe magnitude of the models which could be investigated.
Large matrix manipulations are inclined to be eXpéﬁsive in terms of
both size and tiﬁe required for computation. Moreover, many methods
are affected by round-off errors,énd_thusvbeéomevincapahlo of lengthly
iteration procedures. Both the Newton-Raphson'technidue (so oftén
used, with or without'modification)'(214,.227)'and Powell's aigorithm
for a sum of squared terms (615, 329) have been rejecfed, for the
problem in this thesis, in the light of these arguments. _Alllin all,
it appears best to use a simple suqcessive approximation funétion
which varies the currént estiﬁﬁtes_in‘sqch'a way that the new values
can hardiy failbtovbe an improvement on the old onés. Perrin aﬁd
Sayce have emﬁloyed such a function in COMICS (111). This is shown
‘as equétion 3.3 where the augerscripté n;-_o, r and ¢ denotg..

' 'New'; '01d', 'Real’ and"Calculated' quantities respectively,

gy e o (T ) -
_ T \ | C - 3.3)

Invspite;of the fagt.that at first sight one may anticipate a slow
rate‘of convergence, the fuﬁetién has provédv;o be’reﬁarkably
efficient, It is unfortunate that the authors do not indicate
exactly why this éxpression was chésen; Somé time after the °
original publication, Perrin commentsvthat 'for all_positive values

}

of x, x? is always closer to unity than x] ' (369). Whilst of

‘course, the argument of the square root is indééd required to approach
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unity, does this .necessarily imply that the new estimation from

equation 3.3 will consistently be an improvement on the old one?

Another importaﬁt aspect of the program'development is
the means wheréby a suitable set of initial approximations are
obtained for each componeﬁt's ffee concentration;. | In COMICS, it
is assumed that cémplex formation is negligible and that r0ugh.free

ligand cdncentrations can be calculated directly from pKa values (111).

However, when complexation is not minimal, especially inllérge
systems, this approach is redundant and one might just as well put
all the'freé component concentrations équal to the real totals.- |
Moreover, it is‘this artifical approach which requires COMICS to
drav a distinction Between_metals and ligands and thereby.suffér .
from a lack of optimisation in fhe pfogram.coding. On the oﬁher
hand, if onevsubéﬁitutes the real total concéntrations aé the first

free estimates, as suggested, one obtains calculated totals. (CTm)

that'ére enormous and:can hardly be said té represent.ah astutely
chosen sét of initial approxiﬁations. _Perrin's éﬁd.SéyCe's formula
(equation 3.3) ié not really Satisfactdry'under these extreme conditions,
largely because it treats every component independently'in a situation
where their mutﬁa1 interp1ay is most significant. What is actually
réquired is a function whiéh modifies.the new value (nXm) on the basis

of changes that are about to be imposed on the whole system.

An investigation into the relationships that operate in
the equilibrium systems presently under consideration, was undertaken
with three broad goals in mind. These may be formulated as attempts

(i) to find a more efficient approximation formula, (ii) to discover
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why the equation 3.3 used by Perrin and Sayce, in fact, works and
‘(iii) to dévelop an expression that would cope effectively with very
poor initial estimates. The applicable equaﬁions were subjected to
a pafallel consideratidn in terms of both the reai and calculated

quantities, as follows.

From equation 3.1, one may write

T's =g Trx kK1) R WA
i iq i . _ o :

°s. =g, T K3 By
i i i T

Note that, at this stage, any component whose free concentration -

is known (so that rXi / CXi), cancels.
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Moreover, from equation 3.2,

I, _ T 'z: r o o L
Tm = Xm + . Sj « k(m,3) 'f"'(3°7)’
J '

c. _c 1[: c - - ‘ .
T, = %, * - Sj . k(m,j) ... (3.8).
J

L
Substituting equation 3.6 into equation 3;7, one obtains

. ]

I = T Tr 0D 5 km, )

(3.9,

]

where F.
i

Now,'extracting Fﬁ by factorization -

4

I

Fm - (:Xm+ 2 WFik(i’j)-CSj . k(m,j) /Fm

m. h] 1
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. k(i,j) ,
so that if - 65 =Tr, ceee (3011
1

"
1l

one obtains :

' . %
Tx

m ° m .
m - . .
€x +ﬁ G, . %5, . k(m,j)

-eeen(3.12),

Equation 3.12 is an exact expression-for thg‘real free component
‘concentrations but it cannot be used to find the solution directly
because the sct Gj is unkﬁowﬁ..‘These factors Gj includé.;eai
free component concentfations (compare 3.10 and 3.11) and therefore
can only be evaluated once tﬁe entire problem has been solved..
Neveftheléss, the expréssion:3.12 has considerable valﬁe because it
may be coﬁparéd with Yarious.épproximétion formulae in order to
discover‘tﬂeir éroperties and to judge their iikely performance.
To'begin with?‘take G3 to be some approximation for. Gj_'itself.
Then, equation 3.12 transforms into an éxpression which can possible
be employed to impfove successivelyla set of (old) éstimates OXm

bby obtaining (new) values nXm which are closer to -er than was

the case with o&ﬁ. ' This expression is :
r o
- T . X -
"x = ceen(3.13),

For example, if G3 is obtained by taking _r'I‘i/QI‘i ~as an approximation

r. ¢ :
for Xi/ Xi and applying equations 3.10 and 3.11, it is suggested
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(in Appendix 5.2) that an iteration proéedure based on 3;13 may be
expecfed‘to converge on me provided that all the initial CXi>rXi.
This proviso is easily satisfied;v for example, by taking the stqrting
vaiues for CXm to be equal to the real conceﬁtration totals.
Equapion 3.12 may also be compared with fwo approximation formulae,
3.14 and 3.15. Under the starting conditions_pfOposed in the last
eXample for equation 3,13, when FCXi >rXi, it is demonstréted thaﬁ
thé Unknown Gj factors are all, effectively, 1eSs than unity (see
equation 5.5). So, by comparison withvequation 3.8,.it may be seen

c

that the denominator in equation 3.12 is somewhat less than Tm.

This means that the formula

Yo = %n . _m | , L (3014)

_ will alﬁays convert OXm, whicﬁ is greafer than er, to a value

nXm which is smaller than the desired real concentration. In other
words, itrovefshoots. The expression has been tried iﬁ‘an iteration
procedure but premature application was found to set up an oscillation

with very poor or even no convergence power. However, if the:

equation 3.3 of Perrin and Sayce is re-written as

_ Tr X .
ny 9% . Tn - ciee.(3.15)
™ mSA —— ,
Tr . Cr
m m

. . . ’ . L. » C, .

the denominator is seen to be intermediate between Tm (which
- T, . . . :

would overshoot) ‘and Tm (which yields no improvement). Thus

the tendency of 3.14 to'oVercorrect'and to oscillate is curbed and
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convergence may be exprected to follow. Another point thch merits
brief attention ét this stage, is the fact that the squére root
function in equation 3.3 (aﬁd‘equatioﬁ 3.15), moderates those fatios
(rTm/ch) thch are far from unity t0’é greater degfee than those

which are close to this desired value.

With tﬁe preceding points in mind 5ut also byvtrial and
érfof, ﬁhe following procedure was adopted.  The first few itérations
employ a formula 3.13 because it rapidly produces valﬁes in the' |
proximity of the solution. Its success is in large measure due to
the factkthatiit does fot treat each cdmpbnentvindividually.  The
. factors Gg which modify the calculated ;omplex species concentrations
includé'ratios whiéh take into account changes_whigh'are abou# to be
.iméosed on the other freé comﬁonent concehtration estimates. vThege
approximation factors Gj_ ére obtained by assuming that equatibq
3.15 yields'a,f;action :?xm/°xm _that;approximatésvthe F. ratio.

That is,

(3]
Nf—

With the number of iterations as a criterion, this arrangement would
be employed exclusively but in fact, the formula requires so much
compu;ation_thaﬁ it is only profitable.to employ iﬁ during the early
stages Of>tﬁe iteration procedure. Apart from this economy, the
expressionAis~ﬁsed becéuse it helps to férestall di&efgence by
cdping'effeétively with theviarge‘discrépancies thét.arise when the

real total concentrations are used as;Starting values for the free
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,coﬁcentfations. | Once the application of 3.13 is.compléted; the program
mers,into’an intérmediate phase in which the iteration  formu1a_of
Perrin and Sayce (3.15) is used alqne; This expression is all the more
.satisfactofy becauée it involves almost a minimum of computation (369).
Finally, as the.solution is,gpproached, férmula 3;14vis.épplied on
alternate iteration éycles; "Coﬁtrésting'this,fq;ﬁﬁiatﬁith{eqﬁéﬁipn
3.12 reveals that the former imptbves pfdgfessiQely as the iGj factofs
tend to-unity during the final stages. This additional féciiity
improves the rate of convergence which would otherwise fall off quite
mapkedly as the estimated free concentfations get closer and closer

to the solution. The fallkoff in convergence rate as'the solution is
apprbached is by no means unusuai for successive approximaﬁion téchniqués.
So,'vafious convergence fbrcing methods were tried. These efforts-wére
ﬁdt‘rewarded Ey significant_improQéments in performaﬁce aqd'werevthus_

1.abandoned.

3.2 Program coding.

A FORTRAN V program called ECCLES (for Evaluation of
Constituent Concentrations in Large Equilibrium SystemS) was written and .
tested on the University of Cape Town's UNIVAC 1106 computer. A progrém
~listing and an éperétion manual which details the program's requireménts
and capabilities maf be found in the appendix.  In éddition to the
mathem#tics and,genefal'pfinciples described in section 3.1.1 special
.consideratiqﬁ was given to ways which would facilitate the gr6s§
mahipluations.inherent in a simulaﬁibn of any sysfem asvlafgé as the
enﬁisaged blood plasma ﬁodel. To prevent waste when only the components'

free concentrations at equilibrium are required, a user option permits the
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print-out. of the very numerous complex species concentrations to be
suppreséed. A éearch—and-sortiroutine can also be implémented to
find and ou;put in order, the forty most predominent speciés formed

ét eQuilibrium from each or just a selected few components. This

is particularly helpful with the comparison betﬁéen two sets of

output which reflect some equiiibrium diéplacemeﬂt, because it focuses
attention on any component in question. in addition, it is possible
to examine the effects of any systematic alteration in the total or
freeﬁconcentrationsvof a given component. The program increases

the concentration of the goﬁponenﬁ which is being scanned, either

by addition of or multiplication by an amount specified. . On each
ocqésion, it.solvés for the new equilibriqm values. This'procedure'
‘is far more efficient than the alternative whiéﬁ would require
repetitive execu;ion‘of.the éﬁtire progfam because ;t the start of
éaéh cycle, the previous equilibrium conéentfations and not the real
totals are used as the new initial éstimaLes. As-the{disPlacement

is usually‘fairly-small, these pfevibﬁs amouﬁts farely.turﬁ out to be

an inferior choice.

The moét‘reétricting aspect which applies tobany pfogram
designed to calculate equilibrium coucentrations in the present
,coﬁtékt_is certainly‘the magnitude of the k(i,j) matrix. ‘The
latter defines the number of eadﬁ.component in a complex sPecies;
Because of the very limited number of components'whiéh can associate
to form'a chemical unit, the array éan be clearlylseen to contain a
very large proportion of zeros. _  The saturation of co-ordination is
a most.common expression of this limit and in the casé of many ligands

in solution with metal ions, prevents more than, say, ten components
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from combining into one éomplex.v So, unless s;epé are taken to
eliminate-fhese superfiuous’éeros, both core storage and time expended
in needleés proéessing will be seriously increased. .Moreove;; the
larger the system, the more acute this degrimental factor will become.
Hence, the most important concerh of progfam coding must bevto set ué
and operate within, a bookkeeping routine tha£ minimises tﬁié sort of

waste.

At present, the bookkeeping in ECCLES centreé about a
thr¢e~dimensiona1>array which replaces the conventional k(i,j) matrix.
The new array holds, for‘éach complex species, a pair'of ﬁumbers'which
's?ecify nbt‘only the number of times the component appears but also
‘the idehtity'of'tﬁe compbnent itéelf. Although this increases the
pumber of computer operatibns which are required to reference tﬁe
lcomponenté iﬁ a complex species, a considerable saving is achieved,
on baiance, because only the'rélevant components are involved. The
" need to makevan~arbitrary choice aboﬁt the maximum number of coﬁponents>
in any complex species is iﬁ;onveﬁient_but'an,inéorrect decision is
easily adjusted. | It is, in féct, possible to iﬁprove further the
storage fea;uréé of.fhe progfam but by and large, this is undesiréble
bgcéuse a'mofé sophisticatéd bookkeeping technique could easiiyAentail
an unwarranted increase in proceséing time. -An improvemént that
.prpbébly will pro&e tolbe an exception in this regard, involves'-
storing both bf the numbers referred to above in one memory location.
This éould bé aéhieved.by combining the integers, using some reversible .
arithmetic process such as the muliplication of the first by a factor

of ten or one hundred and then adding the second. This would eliminate
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the need for the array's third dimension and would result in an

’-overali sﬁorage reduction of about 30-40 percent.

3.1.3 ~ Program testing.

The program ECCLES was iﬁitially tested on data pertaining
to several small equilibrium systems so that the solutions could be
‘easily checked manually. Once it was clear that no elementary coding
errors remained, the program was applied to the same data as that used.
to exemplify cbmcs (11, 77). 'ECCLES ;ionyerged on the solution in- |
less than fwenty éeéonds éoﬁpared_with the time of somewhat over two |
minutes needed by COMICS on the samé computer, ECCLES has also been
tested using the blood plasma model of.Hallman et aZr(158)-- o
The resuits were identical fo'those pubiished By tﬁe'above wofkefs
;and tﬁey appear in.Table'B.J.‘_v To date, ECCLES ;haé successfully
_téckled an equilibrium model having.some.4000 complex species from .
‘55.components.(see‘Section 312); This simulgﬁionvréquired ZOVK of
cdmputer.coré. The équivalent investigation using COMICS. would faké
abéut ZQO K, a figure that exceeds the working capacity of the large

majbrity of computers presently.available.

To the besf of this author's knowledge, ﬁhellargest model
ﬁhich has been'referred to in the literature contaiﬁed 'up to a few
thousand' species and some thirty componenté (245). As a listing of
the érogrém which waé used in this instance cost $50 for printing and
handling (private communication), the actual core storagevrequirements

have not been determined. However, taking‘for comparison, the
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‘TABLE 3.1
- COMPUTED DISTRIBUTION OF COPPER AND ZINC IONS AMONG 17 AMINO ACIDS
‘AT PH = 7,4 AS OBTAINED BY 'COMICS' (158) AND 'ECCLES'.

[cu®*1 = 3,4. 10725 [2za®"1 = 4,0. 1070

Concentration of complex

COMPLEX S ‘ .| as percentage of total .
' metal, o
(Cu. Cystine. Histidine) B I N 48
(Cu. H. Cystine. Histidine) Y
(Cu. (Histidine),) [ R &
(Cu. (Glutamine)z) 0.3
(Cu. OH. Histidine)-“_ 0.3
(Cu. H. (Histid%§§)2)+ 0.2
(Cu.'Histidineff 0.2

f:

(Zn. Histidine. Cysteiné)ﬁ o :  o ' 24
(zn. Histidine)* ' o 2
,(Zn.' (Cysteiné)z)zf : . | 16
(Zn;_H. Histidine. Cystine) v ' 5.8
(zn. (Histidine),) -~ e s
 (Zn. Glutamine) o . : : 3.3
(Zn.'H. Cysteine. Histidine) ‘ : : 2.2
(Zn. Histiding, Cysteine) ' -  ' 1.7
(Zn. H .ﬁHistidine. Cystiné) : »II 1;5

2
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number of complex species to be 4000 COMICS would need about 120 K
of core. This emphasises the fact that the size of a model is very
B much a function'of the number of components as well as the number of

complex- species. -

3.1.4 Discussion.

“ECCLES suffers from two chief limitations. Eéth are of

a fundamental nature and arise from the'fype of simulation for which
‘the program was originaliy deéignéd, namely the study of metal ioﬁ—
‘ligand equiliBria in biofluids. The first 1iﬁitation has already
been mentioned; ‘the program is inapplicable to systems éther than
those éonfihed to a sihgle phase. However, Cumme has noted that,

in many instéﬂces, a muitipﬁase feature is not necessary for bio-
chemical simulétidﬁs (119).  The éecond restriction apblies to tﬁe‘
~hydrogeh ion mass baléncé relation. To»accommbdafe hydrolysis, it
is conventional to regard the total“hydrogen ion cbhcentrations as
negative wheﬁever»the fotai:hydroxyl ion concentration predominates »
in aqueoué solﬁtion (629)f ~ This is méthematically quite acceptable
even if negative concentrations at first appear somewhat straﬁge!.
Unfortunateiy, negative total concentrations are not c0mpétib1e with-
the ECCLES iteration .procedufes, particularly-with»regard to the
squdre root in Perrin's and Sayce's equation 3.3. By considering
_the hydrpgén:ion masé balance séparately,‘it'would be possible to
apply‘ardifferent optimization pfocedure-to this component and
‘thereby_eliﬁiﬂate the obstacle. Héwéveré as the pH and notvthe

‘total hydrogen ion concentration of most biofluids is experimertally
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measurable, this additional'facility is not essential and has not

been included.

With the exception of.size requirements, speed and that, as
presently coded, COMICS is inable to accept free concentrations for
. components other than hydrogen‘ion, fhis program and ECCLES are
both subject to the same limitatiéns. ‘This is not thé'casévwitﬁ  
HALTAFALL, however. The latter Sﬁedish program éaﬁ simulatej’
titfations because it can process total hydrogen ion.conceﬁtfations 
~ (that can become negative) and it can also deal'witﬁ multiphase
problems. It ié acknowledged that the more general nature of
HALTAFALL is cértainl& desirable. In fact, iﬁ‘will become essential
for simulations which are required to determiﬁé the distribution of
?eactéﬁts between various bidfluid_gompartments in living'syéfems.
 After all, as Ingri et al, have commen;ed 'computer time is getting
léss.and less exﬁéﬁsive.in comparison with human time' (112); It
is.obviously bad.economics to write programs of a specific q#ture
when the alternative remains open: - However, with the compute:.
resou?ces presently availéble, there is no alternafiyé. A HALTAFALL
type of approach would seriously cuftaii the size of the bipsysteﬁ
which could Be iﬁvéstigated. A detailed 1ook‘at.the thousands of
metal ion reactions éontributing towards the competiti#e equilibrium
. in each biofluid is the most useful simulation which can realistically
vbe attempted. Models of the partition between various body compart-
ments étill belong to the future. This ié'not only because the
former simulations require all ( and more ) of the available core storage
and would need to:be set up simultaneously but also because very
little data has so far been accumulated on the distribution co-

efficients_which'a partition model would require.
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In conclusion, it should be borne in mind that the performance
of thié type of program,'éépeciaily considefing the non—linear‘nagqre
‘-of the broﬁlém, cén really only be judged by'triél and error; With

limited time available, it is not easy to seleét; unerringly, either
thé best iteration procedures or tﬁe most reVealing test déta.
.Nevertheless, within the context of large systems, the three-tier
élgorithm which has been developed for ECCLES appears to bg robust
and quite quick. Na ddubt, as the ¢0mpu£er industry.matures and
machiné.capacities‘inérease,'the approach outlined or other similar
methods will be able to expand until  the ultimate goél, the éimulgtioﬁ.

of the entire metal ion picture in vivo, is at last achieved.
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3.2 ' The blood plasma models.

It follows from the p%ecéding éections that it 1is notvuf
 présent1y possible to set up and execute a.singie simdlation of blood
_' piaSma which will uﬁéquivocally reflect the low moiecﬁlar Qeight
compléx distribution of the tramsition ﬁe;al ions in‘the.biofluidll.
The difficulties associated with_mefal protéin binding as discussed
in Section 2.2 are not the only obstacle. The concentrations of
many componénts are not complétely certain. Even.whiﬁh ligands to
:include'iﬁ the model is open to dispute. Some fbrmation‘constgnfs;
femain unmeasured. Thosedthat have Been determined aré subject |
tO'experimental error. 'Proﬁeins are likely to bind ligands as weil
as_metallions{'_ This binding has ndt‘beén sufficiéntly:studiéd to
,incdrborate it in the simulation. Even low molecular weight ligand—

ligand interactions occur but as yet ‘remain inadequately understood.

In épite of all‘these difficultiés it is proposed that
a saéi;féétOryAand informativé picfure‘of the low molecular weight
‘cqmplé# distribution in plasma can be.échiévedﬁ This'may:be accom-
plished.by conduéting ngméfoué simulations specificgiiy desigﬁed.to
-tﬁrow light on thevmagnitude and naturé’éf ﬁhe errors.intfoduced by

each of the model's various defects.

- 3.2.1 The composition of the plasma models.

The strategy which is adopted towards the selection of
components and complex species is largely dictated by the availability

of experimental data. - The restrictions thus introduced are seldom
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unduly onerous because investigators tend to study the more abundant
and more important substances first. The assumptions made and the
criteria employed are detailed below. The evaluation of each, however,

is reported in Section 3.2.3.
i) The criteria for selection of ligand components.

Initially, just less than one ﬁundfed'iigénds Qere
selected from various tabulatioﬁs on blood pias@é.coﬁpOSitiqn (577,
647, 648). >'This number was reduced as follows. High concentration
was chosen as the first criterion. It éeéms unlikéiy that a ligand ._4
in low abundance will play an impbftant role in metal ion distributions
’wheh one_cohsiders the,re1ative1y high cbncentrationé.aﬁd higﬁ‘form4
“ation cénstants_of substanceé such as thé amino acids and the organic
oxyacids (for example,vcitrété).b This eliminaﬁed pyridoxihe, nitrite,
histamine; foiic acid, thiamine, serotonin.and biotin amongsg o;hers.“
' Next, a number of iigands were omitted owing to_insufficient‘formapion
- constant data. The mdét éignificant of these were . taurine, boréte,
bilirﬁbin,'greatinine, glycqcyamine, indican, urea, uric acid; acetone,
glgcoée aﬁd glyceroi. : Thevdefécts introduced by these omissions are
easily'répairéd as soén as the necessary data becqmés avaiIaBle.v 
v Finally, some ligands wefe'eliminatgd because of wéak binding; bromide3
_fluéride, chloride,>ibdide and'niﬁrate wéfé'conSidered to éontribute
to the metal complex distributionvonly'as a result of their_Background
»électrolYte effééts-(See‘Séction 2.1). _The list of remaining ligands,

‘used in the plasma models is to be found in Appendix 5.7.
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2) ~ Criteria for the selection of metal ion components.

The,crite;ion of high conceﬁtratiOn is as iﬁportant fof?
‘metal ions.asrit is iﬁ the case of‘ligands.";lf the model is to
-compute a realistic disfribution, no metal ion whose concentration
is sufficieﬁﬁ to compete for ligaﬁds and theréby significantly
influenée the ligand p;otonatidn equilibria, can‘be.legitimately
‘neglected. | The ions which are thué essential to the model are

calcium, magnesium, and zinc. Manganese and lead may also belong

A" to this ¢apegory. On the'otherbhand, metals such as iron, whose

_ffee_concenfratioﬁ.is very small indeed;>do not need to appearni
'beca;se‘ﬁhey cannot materially alter theAfree ligand concentrations.
This question is probed atvlength in Section 352,3; - of coﬁrse, iron
. _and other sqcﬁ-mgtal ions may bé included-in.ordér.té iﬁ#estigate
;heif complex diétfiﬁutién. This wéfk is actually éoncefned.withk

: bbtﬁ iron.and copper- in AAditian to the 6tﬁer metals already mentioned
becéuse:theirzbiolégiéal roles have been the'mogt'studied aﬁd.are the
v‘best undegstood;r ,Othér metals suéh as'nickei.and_chrbﬁium caﬁveasily

be inCOfporated at a later date.
' 3) " Criteria for the selection of complex species.

For the ﬁos;vpart, the complex species included in the
_simulatianvaré thosé which have.been fOund.in experimental studies oh
in&ividual'meta141igénd systems. .Also, as indicated in Séction 2.3.3,
‘ thevternary.complexes are considered most important sé; Wheré>experi— '
mentally défefmined formation constants are‘not-available, these have ;
been ésﬁimatearinstéad. The ligands which are tékén to pafticipate

in mixed ligand complex formation with a particular metal ion are those

M
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for which formation constants for the species ML2 or M(LH)2 are

available. For this reason, a number of ML, formation constants

2
have been gueSsed_wﬁen no.éxperimental value could be found provided
 thét, at’the-éame fime, no reason for fhé non—existenée of theAcomplex_
could be envisagéd. Polynucléar complexes have been widely ignoréd.
This is justified by‘the.very low metal to ligénd ratios in‘bléod

plasma: In any event, vefy few formation constants for polyhucléar
complexes are aVailablef Quaternary complexes have also been éxclqdéd :
. from the model. Criteria for selecting those iigands Whiéh may |
ﬁarticipaté in the'fotﬁatiqn.of sﬁgh complexes are not clear-cut.

They should certainly encompass. a widér field than.mEre1y tﬁosé 1igand$
ﬁhich fqrm _MLB -cémpléxesAbut, except in the simplést of‘circﬁgépancesg
_thé‘factdrs.which influeﬁce the stabilizaﬁion of the complexes‘are
uﬁcertain.‘ icromer—Mérin:et aZ; have‘shpﬁn_that with liéandé that

do form ‘ML3' complexes that statiétical.facpor accoﬁnts for the_.
exﬁeriﬁentally observed stabilization almost entirely (223); ' However,
ﬁhelligénds théy studied, glycine, alanine énd valine, were not_vefy .

~ dissimilar so theif results are to be expected. Thé.likely effects

of oﬁitting duaternary.compléxes froﬁ the simulatidn‘are considéred

iﬁ Séctidnlj.é.B; ._Fiﬁally, the redok.equilibriumbbalancé needs
:to.be considered,-  If tﬁe'data is available, it is péssiblevto include
the apﬁropriate,redox rélationships as;constraints upon the simulation.
However, owing to the unéertaiﬁties thcﬁ are associated with the free
concentratidns of transition metal ions it is éasiefgand probably more
reliable to régard different oxidgtion states of the same metal ion as
‘different compdnents. In particulaf, .Cu(I) has been totally ignored.:

Perrin has‘commehted on the implications of this concerning the redox

equilibriuﬁ between cystine and cysteine (158, 369){ In line with his
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- conclusions, this study has assumed that both cysteine and cystine are
‘present in plasma (see 666).and that other ligands preferentiaily
_stsbilizev Cu(II) by loWering the oxidation potential of Cu(II)/Cu(I).

- On the other hand, Fe(II) has been introduced into_a few simulations

to investigate_the possible influence of this ion (see Section 3.2.3).
4) ~ The ligand concentrations.

The iigand concentrations used in the blood plasma
simulations are documented in-Appendix 5?7. ‘fhese are usually the
average of.many reported‘values; both standard tabulations end mote
.recent 11terature were consulted (see Appendlx 5. 7 for references)
Howevet, the concentratlons of several components were reduced to
COtrespond w1th the known prote1n blndrng.of the ‘ligand in questlon.
ZAlthough interactions w1th proteln are 11ke1y to be a common phenomenon,
several substances are very much more tightly bound than the others.
The most 1mpottant of these are sallcylmc ac1d, tryptophan, urea,
fatty“acids;;bilitubin, folic acidvand_fluofide.- The last fivev
:subStanCes'hsve not_been:included in thevmodel so‘protein.binding
'serves to minimise the error which is thus introduced. The:total
COncentrstion:of saiicylate in plasma is normally about l,3mg/100m1
which is;equivslent'to 100uM. The‘binding to_pissma proteins?
especiaily'albumin, is well documented (296;375;24?)., The concentrs—v
tion nOt;boundzto protein varies between‘Ovand 25 pefcent (247). - The
level may.be raised by doses of aspirin (acetyisalicylic acid) and acute
toxic symptoms are produced when about 50 percent is not bound to
‘ prote1n (247). From the study by Lomax (375) it is estimated that a -
concentration of 5uM is representative of the amount of salicylate

available for low molecular weight complexation. The free concentration
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~ of the other component tightly bound by protein@ tryptophan, is less
_cg?tainf "The'tdté1'is about 58uﬁ}‘ ‘Fullérvand Roush report that>”
13'perceﬁt_is ﬁot bbqnd to proteiﬁ (239) as ppﬁosed to the 25 percgnt
citéd‘by Peters (190)._ A fféé‘conceﬁtratibn of 10uM hés_been adopted
in the present work. This‘is inlagreement.with'a valﬁefcalculat@dv
fromAthe‘resﬁlts of McMenamy (556) - particularly if competition for
serum albumin binding sites by other ligands:is taken into consideration.
This author has also provided valuable evidence that the other amino
acids are not bound to serum albumin to‘any significant extent (556;

558).

For reasons of economy, many of.the simuiatidns performed
“..have included‘a single component to represent fivé very similar amino
écidsﬂnameiy é1anine, aminoﬁutyric acid, isoleucipé,.leucine anav

: Qaliné, v:These ligaﬁds are 511 homo1ogues of glycine'and'éontain no
‘vfunctioﬁél groﬁpsvothef than the'definitive oné. _ Tﬁeir metal
Bindihg abilities are almost identiél.asxéan‘be seeh in Table 2.2.

- The component has been named the 'ayergge amino acid' (AAA);‘ _If
has a concentration equal'to the totél bf the‘conéeﬁtrations of all
the amino acids it represents. Perrin hés_set‘a_precedent-for this
'procedurev(369). Several simulafions conducfed during the course

of this wbrk coﬁfirm that'it imposes negligible’distorition on the
models' results (see Section 3.2.3). ‘Perrin, in fact, included
glfcine.in his avefagé cémpoﬁent.» Whiist; there is no objection

to tﬁis; glycine has béen.included.sepafatély in the simulations of
this thesis simply for'pufpbses of comparison Qith the average aminb'
acid component. This provides a further check on tﬁe,&alidity of

the simplification.
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5) - The metal concentrations.

- Owing to metal'protein'binding énd tﬁe factors detaiied_
B iﬁ Seétion-Z;Z, it is not possible to arrive at én~unequivoca1 |
concentrafion which can be uéed for each of tﬁe metal ions. Thus;
it is intended to employ a range of values for the uﬁcertain coh~
centfations. This is reported in Section 3.2.3, Meanwhile, a Set
of appfoximate values needs to be determined in order that they ma?
be used for purposes of'compafisoh (see‘Tabie‘S.Z). Also they

will help tovestablish a reasonablg conéentration.range‘that éhould
be scahnéd.“. Tﬁe means whéreby these estimates can benébfained is

j now describe&'for each metal ion in turn.
(@) Caleium (194, 525, 171, 202,198, 136, 142):

.;Exﬁgrimental studié; on calcium inlﬁlood'plaSma.are @pre advanced

, than.is.ﬁhe.case of any of #he other metal ions.‘ Tﬁé free concentration
has been.measuﬁed ffequentlyg_ the:best de;erminationé have employed
specific ion senéitive'eié¢fxodes fo_érrive'ét a vaiﬁe of.[Ca++]=J;i2ﬁM
(202). !Iﬁ'féétlmqstvéstimapes dalnép fall’far_frdm tﬁis; Greater
précisibn cénndt be.expected ﬁecaﬁée of cdnéiderable physiological
Qariation. Changés of up to 20 percent of the free ion concentration
ére regardéd as normai (577). Taking the meén total calcium concen -~
tra#ioﬁ in serum to be 2,5mM, about 1,0mM is bound to protein (136).
This -leaves about O,SmM of the calciumrto‘appear as 16& molecularb

~ weight complexes.
(b) ' Copper.

The totalnconcentration of coppef’in blobd plasma is about 18uM but
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almost all of this is very tightly bound in ceroloplesmin. The
'exchangeeble': non—eeroloplasmin copper'concentration is only about -
1uM (133, 144, 135,-491,'36§)} Futhermore, tﬁe larger percentage of
-thisiexchengeable metal ion fraction is bound to serum albumin (190).
The blood pleSma model requires either the total,copper‘bound to iow
molecular weight llgands (TLMWF). or the free concentration  There"
are several approaches which help to estimate these quantlties Lap
and Sarkar have determined a.practical dlssoc1at10n constant for the
copper-albumin binary complex (185). By assuming that (i) the vast
pr0portion of'exchangeable copper in p1aSmavis BOund to albumin and.
(11) this quantlty is negllglble compared with the total albumin
concentratlon of SOOuM (190) it 1s p0351b1e to solve for a free eopper”

concenpratlon.

[a1b] [cu?*]
K, = ———— "= 6,6 x 10
& ‘[cu a1l S

-17

"Byvsobstitotion'of [ A1b] = 500uM and [ Cu Alb] = 1uM, this yieldsﬁ

[ca®1 21 x 107%

Inbplasma, other cationélwill compete for the’copper binding site so
this figure may be regerded as a minimum value,.vIt should be noted
here that in any eveot,<the free copper concent;atioh is below the
level: which could bebmeasured'by ion selective electrodes. This is
approximetély‘ 10_9M '(667)._ On the other hand, the total concent-

ration of copper bound to the low molecular weight fraction is
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indicated.by sereral.reports”in thevliteratqre. Neumann and Sass-
Kortsak'Shéﬁ thar_at physioiégical.ratio; of éoPper to‘serum alBumin
aﬁout'O,A percent of the metal ion is ultrafiltratablé; If this is
taken torrépresent the low molecular weigﬁt complex'fraérion, one
obtains TLMWF t 5 %10 M ~ This is nqt‘fér from a value éited
by Peters (190). Furthermore it is in reasonable agreement w1th
calculatlons made by Osterberg (319) Osterberg estlmates that the
copper albumin to copper mlxed amino acid complex ratio will be about
6 =12

10°. Thls quS'JTLMWF =10 ‘M és allower llmlt._‘

(¢) Ferric iron.

Tﬁe“toE31 ronqéntration of ﬁlasma iron;is abour 22uM and at least

_99,99999 pergentlof'it igrbruﬁd‘tp transférriﬁ (see Section'3.2.2).

- The freerconcentratioﬁréf férric ionvigllimited by the soiubility
produrr_to érmaximum bflabdut 10—18M under physiological coﬁdirioﬁs
of pH‘(ISS). In fact; tﬁe-free éonCéntrétion is likely rovbé
considerably lower than this. A ﬁumber of iroﬁ transferrin.binding.

'  conStaﬁts have been-meASUrédv(see Section 1.3;1).‘_ Thé mosr appro-
'rﬁriate'and easy to apply is the appareﬁt constant for physiologiral

conditions measured by Aasa et al.(162, 611). ° They have proposed

[ngr] = 5 x 10537}
[LFe” 1L Tr] .
. 8o that
[Fe3*] = 2,2 . 1072/3,3.107° . 5,103

10'24M
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(d) Lead,

‘The estimation of even the moet’approximate free cohcehtration of
olumbous ioﬁs'ln hlood plaéﬁa has proved most difficult.” The
reasons for this are twofold. Lead is not specifically associated
with any particular plesma protein (225)f ' Moreover, the stodies

on the hinding of thisvmetal to serom albumin are‘ih'disagreement
_oonoeroing the néture of the interaotion and the sites at which it
takes-olace'(22;.28).’ The total concentratlon of lead in plasma
‘yaries_qoite considerahly; average 1evels are about 4] 5uM (577 647
.648,‘534) but inorease to 3,0uM before it is poSslble_to dlagnose
plumbism (311).l ' Itvie:estiﬁateo from theldata providee by Gurd
eend Murray (28) that the makimum freevcohcentratlon is below lOng.'

‘ However, as many prote1ns other than albumln compete for the metal

‘the normal value is 11ke1y to be con51derably lower than thls.:"
(e)  Magnesium (194, 143, 272, 531, 532, 148).

Few-iﬁﬁestigatorsbhave ettempted to eétimate-free magnesium ion
oohoehtretions in pleshe hecause measuremente'using selective ion
electrodes are not presentlf reliable; especially'io thevpresence-
.of other metal ions. This is io cootraet to the position with
calcium. | However, Heaton has‘obtained‘as.approximate value from
meaeurements of adsorotion by a catlon'exchange mémbrane (532).

‘He found that ionizedvmagnesiuﬁ averaged 79 percent of the ultra-
-filtratable magnesium in serum; h‘Thls yields a free.concentration
of ebout 530uM. Many experiments have determlned the fraction of

magnes1um not bound to proteln. The average is close to 650uM of
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of the cation. Unfortunateiy; a number of these studics nppear to
néglcct the low molecular weight complén fraction (see, for examplc;
143 and 148). In any.event, it.seemscunlikely thac.the free magnesium
fraction will.constitnté iess than 530/650,'tnat is abont-80 pcrcent

of the non—protein'bound amount,
() . Manganese (262, 149, 257, 332, 155, 612, 554).

Tnere“has bcen a great deal.of controversy about manganese_invblood
cplasma. '_Conflictingvassertions concerning the protein to which'thé
mecal is'selcctivelylooundvhave appeared even quiteirccenc1y (462,257).
"Furthermofe,'the‘totai concentration in:plasma which is gcnerallyl
: reported to be appronimately l;onM (577, 534; 647; 648) has been "
. éttribnted to contamination by workers uéingvthe very sénsitive‘ncutron
activationbprocedure (612); It seems bcst;utherefoic,‘tovdetcrmine a
maximum frce concéntration from.bindingvconstnnﬁs neasured fofvserun
‘ albuﬁin-and-ccan downwards-fron there. | iNegiccting‘all.che wcak
oinding sites in view.ofithc iow metél_to protein ratio,fa_frce
concentration'of_appfoximcte1§ 5.10_8M' iS'obtained_(ffom']SS, 149,
257, 332). ' Making'the'assumptionS»anaiogous'to tnose for copper,

iron and zinc (see (b), (¢), and (g)) the concentration'is obtained from

. LMo atb] . 3,104

[Mal[a1b]



(g) o | Zinc.

" The total conCentration of zine ih plasma.is about 16uM (577, 606,
196, 669, 164) and not 46uM as is so often claimed (286, 158, 369, 647,
648, 534 etc.). The erroneous value appears to stem from a 1948

- report by Vallee and G1bson.(670). of the total, some 35 percent

is f1rm1y bound in a metallo proteln 1dent1f1ed as an az-macroglobulln
(345,;577). " This means that the cqncentratlon of exchangeable zinc
in plasma ie ebout'j0uM. . Most of this is loosely bound to serum
albuminﬂ(see Section 1.3.1). . Froﬁ'the study of ziﬁc bindiﬁg to
,serum proteiﬁs'by Presad‘and Oberleas it seems_that less then two
.__tpercent.of-the 10uM will be available te'thellow.molecular weight
fraetien (140); Furthermore, an approxiﬁete value of the free zipc
concentration ih plesma can be obtained.from a_practicél ceﬁstant
‘evaluated’ by G1roux and Henkin (164). The eOnstaﬁt is derived from -
 measurements on the competltlon set up in serum between the albumln A
Erpteln and the low'moleculargwelght amino ac1ds; The workers found'
that - . | |

g -LZnalbl ~ .. 47

[ zn®*1 [ A1b]

Making the same assumptions as in the case of copper, iron and manganese
namely that (i) almost all_the'metal is protein bound and (ii) that
as the albumin/zihc ratio is so large the free albumin concentration

is equal to the total value, one finds

-9 -

241 2 107

’[Zn
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 TABLE 3.2

N.METAL ION CONCENTRATIONS USED

IN :-THE SIMULATIONS

Approximate total

M

i Metal | Free |Free - {Estimated -
Ion concentration |concentration |total low 'exchangeable’
’ estimates . range scanned |molecular. | metal ion- .
used as ’ weight metal | .concentration -
average complex - o s
concentration
{ Ca 1, 14mM {Fixed 300uM 2,45mM
cu® 1078 107 %-10"n - {107 2M-10% |1
[ re3* 1075 1072410718
ep?t 107 107 on-10" 500nM
MgZt | s20m 510uM-550uM | | 120uM 900uM
wn?* | 107 2y 107 Pn-10"% | 10 %u-10"0
za?* f 107 107 M-10"% | 107"M-107"

{1 10uM
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The model can be used to determine whether this free concentration
yields a totalilow molecular.weight zinc complex concentration in
| agreement'With thelZOOnMvmaximum which isiestimated from the experi-
lments ofvPrasad'and dberleas mentioned above; This check does awayi
w1th the need to employ other ‘methods of est1mat1ng the free z1nc
'concentration... For example, an approach using the 1m1dazole binding
constant, at sixteen identical and independent sites, as eValuated by

‘Gurd -and Goodman(23) is not necessary.

©'3,2.2 °  Thé results

'W1thout generalisation there.is no meaning’ and
W1thout concreteness there 1s no s1gn1f1cance.

- A.N. Whitehead
(cited in ref.. 647)
Throughout the followlng presentatlon of the results of the
blood plasma 31mulations, a de11berate attempt has been madé to av01d
-tabulatlng the absolute yalues which the models have produced. ThlS is
;in recOgnition of the.fact”thatasuch values reflect most accurately/the
‘Verror in thefparameters from which they are generated. lnstead,lit
'fseems more prOpitious to record the results in a manner which is as
independent of the variation in the parameter values as possible. With
:‘this invmind; the formation of each,complex is'empressed as'a percentage
_ of the total concentratlon of the relevant metal ion contained in the

low molecular weight complex‘fraction. The constancy of these percent—
ages is discussed at greaterilengthﬂbelow\ On the other hand, such
generalisation is not always the most suitable means of comparing the
u10de1s"resu1tsHWith experimentally measured concentrations. They also

cannot be used to calculate approximate concentrations of complex species
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which have not been included in the model, to judge whether they may be
significant. For thisdreason, absolute concentrations have sometimes
also beenvpresented. . HomeVer,gthe uncertainty associatedeith these
values:should not be discounted (see Section-3.2.l). If a realistic
picture is to emerge, it is essential to maintain a balanced perspective

‘between the general and the specific aspects of the results.

" Before the'computationiof.the metal ion distributions was
: initiated,'it was necessary?to choose a representative pH for the
_ nlasma solutiOn; _Aﬁ average value of —log [H] = 7,4 was adopted.
The actiuitfﬂcoefficient is'unlikely to alter.the concentration obtained
from hydrogen:ion activity by more than 0,1 log'units (see 394) so, ‘as
this is well within'the normal physiological uariation,'the coefficient
has. been neglected Two limits of plasma pH corresponding to ~log [ 1l
.7 6 and 7 2 respectively were also selected © This was in order to |
evaluate the 1nfluence of h&drogen ion concentratlon'on the metal
complexes formed 1n plasma It is in 11ne with the idea that as many
:parameters as possible should be varied to gauge their effect‘on the
computed distributions. ,Although very fem of the formation constants
.llsted in Appendix 5 6 apply to complex spec1es defined in terms of
hydroxyl ion 1nstead of negatlve hydrogen 1on 1nd1ces, a few except-
“ions do occur. These were not.conyerted as a general rule due to
uncertainty in the respective values of the experimental dissociation
constant of:water, pr;. >_So{ the hydroxyl ion_concentration in the
plasma medium needs to be calculated instead. = A value of pK& =

13,62 was used for this purpose (see 321 and the reference therein).

Using the free metal ion concentrations listed in Table 3.2

as those which, in this author's opinion are representative of the true

]
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values in:plésma (see Seétion 3.2.l)ldistributions of the metal ions
Ca?+, Cu2f,'Fe3+,_Mg2+, Pb2+, Mn2+ and vZn2+__amonst 35 ligands wefe
computed'uéihg program ECCLES. The‘formation of 3967 complex species'
was simulated. The program was instructed to‘pfint out the 40.most.
predominant qomplexeé formed with each coméonent in turn. The output .
#lso inCiudedithe fféé'ligand conéentrations'and the'tdtal'concentfét—
ion of:eaéﬁ.metal contained in the low molecular'Weigﬁt fracfioﬁ; 'ihe
results are to be foﬁnd in Table 3.3 and 3.4 respéctiveiy. The per-
centage of the total lowvmélecular wéight metal ion éohgentrationkbound
'.ﬁyvthe mbsﬁ pfedqmiﬁanf'complexés'for each métal ion isilistéd in |
jTable'3,5.forAeéch coﬁplex under ﬁhree differgnt'Conditions of pH._‘.
AThése resulté éil‘appiy ﬁo the iprimafyf modél;vthe par;metéfs aﬁd

"data fbriwhiCh are-provided ih'Appendicesv5.6 and 5.7.

) . -Thg réSﬁltsiof;the fprimary'_model éxhibit avnumbér of
aépecfs'Which meri£ specific atfention. ~ Possibly the most-sfriking
is the effeCt of:the relative1y.1iﬁited‘chaﬁges in hydrogen ion-
concentration. ¢.It is not éufprizingktéjfind that the total concen-
“tration of gééh metal éomplexed.td lowvmdlecuiar_weight ligands

increases with pH; ‘HoweQer, thé marked alteration in the computed
disfribufion as shown in Table 3.5 is possibiy less expected. Moreover,
it is‘ﬂb simple matter to foresee the direction of the change undergone
by seVe;ai of the c§mp1éxes individually. Whilst there is often no
discernable alteration, both increases and decreases in-the dégree of
complexation can be observed for increasing pH. Theichanges are really
only predictable when two complexes which differ oni& in their‘staﬁe of
pfotonation are.invobvious compétition (for example, the tﬁo most
abundant cbpper qomplexes). | The metal ions in plasma appear té form

complexes in a manner that is reminiscent of the categories suggested
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TABLE 3.3

© TOTAL CONCENTRATIONS OF METAL IONS IN THE LOW MOLECULAR WEIGHT

COMPLEX FRACTION IN PLASMA

10

1,58x10

METAL| FREE ION TOTAL CONCENTRATIONS

ION- .CONC(M) 1—log [ Hl=7,2 -log [ HI=7,4 ~-log [ H]=7,6
cat {1,14x107 | 1,41x107% . 1,43x10'3M 1,47x10 M |
cu?t 1d_‘8 | 3,35x10 A | 1,12x107 M | 4,91x107 M
r®* 10723 3,84x107 21 | 6,71x10" 2w | 1,34x107"2m
ffb2+_ 10714 | i,43x10"]1M 3,82x10"1'M 1 1,20x10" %
g s, 20x107 6,42x10™" 6,53310"4M 6,72x10" %M
w?* 10712 | 157072 | 1,esxa07 % | 1,71x007
202t 107 4,67x10"% | e | 8,52x10"m
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TABLE 3.4
FREE LIGAND CONCENTRATIONS IN PLASMA.

. (Simulé;ion‘fdr fiog [HJ'=‘7,4)

LIGAND CONC (M) LIGAND - CONC(M)
AAA® | - 7,74x10 -6 ' Carbonate ' 3,23x10-5,
Argipaﬁe*‘; ‘ 3,46x10 -6 Phoéphate v 3;79x10-8..
 Asparaginate - .2,72x10° -6 silicate 2,67x107 10
Aspartate 7,75x107 Sulphate 2,04x10™
| citrullinate -~ 1,28x10" -6 | Thiocynate 1,40x10 -3
'Cysteinate : -5, 89x10 9 ‘Ammonia “ ' - 5,73x10 -7
Cystinaté : | 4 35x10 -7 ':Citrafe S - 2,67x10 - =3
Giutamate oo -,4 83x10 -7 'técta;e_. : - 1,72x10 =3
Glutaﬁinate - 1,86x%10 -3 Malate 3 ,11x10 -3
Glycinate 2,51x10° | | oxalate ~ 7,70x107
| Histidinate - = 2,41x10 -6 . Pyruvate o 9, 41x10 = ‘
Hydroxyprolinate 8, 66x10 -8 Salicylate " 1,25x1o,y¥
Lysinate = = = 4, 83x10 -2 Sdccihate'  S 4,10::(10._5 v
Meth1onate , ,- 8, 64x10 -7 ‘Ascdrbéte  4,78x10‘8
0rn1th1nate 5, 73x10 9 o | |
Phenylalanate o1, 99x10 ~6
Prolinate 2,41x10 -7
Sefinafe' ' 4 25x10 -6
Threoninate ‘ 6,96x10 -6
Tryptophanate 1,99x10 -7
'“Tyrosinate ' 3,52x10 =9
*ZAA‘ =VA1anéte, Aminobutrate, Iédléucinate, Leucinate and Valinate

combined.
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TABLE 3.5
PREDOMINANT COMPLEXES OF FACH METAL ION FOUND BY SIMULATION OF
BLOOD PLASMA

(Symbols defined in Appendix 5.7)

PERCENTAGE OF THE TOTAL METAL BOUND IN
K THE LOW MOLECULAR WEIGHT COMPLEX FRACTION
COMPLEX I , . T
' | <1og [ H1=7,2 | ~log [ H1=7,4| -log[Hl]=7,6|.
CA+2(1) €032(1) H+1(1) 8 8 :
| CA+2(1) LTAI(1) = 5 5 -5
| cA+2(1) CTA3(1) , 4 4 4
| ca+2(1) c032(1) - . 1 2 4
CU+2(1) CIS2(1) HISI(l) 21 Y 30 .. - 43
CU+2(1) CIS2(1) HISI(1) 28 24 , 17
S H+1(1) ' : - ;
CU+2(1) HISI(2) = .. 17. 16 14 .
CU+2(1) HISI(1) THRI(1) 9 8 7
CU+2(1) HISI(1) SERICL). | - 5. . 5" 4
CU+2(1) HISI(1) AAAIC) | 4 4 4
CU+2(1) HIS1(1) GLNI(1) o2 2 2
CU+2(1) HISI(1) GLU2(1) | 2 2 2
CU+2(1) HISI(1) GLYI(1) | 1 1 1
FE+3(1) CTA3(1) OH-1(1)| 99 o 99 99
FE+3(1) .CTA3(1) SLA2(1) : - = . -
| FE+3(1) CTA3(1) GLU2(1) | - - .-
FE+3(1) CTA3(1) OXA2(1) - - _ -
| FE+3(1) CTA3(1) GLNI(1) - - , - -
| FE+3(1) CTA3(1) GLYI(1)| - ' - =
| FE+3(1) CTA3(1) sScAa2(1) - - 3 =
FE+3(1) CTA3(1) SERI(1) | - - L -
PB+2(1) CYS2(1). , 73 77 , 80
PB+2(1) CYS2(1) CTA3(1) 10 10 11
PB+2(1) CIS2(1) H+1(1) | .- 12 . 7 4
PB+2(1) CYS2(1) P043(1){ 4 5 5
o H+1(1) o ’ _ : p
PB+2(1) CYS2(2) ' - ‘ - 3
“MG+2(1) C032(1) H+1(1) 8 8 8
MG+2(1) CTA3(1) - 5 5 5
MG+2(1) -LTA1(1) 3 3 3
MG+2(1) C032(1) , 1 2 4
MG+2(1) P043(1) H+1(1) 1 2 2
MN+2(1) €032(1) H+1(1) 25 ' 25 25

. (continued)
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TABLE 3.5 (continued)

‘ L . PERCENTAGE OF THE TOTAL METAL BOUND IN
COMPLEX .| THE. LOW MOLECULAR WEIGHT COMPLEX FRACTION}
-log [ H]=7,2 |-log [ H]=7,4 | -log [ H1=7,6
MN+2(1) CTA3(1) 3 3 2
MN+2(1) '€032(1) 1 '3 5
MN+2(1) P043(1) H+1(1) 2 2 2
MN+2(1) O0XAZ(1) - 2 2 1
MN+2(1) -S042(1) . 1 1 1
MN+2(1) LTAL(1) 1 1 1
ZN+2(1) €YS2(1) CTA3(1) 43 - 36 227
- ZN+2(1) CYS2(2) 9 21 41
S ZN+2(1) CYS2(1) HISI(1) 10 15 18
ZN+2(1) CYS2(1) - 4 4 2
CZN#2(1) HISI(1) - 6 3 1
- ZN+2(1) CYS2(2) H+1(1) " 1 2 -2
ZN+2(1) HISI(2) 2 2 1
ZN+2(1) HIS1(1) CYS2(1) -, 2 ] -
N L COH+I(1) :
- ZN+2(1) C€YS2(1) c1Is2(1)
D ‘ H+1(1) R o T 1
ZN+2(1) CYS2(1) GLNI(1) | ~ 1 1
] ZN+2(1) AAAL(1) CYS2(1) - 1- 1
- ZN+2(1) €032(1) H+1(1) 1 e -
- ZN+2(1) CTA3(1) . 1 - -
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by R.J. Williams (see Table 1.1). - Ternary complexes account for the
- large percentage of those formed by copper and ferric iron. Binary
complexes are favoured by ca1c1um, magnes1um and manganese. “2inc and
lead are 1ntermed1ate in this respect. The conCentratlons of copper
and iron'complexes'are respectively, some_seven and ten orders of
- magnitude larger than the free metal ion concentrations:’ This fact
lends‘credibility to proposals that low molecular weight complexes
can have important biological roles in spite of the extremely low

free ion levels of certain transition metals. It is interesting to
'note that all the more. 1mportant copper complexes contain histidinate. -
- Citrate plays an analogous role in the formation of ternary ferric
complexes. it is to 1l1ustrate this aspect that the most predominant
vcomplekes of iron other than ferric hydroxy'citrate are includedlin
vTable 3. 5 even though they account for 1ess than one percent of the
total metal ion in toto.- Another reason is that the formatlon
constants used for these ternary spec1es are a11 most probably too
1ow. ‘This is due to the deliberate pollcy of conservatlsm adopted
during'the estlmatlon:of'formatlon constants (see Sectlon 2.3). W1th
;very few exceptions, no'measurements of the formation constantsbof
MLZ. complexes‘have heen.made where M isvferric.ion:and L 'is-an
amino'acid..i Thus,_it is to be expectedrthat a‘mOre even distribution
of iron amongst low molecular weight ligands will emerge when the
necessary formation constant values have been determined. The pre-
dominance of the ferric hydroxy c1trate species, on the other hand is
not surprlzing as it reflects the tendency of ferric ion to hydrolyse in
.aqueous solution (see 619). | Lead appears to. be mainly bound by the
sulphur donors, cysteinate and cystinate. The other amino acid in

the modelrwhich contains sulphur_is methionine. © It does not appear
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to compete effectively.for‘lead. 'This is due to (i) the notice~
.ably smalllformationvconstant of the lead methionine.complexpcompared,
say; with the cpsteine enulvalent andu(ii)"the fact that_methionine
tends to complex'calcium and magnesium more than the other two_sulphur
amino-acids. . The similarities of the predominant complexes formed
'by lead and zinc are of interest; _ .The'ternary:cysteine - citrate
-species is lmportant'in both.cases. bne of the‘poisonous aspects

of lead overload may be the'displacement'of zinc‘by lead from cysteine‘_
‘moeities of certaln enzymes. ‘Simulating the effect of hlgh lead
‘concentrat1ons on the dlstrlbutlon of these two metals amongst low
' molecular we1ght 11gands (vtde tnf?a) actually shows that lead
vcomplexatlon occurs at the expense of zinc- cyste1nate complexes.
F1nally, 1t may be noted that the predomlnant species shown in Table

_3 5 cannot be selected in av51mpllst1c way look1ng only at the magnltude
cof thelr_formatlon constants.v -Thrs is true of all'mult1component

systems.-

It should be recorded.that a slmulatlon of the 'primary'
:model wh1ch 1nc1uded ferrous complexes revealed that their d1str1but1on'
pattern Is ak1n to those of manganeSe, calcium and magneslum.A Pre—
dominant cdmpleurspecies turn out'to:beAferrous—bicarbonate; ferrous—'
carhonate,,ferrous—ascorbate, ferrous—histidinate and ferrous citrate.
These results are not shonn in Table 3.5 because the formal concen-
tratlons_of ferrous ion and the very existence,of the complexes in

‘plasma is uncertain. -
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Usihg the 'primary’ model as a reference, the £ree
coﬁcéntfatioh of eéch metai-ion iﬁv;urnkwas varied thfough thélraﬁgé
dépiétéd in Tabie.3.i. ~ The outéome'of-eaéh.conceﬁtrafion scan.ﬁ?é‘,'
_ﬁhen eQéluatéd.by compafison witﬁ the results of the“pfimarY'*model.
The éoncentrations'of the complex species oﬁvipusiy'ihcreaSed.in a
manner corresbonding to the rise of each cbﬁponent. R Howevgg; as’
6ne would éxpect, the increase was also reflected in the to#él Cb@één¥
trétibﬁ.of7the metai containgd.in the low ﬁolecular weight complex
fraction; | in faét,4the chahge in individual concentrations is}
paralleled by the'changéd in total concentration to thé extent tﬁat
the pércéﬁtagés recorded in Table 3.5 remain constghﬁ, In otﬁér wotds,
fhéég percentéges are, to a precision of one percent, iﬁdependeht of -
.ihe free metal ion cdnééﬁtfation§ which‘one chooses for a,given quel;':
wiﬁhinttﬁe faﬁges'shown'in'Table 5.2.' Thisiﬁay be at firét sight
ir#fhér SUfprizing becaésevin general the compléx‘disfribution bf é'
given”S&stem.aoeé change when the component‘coﬁcentrations'are varied.
Thus, tﬁe Beﬁaviour of the'piagﬁa system whiéh is_preseﬁfly béi@g‘.
simﬁiéted.is exceptionai;: Tﬁe'reasbn'for this is to be fouhd-in-the
fact tha£ ﬁﬁe'forﬁa;iqn of low moléculér weigﬁt:complexes in the biofv
vfldid is-minimal. The ;ery low total concentrations of the fransitidn
metaikioné; the weak'bihding of tﬁé Calciumvénd.magnesium cations and'f
the lowéfing‘bf free mefai ion concentratio@s by protein binding‘are
all cohtributory faétofs. In consequence, the conceﬁtration éf each
complex species ié altered in di;ect pr0portion to the_cﬁange in free
concentration of its metél ioh component. This is evident from the
general équation 3.], pfovided that the free concentrations of the
other compqneﬁts are uﬁaffécted by equilibrium displacements.»i The

condition is not as a generél rule fﬁlfilled because the complex
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formation tends to reduce the availability of the 11gands (see Sectlon
3,1). However, in the plasma 51mu1at10ns, the free concentrations
_of‘the'llgands are usually several_orders of magnltude Iarger then-the 5
complex concenrrationsr " This is an outconexof the extremeiynlow free
metal ion concentrations. Thus, the free'1igand;concentrations are
not significantlp eltered'by changes in the complex concentration;
So,‘the percentage of metal 1on appear1ng 1n.a given complex spec1ee

is 1ndependent of the. free metal ion concentrat1on.

of course,.in-syeteme where tne complex'formatron is not
negligible,by comparisoninrth the free ligan&rconcentrations;'the
: Consrancy of rhe percentages in.Table’é.S as described-above, will no
1onger‘occur.' In the case of rhe present modele, deViation is in
fact opServed towards the.npper 1inits of the free concenrration renge
se; out in Table 3.2 for'magnesinm, lead and zinc. 'Even in these
' eitreme instancee; the_drsplacenent observedvis not 1arge.‘ nThe
vériarion:is_ueually confined to?one percent and ‘in no case exceeds:
‘five_percent. .Tnis_ie_especially-gratifying in view of;the unlike~ "
1ihoodvofvthese higher concentrations inivivo_(see Section. 3.2.1).
As is’to be enpected,“the‘complexes of the metal whose concentration
visbscénned are influenced the most but the effect mey'be seen with
the complexee of other metéls as-weli., These resulte.were extended
. and subsrantiated in two ways?» A simulation using.concentrations at
the upper limit of the scanning rangerfor{all the merals_producedea
computed oistribution the same,,within a tolerance of two percent,
as that shown in Table. 3.5. Then, allvtne simulations were repeated
nusingvthe hydrogen ion concentration'limits,of -log[H] = 7,2 and‘7,6.
Although the computed.distributions ere quite different in each case

'”(Eee_Table.3.5), the percentages obtained were again independent of the
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free metal ion concentrations that were adopted. Thfs,confirms
»conclusion‘that the overalllpicture of thejmetallion,distrihution
amongst_lou}molecular welght'ligands in plasna is not going to be
upset by an 1mproved knowledge concernlng metal—proteln b1nd1ng in
p1asma even 1f this alters the estlmates for the free meta1.1on

' concentratlons.

3.2.3 .~ Model evaluation.

.One of the most powerful motivating‘factors leading to
the development of the models presented in this thesls is the fact
.-that the low molecular weight complexes of - the trans1t10n metals
r.exlst in plasma_Ln-amounts whrch are not-measurable by experrment.
,Ihls is theloutcome of‘their very low concentrations,,their labile
. nature and the‘complexity of the system;‘A Thereiis‘therefore no.
‘dlrect means of verifying'either the-qualitatlve‘or Quantitat{ve
results oflthls kind . of s1mulat10n.' MoreoVer; one is confronted
;w1th the problem of substantlatlng the. theoretlcal construction by
‘,SOme other,,less‘d1rect'method: to neglect‘to test experlmentally »
. both the'model and the hypotheses upon which it is founded is toi'

‘violate the principles of'the_scientific_method.

uThe inabilltp toimake direct measurements does not
'preclude‘the application of the scientific method.v The detection
and measureﬁent of postulated low‘molecular weight species in plasma
is certainly not the only acceptahle.test. Many theories in science
are~estab1ished-entirely upon circumstantial evidence - a fact which
in no way 1mp11es discredit. The paramount criterlon, by which all

'hypotheses must u1t1mate1y stand or fall is the ab111ty of models
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which embody the hypotheses to produce verifiable predictiohs; - This
‘aspect is treated in Section 3.3.  Before such'conSiderations are
made, however, it is proper to impose a number of internal checks.
For example, it is obvioqsly necessary to ehsore‘that different
aspects of the simulation are at least self-consisteht. Furthermore,
it is lmportant.to evaluate the error which is imposed by-(l) the
simplification inherent in any model and (ii) inaccuracies in the_‘;
formation constants. It is only when this prelimihary eraloetion

" has been accomplished that the model is ready to be compered'and ,

‘contrasted with reality.

'Ihev'lntermallrevaluation’of the model'whichvis mow to be
di8cussed; falls ihto two categoriesg‘ The first is concerned with
the effects.due to numerical Uncerteinty in the data for the model;
The secohd category deals w1th the error wh1ch results’ from the omission:
-of complex spec1es from the s1mulated system. The eveluatlon ofbthe
'1nfluence of- both these factors on’ the computed d1str1but10ns will,
hopefully, y1eld.some rdea of the conf1dence which can be placed in
the model's results as far as reproduc1b111ty is concerned One
'would‘be interested in.theveffects of changes in (i) the formation
'constants supplied, (ii) the estimetes of component concentrations
and’(iil)’the complexes éppeering in the simulated system. - Thus,
it isvthe modelvsbpreclsion:rather then its accuracy.which is

investigated.

The majority of the investigations which are described
‘below are accomplished by comparison of the results of simulations

in whch the parameter in question has been varied. Although a less
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eﬁpirical approach may be thought desirable, this is generally not
possible; The complexity of muIticomponeht systems means that
comprehensive'theofeticel analyses are guite oet of‘reach._IMoreover,
most simple treetments efe open to criticism fer.one reason er anqther.
So,lit seems best to credit'empiricsl reshlts.whenevervthey can:be‘

.successfully merged into & broad pattern. .

:Thehchoice ofvligend cencentfations as-deScribedlin.Section

3.2.1 (4) is not an easy one."-This is;due (i) to the lerge number of
low moleculef weight substances in blood_plasma‘and (ii) te the unknown
extent of'ligaﬁd—prqtein and ligendFIigand interaetion. ~ Only the |
ehest“pronounced ptotein hinding;has beenkable.to.be accommodated;
'Hewevef;-thesevmejor edjpstments make it unlikeiy‘that the effective
concenttetiohs of the_mejerity of ligends hsedﬂwiil be far from the-
values adopted. ._In any event, there is no gooe purpose in reducihé
éil the ligahd cencehtrations by some constant proportien.because the
sighificeﬁt_efrofs”are going to arise whén the ligand cencentration '
'ratios rather than the ebsoihte concentrations areuincorreet.. The
‘effect of employlng rad1ca11y dlffereht ratios is well 111ustrated

by the 11gands sa11cy1ate and tryptophan. " These have been 1nvest1gated
because they are both predomlnantly bound to proteln in plasma (see
Section 3.2. 1 (4)) The exact extent of this protein b1nd1ng is
uncertaln. It transpires that this factor is most important in the
hease of salicylate. - If protein binding is ignored, the ligand
concentration is inctease& hy a factor,of.twenty causing a redistri-
'bhtlon -of 1ron in favour of the ferrlc sallcylate citrate complex

(see Section 3. 2 1 and Table 3. 5). On the other hand, tryptophan is
not 1nv01ved 1n any of the ma jor complexes found ‘in . plasma and thus,

it may beconcluded that the extent of proteln b1nd1ng is 1mmater1a1
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As the queétion concerning the free metalbion‘concentrations‘has been
dealt with at 1eﬁgtﬁ in'Séctions_3.2.l (5) and 3.2.2, there‘is no need
.to:reédnside:'thé details here. Suffice if to say that the.computgd,
distribution is insensitive to errors‘in this regard unléss‘unrealistic_

ally high éoncehtrations are utilized.

The effect of errors in'thé formation constants of complex
specigs in the'simulated system is similar to thé effect of ﬁost‘of the
pdSsible.defects ﬁresently under consideration.. Tﬁe‘picture which has
been discerned is_simpiy that thererror is only significant if it
applies dirgctly to predomiﬁant species. In dther words, eveﬁ moder-
ately large errors in the formation constants of speCies,whichkére
fouﬁd to exist in-cohcéntrations'some_ordérs.of magnitudg below the
concentrations of the complexes shown in Tébie 3.5, can have little
influénce on the compﬁted distribution.‘r Moreover, there appears to be.
no-cumulative.effécﬁbof tﬁe errﬁrs-pertaining to mihQr complexes.‘This
is in no way surﬁrizing but needs fo be statéd:specifically:becaqse
_'to assﬁme as muchiwithouf confirmatioﬁ Qouid bé-unwise. As a result
of tﬁis’bﬁservation, it is possible tq focus.on the relevant fécfofs_'
which'may prd&ﬁce an efroneoﬁs computed distribution._ Tb.begiq'with;
the.ﬁtotonated‘forms of each ligand are invériably.imporfant. Only in
‘the case of sulbhaté and soﬁe of fhe'organic oxy-acids such as citrate,
‘méléte, lactatevénd.oxélate do the calcium and magnesium complex
concentfa&ions-éiceed the concentration of the singly protonated
ligand._ ‘ FortUnatelf thevacid dissociation constants are Iikely to
be amongst the most accurately known. Many.have been measured under
~the model coﬂditions._ The reSf have.béen determined under a wide
range of teﬁperaturé and ionic strength so adjustment procedufes
(see'Section_Z.j) héﬁe been facilitated. The same caﬁnot be.sai&'for

the calcium and magnesium complexes. The accurate determination of
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the applicable formation constants will enhance the quantitative
results of the simulations considerably} This is particularly true
for the seriés of - amino acids as ligands. .Although calcium and
_'magnésium are recdgniséd to be weakly cb—ordinatihg, the rela;ivelyl ;
high conéentratidns of thesé cations means fhat they form the mbéf
predominant (metal ion) cémplexes withvall the important ligands
e#cept cys;eine. Apart from these circumstances, the preéent'modéi
éctually perfbrms a valuéble service towards thé computatioh of
accurafe'metal ion distfibﬁtiéns in plasma b& isolating the set of
'major species‘fo:'each type of metal ion. By concentrating efforts
ﬁd 9btéiﬁ very éccuréte‘formétion constants for these impoftant

complexes, the.gbéllmay Be'achie§ed surprizingly,quickly,_3

It'is eQident that regardless of the size of the model
wﬁich may.Bé constructed, épme cqmpiéx épeciéé ekistiqé in a mixture
_as édﬁplicated és blqod plasma.will.iﬁévitébly ﬁe bﬁiﬁced;.. In view
of this; it is important to be able td”jnge thé>ekten§ of the effects

) which may arise because.tﬁe ﬁodellis incomplete; This haé Béen‘
attempted bylundertaking'a.f;irif inteﬁsivé pfogfam duriﬁnghichf
mény sim#lations were conductéd ﬁsing 'segments' of the primafy model.
. On tﬁe one haﬁd, individuai‘sﬁééies were.excluded?‘ 'Alfernétivély,_
allbtﬁdsé compiéxéé formedrfrom one or ‘more components were remOQed;
This pro;edure showéd tﬁat the ségmentation of the model has an
outcome'éimilar to thét?déscribed in contexf of numerical uncértainty
in the model's parameters. | Only the oﬁiééibn of the prédominant
species seriously disrupted the éomputed distribution.(vide infra);
'Indeed, omission df a Complex is tantamount to using é formétion
;constant of zero and as such is ah'extreme céée of error in this
barameter.  Nevertheless, the pic:ureiﬁhich eﬁerges is somewhét

surprizing,  The very large errors involved are alone sufficient to
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sqggest»that they might introduce distortion into the results. In
addition to this, iﬁ ié rare to find a simulation whch negiects some
.’important rélationéhips without upSettiﬁg the manifestation,qf the
otﬁers..  As in the case of fhevpncertaintj associated with the free
metal ion concentratibns where a variation of several orders of
vmagnitude did not alter the percentage of metai”ign’boupd in a particular
complex, the reason for.this exceptional behavioufvis ﬁé_be_found in
the very small degree of metal compiex formation in plasma. Once-
. again, provided that the ligands'in qﬁeStion are represented, their
fregiconcentfatiohs are_for'the most part independent of factOrsvothér
 than_;he7hydrogen ion‘concentration.and'thejrelévaﬁtﬂprOﬁonatidnl

constants.

4_Thevgéneréiisations assertéd in the above paragréphs
-bertain oﬁly to thé.overéli picture qf‘fhé distribution éf'metalvion
': cbmbIexés in plasmé.' They are'ﬁot intended to convey'the impression
chét_the simulation is quéntitativély'unaffécted by the omission of
various equilibrihm constraints., In fact, quite the revefse is true.
Whilsf the order of the complexes, sorted acpqrding to higHest_con—
‘Centratioﬁ,‘is,oftén‘diffiéuit to upsét;'even this happens when the
compu;éd'éoncentrationé 6f-two.9r mére of'theﬁ are of equal orders of
magnitudé.. 'HoWever, aé evident from Tabie 3.5, the pefcentége>of
.metallion_bound in the mo$t predominant complexes usualiyvfalls off -
rapidly so small_fluctuations do mot diSturbifhe broad picture. The
 situatioh is wellviliustratéd by a compariéon of the results of the.4
'primary "model-of'tﬁis_thesis with thosé of Perrin (158) shown in
_Téble.3.l. .Perrinis is a subset of ;he:former model. To begin with,

the:percentage of each metal ion bound in a giVen_form differs
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noticeably. This is in spite ofbthe fact that the major coppef
species are found tolbe the séme in both éaées. The very marked =
décreaéé.in the pércentaée 6f.c6pper distributed amongst the low
molécularkweigﬁf ligands as observed by Perrin is now suggested to

be less pronounced. Tﬁis is due to Perrin's failure to include
important equilibrium reactions. This was partially rectified in

~a subsequent simulation by Perrin himself; the copper was then shown
~to be spreéd siightly more evenly than had been pfedicted earliér.‘
However, the méjbr difference between'Pérrin's computedvdiétribufiéns‘
fpf copper and fhose.which are presented in this thesis steﬁ from the‘
éalcium‘and mégneéium:amino acid éompléx reactions:which the earlier
'vwdrk'omitted.  These cations do react with amino agids‘to a liﬁited

_ extent, .The d6minant iﬁferacéiqn is most-prébébly with the: 'hard'
~§érbo#y1ate function of'thesezligands. Sé, whilst the(degrée of
complexation'is not_sﬁfficient to seriously diérupt tﬁe'computed
, diétrib@tipn,litvdéeé alterlthévayailability of tﬁelligén&s (as m#nifest
by their:freé.cbncentfations) toba certéin &egree. On the other hand,'
both Perrihh(ISS, 369) and Giroux and Hénkinv('164 )‘failed to find
"~ a most importaﬁt'zinc sfecies,ﬁecaﬁse they &id ndt'inélude_citrafe.ip
their simulations.'i .Thus,iﬁhe‘ternary zihc citrate ;ysteiﬁe'complex
haslbeeﬁ pteviqusi§ over1ooked. It is obvious that smission ofba
méjor species_of important éémponent is;élways goiﬁgbto produce.a
defect in the model's_results. 'Evenvsuch a gross error, however, does
not appear to radicaliy.disturb the relative distribution of the other
complexes whiéh have been considered. For exampie, the omission of
.either'of the two most.prédominant ferric complexes merélyAreflects
" as a re&istributioﬁ of iron amongst the éther major contenders. The
quantitative effects are disastrous. Thevtotal coﬁcentratidn of iron

bound to low molecular weight ligands, for one thing, can drop a
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hundredfold' But the order of the other complexes is qu1te unaltered
(see Table 3. 6) jFurthermore, Perrxn_s results for zinc (158, 369)°

" ghow all the important complexes that hadvnot-been omitted. More
important,‘they‘did not'foster belief in a;completeli false 'pretender'
One might_also note that the'order of Pergin's zinc complexes in terms
of concentration differs from that;shown in Table 3.5. This is
partially due to the similarity betneen the»concentrations of the
.predominant zinc complexes. It has been noted previously.that the
order of the.complexeS’in Table 3.5 can become altered if their

. concentrations are close together.

'In vien of the fact that the omission of important complex
_species,.rather than some other fault, is the factor most likely to
cause the models' results to be in serlous error, it seems sensible to
examine the:possibillty ofsthe models, ,in‘this thesis, suffering'from
this kind of defect. ~ The most obvious starting point_in'this reéard
is a consideration of the ligands whichlhavekbeen neglected..' These
-include'bilirubin, sugars Such as glucose and:frUCtose histamineland
-the low molecular welght peptldes. B1l1rub1n does form complexes w1th
tha2+,:Cu2f, Fe3+, Zn (730) but these are unstable in vitro and thls
substance does not appear to be a strong l1gand Carbohydrates, on
the other hand, are 11kely to be important iron binders at least (161
374). Glucose,,ln partlcular, has a hlgh plasma'concentratlon (577).
Histamine, in spite of a low plasma concentration, is a.powerful ligand
and thuspmay'wellvprove to be important. This ligand is prone to form
ternary complexes (58, bO, 334). Perrin has commented that peptide
chains_made up of simple amino acids are‘unlikely to prove effective
.binding agents for copper and zinc inhplasma (369). This is probably

the case due to the low concentrations of these compounds normally
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3.6

TABLE

- PREDOMINANT COMPLEXES OF FERRIC ION FOUND BY SIMULATION OF BLOOD =

PLASMAWHEN THE FERRIC HYDROXY CITRATE COMPLEX IS 'OMYITTED FROM THE .

 MODE

L..

(Symbols defined in Appendix 5.7)

'PERCENTAGE OF THE TOTAL FERRIC IRON
| | BOUND IN THE LOW MOLECULAR WEIGHT
~ COMPLEX | COMPLEX FRACTION
S ~log [H1=7,2 |-log [H1=7,4 |-log [H1=7,6
FE+3(1) CTA3(1) SLA2(1) 30 3 36
FE+3(1) CTA3(1) GLU2(1) . 11 1 2 13
| FE+3(1) CTA3(1) 0xA2(1) 18 12 6
FE+3(1) CTA3(1) GLNI(1) { . 5 5 5
FE+3(1) CTA3(1) GLY1(I) 5 5 5
- FE+3(1) CTA3(1) SCA2(1). '8 5 3.
FE+3(1) CTA3(1) SER1(1) 4 b 4
FE+3(1) CTA3(1) AAAL(1) 4. 4 4
FE+3(1) CTA3(1) THRI(1) 4 4 4
 FE+3(1)" CTA3(1) PHEI(1) 2 2 2
FE+3(1) CTA3(2) 2 2 -
FE+3(1) CTA3(1) ARG1(1) 1 1 1
FE+3(1) CTA3(1) SLA2(1). 1 1 1

- Total concentration of ferric ion

fraction in plasma.

 '—1og tHj
- -log [ H]
-~log [ H]

]

in the low molecular weight complex

-15
M
~-15

- 3,15 x 10

so= - 4,90 x 10 "M

: (c.f; Table 3.3)

- 9,18 x 107y
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preéent in the biofluid (577). This is in spite of a fecent publicatién
by Agarwal and.Perrin which implieé otherwise’(499). ’ In any é?ént,
opinion ébout all tﬁeselliganas must remaiﬁ'neutral until formation
constants.fof each with é range of metal iqﬁs bécoﬁe available. The
same ébplies.to the question of quaterﬁary complexes Althbugh it

presently appears that these will not be very important.

Finélly, if is iﬁstructive to note that the independence
which the complexes ﬁave been found to exhibit wifh regérd to each
other'is.a direct_oupcomé of the fact‘that'the model is designed to
facéémmodate protein binding. Metal-protein species are actually

- the most predbminanﬁ transition métallcompleﬁes in.plasmafi- The way
bthat the modelvié seﬁ ué ensures that the dist:ibution_of'the cbmplexes
‘in reiétiVely 1ow‘abundanCe is not upset by an ébsence okanow1edge

‘about the major species.
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3.3 _ General discussion.

As it isAthe ability of models to yield verifiablé
predictions that serves.és tﬁe yardstick of their value and Validity;‘
it is surely on this aspect that the finél_ahalysis of aﬁy model must
focus. It is not necessary to formulate invadvance the sort of
prediction by which the model will»ultimately be judged; the results
-themselvés'must suggést_the direction.of-subsequent experiments.
HoWeVer, it is important to coﬁsider the possible aﬁplicatidns of the
‘model. Ih parficular, it is desirable to outline those which may
'.providelthe framework within which predictions can be médé»and.experi—
ﬁénts.then deéigned to_tést them. - Thus,'whilst'it.is not thé
' reépénsibiliﬁy of tﬁefmbdel4bdi1der-himseif to establiéh.the absolute
value»ofihisﬁfesults (ﬁy their véryvnafure;_ﬁodels often predaté the
‘e*perimental means of Substantiatidn), thernu;‘is on-hiﬁ fo:clarify _

. the relationship between reality and the simulation.

 vfn the.presént cﬁntext.thereJafe éénsidérable grounds 
Wﬁich p#oyidé_assurance éénéerning the?reliabilityvof‘the ﬁddel's
mathematicél.coﬁsfruction. There can.Be 1itt1§ coﬁcern Withnthe
thefmodyﬁamic thebry and relaﬁionships that ha§é been ehployed;v In-
this tyﬁe'of situation, éhemistsbuniyersaliy depéﬁd upon the conserv-
afidn of matter; = the equilibrium‘functibns are alsé exceedingiy well
eétablished..' Similaf calculations, for example, are employed
Qhenever formation  conétants are determinéd. The only uncertainties
:are those associated wiﬁh (i) the applicability-of the thermodynamic
theory and. (ii) the experimental error in the parameters of the mbdel.
These have been discussed in Sections 2.1 and 3.2 respectiVely;

‘Neither factor seems 1ike1y to invalidate the results of this work.
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The experinental error, which presently merits the most concern,_is_
,constantly'beingAdiminished_as research in this field progresses. |
Moredver,IWhilst the‘difficuity in verifying the predictions of
analogous computations becomes 1nsurmountab1e as the system gets more '
:complicated or the concentratlons involved are decreased there is

no reason to believe that a discontinuity seoarates these extreme

cases from the simple and tractable ones. In this regard, it is
'ofbspeciallinterest to consider thevastonishingly low free ion
concentrations whichkhave-been utilized.in the simulations. This
fapplies_only to the transition metals. In the case of iron, forhexamble,
concentrations asblow as 10_24M have beeniused. - These concentratiOns
refer:to solutions in,which there:is less than a single'free ferric ion
'inbone litre! . 'This,rin;fact, reflects not.so‘nuch on the actual
concentration of the ion spec1es (wh1ch indeed, need not be-present

at a11) but rather, expresses. the chemical potent1a1 of such an 1on
‘with respect to the other ferric species present 1n the solutlon.
ConCern.that a thermodynamic,treatment might fail because it no longer -.
deaIS'with‘a number .of particles sufficient to_ensure statisticali
effects, is therefore unfounded.' The situation is,analoéouS’to that

of the‘aqueous solution-in calomel1e1ectrodesr(Schwarzenbach, G. = |
orivate_communication); Thefinsolubility of mercurous.chloridei
ensures that the concentration of the metal ion is so low.that it is

- certainly non-existent in aqueous chlorideisolutions.i Nevertheless,

a non;zero conCentration, equivalent to onevionbin a volume of water
larger than that of the earth, may be utillzed 1nva con31deration

of the reactions and thermodynamics of the electrode system

_ Turning to the model in its physiological context, it

appears that most of the predictions will arise from the application
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of results toWérds aﬁvinterpretatioh of.the mechanisms of various pro-
cesées. ‘»for:example, major complex.species postulatéd by.the,mOAel
é;e:Sugéésted.to'partiéipéte in the transp§rt of metal iqné into anﬁ
out of prOtgin Structufes in plaéma. . This, of coﬁrse; doéé‘nqt
applyvﬁb.sitgations where the mét#i may Bevﬁransferréd directly from
~one pro;ein to another. The exchange of:ferricfions between.trans-
‘ferrin.moleguléé is thefeforé aécordiﬁg to‘the resﬁits in'Tab1e 3.5

' predigted-to_take’place yié a'mixéd comp1ex'invoIving.only one citrate
iligand’rafhér than.as.the‘&icitfaﬁo cpmplex.as previously.implied (6il,v
404). This applies-to thevexchgngg inlplasﬁa and is nét necéssarily'
 aép1iqéb1e to in vitro egperiments.  HoweVef,.it is enébﬁraging_to_
note_that.Béteé.etvaZ. have studied tﬁé kinetics of irqh (III) exchange
‘between éhélates énd transfer?iq an& their work confi?mé_the prediction
in so far as théy find fhat thevifqn—dicitrate is not the most reactive
species (174). Similafly,bit.may be concluded from Table 3.5 tha;'the
:ethange of copper aﬁdIPOSsibly lead betwgen‘prqteins in plésm; inVolQes

R mixed_ligand complexes. -~ The opposite conclusion is drawn for manganese..

A ﬁéét diféct assufénce that thévmodel is not grossly in
error-is provided by a comparison of Tabies 3.2 and 3.3. It ié
evident thatxthe simulétidn predicts ﬁotal'low m01eCu1ar weight.metal
complex conééntratioﬁs (see'equa#ion 3.2) in very safisfactbry_agfegment
with thosé estimated frqm.éxperimental'considerations (séé_Sectionv3;2.l)
for'calciﬁm; cﬁpﬁer, magneéium.and ziné. 'Moreover; this establishes
that the fréé metal ion concentrations chosen for the 'primary' model
5re reasonablf'acéurate. The negativevaspect of this has even
greater abéolutersignificance. . The pbssibility of free concentfatioﬁs-

as large or'larger than the upper limits which have been scanned (sée
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Section 3.2.2) is denied. Such high values produce complex concen-
tractions incompatible with a number of experimental measurements
(see,ﬁfor”example 155, 135, 194, 140 and other references cited in

Section 3.2.1 (a), (b), (e) and (g)).

lnteresting_implications of the model concern the effect
Aof‘administered therapeutics on the plasma metal ion distribution. .It
is clear'from the model's results that if a ligand is to compete' |
“effectively'agaihst thosernormally‘present, it will heedrto be;hoth
'i powerful:and in relatively high concentration; Iﬁdeed;.very few
theiapéuticsh will he able to'exertla'hoticeable influemce on the .
f>phySiological distrihutiou“of the trahsition metal lons. HoweVer,
those which are potentially capahle'of disrupting the'eouilibria areﬂr
of great interest{ Doses of asp1r1n, for example, are capable of
increasing the sal1cy11c ac1d concentrat1ons in plasma tenfold (533)
The effect of even. such m11d treatment 1s to produce a surge in the‘
fsallcyl1c acid not bound.to;proteln (375, 247).v :”The modellshows L
clearly that this w111 in ‘turn, cause.a marked alteration ln the
ferrlc ‘ion dlstrlbutlon amongst the low molecular we1ght llgands w1th‘
‘the emergence of the mlxed c1trate-sal1c§llc ac1d complex (see Table .
3.7). : Thus, the w1deSpread use of asp1r1n as a mult1purpose thera—
'peutic.may have a pronounced influence on_1ron metabollsm, dependlng B

on the role of»low molecular”weight complexes in this context.

Possibly the most important application of models such

~as the one presented in this thesis concerns the transport of transition
metal ions through biological membranes. Very little is known about v
this subject.so it provides a fertile area for making predictions

. without the prior knowledgerof experiment. This is not meant to imply
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TABLE 3.7
PREDOMINANT LOW MOLECULAR WEIGHT FERRIC COMPLEXES* FOUND BY SIMULATION
OF BLOOD PLASMA FOR INCREASING CONCENTRATIONS OF SALICYIATE THAT MAY

" BE PRODUCED BY DOSES OF ASPIRIN (ACETYLSALICYLIC ACID).

' (SYmbolé defined in Appendix 5.7)

| CbﬁPI;EX_ C.oncentra_tion._ of salicylate. :

5uM 50uM 100uM  500uM

: FE+3(1) CTA3(1) OH-1 , f99(1)   '9i(1} , 94((}___ 77(1)

FE;3(15161A3(1) SLA2(1) _' 5(2)  f‘2(2) 5(2) -19(25

FE3(1) cras() GLu2() | 3 3 () O
EE() T3 oxa2() | W) ® ) j 

- FE+3(1) SLA2(1) oxa2(1) | '<14>14-1 (41' @ RN

FE-l‘-3‘(l)b SLA2(1) c;Luz(.i)_ (26‘)' C(14) (1'3)];]'_' : _(-5).

FEe3() SL2) | () an @ 2

Given as the percentage of the total low molecular weight ferric
ion fraction. Figures in parentheses are the positions of each
. complex after they had been sorted according to highest concen-

tration'@ —1og.EH] = 7,4,
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that this field of research has been neglected. . On the contrary,
much effdrt_hes been‘direeted at elucidating the nature-of_biologicaiA
' zmembranes.' Their physiological srgnifieance is obvious and so their
:tfansport properties, inhpartieular,'have been intensively studiedr
A However, the understanding of life processes is rarely easy and membrane
phenomena have proved no exception to the generel rule. Most worh has
been confined to organic molecules (370) and the more abundant inorganic'
ions‘such as Na+,'K+, cl, HCO;; H+'(564). Verj iittie has_dealt
with the.transition metals. Thus, it is.necessary to formulate
predictrons pertaining to the.trsnsition metal ions from a knowledge
of-these whieh arevbetter understood; Parsdoxically, small organic
::moleenles are-probabiy_more analogous than the alkaliimetal ions.
This is:hecause'the~1atter are known tolparticipate in'aetivegtransnorth
.processes which require‘metaholic energy énd involve astonishingly
selective'reeotions." On the other hand .at 1east part of the trans1t10n
metal movement through membranes is be11eved to occur by passive
o_diffuslon; The1r’penetratlon rsblnvarlahly slow, suggestlng passive
1f1nx (677). Aetivevprocesses certainiyvdo nOt_secountfforbthe totnlh
rntestinal_absorption'of iron, copper»andnzinc_(vide infro and aiso

Seetion_i.2,3)g..

Little can be concludedvaboutvthe model's results in
.terms of the active transport'of transition metal.ions through membranes.
: This will have to wait until eonsiderably more has been learned about
such processes.' bne can only opine'thet it is not improbable that -
low molecular welght conplexes part1c1pate in one way or another.
.After all, low molecular we1ght complex1ng agents have been 1mp11cated

‘1n.the transport of alkallne metal ions through membranes (see, for
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example, 675). Furthermore, the very 1ow free metal ion concentrations
of the;transition elements require that compiexes rather than the
hydtated ion‘species participate in many physiological processes.

'Ihese faets'sheuld all.be evaluated in the knowledge'that‘the‘movement
of.macromolecules through membranes is generally restricted. This
iimitation on the nature of carrier ligands applies equally to active
‘and passive‘transport. It should thus be borme in mind throughout

the present discussion.

Far more is known ahoutvpassive ttansport than abeut the
-active ptocees. ~ The fact which.is possihly-of greatest applicability
ié that smell, uncomplexed inorgehic”ions cannot'cross’thin lipid'
membranes at.a'meaeurable tate (676), Similar restrictions apply to
small ergahic ions (370). ’The amount .of energy required te transfer
a charge of small dimensiens'frqm water into.hydtOCarbon‘isbtotally
prohibitiVe:(676)} This is well illusttated hy'orgahic‘ligahds.whose.
rate of trahsport is_obsefved to bevvety'deheﬂdentfon the érotonation
:constant.of the substance end the pH.bn either side of~the>membrane.
.The mo}eeule cen only ﬁigtate thtough the memhtane.ih the non-ionised
form of the ﬁeak acid er base_(370). The ﬁagnitude'of the flux is
a function of the.diffetence in concentration of the neutral species_in__
the soiutions en either side of the membrane barrier. A similar
31tuat10n app11es to the.lew molecular‘welght complexes of the tran31t10n
vmetal ions. Only the neutral complexes will be llpld soluble. This
critetion underlies an important application of the model The con—i
centration of the neutral spec1es in two b10f1u1ds may be calculated
and compared. The simulations cah also 1nd1cate how the d1str1but10n
changes with pH. So; the results can be used to predict the direction

of §assiveediffusion through a membrane separating the two biofluids.
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Moreover, the search for conditions which will either increase or

decrease the ‘flux should be facilitated.

- Consider a person sﬁffering from transition metal overload.
1t 1is obviously desirable to be able to admihister a drﬁg that will
. bind thé offensive cation, thereby enabling it to'be'excreted. This
applies equally to patients who have been poisoned by excessive intake
. (e.g. those suffering frém plumbism) and to thosé»afflidfedvby‘a meta-
'Bolic disorder such as Wilsbn's disease.. The difficuiﬁies éxPerienced
'.py>tho§e seeking more.effiéignt medical chelating agénts are dis@ussed v
in Section 1.2.4. 1In tﬁis regard, the value of the model 1iesviﬁ‘its
: ability»go_test that botential of large nﬁmbefsrof drugs quickl& and
cheaply. ,The treatment'of Wilson;é disease by pepiciliamiﬁe.provides
a‘goqd illustration_df'fhe éort.of cbmputer invéstigatian which can-
élimiﬁaée much of the rapdomhéss whichvﬁas often charécterizgd the
;earéh for Bétter thérapeutics. It has been shown that ﬁhe»mode of
acfipn of penicillamine depends upén the fact that it render$ ﬁlasma~.'
c0p§ef more availabIeIer diffﬁsibﬁ across a.membrane (341)7 The .-
..éxpériménté have beén conducted both in vitro and‘iﬁ vivo, ‘Theré is
a very marked.rise in ufine copper within hours of the administration.
of the drug;; ‘Table 3.8 shqﬁs a number of impértant aspects which are
disélosed by simulating fhe low molecular wéight metallioﬂ diétfibutions
of plasma in which thé concenfration of the.tétramethylcystine.(fhe
oxidation product of-peﬁicillaﬁine)'is'systematically incfeased. A
‘similar modei-has been produced by Perrin (369). Whilst the overall
picture is unchanged, differences have arisen because the present model
contains_estimates of the forﬁation constaﬁts for a éubétantiélly larger
numbef of tetramefhyl cystine complexeé.' - It can be seen from Table

3.8 that penicillamihe therapy can raise the concentration of the low
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TABLE 3.8
. MODEL RESULTS FOR THE TREATMENT OF WILSON'S
DISEASE WITH PENICILLAMINE®

a) Changes in the total concentrations of metal ions bound to low

molecular weight ligands expressed as a pefcentage of the normal

_ value.

Metal ion | Total concentrations of tetramethyl cystine in plasma
OuM - 50uM .. 100uM - 150pM - 200uM 300uM

-ca””. 1001 | 100 100 | 100 100 | 100

cu?t 100 | 110 | 126 175 224 286

+ _ ' o - :

F¢3- 100 100 | 100 1000 | 100 - 101

pb2* _ 100 ~ | 103 | 107 110 | 115 | 122

Mg2+»l 1 100 100 100 | -100. | 100 100
-Mn2+_ 1 100 .| 100 100 | 100 100 100

Zn2+‘ ]OO'J 103 - 107 - 111 117 127

- b) . Changes-in‘thevper¢éntage Qf'neﬁtral’speciesvin pigsmé'

‘Metal ion Total concentratibn of tetraﬁethyl cystinelin plasma
ouM - . 100uM 200puM 300uM -
c® 62 | . 66 66 68
zu?t 8 8 8 | 1

*Penicillaminé is taken to be totally oxidized in plasma to

- tetramethyl cystine.
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molecular weight copper fraction quite considerably. Small increases

in the corresponding fractions of zinc and lead are also evident. The
“total concentration of low molecular weight complexes for the rema1n1ng
metal 1ons are substant1a11y unaltered This is an important property
.of a good medical chelating agent;k the distributions of the ions other
than thehmetal which is in- excess should be distrubed as little as

~ possible. Further, the model reveals that whilst the percentage ofv
neutral copper species is increased, the‘same change only'affectS'zinc:'u
at high'therapeutic concentrations. So, it would seen'that the
benef1c1a1 removal of copper nould cont1nue as the 31ze of the pen1c111a—i
mine dose was stepped—up but that at h1gher levels one m1ght f1nd that
this is accompanied by an undesirable loss of zinc. Uncertalnty is |
warranted here because‘nothing is as yet known ahont,the corresponding
.conplex distrihutions in urine; “.Only when'the two bioflnids’can be
compared willtit becone possible‘to properly»investigate_the_phenomena_

in question.

Another aspect of the. appllcation of the model to the
‘v-questionvot trans1t10n metal ion transport through membranes concerns .
the absorptlon of ‘iron.- lron deficiency anaemia is a very w1despread
hconditionuwhich provides scope for'further investigation. Persons who
have been'diagnosed as.iron deficient can only absorb a?small fraction
of.the iron therapeutics presently available due to the body's pro—:
tective mechanism described in Section 1.2.4., The tolerance of an
s»lndividual towards most iron compounds.is_limited. In addition to
these drawbacks, alternatives to oral therapy are expensive and thus
beyond the reach of thefmajority which require this kindbof treatment.
It is therefore‘evident>that there is a pronounced need for a simple,-’

cheaply manufactured iron complex which can significantly enhance
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aonsiderable stability of the coﬁpufed distribution of the metal ions
amongst low.malecular wéight ligands has some profouna‘implicatians.
'To.begin-with itvindicates thatuneithér metal ioh deficiency-dr over-
laad is likely to alter the gross distribution. The negligible
influeﬁce of the majority of therapeﬁtics on the low molecular‘weight
complex distribution of the transition metal ions has already been: -
‘mentioned. It may well transpire that, based on the e?idenae of
fhe'mddel,va given complex or even the entire low‘moleculaf weight
fraction may be eliminated as possible participants in various phyai¢4,

logical processes under investigation. -

>Fina11y,.it is.necessary to consider tha future.of thé

work that haa been_presénted in this thesis. Much remaina thdh_can
bé done to improve the detail of the blood piasma model itself. ,Thev
‘preseﬁt pfajeCt has helped to delineate the most pressing‘ﬁasks(' Thesé
.afa (i) the accaraﬁe detefmination of all the as yet unmeasured form-
b.afion constnta‘for the iﬁportant complex.sﬁeciesv(bicarbonaté:compiexes
ahd;éalcium and_maghésium_amino acid sbecias, in particular), (ii).the"
‘,experimeﬁtal<measurement of many ﬁore mi#ed 1i§and aompleX'formAtibn_
constants an&_(iii) thé imfroVement.of éstimates of the ffee metal ion
7concentrations in plasma, especially that of magheéium. v As.far as

the simulation of other solutians is concerned, numerous possibilities
axist. 'Intestinal fluid, cerebrosﬁinal fluid, éastric juice, urine
and cytoplasm are obviousaexamples. Simulations of these body fluids
aré.pré—requisites af predictions about the'passive diffusion of trans-
itibn metal ions through membranes <n vivo; ~ These models only await
the necessary experimental data. Sea, river and laké Wafers can also
"be simulated to gréat advantage. The same can be said of many

~industrial solutions. - Théré must be.considerable potential in the



absorption of the metal. A consideratioh of the iron overload disease,
v siderosis, suggests that the normal iron absorption pathways can be
by;passed by low molecular we1ght complexes.. : This, ln fact hasrbeen
1ncorporated 1n the descr1pt10n of iron absorpt1on by Forth and Rummel
(400). | So, the computer models are clearly app11cable. Indeed, a
less sophisticated but analogous approach has been taken by Schubertj
when he calculates (using calcium as the_only competitive metal.ion)

the 'effective stability' of iron{complexesvunder physiological
conditions (726). 'An‘elementary model calculationlof the-concentrations
of iron_coﬁplexes over a range of physiological pH ualues has,bln.fact,
alreadp been published (316);, However, once again it is neceSsary to
refrain from makingrdefinite predictions until thelcOmplex distribution'
in both plasma andvintestinal fluid have been simulated. Even this
advance may prove insufficient becaUSe.the mucosal cell may well behave '

as ‘an.additional compartment.and'not simply as a single phase partition.

Still.mihdful of the limiting factors whlch haVe'been4
stressed above, 1t is temptlng to speculate about the results of the
model w1th regard to the body ] 1nab1l1ty to excrete iron (see Sectlon‘
vl 2. 3) - It is shown in Table 3.5 that all ‘the predom1nant Tow
molecular we1ght ferr1c complexes are negatlvely charged. Thls_could
“well be biologically_significant because it would-tehd to prevent loss
of the metal through.biological membranes. It isucertainly true thatd
the homeostatic control mechanism for iron is unlikely.to have evolved

‘as it did had the metal been difficult to retain in vivo.

In spite of all the applications that one might envisage,
it is important ot recognise that the negative evidence produced by

the model may ultimately prove to be that of greatest value. The
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simulation of systems'concerned with metal extraction, for example.

In all these cases, the investigation of the metal complex distribution -

is motivated by the fact that only in the light of such knowledge

can one truly understand the chemical processes which are taking place

in the solution. However, no model can ever be complete. No model

can behave exactly as the real system. 'It does require maturity to

realize that models are to be used but not to be"believed.' (Henri

'Theil in 'Principles of Ecohoﬁetrics1 , 1971). The best  that can

be done is to strive to simulate the major relationships which regulate

the real behaviour by over-riding the effect of the 1eSS important*

aspects. : Eventually, this can establlsh the va11d1ty of the hypotheses

, whfch‘the model.manlfests. It is in thlS spirit that the blood plasma
,model is presented. 'iOne.shouldvnot‘overemphasise the shortcomings'of

fithe simhlation, especially during the'early stagest it is alﬁays a
_prty not to advance for fear of taklng the first few steps. Furtherr.v
vmore, 1t is 1mportant to remember that accuracy is of greater va1ue

“than precision. As Perr1n has suggested (369), it is well. to reca11

Tukey's Principle: 'Far_better:an approximate answer to.the right

‘question, which is,often.Vague, than an exact answer to the wrong

question; which can always be made precise.’
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 APPENDIX 5.1

‘List of Symbols

a) 'Concenﬁratibns

S - the concentration of a complex species

X - ﬁhe free concentration of a component

T - the total concentration of a component
b) Indices

| i - the general indix for components

j. - the'general index for complex species

m - the specific‘component'ihdex

P - ‘the index for a metal ion coﬁponént

q - _tﬁe index for a ligand componént

r - the index for é‘hydrogen i&n.component
c) . Superscripts

¢ - denotes a 'calculated' quantity

r - - denotes a 'real' quantity

o - denofes an 'old' wvalue in an iteration

n - dehotes a 'new' value in an iteration

t - denotes a 'thermodynamic' formation constant
d) Parametérs'

B - the éumulafiVe'stability constant of a complek

species as defined by eqﬁations 2.1, 2.3 and 3.1
'k - the matrix which defines the components and their

multiplicity in a complex species



e)

£)

Factors
F - a factor defined by equétion'3;10
e - a factor defined by equation 3.1l

F & G - approximations for F -and G :éspeCtively

Miscellaneous symbols

M

L.

metal ion’

ligand

ligand (as opposed to ligand B)
ligand (aqupposed‘tb_ligand A)

'hydfdgen ion

activity coefficient
ionic strength

thermodynamic temperature

temperature.in Celsius



APPENDIX 5.2

A consideration of the convergence properties of expression 3.13..

It is required to investigate expression 3.13 and to establish
whether it may be a suitable iteration formula that, by successive

approximation, may converge on the real free component concentrations,

rX-, ‘when the approximation (*r./°T.) £ (¥X_/®X.) 1is used to
m- : R i1 S S ¢ . .
obtain Gi . One has,
: , T Oy .
X = 2 L RSN (3.13)
. m c z 1 c
X + G! . S, . k(m,j)
m J- : J_ J

Equation 3.12 provides an exact expression for- Xm in terms of

¢, T

ij'féctqgsg . If one begins by setting all X, = Ti,v then
X o e B
and EREE Iy, < S, . - ‘;‘_' e (5.2)

..(see equations 3.7 and 3.8 with 3.4 and 3.5).

We have o
o SR 1 : ' ceees (5.
i | o
“and  f Ty k(m,j) - I
. m C
— s -y
cx k(m,j) - l t‘olol(5u4)



except when k(m,j) = O. Hence, from equations 3.10 and 3.11,

because_the prbduckvof 5.3-and 5.4 is equal to. Gj’.‘ -

e O (5.5)

except when k(m,j) = 0. From equationé 3.8 and 3.12, it follows

that

r o - T r

oy Te © 17 ©.
Lt AR L
verei(5.6)

Therefore,viﬁ’genéfél

%, n
c > C>-
X, T

' Note that when k(m,j) = 0, the term in the summation becomes zero

and the magnitude-ofb?Gj  is then irrelevant. Hence, if (rTi/cTi)

.is substituted as an appfoxima;ion for the factor ;(rxm/cxij‘ in equation
3.13 (seg'eﬁUations 3.10~and‘3.ll),vit follows fréﬁ eQuétidn 5.6 that - .

¢, &G, SR 3 )



In such a case, a comparison of equations 3.12 and 3.13 where

°Xm z CXm ; reyeals,thatih
(5.8)
for convergence, then,vall_that is necessary is
nx € °x
o m m .
' (5.9)

Although thls is not aa unreasonable expectatlon, it is difficult

to prove in’ the general caee. ' Thls is not very 1mportant however;

h'because as’ dlscussed in Sectlon 3.1, 3, formula 3. 13 is only utlllzed
profltably durlng the 1n1t1a1 stages of the 1terat10n procedure. |

:ItSvChlef{taSk is to'improveithe poor»initial‘estimates obtarned

by setting %X; = rTi..h Under theee eircumstances,rfor ;hé;.

first iteration, therineqﬁelity~5.9 ie’eertainly true. : ‘This.

'follows from equation 3,13 where the suggested substitution for

.startlng values ensures that the denomlnator is greater than: r?m

because a humberuof.terms_in thevsummatiohbere non-zere andtare‘

added to. oXm_ = Tt |



appendix 53

LISTIYG Are 1MSTPUCTIONS FOR PROGRAM ECCLES.

THIG sROARPAY €OnpyYTES THE EQUILIARRIUN CONCEHTRATIONG OF METAL ION LIGAND

C CONPLEXFA Ih LAPGE AQUEOUS ENUILIBRIUM SYSTEHMS, IT REQUIRES THE FORMATION
CONSTANTS R ALL THE CONMPLEXI!A REACTIONS AS wELL AS THE TOTAL OR FREE

_ COHCTHTRATIONS: OF THE COMPONENTS PRESENT IN THE - wxxruns. - 1T ALSO HEEDS

A FREE UHYDROGEN 1o COICENTRATIOU. ' ' o '

FACH cOnmatrnT MUST nF ASSIGHED. A SYMAOL - wHICH IS FOUR CHARACTERS IN LENGTH.
THE CYynnn ran HYORoGgEH 101 1§ M +)1' (NOTE THE BLAHNK SPACE).,

CACH ¢onrai Srnails 1S THIZE DOFINTN Y A STRING OF COAPONENT SYN3O0LS FOLLOWED
THHENEP TATLY mY THE MUHBER OF TINES TIAT. COMPOLENT APPEARS IN THE COMPLEX =
THE TR 15 PLACED LTitli PART!HTHISES,. THE COMPOMENT SYMBOLS IN THE STRING

Vo

DEFINING Tur Cﬁ|PLrX SPECIES AP' ACLINITED. Y NE BLAMK SPACE.,

TNE'FIRST'THREE IpuT CARDS SHouLo_CoMTAIN-ALPuANquRlc INFORMATION FOR
INEUTIFICATION FURROSFS,  THE EXPERIMENT TITLE. THE INVESTIGATORS NAME
AND THE DATE ARE.SUGGFSTED, - -

ECCLES CAll *pANITORe EITHER ALL NR UP TO TEN SELECTED COMPONENTS,

THIS NMEAMS THAT THE COMPLEX SPECIES WHICH CONTAIN THE COMPONENT IN QUESTION
ARE SORTED [NTO ORDER OF HIGHEST COMCEHTRATION, THE FORTY MOST PREDOMINANT -
| COMPLEX SPECIES FOR FEACH *MONITORED' COMPONENT ARE PRINTED OUT IN ORDER,

THE. INSTRUCTIN FOR THIS IS SUPPLIED ON THE FOURTH TNPUT CARD.  IF THE,
COMPONENTS ARE ALL TO BE *HONITORED's THE CARD SHOULD READ °

TRUE AL
IF ONLY A FEW SELECTED COMPONENTS ARE OF INTEREST, THE CARD SHOULD READ
TRUE  XXXX YYYY 2222 |

WHERF:XXXXo YYYY AND 2222 ARE THE SYMBOLS oF THE COHPONENTS TO BE 'MONITORED'i
OTHERWISE, THE CARD SHOULD READ . .

FALSE

ECCLFS CAM SCAN THE, CONCENT#ATIOH OF ANY GIVEN COMPONENT, . . THE EQUILIBRIUM



COUCEMTPATINNG ARE COMPUTED AT FACH STAGE. THE STARTING CONCENTRATION

15 TAKEHN T GE THE VALUE SUPPLIED AS THE COMPONENT CONCENTRATION IN THE
MALII BODY OF THE DATA, . THE SymnoL OF THE COMPOHENT WHOSE CONCENTRATION
1S TO BE SCANMEDe THE INCREMEHT FACTOR BY WHICH THE STARTING VALUE MUST BE
INCRFEASED AND THE MAXINUM VALUE OF THE SCANNED CONCENTRATION AT WHICH THE
SCAtl MUST TERMIYATE, ARE [MDICATED oN THE FIFTH INPUT CARD, - IF THERE 1§

TO BE NO SCAMNy» THE CARD SHOULD SINPLY READ
FALSE

IF THE COHCCHTRATION 1S TOo BE IICREASFD HULTIPLICATIVELY' INSTEAD OF ADDITIVELY,
A CARD PUARIHNG sMULTIPLY" MUST tHNEODITATLY FOLLOW THE CARD CONTAINING THE SCAN

PARANMETERS,

. THE nUTPUT 0F THF.: COHCFNTRATIONS oF LACH COMPLEX SPECIES CAN BE SUPPRESSEDo
THIS IS INDICATFD BY A CARD ?EANIHG .

GHPPPESS ouTPUT

™ T"E CASF OF VERY LARGE SYSTEMS WHICH ARE BEING SUBJECTED T0 REPEATED ANALYSIS
“THE TPy T CHECRIN( PROCEDURES ”ITH!N THE PROGRAH CAN BE - SHlTCHED OFF BY A CARD

READING .

-ontr lHPUT CHECK;

:THI” 18 ”QT Ah‘IlSABLF UNLESG THE USER IS ABSOLUTELY CFRTAIN THE INPUT 1s
ERROR=FREL,

THE CARDQ HFARI”G THE TOTAL CONCENTRATIONS OFf THE COMPONENTS ARE ENTERED
-NEXT, THELST ARE ANMOUMNCED BY A CARD READING ) .

TOTAL CONFENTPATIONS

THENs THE CARDS WITH THE xnown FREE concsurnar:ous FOLLOW. THESE ARE
Hcmocn BY A cnno READING C o

FREF CONCFHTRATIONS

FINALLYo e FOQHATION CONSTANT DATA FOLLOHS A CARD READING

c'f’f'(:lf"S FOPHATION CONSTANTS

THE DATA 1S SET UP AS IN APPENDICES 5+7 & 5.6+ FOR EXAMPLE, AS PRESENTLY DIMEN
- £CCLES WILL ACCEPT UP TO 45 COMPONENTS WITH TOTAL CONCENTRATION SUPPLIED, _

10 COMPOMENTS WITH GIVEHN FREE COHCENTRA?IONS_AHD 4000 COMPLEX SPECIES.,



PROGRAM - ECCLES.

nnnnoano

10401
10402
10403
10404
1040s
20409
20401
20402
20403
20404

20405

20406
20407

DEVELOPED AT THE UN[VERSfTY OF CAPE TOWN DURING 1974,

THIS PROGRAM EVALUATES THE COWPOMENT CONCENTRATIONS IN LARGE
EQUILIRRIUM SYSTEMS, .IT 15 DESIGHED TO REFLECT THE MOST
PROUOUMNCED EFFFECTS OF SYSTFHATIC CONCENTRATION CHANGES IN
THE EnUILlBRIUH MIXTURE. . .

TUE PROGPAN 1S leTTEN,lefORTRAN V.

SECTION ONE, 'STORAGE ALLOCATION AUD FORMAT STATEMENTS.

COMPILER(XNa2) B

PATAILCTER NS=4000s HX=45, tXX=l10s HKEY=y

PARANETOR MLINECS = 5%, dcTap = 500 _

PARANETER NND = NKEY ® 2, NXPI =HX + 1, NSP| = NS + {

PADANITER  UXXY = NX o+ NXX oo

INTEACR  OUTs TITLELL2) e DATELA) s CHECK (HXXX)

DoNRLE PROECISINI - HOLDUNSYs SPECIELNS)

LOGICAL SCAtNs HULTIP» SELECTs MONALLY CHPRESs UCHEK

1 11017, SUPRES. TRIAL o , :
DINEMNSION XEY(NKEYINSe2)s CONST(NS)s NUMIC(NSIs NUM2(NS})s XINX)+s
I TREAL(NX)e TCALCUIMXXX)y CRIT(NX}e XX(NXX)+ NAME(S)s» NDUMINND)
2 PUNLNX e NCONPINXXX)e IQUEINS)s NKY(NKEYs2)s - '
3 COMMINENXXX)e TMONCID) s CONCINS) S ,
EQUIVALENCE (HOLD(1)+ - TQUE(L))r (YQUEINSPL)s CONC(]))

L cannot KEY

FOPHAT(12A6)
FORMAT(LS yIX+ 10(A4s1X))

FORMATILSs1XeA3¢2X¢3G610.%)

FORMAT(AG,A1+¢2G10,4) -

FORMAT(GP+Sel1Xe8(A41X01242X))

FORNAT (/70 +v12A64777) ’
FORMAT ('O *THE MAXIMUM NUMBER OF VARIABLE COMPONENTS [S*,13)
FORMAT (0?9 *THE MAXIMUM NUMBER OF FIXED COMPONENTS ls-.la)
FORMAT(*D*»*THE MAXI4UM NUMBER OF SPECIES :1S'+¢15) '
FORUAT('0*+*SPECIE NUMBER®"115,* HAS T0O0 MANY. COMPONENTS')
FORMAT(*C*e*THE PROGRAM LIMITS HAVE BEEN EXCEEDED,*)
FORMAT(*0* s 'EXECUTION TERMINATED, - ERROR ON CARD'IS,4///77)
FORMAT('O'»*ALL SPECIES MUST HAVE MORE THAN ONE COMPONENT,?)



20403 FORMAT('0s» *COMPOMNENT ERROR IN SPECIE NUMBER?!,15)
20409 FORMAT(Y0*s%A SPECIE WITH NO VARIABLE COMPONENTS 1S SUPERFLUOUS')
20410 FORMAT(//7°0VsvEXECUTION TERMIMATED,*s/* ¢+, *COMPONENT NUMBER®*13,
[ * 1S NEVER REFERENCED,Y+///77) '
2041) FORBAT('0®+?SCAN COHPONENT UONIDENTIFIABLE.') _
20412 FORMAT(//°0%*SPECIE DUPLICATION,Ys/? ¢ ,+SPECIE NUMBER?,
1 155 HAS ALREADY BEEN ENTERED,¥+//)
20413 FORMATU(//7/7°0s%sssevse  VARNING eeeessas®y/0 9,
1 YIF THE SOLUTION IS AQUEOUSs A FREE HYDROGEN CONCENTRATION 1S REQ
2UIRED. "+ //77)
20414 FORMAT(//7°0? s vCOMPONENT DUPLICATION ¢, /" t*COMPONENT *, 14,
{f ¥ HAS ALREADY REEN ENTERED,.') :
20415 FORPMAT('0¢+*MONITOR COMPONENT UNIDENTIFIABLE,*) ,
20416 FORMAT(//7%0%svA MONITORED COMPONENT MUST APPEAR IN AT LEAST THREE
' 1 SPECIES?Y /% * A4+ HAS REEN REMOVED FROM THE LISTs*4///)
20417 FOOHMAT(//7t0%s *THE SCAN INCREMENT FACTOR 1S T00 SMALL,.') '
20418 FORNAT(//°0%ssTHE MAXIMUM SCAN CONCENTRATION IS LOWER THAN THE STA
IRTING VALUE,*) '
20419 FONNAT(® *+*THE CONC, OF THE SCAMNED COMPONENT MUST INCREASE %)
20420 FORMAT(//¢0*s*NODEL SELECTION COMPONENTS MUST BE SPECIFIED ON THE
THONETOR CARD,*v//) .
20801 FORMAT(//'0%+EXECUTION TERMINATED AS A RESULT OF NOH=-CONVERGENCE,
. 1°,77) . )
21000 FODHAT(PL1/7%0% s SCIH) ¢ 20AX s 401H®)) 1SXs1H® 14X 1 2(5Ks5(1He) )0/ 0,
4L1H® 99X ) /0 Y, 1He) 16Xe3L1H® s IX) s 4 (1H@ 16X sSL1HEY /Y 0,
BUIH®sOX ) s8X o 1He /0 VoS (1H8), 206X 140 1He) ) s3(SX+S(IHeY )/ 7y
SO LH=Y s /277777770 s T25,40C02H<> 1020/ ¢,4T2542H<>¢T10342H<>,
70 V,T25,4HS> o 12RA6¢4H  <>e/% Y4T25,2H<> s T10342HLS> )/ #0725,
GOU2H<D ) 9777777901, T25,'TOTAL NUMBER OF COMPONENTS =014,
/' *+T25,*NUMBRER OF COMPONENTS WITH FIXED FREE CONCS, =%,
13,7% "+T25,9TOTAL HUMBER OF SPECIES m*sIS5¢//1) ’
21001 FORMAT(*1*+T504%ECCLES? SCAN CYCLE NUMBER®*»13e¢/¢ *+T50,30(1He)//7/)
21002 FORMAT (/79091 9CONCENTRATIONS OF THE FREE COMPONENTS«%s/? 9
1 37(1H=)/7) .
21003 FORMAT(' COMP,."sT1449COMP ,*oT392REALY ¢ T540¢2CALC?¢TP2,°CONP, s/
I 3Xs*NOo®eT1He"CONC, Y T38,*TOTALY s TG4, 9 TOTALY ¢ T2, *NANE?¢//)
21004 FORMAT(? "+14,2X14(1PG15,6+5X)sT92+A8415) : :
21006 FORMAT(® *o14,2X01PG15,6186X*FIXED FREE CONC,*e3X12(1PGIS 645X}
v 1 T92.A44185) : ‘ _ ‘
21006 FORMAT(*19¢/90°,"CONCENTRATIONS OF THE SPECIES,'+/' "+129(1H=)4//)
21007 FORMAT(*0% 11X, *SPECIE* 1 T14+*SPECIE*+T32,°L0G STAB,'+T50y .
1 *COMPOSITIONY o/ 32X 1 YNO, s TISs?CONC,*+ T34+ ?CONST 7/}
21008 FORMAT(? *ol4,2Xe2(1PG15,8¢5X)eTSO+1QCAGs(*412+") *})
21009 FORMAT(iH1} ' :
21010 FORMAT(/°0'+*THE SOLUTION WAS REACHED AFTER®*+14,* ITERATIONS,')
21811 FORMAT('0%sT25:%0UTPUT?® 2A6) _
21012 FONHAT(*0*+T25+'NO SCAN REQUIRED?)
21013 FORMAT(*0*+T25, *SCAN COMPONENT *+¢T45+A4)
21014 FORMAT (01 T25,COMPONENT MONITOR *,A3)
21015 FORMAT(?0*+T25,*INPUT ERROR DETECTORS *4A3)
21016 FORMAT(*1¢+/790¢, *HMONITORED COMPONENT 0,A4¢/? *425(1H=)s///)
21017 FORMAT(*]1*»*THE FOLLOWING COMPONENTS DO NOT APPEAR IN THE SELECTED
1 MODEL,*v///) '
121018 FORMAT(' 'A%

NN EWN -



21019 FORMAT(#0%+T25, *HULTIPLICATIVE INCREMENT,*

21020 FOPHAT(® D T25,*ADDITIVE INCREMENT,*)

21021 FQPMAT(I0v+T25, 'HODEL SELECTOR *+A3)

31091 FOPUATIGO (A1 Xs8LAG (412 7) #)) e
90999 FORMATI# 134K ELL DONE ECCLES® SAID NORIARTY«r///77)

¢ . SECTION T"0.  INITIALISATION.

200 NUL = .0
‘ .= 8
ouT =6
M = 4°
My .= xel
N2 m nxx o+
N3 = nspt
MULTIP = (FALSE,
SUPRES = JFALSE,
CTPIAL =7 JFALSE.
T MONALL = (FALSE,
» SELFCT = JFALSES
uciifk = oCALSE,
D6 291 I=1eURKX
201 cHrever)y = 0
no 202 Jg=1aUS
DO 2C2. L=1NKEY .
202 KEY(L+J3s2) = 0
KOUNT = 0 .
GO TO 450

c SECTION THREE,  INPUT (¥ITHOUT ERROR.DETECTION),

300 HH = D :
DO 303 HMlI=l.M}

READ (I, 164310 . IXA :

IF{I%AEOLY'FREF C* . ORJIXA, Fn.'SPEClE') G0 TO 302

READ(MUL »10404) NCOMP{NT)s IXAs TREAL(NI)s» COMMININI)
301 CoNTINUE ' ' : ' '
302 NI = NI = 1

NIl = @ : .

IFCIXA, EQ.'SPECIE') G0 TO 305

N = 11l

DO 303 NIl = 1.H2

N =N+

READ(IN,10401). IXA

IF(IXAL,EQ.*SPECIE*Y GO Tn 304 _

READ(HUL»10404) NCOMPIN)» IXAy XX(NII)s COMMIN(IN)
303 COMTIHUE ' _
304 NII = NIT1 = )



ans

ins

‘307

308

CHLHL N Y)

MITT = M + MII

DO 311 MJI=14NH3 ] . _

READ (TN, 10405, END=312) CONSTINJ)» NDUM
9 4

HUI2.01d)
upM = g
DN 310 H=jelilDy2 .

IF(NDUM(H) JEQ? t) GO TO 311
DO -307 MeHPteNITI -

TR (HDUM () L EQHCOMP (M)) GO TO 308

COMTIHUE ‘ -

IF(HPH,SQ 1) GO TO 432
one o= <
"GO TO 306 :
CHECK (11). = CUHECK (M) + |

3n9

310
a1

312 1,
.. 60 T 450

HPN = _ .
IF(M,GT.HI) "GO TO 309
L o= tnnping) +« 1 .
NUPE(HIY = L

KEY(L HNJv 1) = M

GO TO 310 . o

L = *IKEY = MNUM2(NJY - -
HUM2 (1)) = HUM2(NJ) .+ |
KEY(LsNJol) = W ~ NI
FEY(LyJe2) = HOUM(N+T)
CONTINUE T
Hd = N = '}

SECTION FOUR. . INPUT (wITH ERROR DETECTION),

400

READ(IN,10401) "TITLE

IF(TITLE(1)+EQ,*ABORT ) FIRITE(OUT,20400) _ TITLE
IF(TITLE(1).EQ,'ABORT *) GO TO 9999 -

_READ(IMN,10%01) . NAME .

READ(IN,1G401) DATE.
READ(IN,10402) ~MONITy fnoOMN
IFCINONI1),EQ.PALL *) MONALL = ,TRUE,

St = 5

PEAD(I!, 10403,ERR=432) SCAH,s TSCNs SCNINC+ SCNMAX
NI} = & . '
READ(INJID401) "IXA -
TFUIXALEQ.*MULTIP*) ~ MULTIP = ,TRUE,
IF(MULTIP) - READ(IN,10401) IXA
IF(NULTIP) NN = 7 _ _ ,
IFCIXALEQ.'SELFECT?) SELECT = ,TRUE.
IFI{SELECT) READ(IN,10401) IXA
IF(SCLECT)Y NN = NN + 1
IF(.HOTL,HONIT,AND ,SELECT) GO TO 443
IF(IXA,EQ,*COMPRE?) CHMPRES = oTRUE,
IF(CHPRES) READ(IN+10401) 1XA



IF(CHPRESY NH = NN + | ' .
IF{IXA,EQ,'SUPRESY) SUPRES = ,TRUE,
IF(SUPRES) READ(IN,IN401) TXA
IF(SUPRES) NN = HNM + | ’ ;
IFUIXALEQ.PTRIAL *)  TRIAL = .TRUE,
!r(TPIAL) READ(IN10401) IXA
IF(T2IALY NN = HH o+ 1
IFLIXALENLYOHMLIT 1) UCHCE = ,TRUE,
IFLrHEK) " READTINS10401)  TXA
Ir(uUCHEK) GO TN 300
IF(INA MR PTOTAL ') GO TO 431

wto= oy o+ |l . T ' . . . . .
PEAD (1M, L7404, ERN=432) NCONP(T)s TXAs TREAL(L)+ COMMIN(IL)
IFCIXALAICGY *) GO TO 432 : ‘ : '
nn 401 MT=24M1 e
ter = My o+ L
READCIi, 10%01) . TXA°
IF(IXALEQCPFREE C?.ORLIXA, FQ.'QPECIE') 60 TO 402 g -
RFAHL“HL-lOQOQ-FPP=43?) HCAUPIHI) . IXA TnEAL(Ml)o COMMININT) -
LIFCIXAHE.Y ). GO_TO 432 R
o= "1 - : .
DO 401 1=1e :
v IF(“Cﬁvn(ll).EQ.HCOMP(!)) GO TO 439
401 conTINUE : '
H = 'YX . ‘
wpxrflour.?04ol) no
GO.TA 431 s
402 HT =-N1 = |
NIl =0 P .
LF(IXA, EQ.'SPECIE') WRITZ(OUT,20413)
{r(12A,EQ0.SFECIEY) GO TO 405 -

Moo=l e
DO 403 HMIl=]1eN2
N =il el

NIt = NI o+ 1

READCIN, 12401 IXA .

IF(IXA,EQ.'SPECIE') GO TO 404 o :
CREAP{NYL » 10404, FRR=432) HCOMP{MNIe IXAs XX(NIT)e COMMININ)
CIF(IXALHE.® ') GO TO 432 . .

Hoa t - | : o

DO 403 I=1M T .

IFINCOMP L) JEQ,NCOHP(1)) GO TO 439

403 COIITINUE : : o

N = NXX

HPITE(OUT.ZOQOZ) N

GO TO 43])

404 NIl = NII =1
408 NIIT = N1 + NI1

DO 412 NJ=14H3

NN = HH + 1 . v

READ (T, IN405,ERR= 432.END=436) "CONST(HJ), NDUM



436

407

408

HUML Y = 0.
MDY = 0

NP = ) ]

NO 41f M=[sMMD2
IF(NNURLHY JEG.?
no 477 M=tPManIll
IF (DI L EQ,NCOMP(HY)
CONTIIUE o
Ireea, e, 10
HP = |
GO TH 4024
CHECK (1)
uen = i

"GO TO 434

2 CHECKIM) + 1

lr(wunl(ﬂJ)#ﬂUHZ(HJ)}CC.HKEY)

1P 6T )

GO TO 409
L o= "1ui1end) ’

+ 1

Hpggy = L

409

430
431

432

433
434

435

436

437
438

439

‘Go Tn 410

KEY(Lyt(tdet) = M

L = [HKEY = NUM2(NJ)
HUN2(HJ) = NUM2(NJ) « §
KEY(Latdol) = M = N
IF (OIS JEQ.O)
FEY (L 1de2) = UDUNM(NSL) -
coutTinuT S

IR U #Uf12¢HI ) JLE e 1)
TIF QNN ) GLEL0) GO TO

- conTInue R
HJ =g - 1

QUTPUT ERROR MESSAGES.

WRITE(OUT,20403) Ny
GO TO 431 _
WRITE(OUT,20404)
HRITE(OUT,.20405)
WRITE(OUT,20406)
60 TH 3997
NRITE(ONT,.20407)
WRITE(OUT,23408)
GO TH 432 ,
WRITE(OUT,20409)
GO TO. 434 ’
N = NJ = L

Do 437 l=alNlll
IF(CHECK (T} LELO)
CONTINUE

GO0 TO 450 :
NRITE(OUT,20410) 1
GO TO 9999 h
WRITE(OUT20%1%) 1

NJ

HN

NJ

GO TO

GO tO 411

60 To 408

GO T0 430

G0 To 434

GO TO 433
435

438



GO TO 432
440 GRITE(OUT27417)
, GO TO 442
441 GRITR(OUT,.20418)
S b4 vrrtT(ouT 20419)

HN =5

GO . TO 432
443 WP ITO(OUT,23420)
‘ GO TO 432

© PASITINY THE TITLE AHD DATE ALPHANUMERIC STRINGS,

450 11y = 1 ) : S .

N51 IF(NATELS) MEL® %) GO TO 853

' ML o= M1 o+ L ' . C
DD 452 H=EhiNle=] _

452 DATE(N) = DATE(IN=1)

DATE(Hl=1) = ¢ SRR &
TIF(N1.LT.4) GO TO 451 _ _ : Lo ‘
463 IF(TITLRIT12).NE«? . Y ORTITLELLL)JNE,Y ') GO TO 460
na 4ng i=10.1= : ' . o : ‘ o :
IF(TITLE(MN) JHE,* ) GO TO 455

454 COUNTIDUE. .

GO TO 460 ,
455 1} = (12=0) /2

DA 457 N=leMl

00 456 NUzllerir=]
N2 aHNHe L
456 TITLE(N2) = TITLE(NN)
457 TITLOML) s v '

SWITCH THE ORDER ‘OF THE COMPQUENTS WITH FIXED FREE CONCENTRATIQNS.

440 DD 4463 J=11NJ -
IF(H5M2(J)4LEL1) GO TO %63
Ml = HKEY = HNUM2{J) + 1
N o= HNUH2(0) + |
DO 461 L=N1,HKEY
M = N -} .
HEY(NHs1) = KEYILsJo1)
441 HRYINL2) = KEY(LeJe2)
N a0
DO 462 LeM]lHKEY
Host+ 1 _
KEY(LsJdel) = NKYINe1)
442 KEY(LeJe2) 3 NKY{N,»2)
463 COUTINUE ’ ;



HUNBER THE SCAN AND NOMITORED COHMPONENTS,

IFULOTLSCANY GO TO 472
PO 470 I-I-M!Ilv
C IFCHEOAPIT)LEQ,ISCH) GO TO 471
470 CONTIMVE ' '
' '-|n = 5
GRITE(OUT 204110
GO TN 432
471 1860 = T ' : e
IFE 0T HULTIP,AND SCHINC,LE,0,000) GO TO 440
TFUMILTIP LANUD ,SCHNINCILE»1.700) GO TO 447
IFCT L ENTJAUD,TREALIT)SGT,SCHMAXY GO To 44)
: CTF LT AT HTLAND XX ET=HTY,GT.SCHMAXY GO TO 44}
T 472 IF(,UNTEONITY GO TO 4RO :
' S IF(MANALL)Y GO TO 383
ke
473 1t = ) ‘
474 DO 475 1="1o11]1 . ' '
: IFLTINLE) LERHEOMPITY) GO TO 476
475 CcottTInuc A
CIFUMUNELLY . GO TO 473
tn = 4 o '
CRTTCINTTL29415)
SGN TO 432 - :
476 IFICHECK 1) GE, 3 GO’TO 478
WRITE(OUT,20416) NCOMP(I) ' o
IF(IMOHIK+1) ,EN? , .on.x.Eo.lo; GO .To 479
: DO 477 M= K.9 .
477 100K J40N(Kk+1 )
_rHOMLIO)'=" e
GO TO 474
478 THON(K) =T
K =K et
IFIK,6T.10) GO TO 479
N =1
_ IFCINON(K)NELY %) GO TO 474
‘479 NHON = K = ] B .

&

TEST FOR SPECIE UNIQUENESS.

483 IF(UCHEK) GO TO 500
DO 483 J=1iNJ | -
IQUE(J) = O
HL = NUMI(J)
"~ DO 481 L=feNL
481 IQUELJ) = lQUE(Jl + (KEY(LsJs1) ® KEY(LsJ, 20}



AF (N2 (J)4ERL.D) GO TO 483

NL = NKEY = NUN2(J)- + 1

DO 4282 L=NLHKEY R E S
482 1A1E(g) = [QUE(J) + (KEY(LeJdsl) & KEY(LsJs2))
423 cotitItue '

Hy = 2 :
484 HH = M1 = 1
H o= M}

435 DO 404 J=MINY :
. IFLIAUE(NN) JEQ, !QUE(J)’ GO TO 488
484 COUTINUE '

487 My o=tp o+ 1 ,

1F(M1.GT. 1Y) GO TO 500

S GN TA 434
483 TR (NULL L) HE, HUMLINN D OR JHUN2(J) JHEHUM2(NNY ). GO TO 494

IF(F'Y(I-J-]).HF KEY{1eNNs 1)) GO TO 492
DO 490 L=1sNKEY .
NN 490 N2=s1,42 ‘ - I _
IFtrEY (L JtNZ).HF KEY(L JNoHZ)) GO TO 492
qvo.cnlfl“ur o ' :
491 oATT (0T, 29412) TR
Aun = J + Ml + nt1l + 8

IFCa TIpy I = i+ 1
TIRLSOPRTSY Moo= i o+ |
IF(SELECT) NY = HM ¢ |
IF(CEFRES) Mt = NN+ |

_ GO TO 432 '

492 113 = |}

CNL = NUMLJY
493 'nA 495 =3,
- DO 494 I=N3.NL
IF(KEY(LeJr 1) .EQ, KEY(I NN l)'AND KEY(L 'vJer2) Eq.rEv(l.NN.zn’
1 GO TO 495 )
494 CNUTINUE
GO TO 496
495 COMTINUE ..
IF (UL .ERHKEY, on NUM2(J) EQ.O) GO TO 491-_
N3 = NKEY = NUHZ(J) + 1
NL = urry _
G0 TO 493
494 IF(J.FQ.NJ) GO TO 487
= J + 1
GO TN 485

SECTION FIyE, CONSTANT EyALUATION,

503 IF(TRIAL) GO TO 1000
PO SQ]1 I=a]eND .



(1) = TREALLID) I

CRIT(IY = TREAL(I) e 0,000C001

Hit = g .

No S74 Js=1eld ,

HOLA () = 10,097 s COMSTLD)
IFCN2(J1. K000 A0 TO 504

N1 = NKEY = HUH2(JY + 1

DN 513 L=l NKEY '

11 = KOY(Ledr1) : o

S03 HOLD()) = HOLD(J) & (XX(1I) e KEY(Lege2y)
Sa4 canTIiuue T '

N
D0
N

SECTIAN SIxe - EvALUATIAN OF THE CALCULATED SPECIE CONCENTRATIONS,

6002 DO 601 Js1eNJ
FPFETE(Y) = HOLD(J)
CONL = NUNt1)
DO 401 L=loHL
I = roY(badel) - , : ‘ :
601 SPECIC(U) = SPECIE(J) & (X(1) ee KEY(L+Jy2))

srcrlhu-sFVEu-f - EVALUATION OF THE cApc'LATED TOTAL cONCENTRATIGNS.

705 DO 701 1=1:M1
~701 TCALC(I) = XU(1Y .
DO 702 J=leNd L
HL = NUHLGIY - '
DO 702 LslL
S I AT IR L ; . o
702 TCALC(I) & TCALCUI) -+ (SPECIE(J) » KEY(Lvyr2))

SECTION EIGHT.. TEST ‘FOR CONVERGEMCE.

. 8pg M)l =0

NNt = NN+ )
DO 80t I=1eNl ‘ _ S ,
. IF(ABSITREAL(1)=TCALCII})IWLELCRIT(I)} Njp = NI + |
801 ¢CAtTihuE Co : .
IFnn,LT.HSTOPLANDGNT,LT.NI) GO TO 900
IFerin, LT NSTOP) GO TO 1000
MRITC(OUT,20801)
SCA!l = (FALSE,
GG T0. 1000



SEeTION WINE. - EVALUATION OF THE COMPONENTS MEW FREE CONCENTRATIONS,

906 IF (NN, GT. 26, AN0 , MOD (MMM 21 ,EQ,1) 60 TO 908
Irinne,sE08) G0 TD 9100 -
nooeny I=1eND . ,

9a1 MU{T) = SAPTITAFALUIY/TCALCUID)Y

902 nn o537 =]N1 :
art = xtm)

Fo 924 J=11i1d

N - = Hyrl ta)

PO 903 L=1tL-

Trir Yy (lLegsl)En,H). GO TO 904

903 CONTIINE - :

GO TO 996

04 FACTAR = 1,000
DO enn LL=1,NL

: 1 o= EEY ALl D) ' co

9NE FACTOAR = FACTOR o (DUN(T) es KEY(LLJs2))
NCH = DEN + (FACTORSSPECIE(J)eKEY(LaJs2)/DUM(H))

9nA CONTINUR , . E
Cirtietty. = %1 :

. YY) = (1) e T’Rl".Al.(H"). /'DEH'_

907 DLy = KUY £ DUM(n) '
6N TO 400 o

9nn D0 209 I=11 T )

909 ¥ (1) = yUL) » TRCALUIN/TCALCILD)

GO TO 607 o IR

910 DO 911 1=l

911 X{(I) = X(1) & SQRT(TREAL(I)/TCALC(I))
G Tn 500 - R o i

o .

SECTION TEM, OUTPUT,

1000 KOMNT = KOUNT '+ 1 . _
IF(KOUNT, . "EL1l) 60 TO 1002 o C
wRITE(OUT.21000) TITLEs HAMEs DATEs NIIL, NII, NJ
] = ¢ [ COMPe
$H2 = LETE *
IF(CHPRES) N1 = ¢ COHMPR?
IF(CUPRES) M2 = *ESSED ¢
IF(SYUPRES) M] = * SUFRE?"
IF(SUPRES) N2 = "SSED - ¢
IPITCIOUT+21011) Hls N2
Hy1 = *QOFF
ICIMANIT) N1 = 0N ¢
IF(MonaLL) NI = *ALL®
YRITE(OUT,21014) - N1~
iy = *OFF?
IF(SFLECT) 'NI = .*ON ¢
YRITELOUT 21021}



e

My o= von v
IF(UCHEKY M1 = *OFF
FNITE(ONT,21015) M1
IF(SrAlY 6O TOo 1001
HeLTR(oNT, 210129
GO TH 1202 .

1091 GRPITCIONT,21013) HCoAP{1sC)
IFCILTIFY SRITOUOUT21019)
IFLUOT L TIP)Y  WRITI(OUT21020)

1002 IF(SCANY YRITE(NUT21001) KOUNT

IF (0T, SOAN) MRITE(OUT,21009)
URITO(AUT, 21002)
HOITECONT,21003)

IF(TRATALY GO TO 1053

..Suh,TanL concrwrnﬁTinHS“rQR_SPECIFS %1Ty FREE ¢ONcSs FIXED:

DO 15kL II=1eNIT

It v-_-‘:'l'[ + ll . .
1011 TCALC () = XX(I'D)

STy a=1" _ -

IFCN2(3)EG.0) GO TO 1013

A = LETY = HURS(JdY e )

ne 1712 E=NLeREEY :

11T = KoY (Ledel)

SUNEIIE SRUINS B O S L o
1012 TCALT(I) = TCALCAM) '+ (SPECIN(J) o KEY(L,)e2))
1013 CONTINUE R - IR '

C0UTPUT COPPOHENT CONCENTRATIONS

1050 H = LLINES = 15
IF(SCAN) I .= N - 10 - o o
NP = ((HITT <« %) / (NLINES = 9)) 4.2~
IFINIIL Lo ) Hftt = 1 SR
N2 o= (NITU /7 NPy o+ ]
IT(N.GRH2) N = N2.
IF(N,GR,12) GO TO 1051
M2 s ((MITI] = M) /7 (NPM = 1)) + 1
105] NPM =t ' .
DN 1052 IsllNI ' T
IFUT LTWIPHLOR, 1,EQ,HIY GO TO 1052
NP = NPH O+ M2 . :
YRITE(GUT,21009)
YRITC(OUT.21003) _ o . _ .
1062 GRITE(OUT21004) Iy X(Il)s TREALCI)s TCALC(I)s COMMINETD,

1 NCOMP(1),» CHECKI(I)



o= N1

0o 1761 TlaleNTl

TFE N S v

IF (NI LT PN, ORI E5.HNIT) GO TO 1361

Hpr o= PN o+ N2

CPITRIOUT,21009)

ERITOIOUT,21003) . , R 7
1061 "RITE(OUT,21005) Mls XXCIT)s TCALCUINL}s COMMININLDY
' 1 LEOHP )y CHECK (ML) . : :

QUTPLT SPECIE cOlCENTRATIONS.

1IF(SUPRES) GO TO 1077*
s UMLINES - 15
HP = (I = M)/ (NLI'ES -91) + 2
IR JVLE LY e =
H2 = (g /7 HPMu) + 1
IF(H,GFH2) = N2
IF1.GEL.12) GO TO 1071 N
N2 = ((NJ = H) /7 (HNPH. = 1} + 1
10711 = L B
HEe' o= .
,~rlrr«nur 21006)
RITE(AUT 210670
DO 1076 J=141Y »
IF (N1 LT P, OR e ro.qu GO To 1072
nen =vnnn'+ n2 : .
-TflTF(QUTgZJOOQ).
VRITE(OUT,21007)
1072 tf =1
N3 = .
HL = MHUMI(J)
1073 DO 1074 L=N3sNL
11 = KEY(Lsdoel}
IF(ML.EQHIKEY. AND.HUHZ(JD-NE 0y M = M + NI
IF(CHPRESAUDGSFECTE(JI L T.CON MIN(M)) GO TO ‘1076 .
oty =‘W'0MP(P)
: MDY (el = KEY(L 2}
1074 H = 13 & 2 ' .
IF(uUN2¢d) ,ERQ, 0. OR, NL Eq. MKEY) GO TO 1075

"NL = NKEY ;
M3 = NKEY = NUM2(J) +. 1
GO To 1373 .

1075 NN = M = | : . ‘ . :
: ”RITF(OuToZIDDS) Jr SPECIE( ), CONST(J)._(NDUH(N)- N=] NN) .
Ni = M) + .1 - )
1076 CONTINUE
IFCTRIAL) G0 TO 9999
CWRITE(OUT,21010) HNN



1977 lr(nwn. LSTOPY  MRITE(ONT,20801)
IFLL0T,. wo:rT) GO ‘TDo 1095 '
DO 1578 I=1.N111

1075 CHECKtETI) = O

AMTPUT THE NONITORER CONPONEMT RESULTS

Trenntialt)  HMOM = NIl
NN 10g0 Ksl,tnon
Hen = L INES - 15
o= K : o
lr(.W¢T.nonALLJ Moo= THON(K)
u1 = 0 N .
”ITF(?“T.’!W!&) MCOHP L)
lF(..G DY G0 TO 13R7
nA 1n8) J=letg
NL = HUMitd)
Do o1ne) L=llbL :
IFIKEYILJe 1) HELH)Y GO TN 1030
Ty o= 1y o+ o ' : - :
coteiny =
1QUEMLY = J
S G0 TD 17041
1987 CAITINUE
10681 COUTINUE
1082 CcaLL 'onr(rouc.lﬂutouli
WRITE(OUT,21007)
‘Bn 1086 I=l4100

CCIE(J)

J = 1QUELT)
1= ] o
N3 = 1

L = NuMitJd)
1083 DO 1N84 L=N3»NL
M = KEY(LsJo 1) ' '
. IF (ML JEQ HNKEY, AND.NUHZ(J).NE Q) H = M + NI
CHDUMIN) = NCOMP (M) ' :
IF{SELECT) CHECK(M) = CHECK (M) + 1
NOUH (H+1) = KEY(L Ja2)
10ag 4 o= N o+ 2 .
TFCNUN2(J1,EQ. D, oR, NL FQ nxgvi GO TO 1085
HL = HKEY e ,
113 = NKEY = NUHZ(J) .1
GO TO 1083 :

1085 M = N - | ' - » o
IF(SELECT) WRITE(28+31001) CONST(J)s (MDUM(N)s+ N=1+NN)

IF(ILE.NPM) NR!TE(OUTerOOB)JoSPEClE(J)-CONST(J)-(NDUH(vaN 1 «NN)
IFtI.GE, 1) GO TO 1090 .
1036 CONTINUE
GO TO 1350
1087 M = 11 = N1 °
: DO (689 J=14NJ



16682
1069

1090

109

1092 : o
‘ JIrteurer 1Y EN, )Y GO TN 1094
1093 ‘ _

10724

faer, -

11

L101

9999

IF(PM2(J).00.0ry GO TO (189

HL = HKEY- = NUH2(J) + | '

DO 1588 L=tHL+HKEY
IF(rECYtLydedd HE 1Y GO TO 10A8
fty = 1y + 1
cotictnyy =
16UR(HLY =
Gn TH {189
COUTINUE
CONTINYE

SPECIE(JY
J - ;

"GO T0.1082

CONTINUE

Ir( 10T SFLECTY G0 TO 1095
Hpt = g . .

no IQ93'[=HpH)UIIl

CONTINUE

GO TO 1095 o
IFCIPE, Gl - HRITELOUT»21217)
HPY = 1 o« 1 ' : o ‘
ChLTEEONT, 215131 neonrin)
IF(UPH,LE.NITT) GO TO 1092
IF (10T SCAUY . GO TO 92999

SEcTIon ELEVEN, S(_'_)\,_N HECHAN TS,

TF(ISCH.GT.IT) GO TO 110y - _
IF(TREALCISCH ) LEs IE=24)  X(I) = SCHINC -
IF(JHOT.HULTIP)  TREALUISCH) = TREAL(ISCH)Yy + SCNINC
IF(MULTIP) . TREAL(ISCH) = TREAL(ISCHN) e SCNINC
IF(TREALITSCH) JLE W 1E=24)  X(1) = SCNINC
IF(TREAL(ISCN) .GT.SCHMAX) GO TO 9999 '
CRIT(ISCH) = TREAL(ISENY » 0,000001

GO TO 502 o : '

11 = 1SCH = nr = .

IF(KOUNT,FA. 1) SCHMIM = XX(II)

IFCMATHOLTIP)  XX(IT) = XX(PI} + SCNINC
IFCHULTIP)  XX(II1) = XX(I1) e SCHINC
IF(XX(11).LE,SCIHIAY) ~ GO T0 502

WRITE (QUT 999991
IF(SELECT) ENNFILE 28

Co

SUCRDUTINE SORT(ARRAY /NARRAY \N)



8N

[y ]

DINMENSTIAN ARRAY(H ) HARRAYIND
REAL LAYDY

INTEGECR OLD

o= 2

PO 1 oJ=je

o= e N .

IF(N,GT.HY GO TO 2
CAnTINUE | ‘

Moz =

o= (Me=l1) /7 2

NN o= e

0o 7 I=1etid

on = 17+ N

LAYRY = ARPRAY{OLD)
HLAYDY = ':JA?I‘!AY(OLD')

DA & J=lsle

HET = oLh = : :
IF(LAYRYLLEGARRAY (HED Y)Y 60 To b
AROAY(OLD) = APRAY (HEVY
HATRAY(OLD)Y = HARRAY{HEY)
0Ly = nE™ L
CONTILUE o
APPAYINLD) = LAYRY
HRTPAY(GLDY = CILAYRY
canTingf .

IF U, GT. 1) G0 TO 3

neTHrt)
cue :



appendix 54

LISTI'IG A~ [USTRUCTIONS FOP PRNGRAM. LHRLX,

—----—-——-—---------—-------'—----g-----‘-'--

pPOGI A INnFy 1 9YSEN TO pRONUCFE LISTS OF LITERATURE REFERENCES SORTED 1IN

ARDE™ OF (1) JoUR'tAL *ANCSs (2) AUTHOR MHarMEge (3) KEYUORDSs (4} DATE ANO

(%) CHErICHL ARSTRACT LUMBER, THE IMpUT CONSISTS OF THE ALPHANUMERIC

STRINAG "1 eu SeTCIFY CACH AUTHOR, JOURNIALY ROOK AND KEYWORD AS RELL AS THE

SET OF PECTPENCFES IN CODED FNOR, THIS COADING FELIMINATES STORAGE ASTE BY
MINTETZING ALPUHANINERIC DUPLICATION OF AUITHOR LMD JOURHAL HAMES WHEN THEY APPLY
TO 1ORE THAN NHNE REFEPENCE, - EACH AUTHORs JoOURHALs £OOKe TITLE AND KEYWORD Is
ASSIeinn A SECURI'CE MUpPaAFR,., - THESE NUNERYRS ARE FLACED. IN FRONT OF EACH

EnTry THE LISTS THuS ASSENMRLED FOR (1) AUTHOR. (2) JOURYNAL. (3) BODOK
STITLE ANS (4) KFEYTORSS CAMPPIST THE FIRST SFCTlGN OF THE DATA., EACH LIST
HUST BE IIEADED FY A CARD SpECIFYINHG WHICH LIST IS 71O FOLL O« THE LISTS ARE
NELICETES fY A ELAHK CARD. THE SEQUFNCE MNUMBERS  ARE STARTED AFRESH FOR EACH LIST

FAR FYAVPLE,.

ALUTHAP LIST -
0L SHITH HeK.

NO2? CHARLES M. ‘
963 PALLY P.L.OM,

*
122 BASON HoH,

JoupnaL List
0Nl fO0KS
T 092 J. - ClUr sac, _
213 2. CNTS0C, DALTON
04 J. CHFIY SOC. A '
05 Jd. CHmrosnG, B
006 Jo. CHE!" SOC, PERKIN
007 J. CHEM S0C. FARADAY
noB 2. CHE! EDUCATION
0’0 » .
~. e

145 TALANTA

BOOK LIST
001 THE CHEMISTRY OF THE -TRACE HETALS IN VIvO,
002 THE CHECIISTRY OF COMPLEX EQUILIBRIA,



028% TUE "ETALS OF LIFE,

KEY™omDd L1oT
001 COPPLR
N2 cALCTH

. e 0.
'.'u
C1a% 7tre

REFCFTHCES

CTHE ATcotn PART NOF THT NATA costsTs OF THE ¢HopfED REFEREMCES, THESE ARE A
COLLFCTINY OF HUMRERS FOR (}) THE SFQUENCE HUMLER OF THE KEFEREHCE :
{2) TUE CHENICAL ARSTRACT HUMALPY (3) THE SEQUEHCE NUMBER OF THE JOURNAL.
(%) THE YFAR (G5) TwE yOLUMEs (4) THE PAGEs (7) AN ALPHANUKERIC SET OF FOUR

CHARNACTRERS AS A PORSOMAL FILING LABREL AUD (8) SUCCESIVE AUTHOR MUMBERS,
THE fanpfnng AT CHTEOREL 1H TUE ACDER HARID ANR ARE FCREATTED AS SHOWN BELOW

_THE SECNND CARD BEARS THE STRING OF KEYWORD NUKMBERS, THE THIRD AND
SURSTIAUENT CARGT CARRY THE TITLD oOF TNC AEFERELCE AS ALPHANUMERIC STRINGS OF

80 CHAPACTIPRS TACY.  FACH POFCPENCE IS DFLINITED BY A BLANK CARD.

CPLEAST IDTE:

(1) THE FIRST JOURNAL nuST RE ENTITLED tOOKS®,  pOOKS . ARE REFFRENcED By
I"IDICATING JOURNAL 0001.  THE VOLUME NUMRER 1S THEN TAKEN TO BE THE

SEAUENCE HUMBER OF THE BOOK-

(2) THE S1X JOURMALS FOLLOWING BOOKSs ARE ASSUMEDs BY THE PROGRAMy TO BE
HITHOUT VOLUNE NUMBERS (E+Gy JuCeSe) _ _

€3} IF THE YEAR IS CODED AS 9999 THFN THIS 1S OMlTTED HHENEVER THE REFERENCE
1S PRINTED oOUT,

(4) THE SPACE FOR THE CHCHICAL AESTRACT HUHHER MAY BE LEFf BLANK,

(S) IF THE pAGE HuyngER OF A REFEREIICE TO A BOOV IS ZERO, THE TITLE .CARD
NF THE PEFERENCE 1S %07 P?INTED ouUT, A DUMMY CARD 1S NEVERTHELESS

REQUIRED,

t6) LISTS OF REFERENCES. AUTHORS» JOURNALS+ DOOKS AND KEYWORDS CAN ALL BE
’ AccunuLATED IN A RANDOM ORDER, :

EXAHPLES 1] REFFRFNCES.

0001 12345478 0123 1975 000! 1234 FILE 0937 0478



n9q.

122 098

"THE TITLF GOES. 'ERE,

91902
noz

T™HIS

Anca

aan
THIS

PPOGT

v 301 1967 N0ONA 7NN0 300K 0476 0244 0123 0067
189 - -
REFTRS TN A ROOK. THE CARD ©OULD MOT &E pRINTEL OUT,
45.1ﬂ 64 0002 19758000 1652 JCS. 0965

NEFERS TO AN ARTICLE IN J,C.S,

Al thngy rrnutnrr Tud TEHMPARARY WORKING FILFS.”s THESE MusT BE

CABRSIANEN LAGICAL BUIT HU”HCPS 11 812

PROGPAN TUDEYX,

aon

TS P?Orpkw SETS yp AlD OPEPAth A LITRATUR[ lHDEx AND cATALOGuE.,
IT ”A' FF'FLOPFF AT THE UNIVERSITY NF CApE To“N DURlNG 1975.

IHPLICIT INTEGER(A-7) : '
PARMIETER MR=800+ MA=1000, MJ=200, MK=20y», M5=100, MRST=HAXIMAWMK)

PAPAMETER HPA = 1200+MRK = 3000+HRT = HRe2

~PARANETER MAZ=7eMA, MBZ=21eMB+ MIZ=12eMJs MKZ=128MK

COMMON 7QHE/ REF{9+MR)y REFA(2+MRA), REFK(Z-MRK)'
canMatl /10y BOOK (21eMB) s JURNAL(12,M0).

COMMON /THREE/ AUTHOR(Zs1A)s KEY{12:MK)

COMMON /FOUR/ RI(MRST)s S{HRST)» TIHRST)

cont /FIVE/ LIME30(30), HUMBER(20), LIMESs NLINES
conrnon s51x/ LAGSs LKEY, LTIT o _
connntl JSEVEH, MRe NAs NJi MK, NBy NRAs HRKs HRT
conner /CIGHT, IH, OuTs REFTs SEAFs OUTF, SWIFT :
DATA  AUTHOR / HAZee v/ BOOK / MBZe? '/ JURNAL 7/ MJz-' '/
OATA KEY 7/ NKze® . vz~ : :
DATA - MUNGER/01 Y0020, 030, 040,050, 050,070, 089,098,0]10°,
Lo ot L1120 130014000160, 0016%,%17%0v8Be,?19%,020%/
LOGICAL LABS, LKEY» LTIT, SWIFT

I & 8
DUT =» §



1006

2999

REFT = 12
spar = 11

OUTF = 13
LIMES = 7

LARS = .r,‘\l,SEo
LEEY = L FALSE,
LTIT = JTRUE,

sS1=T = ,FALSFE,

OCFIME FILE REFTUNRT+80E4V)
CALL CREATE

UPITR(ONT 4 9099) R

CRLL LISTUAUTHOP+7NA,OUT)
CPITELAUT L 92999) '

CALL LISTUJUNNAL12+Hgs0UT)

CRTTE(NUT . 9209)
CALL LIST(PI0K 2148 e OUT)
SPITELOUT . 9799) o
AALL LISTIFEY L 129H%0UT)
SPITCAOUT 97990 _
IFIS-IFTY 49 To 100
CALL SELECT{3,LINES)
CHITCEOUT N 9999)

CALL STLECTI24LINES)
HOITIOUT L 9999)

Lings = 7.

LTIT = ,TPUE,
IFISYIFTY LTLT. = FALSFE,
CALL SELECTCI.LINFS)
VPITE(OUT+9999)

IF(SYIFT) - STOP OK
CALL. SELECT(4,L.INES)
SHRITE(OUT9999)

CALL SELFECT(S.LINES)
OITCE0UT 2999
FOPHMAT(]Y) '

£no

SURPAUTINE CREATE
THIS SUBROUTINE SETS up THE INDEx SYSTEM FROM THE DATA ON CARDS.

IHPLICEIT INTEGER(A-Z) : . _
PARANETER HIP=800 MA=]1000, MJ=200,» MK=200, MB=100s MRST=MAX(MA.MK)
PARAMETER MRA = 1800, MRx = 3000 o

connon /0HE/ REF{9+MR) s REFA(2+MRA)» REFK{2+MRK)

connot 2Tv0/ . ROOK(21eM3)r JURKNAL(12:1J) v

cConMaMN /THREE/ -AUTHOR(7+MA), KEY(12,MK)

COMMON /FOUR/ RI{MRST)s S(MRST)s TUIMRST)



Conntal sFIVE,  LIME3G(30), NUMAER(201, LINESs NLINES
COMNY /SFEVEN/ MRy NAs NJs tK, MCe MRAW [IRKe HRT
COMHON /EIGHT/ 1My OUT+ REFT+ SEGFe OUTFs SWIFT
LOGICAL SWIFT A A ' :
PINENSINN  LINE20(20)s LINFL4(IH) v _
TONIYALEHUCE CTLIME2OCE) s LINE20C1)e LINELH(1))

1121 pan’IATLAY)
1201 FAPATLIH, 19,415,1%, A4.1715)
1224 ronnAT(zaxw)
1241 FORMAT(22A4) :
3251 FONUAT(//7/%0% ' A TITLE 4AY HOT @E LONGER THAN FIVE LINES, ")
3271 FOTMAT(//7°0° 4 9TO0 MAHY REFERENCES,*)
A295 FOPAT(v1¢)
2315 FannaT(Ie, 21 ,419.1x-A4.3(1x-14))
P31E-FORIAT2016 : S
353 FOnuAT('l'h'THE FOLLOWING PEFCREHCE(S) navE.scan DUPLICATED*4//7/)
3532 FORNATIINY+10A4)
3532 FOPMATLY *42%,3(15 o'c').IS-/'O'o'SORTED POSITIONS'oZXoZIScl' 'y
1 vtSARTED POSITIONS Y 21G4///7)
3541 FORMAT(///%0%y*THE ORIGINAL REFERENCE LIST HAS BEEH soarro AS FOLL
. 10S2e 777 i .
3542 FORUAT('Ce]1015) . : T
1544 ro"wmr('o--'JounNAL'.lq.o'Is_uEVER REFERENCED "1 //77)
A574 FOMAT(SOY v *AUTHORS W[4 % [S [IFVFR P’FERFNCED.'n////)
ISQU_FOLUAT(ION P FEVEORD S T8y r 1§ NEVER REFFRENCEDY//77)
3600 FORHAT(PCes*THE PROGRAIN LIMITS HAVE BEEN EXCEEPED 1IN sunnouTxns CR
COLEATEYy _ . .
3610 FORUIAT(*Q+'ERRNDR ON CARD nUlrEn'.I v//777)
362¢ rohnAT(ono.-nsLlnITER ERROR. STRINGS OF pLANKS 1IN TITLES ARE UNACC
1EPTADLE, ") : '
3640 FOPUATIID9 s 'PROALEN ¢,3A4,/% 4 'EXECUTION TERHIWATED.
366] FOPHAT( Qv s *HIUNAERY 4 14s* 1S HEVFR REFEREHCED,"1///7)
3701 FORMAT('19 2 INDEX SYSTEM CREATED,."s/% 9,20(1H®)+///7°0%T25+YNUMBER

1 OF DATA CARDS =9,15./% ¢,T25,*NUMBER OF REFERENCES =*+15,/' ¢,
2 T25+'HUNBER OF AUTHORS =¢s15,/% *+T25:9UMBER OF 'KEYWORDS =7,
"3 164/% $+T25, ¢ NUNBER OF JOURHALS =*s144/v ¢,T25,*NUMBER OF BOOKS =
4. 9014,/ *2T25:'NUMBER OF -AUTHOR ENTRIES =*4I5¢/? *,T25,
S OYHINEER 0F KEYUORD, ENTRIES =rtel154/° 47250
& CHUNMPER OF TITLE LINES —0.15'/////)
Hn o= 1

RFM‘(I'I.IIUI) IXA

IFUIXALEQ.*SUIFY) SUITT = .TRUE._

IF(STIFT) QEAD(IN-IIOI) IXA -

TF{IXA,NE,*AUTH? ) GO To sl0

I = MA

CALL NULIGT(AJTHOR»I»7;”AoNHn!N OUT LINE2O'Re¢SsTY)

IF{MAL.EQR,0) GO -TO 410



READ (I, 1101) IXA

o= onno+ |1 _

IFCIYAMEG P JOURYY GO TH 410

1 = vy :

CALL NULTSTUJURNAL 1o 12411d0 NN LHIOQUTSLINE201RI5sT)
IFCg.Ra. Ny GO T0 410

REANLIN, 1101 IXA
Hry = oo+ |1

IFCIZA,NEL 300K *) GO T sl0

'='v -

CALL Bl 1eTion0Kk s La2] o0y doonOUT-lIuF20 ReS+T)
Ire:,%2.3) 60 TO 41N :

REAACINGLIOL) TXA .

o= o o+ 1 ) .

IT(IYA, “Eo'VEYW’) GO TO 410

1 = oy :

CALL fULI"‘T(nEYclnIZONI‘ONHOIHtOUT LINEZOOR'Q!T'
IF("Ie,Fa,23) GO TO 610

|
i .
IPr = 9

IRK = 0

IRT = |

FI'INIPEFTYIRT)

READ(IH41101) IXA

MY o= NN+ ) ' ,

IF(IXA,NE.'REFE*} GO TO 5610

DO 270 NR=]1,HR . V

READ(IN,»1201) REF(9:NR)s LINELY

HN = N+

IF(LINEL4(2),EQ.0) G0 TO 280

ITIPCF(9IR) JNELHR)Y GO TO 480

PEC(LL,MRY = LINCIH0Y)

REF(2.MR) = LINELH4(2) -

IT(REF(2+1R) ,GT HJ) GO TO 630

REF(3+MRY= LINEL4(3) ' v _
IFILIMEL4(4) yEQ.O0AND.LINEL4(2)4GT.7) LINEL4(4) = LINELI4(3)
REFC(4,HR) = (LINCLI4(4) « 10000) + LINEL4(5S) . ' , '
PEF(AWNR) = LINEL4(&) - :

IF(SYIFT) REF(BsNR) = ¢ '

REF (6 MR) = IRA

PO 2101 a 7+148

IFILINEL4(1),EQ.0) GO To 220

IRA = IRA + |

REFAUI+IRA) = LINELI4(])



AF(OEFACTIRA) , 5T, HAY G0 TO 440

216 CONTINUE ' _

220 IFUINAL,EN.REFL&HRY)Y GO TH 640 _ : : :
REF {6 NRT = ((IRA = REF(&6,MR)Y & 10000) + REF({4&NR) + 1

PEANCINGIR21) ) 1NE2D
THEC SN IR | _
REFU700um) = IRK
N 2301 = 120 .
IFCLINE200TY ,£0.0) GO TO 240
IR = IRK ¢ 1 :
CPrre(1aIne) = LINEROLTD)
IFIPEFF (1, IPE) ,6TKY G0 TO 450
230 couTIruE S
24~ {F(1PF FCLREF(T4HRYY. - GO TO 650 - S
: PEF(7432) =((17K = REF(744R)) o 10AG0) + SEFL7¢NR) + 1

CRLFEtS,np) = IRT
nn 260 I=1+6
TREARN(IN,1081)  LIME20
IF(LINE20(1) ¢EQ." t] G0 TO 260
IFUIA R '} GO TH 420
TOITTIREFTYIRT1241) ° LIHE20
IFT = IRT + 1 . ‘
FIND(REFTYIRT)
1XA = LINE20(1 1)
250 HH = HN + 1 '
AnITEIOUT,3251)
. GO TO 400
260 HHN = NN + 1
o IYA =} - o S ) o
270 REF(S,HRY = ((IRT = REF(5,HR)) & 10000) + REF(5s:NR)
. eRITE(OUT.V 32710 ' o : )

GO TO 600

285 NP = HR = 1
HRA -= [RA

MEK = IRK
CIRT = IRT

URITE(OUT3290)
Dp. 291 IR=1+HR .
"291 CALL CATOUTIIR by FALSE(s? "

‘DO 310 IRs1,HR

J = REF(2.1P) _
CRUIRY = (REF(3+1R) & 100007, + JURNALLL1+J)
S(IR) = REF(4,IR)} : : :



316 THIR) = gn :
CALL ORRER(IRIS» T lR)
60, 320 1R=1,UR. :
J = TUIR)'
CALL SPLITI(REF(&6sJIVIRALIXA)
1A = IxA - IRA .
CCALL APLITIROF (T 1IN IPTY
K = IRT -IRK "~ »
BOITC(GENF 23101 (REF(T gt 1=149)0 DAY Ik
CHITIISERF 123110 (PEFALLII) . I=IRAVIXAY
320 PEITRASECF2311) (PEFK (1,11, 1=TRK4IRT)
CHAFILE SEAF .
RETLUN SEOF
‘i”'.f\ =1
LA
NPA 350 IRs1R
DEARLSERF231L0) (ROF(TeL7)e 1=1+9) e TAG IV
Iyh = I7A + 12 v . ;
nEsm(SEAF V23111 (REFA{L I T=IRALTXA)Y
0 330 I1=IRASIKA '
330 ROCACRNLY = IR . :
CREF(6IR) = ((IA + 1) » 10000) + IRA
1~8 = YA & § . : S
XA = IRy + Ik : A
OEAR(CEAF,2311) (REFK(Ly1)s I=IPH,IXA)
{0 340 I=IRFEyIRA S
34N PECY(291) = IR . : :
: PECE7, IR0 = (1K + 1) » 10000) + IRK
ANT ITP = JRACECR R :
REFTUD . SFEQF .

1 = v :

51¢ 06 520 IR=1,UHR
J = IR = |} L -
IFINEF(9+IR) NELREF(4yJ))Y GO TO 520
IF(REF(2+1R)EQ.REF{2,J)) GO T0 530

520 COMTINUE - . : »

. GO TN 540 o

830 IF(HN,GT,.N) WRITE(OUT3531).
MY = J : o
1 = PEF(2+1R}) :

J. o= JURMAL(2,14) + 2 :
e TTELNT L3532 (JURDALCT1J1s 1=340)
1 = REF(4+IR) / 10000 :
J = NEF(4,IR) - (1 s 13030) o :
SRITE(OUT3533) I1Js REF(3vIR)Y Te Js NNy IR T(NN)» T{IR)
HH = - |} C ’
1 = 1P + |
GO TO 510

sS40 IF(M,6T,0) GO TO 540

EITO(OUT 35481

DO 550 I=1+HR,10

NN



J=1+ 92

IFLI.GTHRY. g = HR

URITE(OUT3542) - (TUI 6 1J=T4J)

STOP CRE3

o 666 Tg=1aily

£O.563 tR=14R :
IF(PRF(211R)EQe1J) GO TO 666
CoITINUE ' ‘

et = =] :

TRITC(NNTL3%64) 1J

S CONTINUE

L0 %76 TA=llA

PA.G73 IAs]NRA

583

590

&np
6110

620

630

650

IF(rCrALLSINA) ,EN.TA). GO TO §76
coilTinue - ‘
IC(M T, GT, ") Hil = =2

IF(””QFO."]) N"lz -ln
URTTILOUT.3574) 1A '

coTiye

PO 686 1K=140K

nonna 1T =leule .
IF(REFKUL1.IRK) ,EQ.IK) GO.TO 586
cauTInue : v v’ :
IF( L. 6T, ) LN 3 =3, )
IFTIN L, ED, =1, 0R NI ,EQ,=2) N = =10
URITE(OUT«3584) IK ' L
CONTINUE : SRR
IF(M',6T,0). GO TO 700

I = 'ONLY? o

IF(1+2) S9N 640, 630
IF(HNN.EN.=3) GO TO 650

IXA = vGEMEY o

J = 'RAL ¢

I = A

GO TO 670

uRITOLoUT«3500)
EITCI(OUT 34100, NA
STOP CREY
URITELOUT3420)

GO TO 410

IXA = *JOURY .

J o= 1AL 0

GO TO 660
640"

IXA = YAUTH?Y
J = '0OR .

GO TO 460

IXA = SKEYUSY
J = 'ORD



6460
67¢C

60N

100

110

120

IF(IN.GT.0) I a v -

URITRAOUT 366001 IXA» Jy I

Irtir,¢T.0Y GO TO 410

STNP CPES o

1%\ = YREFL

Jd = 'RENC!

1 = Vg '

GO TN 70 : _ :
CRITE(ONT V37310 NNy HRE. HA, NKe NJds NBs HRAs NRKs NRT
rETHRNY ' -

Enp

ﬁnnhauf!nﬁ'SELEchUcAT.qucg)

THIS SynROUTINE sELEcTS AND SETS up THE APPRODRIATE cATALOGuE
ouTPT PROCEDURES., : .

IEPLICIT THTEGTN(A=Z) .

PARAMETER 1R=800, MA=1NnQ0s» MJ=200+ MK2200¢ MB=2100
PARALETER MRA = 1AQ0i1s URY ' a 3000 .

Carent paNnfy/ NEFI9iMN) s REFAI20MPA), REFK(21KPK)
Cormatl ZTU0/ 0 ROOK(I21100 )y JURHALI124MY) '
connatl /THREEZ. AUTHORI7+1A)y KEY (124K}

counntl /S1X/°  LAPSs LKEYs LTIT

cannntl /SEVEN/Z HRy. NAs NJe NKy MBY NRA-INRK;'NRT’

"COMMAN ZEIGHT/ 1IN, OUT» REFT. SEQFs OUTF

LOAICAL . PAGEs 1_ABS, LKEY, LTIT

FOPHAT('I')

_FO?MAT(//'O'-'EXECUT]ON TERNINATED,  ERROR IN DATA ARRAYS,%1///7)

G0 T0(130,200,300,400,500,1N0)s NCAT

IL¥FY 2 JFALSE,
‘LATS =. ,FALSE.,
PAGE = oTR‘{E.

DO 110 IR=1.HNR :
IF{PCr(3»IR),G6T.0) GO TO 120
CONTINUE

GO TO 700

cALL CATouT(lR.l.PAGr REF(S.!R))
N = IR + |



DO 130 IR=NyNR o :
IF{PEr(3+1R),6T.0) 6O TO 140
130 CONTINUE : L
GO- TH 700
140 0 = I° + |
CO 16D gD
HEXT 2 REF(3420) _ .
Ir{nrxT.LT.9) 60 TO 159
CALL CATOUTLIRs L sPAGLHEXT)
s = J '
155 C¢nTINUE ‘
CALL CATOUT (LR b PAcs.hrxT)
IF(NCAT.EnessY £A0 TO 600

o arTunn
200 LTIT = ,TRUE,
' LASS = +FALSE,
LETY ='.FALSC.'
LIMNES = .7 o . .
CALL fc\H(AuTHﬂﬂ.7-NA.prrA IPAS2VNICAT OUT)
RETHSN, : :
inn LTIT = L,TPUE,
LY = A T7UE,
LANSG = .T””E(
Lites = 11
CALL SCAN(JURNAL-IZ-NJ RCF-MR.90NCAT OUT)

RFTU”H

400 LTIT = ,TRUE,
T LKEEY-= JFALSE.
LABS = JFALSE,

LIMES = 7 ’ ,
CALL <CAﬂ(rEY.12oN< REFK.NRK.z.HCAT.ouT) o
nETURN .

500 LLAST = 0

PAGE = +FALSE,

URITRIOUT 3501

HEXT 2 99999999

LTIT = FALSE, )

“LABS = JTRUE,

LKEY = oFALSE,

LIRS = 6 T

DO 520 IR=14+NR . -
IF(REF(1+IR) NE.O) GO TO 510



LAST = LAST + 1

GO TO 520 : ’
IFICEFIL+IR),GELHNEXT) GO T0 520
HEXT = NEF{L IR} '

YERP = I

continys ,

DA 530 IR=1,4HR
IFICErclsy IR RELD) 60 To 530
LASYT = (LAST = 1 :
IFILASTJLE.D). GO TO 5S40

CCALL CATOUT(IR, 61PAGEHEXT)

COUTINUE
Go TO S50 o
CALL CATOHT(IR.HCAT.PAG~ HKxT)

LAST = neExt

1P = rEEP

56

HUEXT = 092099999

TAOSAHT =] e MR : C S »
Irtﬂtrll-W)."E.xt>T.o7.REr(1-n).LE LAST) ‘GO YO 560
NEXT = REFULN) : S
rece = i

COMUTIIYF

IFtHEXT.GT.LAST) 60 T0 640

SC ALY, \T("'Tllr O(ylr‘t\(.ro’rXT)

600

700

-RCTURH

DO 610 IR=1.tR L
[F(RFFE30IR),LT.0)  REFI3,1R) = =REF(3+ln)

.'CO"T!NUE

RETURN .

WRITF(OUT 3700)
sTOP
END -

SUBRAUTINE SCANIAJK S tTAJK s NAJK 1R NROWR s CAT+0OUT)

THIS SUBROUTINE SCANS THE REFFRENCES FOR EACH JOURNAL, AUTHOR OR
KEY®"ORD AHUD THEN HAS THEH. PRINTED BY CALLING THE OUTPUT ROUTINE.

INPLICIT IHTEGER(A=2) ' -
PARAMETER MA = 10N0+ MK = 200 My = 200, MB = 100
cotMoMN /TO/ ROOX (21 eMB ). JURNALL12,MU)

COMMON /THREE/ AUTHOR(7s#A)ys KEY1124MK)



X2l

3571

11n

200

210

(s Bn}

"3nn

3o

320

' 500

HCAT

canmon sFIVE,  LINC3G(30), HNUNRERT20) s LINES, NLINES

S DIMENSTION CAJKEMAJK S NAJK )Y,y RIWRWHRYs LIHELIOD(10)

FOUIVALEMCE  (LIME30(1),s LIHEJO(L))
LOGICAL PAGE t

FORMAT(® *98R(1He) s 10A4 /)

cr o= 1

Irtr,f0,%) CR = 2
PAGE = «TRUE,

N0 110 X=1+4AJUK

CIFCAJY (19X)WC%, 1) GO TO 200
COUTIHUE St

STAP SCAM

X 1§ THE SUASCRIPT OF THL CURRENT AUTHOR, JOURNAL. OR KEYWORD,

MEXT IS THE SUBSCRPIT OF THE FOLLOWING AUTHORs» JOURMAL OR KEYYORD.

o= MHAJK O+
D0 600 I1MHCN=2,11.

e 210 BTl tAgre - :
.IF(AJk(l-HEXTi.EQ 1~cr) G0 To 300

cn* lTI’illF'
HEYXT = NCAT
6

IF 'ICAT = &4 THIS SHOULD RE THE LAST REFEREMCE,
THE ROUTINE CATOUT WILL PAGE BUT NOT OUTPUT A HEADING,

Jr e |

0o 310 IRsllRoln-l .
IF{R(CR, IRV.EQ, X) GO TO 320
COITINUE ) .
sTop SCANZ

LAST = IR

fOM1D IR=JRONR . .
IF(°(eR IRIEQ.X) GO TO SOO
CONTIIUE

STOP SCAN3

JR = IR + 1
IFC 0T WPAGELAND,IRWENLASTY X = NEXT

" IFtNCATLEQ,3) GO TO 520

IF(NEXT,EN,3) GO TO 520 ° , . »

TR = R(2+IR)



520 CALL CATONT(IRMUCATWPAGE 1 X)
IF(JPLELLAST) GO TO 400
Z‘=_ HEXTY
IF(NCATE0.4) 60 TO 700
IFCILINES.LE2) GO TO 600
L0500 121410 s

530 LIYMELIQ(]) = Peesed s
' = D ’
[FUcAT=3) o 570, 540
M) = AUTHAD(2,:X) + 2
LIMELIO(2) = ° '
£O 540 I=3241

. o= toe 1 ) - .

S5 LIYIE3AL") = AUTHOR(T«x) -
fo TO 590 '

"BHN U] o= KEY(Z2eX) o+ 2 .
IFCIL.6T,18) Y o= 12-= N1
IF(Y,AE 1Y LIHELOtHY = ¢ '
NO GAhN 1=3+11 ' C s

: AT B |
560 LINELIQIN) = KEYUl+X)}
, 60 T2 520 :
S7T0 1] = JURDAL(2,X) +- 2
i CIF(MTLGTLEOY. = 12 - MY
CIFN,GE.L) LINEIOMN) =0
0o 520 1=3411 ‘ S

oo = oe 1 - .

565 LINCIoCY = JURHALLTX)

CBO0 ]l = Mo« ) i
LINELO(N) =a ¢ o
VRITC(OUT3571) LINELIO
HELIMES . a HLINES + 20 7

600 CONTINUE -

S STNP SCANY

700 HCAT = NEXT I
IR LINCRWEALHAYK+1)  RETURH
,STOP SCAUS : : :
£nne '

SUNRAUTINE LIST(ARRAY NitoHN,0UT)

© TH1S SUaROUTINE pRINTS OyT THE AuTHOR. JOURNAL » Bobx AND KEYyORD
LISTS IN ROTH THEIR ENTERED AND ALPHABETICALLY SORTED ORDER.

INPLICIT INTEGER(A-Z)



‘3130
3405

31846

DIMFHRSION  ARRAY(NZ HMY

FOSIATIS 016, 5X 0584424y,
FOMYAT( S "It:laktlnﬂ‘!o“lt
FOTMAT(Y *+215,6%,20A4)

—
N

n0. 1460 POS=1eNY

DO 110 Jd=1ahN _

IFLARRAY (1 d) LED, POS) GO TO 120

C{]‘l’lnur .

ST LIST

K. o= AFRAY(2iJ) « ?

1P =121 130,1404150 . : .
HRrYCTentTL,31230) PF‘S-(APr'nY(l.POS)o I=3+7) J.(f«l('R'AY(I-J)b I=3+K)

L6 TN 140

169

LRITEIOUT.314G) pns.(AnnAvxI.POS)-1=3.rz;- JOCARPAY (10 d) e 1=3,K)
GO TN 140 - ' - '

SOUPITEOANT 31500 POSe Js (ARRAY(IWJ)s I=3.K)

co! ITIHUI"

T PETHON

1011}
1123
3122

enn

sunﬂouTIuE'NULIST(ARRAY.HARRoHARRw-NARRoNN-lN.OUToLlNEZO-Rpé.T)

“Tuls SupROUTINE ,I!béUTs THE 'A‘UT’HOR’.- JOURMAL* BOOK AND KEyyORD LISTS.

rPnm DATA CARDS,

INPLICIT IMTEGER(A- z . , S .
DrENSION ARPAV(nARR,.nArD). LIMEZO(ZQ). R{MARR) + S({MARR) s T(MARR)"

DINENSION V(10Ys U(TI0), w(xo)

FORPHATII3 4 IXe 18A%4A3) .
FORMAT(AY)
FOPFAT(//'O'-'THE PROGRAN LIMITS HAVE BEEM - EXCEEDED,*

PO 120 MAPR=1,MARR

READ(IN.1011) LINE2D

NN = NN+ o
[FILINE20(11.EA,0) GO TO 140
IF(LINE20(T} ,NEL,NARR) GO To 130



DO 110 IARR=3,MARRY

J = 1ARR - |

Moo=

IF(Q.LELL®) 4 = 1 « | -

IF(LINE270(J) EQ6" T ANN G LINEZ2O(MY ER et v} GO TO 120
116 ARTAY(IARCMARRY = LIRE2G(J)

J =0 + 1

120 APRAYU2,HPPR)Y = J - 2

S EmANUING L2100 3
AR TS ") GO T0 200
FrITEOYT,3122) :

133 tArn = 3 :

' oeTurt

140 HARR = YARR = 1

CFATY SART 0N THE FIRST ETGHT CHARACTERS,

205 DO 210 TATP=1,!ARR
© 7 RUIATP) = ARPAY(3.1ARR)
- GULARM) = ARRAY (4, 1ARR)
210 T(tAPR) = LARR -~ ¢ -
© CALL ORPEPIMeSeToHARR)
60 220 TAPR=[,HARR |
Jo= TOEART)

220 ARDAY(§+J) = IARR

Tum ReRT 1S fiow cuHTlhuEn”wiTﬁ THOSE . ELTRIES ., HOSE FIRST EIGHT.
CHARAKCTENRS ARE TDENTICAL,- ' o S . :

o= 0. o .

60 370 TAPR=2,1ARR
IF(TARR,LEL,H) . GO .TO 370

H.=" fARR :

J'= TARR = |- ST
IFISTIARR) JHELS(JY). GO TN 370 .
IF(R(IARR) ,NE,R(J)) GO .TO 370

‘DO 310 g=IARR,HARR L _
IFISITARRY IELSIKYY GO TO 320

-~ 310 CONTINUE

K o= K « 1
POSITIONS 4 TO g ARE UNSORTED.

320 K = K ~ 1 . ’
CIF(KL,6T.LARRY GO TO 340

‘9 AMD TARR ARE ADJACENT ',..s

T2 T(J)

K = TC(IARR) . :
IF(ANRAY (G 1) LT, ARRAY(SsK)) ~ GO TO 370
IFrtArRAYIS5¢1)GT ,ARRAY(5:K)} GO TO 330
IF(ARPAY (6911 ,LE.,ARRAY(6+K)) GO TO 370



[a¥ 2N aXaXa)

Cese. ANDLNCORPECTLY POSTTIOHED,  SWOP. THEN..
339 ARCAY (L. 1) = TARR
ARTAY () b =
&n Tn 170

THESE ARI THREE OR 40RE MYSCRTED SEQUINTIAL VALUES

342 L = ¢ o
b6 3850 1=d9K
L =1L + 1 )
o= T(I1) » _
L) = ARTAY (S0}
VL) = ARDAY(beM) -

350 V() =1 ,
' CALL ORNEI{U»V L)
J=g -1 L
DO 340 I=1el
o= o) o
360 ARRAY UL, =1 + J
_ o= K S
37C CouTINUE
: -';\"[_'Tl"‘,lv: ’
CENR

SURROUTINE- ORDER(RS»TeN)

THIS ROUTIHE SORTS THE yALUES IN THE THREE ARGUMENT. ARRAyS. THE
_PRIMARY SORT 1S BASED ON THE FIRST ARRAY. VALUF BUT WHENEVER TWO OR
HORE OF THESE ARE [DENTICAL THE ORDER 1S BASED ON. THE VALUE IN THE
SECO!HD ARRAY,  THE THIRD ARRAY SIMPLY TAGS ALONG AND IS USED TO
HOLD THE ORIGINAL POSITION OF THE SORTED NUMBER PAIRS, :

IMPLICIT IHTFGER(A=Z)
DIMENSION RCiI) s SUNY s TUN)

t =2 2
Do 1 J=xleN |
M= ¢+« M
IFtn,G6T,t)  Go To 2
. 1" CONTINUE
2 M a2 M a
3 M= (M- q) o2
“NH = N = 11
DO 8 lal+Ni -



oLD = 1 & M

LR = neouny
LS = S{OLD)
LT = T(oLd)
N 4 Jejrle

nes o2 oLb o« H
IFLLR=RINEYY) Saia?
4 IF(LG=S(NE™)) 54747
RIALND) = {NE™)
S(ALD) = S(MEw)
T(OLN) = TI(NEY)
oLh = MEW .
4 COMNTINYE.

u

7 R(ALD) = LP
S(aLP) = LS
S T(OLN) = LT

3 CaNTIHYE S

CIFYL,GTL L) GO TO 3
. RpTue S

" END

FurleTIon LENGTHOARGH)

TH1S ruteTiOn RETURNS THE HUMRER OF DIGITS RE;UIRED. BY THE VARTABLE
FORMAT STATEMENT TN OuTPUT THE ARGUHENT IN QUESTIONs . :

o

IMPLICIT INTEGER(A=2)

MUNRER = ARGN

00 130 I=l+1Y e
© IF(NUNRER.LELO) GO TO- 20O
100 NUNRER = NUMBER 7/ 10 '

- STOP LENGTH :

J200 LENGTH = 1. = 1. = ..
© IF(LENGTHJ.LE,D) LFNGTH =1
RETURM S
(ATh

SURPOUTIHE SPLIT(1+JekY

10000)



¥

3élo

suyreout e CATOUT(IR.ncAT;pAGEiMExT)

THIS SURRCUTINE OUTPUTS REFERFNCES FOR TiF YEAR: AUTHOR: JOURNAL
KEY™ORD AND CHEMICAL ABSTRACT NUMBER CATALOGUES.

PARANETER  NRSR0G, MA=1097¢ #J=2000 KK ?On' MA=100
PATALLTED . MRA = 1000, . MAY = 3AND

CPATANETER  OUT = 5» wEFT = 12, MLINCS = 57.

: conmA ynnry FEFI99ynR) e PEFAL2:1'RA) Yy REFK (24 MRK)

3243
2300
33i0
1609

a72p
3801
38390

.200

et T00/ L POOR (21N e JUPHALLTI24110)
canuat JTHPER/ AUTHOR(7 4148, REYL124MK)

conion /FIVE/ LIME3D(30), MUMBER(201. LINESs NLINES
_connni #SIX/  LABS, LKEY, LTIT '

pIneENstIoNn LINE20120)s LIMEL0010)s VORDATI(IY) .
EQUIVALENCE (LINE3GLY) s LINE200(1)) s (LINELOCL) LINE3O(211})
LOSICAL PAGEs LACS l.Tl‘Tp LFrY o .

'DATA_VORMATv/f(]H_!.'.BXeﬁ;0 ';'Aqy'r'zx,°-'14.'.'1us.5@'zx'1*.

* 'o'ol”b]o'i?Xo‘J'l'f'f’l?)'/-_

FORUAT(Y ' v1H, 4x.3nAqa
FORMAT(.2024)

FORUMATEY $oA4, ax.znAq) ' ' ) : _
FO"WAT(9Xo'CHEMlCAL ABSTRACT’.!Q-"’-Ié-lOXo'FILING CODE" ,'»AQ)T
FORMAT(? *) - . :
FORHAT(*1%+F1]10s16) ‘
FORMAT{*1*+T110% l3n"'-lb)
FORHAT(? 1"+ T90, IUAQ) '

IFIPAGE) GO TO 710
1r(“rr(1.rn) LT.N} RrTUQN:
IFC.HOT,LTIT) GO'TO 200- _
cALL PLIT("(F(S.IP)-IRT-HRT)

FIND (REFTOIRT
OUTPIT AUTHORS® HAHES

CALL SPLITIREF(4+1R) v IRAINRAY
It =1

PO 220 J=TRA+NRA

JA = PEFA{1+J)

L = AUTHORI(2+11A) + 2

DO 210 M=3sL.



LINEID(M) = AUTHOR(Mv!A)z’

210 =t o+ 1

O IFtn,EQ.30) GO TO 240

LIYE3D(N) = ¢ '

220 11 & ) & ]
IFty,£0.,32) 60 TO 240

DO 230 M= 30

235 LINE3A() = 0 M , :

246 wpITE(OUT,3240) REF(9eIR)e LINE3D
HLINES = NLINES + 1 ' o
1J = REFI24IR) '
In = PEF(HYIR) 7/ 10000
J o= REF14,18) - (IR » 1onﬁ0)
IF(1J.EN L+ AND,,J.ERWD) GO T0 420
IFLLHOTLTITY 60 TO 400 :

QUTPUT THE T!TLE

1IFR = ¢ ' , _

IF(.HOT.LADRS) IFR = PEF{3s+IR)
300 REAPIREFTYIRT,2300)  LINME20

SIFLIPT,AELURTY 60 To 310

IRT. = IRT + 1 ' -

FIUN(TRITOIRT) -

SpITC(ANT,3310)  IFRs LINC20

NLIrs = NLINES +°1 :

1Irn" = ¢ : '
.. 60 T0 329 o . L
Jic ”PXTF(OUT 3310) IFRs LINE20
IFR = v L

NLINES = HLINES . ;
ouTpuT JOUPHAL REFERENCE -

400 IF(IJ.EO.Il_vGO-TO-QZO'
K = JURNHNALI(2+1J}
VORNAT(3) = MNUMBER(K) .. .
IF(REF(3+1R),GE,3000) GO TO 450
IF(I0LEN,N). GO TO 430 SRS
M o= LFNGTH(XB)
VORIAT(9) = MBER (M)
VOATHAT(1O) = -.1H.~,
" o= LEHGTH(J) ' :
TVORIAT(13) NU:BER(H)
K= K +« 2 ) :
410 WRITE(OUTWORMAT) (JURNAL(L-IJ)v L=;.K1. REF(S.IRD. IBe v
GO TO 440 : -
420 K = NooK(2+18)
-~ VORMAT(3) = HUHAER(IK) - :
IF(REF(3+IR) . GE.3000) GO TO 450
430 K = X 4. 2 ’
' N a LENGTHLYY
VORNAT(9) = nunnrwtn)
CVORMAT(LIO) ‘= ¢ ¢



43¢

VORMAT(13) =

HUMBER(10)

IFCIB.EN,O) GO TO 440
IFLJ,EQ.B) 60 TO 435 . - o
GRITELOUT VORMAT)  (BOOK{L»iB)s L=32K)s REF(IVIR)Y U,
GO TH 3440 ' ‘

VORUAT(7) = ¢ o ¢ _
SRITC(OUT ,VORMATY (BOOK{LsIR)y L=34K)» REF(3+IR)
YANMAT(7) = Y Hee " ' : : :

G0 TO 440 ’ o . : '
VRITC(OUT,VORMATY (JURHALC(LTg)s L=39K)s REF(3+IR}» J
G0 TA 440

K-= ¥ + 2

IFtIJ.EQ. 1)
IFtTOJNEL LY
pLinns = MLINES
!F(.HOT LEEY)

 N = )
CALL 'PLXT(REF(TtIQ)oJ'F)

510

530

- J = MLINES

no S1G

Hy o=

M2=1,20
LINE20(112) = ¢
DN NR72 L=deK
1K = PEFR(1.L)

VRITE(OUT3310)
NLIACS = UTHES

IF(L.EQK AND (N,

DO 54D N2=1,20
LINE20(M2) = v
=1 )

M = M1 + 2

DO 560 M=3sH}
LIME20 (M)
H=n 41"
IF(LLEQ.KY

CWRITE(OUTIVORMAT)

! FEY(201K)
IF (el LEW2C)
n o= 100

{BOCK(Ls1B)» L=3¢K)
uRITE(OUT.VO°"ATI (JURNAL(L.IJ)' L=3+x)
1 '
G0 TO

VSBU'

ruqunT yfv”oro STR!NGS

GO TO 550

IFR LIHE20 o
+ 1

NEL,100) GO TO 580

8 KEY(H.IK)

GO TO 530

IFIN,GE.20) GO TO 570

L2ty = 0
=4+ 1
CoUTILUE
IF(.HOT,LARS)

OUTPUT CHEMICAL"
J = REFU1.IR) /-

K 2 REF(14IR) =
VRITE(OUT,3600)

MLINFS = NLINES

HLTNES = HLINES

IFCJ,LELLINES) .

GO TO 6!0,

ABSTRACT NUHBER

IDOUODU s

tJ o 1000000)

Jr Ko REF(B8IR)
+ 1 L '
+ 1

- NLINES' .

60. Ta..710°



MRITE(OUT 36100
RETUNY '

QUTPUT FAGE HEADING

700 PAGE = +FALSE,

GN TO 110
710 NLIMNES a O
o= 2
LINCIneLY = ° '
LIYFIND(2) = ¢ '

S50 TN(720,730,750,780+R00,2301 NCAT
725 YRITE(OUT,3720) MEXT
: GO TN 840 o
739 N = AUTHOR(2,HEXT) + 2
“nno740 g=371
il = e 1 o
740 LiuzZioe) o= AUTHOR LY NEXT)
GO TO 31¢C . o
769 IT("CXTLEA, 1) A0 TO 770
© M1 = JURNAL{24HEXT) + 2
IF(M].GT.I0) N = 12 = Ml
DO 760 J=3s'11 i o
l! F=] ?l + I

7an LINCLOCY

JURHAL (IS HEXT)

GO T0 810

770 [ = 4 .
CLTIFIN(3) = v BOY
LINEI0(4) = POKS ¢
Go Tn 810

785 i1 = KEY(240EXT) 02
' IF(NL.GT.I0) N = 12 = NI~
DO 790 J=3Nt
Hoa el y
790 LINEID(M) = KEY(J+HEXT)
G0 TO 810 ' :
800 J = MEXT / 1000000
K = HEXT = (J + 1000000).
WRITE(OUT3801) Js K
. GO TO 840 -
810N a M &+ 1 :
CIF(H.G6T.10) GO TO 830
0o A20 J=Hel0 S
820 LINELI0(Y) = 0 '
‘830 WRITE(OUT,3830) LINELOD
840 IF(PAGE) GO TOo 700 ’
RETURN |
_Ene



appendix 55

LISTIYNG Aun 1MSTRUCTINNIS FOP pPTOGRAM MIX,

THle moarsnar QLTS UPp THE LiPUT FOR PPNAGPRAN ECCLﬁS- IT READS IN DATA FROM THREE
FiLrs., THE FIRST COMTAINS TIE TITILE CARDS OTIIZER -ONTROL CARDS AND THE

LIST OF €armayfiTse THAT ARE T rE THCORPORATED IH THE MODEL. WITH THEIR
COHCTITRATLIONS, THIS 1S THE 'Ly FILE “HICH 1S SPECIFICALLY PREPARED FOR
TERIVIne AL SINULATIONS, THE OTHER _T';'O CONTAIN GEMERAL IMFORMATION PERTAINING
TO COMPLEY SPECIES FORNATION CONSTANTS, THE VALUES WHICH ARE REQUIRED -
FROM NOTH THESE FILFS ARE SELFECTED RY THE PROGRAN, INAPPLICARLE . oATA

ARC AHalED, THE‘FIPST.FO ’ATIOH CONSTANT - FILE COHTA1N§ ALL THE anSTAMTS
COTHER THiAl THNSE COHCERNLLD \ITW TERWAPY COMPLEY FORMATION. ' THUS ».

THIS FILE a0y S TRE FARLATIAN ¢ANSTAuTS NF Tif RINMARY CO4PLEXES. THE PROTONATED
SPECIESs HYDROXY <Pcch< crc. - THE OTHER FILE CONTAINS DATA ON TERNARY COMPLEX
FﬁP“ATan R - : : ' .

THE FLUAPY FORRATION COMSTANT FILE 1S FORMATTED AS DESCRIBED FOR PROGRAM _
ECCLFJ. THE TCRMARY FORMATION CONSTANT DATA CAN BE FORMATTED IN A NUMBER OF
_MAYSs AS FOLLOWS, ~ EACH ENTRY IS GELINEATED Ry A BLANK CARD, . .

1} DIRECT VALUES CAN BE INSETTED. AS DUSCRIBED FOR PROGRAM ECCLES,

2) . IF THI TERHNARY FORMATION CONSTANTS ARE PRECEDED By A SET OF AppLICABLE
BINARY CONSTANTS FOR THE L2 OR M{LH)2 COMPLEXES» PROGRAM MIX SCALES
THE VALUES BY COMPARING THE BINARY CONSTANTS SUPPLIED WITH THOSE FOUND
It THE BIMARY FORHMATION CONSTANT FILE, '

3) SThOlLlShTXOW FACTORS FOP A SET OF SIHILAP LIGANDS WHICH FORM A MIXED
CONPLEX MITH OME METAL AND ©ITH A COMMON pRIMARY LIGAND CAN BE INSERTED,

TUFE LLIST OF SYMBOLS FOR THE SECONDARY LIGANDS IN QUESTION AND THE
HIDIVIDUAL STABILIZATION FACTORS FOLLOW THE BINARY ML2 FORMATION CONSTANT
FOR THE PRIMARY LIGAND, ‘

PROGRAM MIX NUST ALSO BE PROVIDED WITH A LIST OF THE METAL 10N*S SYMBOLS -
AHD THE CORRESPOMDING GEMERAL STABILISATAION FACTORS, THESE ARE INPUT

AS CARD PATA+ RATHER THAN FROM A FILE. THE COMPONENT DATA FILE IS ASSIGNED
LOGICAL OHIT MUNRER 24+ THE BINARY FORMATION CONSTAMT FILE NUMBER 25
AND THE MIXFED LIGAND COMPLEX FILE. NUMBER 26, '



PROGRAN  UIX,

NN NNANANAA

1030}
10401
10501
20401
20999

30301
3nan2
30%01
30402
ac4n3

30501

DEVELOPED AT THE UHIYFERSITY OGF CAPE TogMN nURINg 1975,

THIS PROGPAY PROBUCES, 0OM FILEs THE EQUILIBGRIUM DATA REQUIRED AS INPUT
FOP FrROGFAN ECCLES. .

FO™ A cIYFN SET NF MODNFL COMPOHENTS, IT SELECTS THE APPROPRIATE COMPLEX
SPrelfs FR04 A STANUDAPD FORHATION CONSTANT DATA FILE AND OUTFUTS THESE

CAG UTLL AS PPOUTCTID VALUES FOR ALL ThE 12131 HIXED LIGAND CONSTITUENTS

OF THUE LIXTUPE, © A USEP SPECIFIEDR CEFAULT VALUE IS USED AS A
ERTLIGATIAN FACTOR 1IILEGS A MORE SPRCIFIC VALUE CAN BE TAKEN DIRECTLY
OR CALCULATER FROM DATA SUPpLIED IN A FILE ON HIXED LIGAND CONPLEXES,
(THIS FILE MAY ALSO COHTALIl SPECIES TO nL OUTPUT WITHOGUT ALTERATION),:
SPECIES ©DICH HAVE COMPOIEMTS THAT DO NOT APPEAR IN THE COMPONENT LIST
APF IGHARED,  THIS FACILITATES MANIPULATION OF THE ITNPUT TO ECCLES.

SFETION ONE  © STORAGE ALLOCATION AND FORMAT STATEHENTS.

CPAPAMFTER . NS=000, MY=50, HxXx=10s NKEYES

PAPANMETER NND = MNKEY ¢ 2+ HXP) = HX ¢ L+ NSPL = NS + ]
PACANETER  HXXX = NX ¢ HNXXe HMIX = (Hxese2=-NX)/2 + 295

THTEAER OUT+ OUTFs HCOMP, DUP? OMIT o
DINCSTON  CONST(HSyy HCOMP (XXX e HDUN(NNC)» KEY (NKEYINSe2)
DIMENSTON  NUMIINS) . NUM2(NS) '

PINENSTION  CONSTHIHXXXDs 1NCONPINXXX)r CONSTHUNX)» HCOMPINXY
DINENSTON CNIX(NMIX)s STAB(HMIX)s CBUF (MXXX) o
DIMEHSION DUP(NXs2)s OMITINX2) ’

FOROATI2AU 12A6)
FOPHAT(GO+4s 1X 1 8LAY, 1x-12.2x))

FOTMAT(AGIXeG10,4)

FORMAT(GY. 4.1x-s(A4.'('.l?o-)'-IX)) :

FORMAT({*ABORT THIS RuMN, ~ ERROR IN’ THE MIXED LIGAND CONSTANT CALCU
ILATIONS ) : .

FORMAT(Y *+2A4412A6) .
FORMAT(//'0*«*END OF COMPOMENT DATA.  CARD IMAGES READ ='113.//7)

FORHNAT(® *+'OMIT,e.e *IPGIN GeIXeBIAGs (4124 ) )X}
FORMAT(//°0%»*THE SPECIE ON CARD NUMBER #ol4+s® IS IN ERRQOR'+///7)
FORMAT(//'C*s*END OF BASIC STABILITY CONSTANT DATA, CARD IMAGES

IREAD =9,1445X, *MUNBER OF SPECLIES = "v14,////)
FORMAT('0®eA%4s* IS NOT IN THE COMPONEHNT LIST.'s/' PLEASE RETYPE,



. ' TYPE EHD TN EXIT, : .

INSA2 FOCMAT('Ct i vesnes cnscr SPECIE NUMBER!,154//)

30601 FORMAT(*Ov+*EXECUTION TERMINATED, MIXED SPECIE ARRAYS TOO SHALL?')

30602 FAORMAT(*0'+'0MIT THE PRELICTION FORYISXIPGIO«4sSXeAG 1 ( 1) ¢,
P AT L 2) 0 10 1)%,4%016) ,

30633 FOPHAT(IGY e 1CGI N TLE PPEDICTICHS FOR IDENTICAL MIXED SPECIES.e,
/Y 'L IPGIOL SR 3LAd L 1) V) 'H +1L 1) 045X 201PGIDLH) 4316}

INESY FAPUAT(Y A4, 5 v IPGLIO#) _

30408 FOTHAT(//00 s v THE FOLLDWING COMPONENTS ARE USERI*///7)

30606 FORUAT(//7* 00 e TOTAL HUHEED =0, 140/ v oNGHBER OF BARE LIGANDS =t
1 T4z 00 uMnee "ITI QUE PROTON ='il&4/////)

IN731 FORIAT(Y NUTPUT TO FILF '3 10X IPGIC 81X oBIAH (04 120%)%41X))

30741 FORMAT( COUPONENT NUT Ih LIST,!) :

30742 FORaAT(o0 90T THE SPECIE 01 CARD NUMAER®*.144//)

ADTEE THCUAT( /77000, 02TPRAR AN CARD NUNRERY s 14477 -

ANTHG FAZNAT (. *N5E CONE =24 144/7/) : o

INTHT FOTIAT(//7/%00,06RR0R TERHIUATION,  FOPMAT ERROR ON CARD'1547/7)

TANTED FOPSAT(eG v pRENICTIONS rASED OF SPECIFES 10T AprCARING IH THE BASI
1C PATA ARE ILLFEGAL.Y) v '

30763 FORHAT({TI'» 'PREDICTION FOR ¢4 B8IAHW (Y, 12,0) 041X )

3076% FORMAT(Y *4sT4Q.H1LIPGID,4))

AN761 FORUAT(//9% A GIMARY COMSTANUT FOR MIXED LIGAND STABILITY CALCULA -
1ITINN 15 MISSING.?) . , ‘

ANTTL FACHAT Y *e Lo JuST THE STAR, FACTAR '.xox.3(A4.9( IVY0IX) s PH +1 (0,

Ul L IZ2e v X 201PGI0LY))

In7at ro""~r(v"~r"anro SPECIEY, 10X, IPGIN, 4.1x.e(A4.'('.12-')'-1X))

3NAN1 FOTRAT (3¢ (0,0 COMSTANTS FOR THE MIXEL LIGAND COMPLEXES OF '¢A4v
1 "AYE TN PRODUCED, v : : '

30802 FORUAT(*DY v LIUNRER OF APPLICARLE CAFDS It THE HIXEC=DATA FJLE ate
1 1547777} _ : '

30901 FORMAT(//%0%15,% CONSTITHENTS FOR ECCLES!')

30992 FORBAT(//t0Y s tEND MIX,0s/010)

30999 FAPHAT(///*0**ABRORT ECCLES RUNS 'Y

C SECTION . T®O . INITIALISATION,

. 200 IN = 8
111
2
I3 26
ouT 5
ouTr = 27
4] = HXPL
112 = HxXx + 1
M3 a NSP]
HHtl = 0

24
25

un

¢ SEcTlan THREE COMPONENT pATA IMPUT AND OUTPUT,



300 PCADCINDIAIO301) I1XAs IXBs NDUMe Ts J
HMH = MM o+ ] ,
URITE(OUTr«103Nn1) IXAe IX0e NHDUMe 14 J
P ITELONT(30301) IXA« IXBs HLUHe Te J
IF(ILA,NNG*TOTAY) GO TO 300

Do 301 BNi=l.M1
REAN(INLe10301) IXA IXBe 14 Je K
ey o= NUN o+ L - .
R ITCLOUTF 10301 [XA. T2Re T, Jo K
CRITE(OUT,30301) IXAs IXBe T Jo K
IFUIXA.FOL.'FREE®) GO TO 302 '

391 Heoreinl) = IxA ol

o sToe- :

.302. N1 = T =1

= M1 o
NO 303 NII=leN2 o
REAN(IN]103C1) IXAy IXRe 14 Js K
HHN s TN e s : ' .
VPITE(ONTE +1N331) IXAs IXRs I Jo K
APITC(NUTL30301) IXAsy JXRs 1o Jo K
IFUINALER.*SPECY) €O TO 304
Moo=t d R

303 NCOMP(N) = IXA

- . sTOP

304 NIT = MIT = }

E HII1 = NI + NIT
VRITC(OUT, 30302) MHN
'nun =g . '

"SEcTION FOUR  BASlc STABILITY cONSTANT pATA INPUT ANp oUTPUT, -

400 NO 412 MJ=leN3 : ' :

401 READ(IHZ.!DQOI-END:Q!%) COMST(NJ) s NDUM
e a HMN o+ ] ’ L o ’
HUHL(NJ) = O
HUM2(INJ) = O

402 NPM = |
DO 487 H=1+NHD2
IF (HOUMINY LEGQ, ¥ '}y GO TO 408

403 DO 404 M=HPM.NIT! - .
IF(NDUH(N).EQ.NCOMP(M)) GO TO 40S

404 COMTINUE '

IF(NPM,EQ, 1} NUHl(NJl = O
"IFI{NPH,EQ.]) GO TO 409



url =
G0 TH 403
4nn Pt = N
CIFNL.ATLHT) GO TO 404
Lo= unpeidy o+
Host gy = L
CKEY(LWHJIel) =
Gn TO 4n7 -
4046 L o= NEEY -~ NUH2{NJ)
fur2 gy = NUN2(Hg) o+ )
FEY(LoHDe1) = 01 = M1
407 pEYLLoMJ9s2) = HDUM(N+]) : :
403 IF(NUNI(J))+HUIZ(NJ).LE.I) GO TO %413
409 DA 410 =200 2 ' .
Irennu iy 50,01 GO TO 411
417 CAauTINUE ' :
. =t 2
B Iy =2 4 - D
TFEHN L) 6T ,,N) GO TN 412 .
UPTITE(OUT +30401) .CONSTLIJY s ({DULLHY e H=]  HN)
GO T 4n1 L ‘ .
412 YPITE(OUTE ¢20401) COLSTINJIY, (NOUMIN), HN=zlsNN)
sTop : _ : ' :
H13 TPITE(AUT, I9402) HUN
”“GO TO 9299 -
d1e Ny = Ny = 1 . -
CRITO(ANTL 304030 NNNY MY
HTAT = Ny
0 = 'H
DA 415 T1=1,HIT
N = tal o ‘ »
. Icilconr (1Y EQ.*H +1*) Go TO SO0
315 COMTINUE T SR -
~ sToOP

SECTION‘F}VE SELECTION OF THE MIXED COMPLEX COMPONENTS,

507 READ(IN,15501,EMD=900) METALs STABRF o
IF(FTALLFQ.END ¢ ,OR.MHETALJER, " *) Go TO 900
DO S01.11I=1eNITD : o o
IF(NCoN(IT1)EQ,HETAL) GO TO 502
S0l CONTINUE -
WRITE(OUT,30501) METAL
G0 TH 509"
502 HETAL = 111
HY = D
HH = 0
NYT = O
N = 0
METALF = 0O
IF(METAL.GTeNI) METALF = METAL - NP



PN S1a J=18J :
IF(“CTALFLGT D) GO TO 574
NE = BUMLed)
Ko 503 L=1+!L . ‘
IF(KTY(Ls e 1) JEQRETALY 60 .TO 506
503 cotITINUE , :
Go TH 516
SP4 IF(UN2(0Y,L,EQ.N) 6N TO 516
M, = HKEY = HUNM20J) + -1
nn 578 L=l HKEY _ .
IF(VTY(LeJds 1) S0 METALF) G0 TO 5046
50 COMTIHUE o
GO TD 516 o
She IFtvIY (L 3e2) 00,10 GO To 516
KEY (Lo Je2) = 2
greo= o) ‘ .
M. = UETY = MyUnsiy) o+ 1
NA 67 =i EY : ' T .
IF(E AT AUD HLLTHL) G0N TO 507
IFIEEY (Mg 200 0F,2) G0 TG 515 ‘
507 cConTIIUE : :
: N o= BN« MUM2(.))
IF(*1.,6T,.2) GO TO GOA
Hit = o+ . :
CONSTI('iY = CANST(J)Y / 2.0
meone(ra) = YEY(LeJdel) v
IF(L,FCal) MCAUPIN) = KEY(HKFEYsde 1) + NI
530 TH.6Q° : : '
503 IF(i.aT.3) GO TO 518
Nl = MKEY = .1 7 . : o
IF(KEY{HL Js 1) JNEI1,AND KEY{NKEYsJrs L) NE,II) GO TO 514
NMH = HH + 1 L ' : ‘ '
IFC(NUN2{J) sFR.1). GO TO 513
TIFIL.GT L (Y)Y 60 T0 512
HEOMP (M) = FEY(MLeJe 1) + NI - ‘ o
, IF(RTY (NLsJs 11 ,EQeTL) HCOMPINH) = KEY.(NKEY®Jr1) ¢ NI
S11 CONSTH(MH) = COMST(J) / 2.0 L -
GO Tn 515 .
512 HECOMP{MH)Y) = KEY(l4Jel)
G0 TO 511 L
T 513 HCOMPINH) = KEY(l,Jdoly)
IF(L.EQsl) HCONMP(NH) = KEY(2+J01)
GO TN 511 :
514 ©PITO(OUT,30502) J
515 KEY(L+Js2) = |
S16 CONTINUE

SECTION SIx CALCULATION OF THE UNSTABILISED MIXED L1GAND CONSTANTS,

600 HHN = NH + NH
NMX = ((MHH se 2) = NMH) /7 2
IF({NMX.GT.NHIX) GO TO 405



601

6314

609

612

DO L0 M

=] l1X
STAN(IY) = STAUF
DN §02 I=1vMH

I=1
= no+ 1
Heonpiy = HCoUN i)
CONGTI ) = COSTHRIT)

J = 0 .

Do 604 H=2 ity
= ! = 1

0o 604 I=1+H

J = J ¢+ 1 .
CHIX(JY = CONSTI(M) + CONSTHIL)
GO TN 610 :
GPTTI(0YMT 304601)

G0 TG 9299

-

YRITE(ONT,30605)

Do 611 “*=peNIH
PN = NCONPIM)
BeArn ) = NCOTT (HIPN)

HRTITCIOUT30604) NCOWP (L) v CONSTHI

SNTTEDNT 306080 MU, M1, H
no 615 SESEHII .

HEi o= C0NP (i)

HCOW"(W)‘= vc01n(nnu)

Hp = 0 i
DO 623 I=] Ul
DO 621 U=l

IF(HconP (1) EQ.HCONP(M)) GO TO 4622

CONTINUE
GO TO 623
ND = HD +
DUP (D))
DUP (D 2)
coluTInuE
onIT(141)
Hr = 0 ]
IFINN.EQ,.N) GO TO 700

DO 626 1=1sND

ND 426 LsLloMD

Hos DUP(IWE) = 1

IF{1.HE.L) GO TO 624

Hoa (((M s 2) - MY 7 21 + DUP(!-Z)
Ja Qo

N3 = UP(L-Z)

XA = CHIX{HM) + STAB(H)
HYRITE(OUT,»30602) XA, ncouP(HETAL).

I+ MM

X3

n i e

0

MCOMP (N3,

L



624

624

702
703

704

705

718

710

1

A0 TN 625 ' -
MY /7 2) + . DUPIL»2)

Jd = (((1 «¢ 2) =

Ho= PUP(L]) - 1

Moo= (((1 ¢ 2) = H) /7 2} + DUP(1+2)

XA = ((CHIX(J) + CHIX(I)) /2 2,00 + STARF

HE = J.o = 1 :

H3 = DUPLI1)

N2 = CUPEL2) B : : :

SRITE(OUT376C3)  XAs HCGMP(HETAL) s MCOMp(N3I),y HCOMPIN2)s CHIXUJ)
CHIX (Y J My N

CHIXLUY = XA = STARF

M7 =7 o+ L .

HIX = umMx - 1

OUITINZN2) = U

DUITINZ L) = M

SECT1on SEVEN IPUTs PRQCESS -AuD UTPUT MIXED LIGAND DATA,

KS'.'.' a O . -

r‘r\_r.(]"\tlnq."-lorf{-‘ﬁ‘=7’46'.':71_n=800) YAs NDUM -

Utk o= o o+ | '

Ir{nunil),E0,. ')y 6N To 770

IF{Na (1) SIS HCOMP (HETALY) GO TO 700
IF(re:,mn.100) KS* = 0 :

HY = 41 + 1

1 = 1 o :

po 705 N- yNMD 2 co :
IF(I'DUBLNH) JER.B) GO TO 706

HY = M - | :

i =1

D0 704 1='12.H111 :
lr(nconP(l).Fa.NDUM(ulii Go TO 705
CONTINUE ; o
IF(N2.,EQ.1) GO TO 740

2 = 1 ‘

GO Tn 733

COMTINUE

Hos o+ 2.

Bt = N = 2

1F s  NELD) .- GO T0. 720
IF(HPUNML2) MEL.1) GO TO 730
IF(HDUMI4) ,EQ.2) GO TO 714

GO0 'To 780

KS™ = 87

IFI(HNDUMI4) JNE.1.0R, NDUM(6).NE 1) GO0 To 730
CIFLHPUMTIB) JEQ. D« ANDJHDUMIT7) sEQ,* = ')
IFEMDUM(T) JNE,.® ' AND JHDUM(7) ,HEW*H

IF(NDUM(B) JLE.2,AND, HDUN(7).EQ.'H +1v)

+1') GO TO 730
G0 7o 780



A0 T2 730 i
711 IFCHDUNLG) JENDLANDHDUM(B) ,EQ,B) GO TO 7S50
IF(INUMIS6) o EQe2 ANDGHDUM(S) JEQ,*'H +1*) GO TO 750

20 T3 730

728 IF(KS,EC.31) GG .TO 723
CIF(NCUMI2) ,MELLY GO TO 730
IF(EST,'IE.52) GO TO 722
IF(UPUM(4)IE.2) GO TO 721
IFCHUDUH(BYNELQ) GO TO 745
IF{NRUL6),ECeD) GO TO 762
IF (N (6) BN 2 ANDLURHMIS) JEQ,*H +1%) 60 TO 752
GO TH 745 N ' o
721 IFLINCE(3) MEL L ANDIDUNIA) JHE, 1) GO TO 745
IFUNrnE(A) JEC Y . 70 T8 760
IF (R () LE 2. AN HDUN{7)ER,*H +1%) . GO TO 760
50 TO 746 :
722 IF(KSe ,MELA7Y GO TO 725 :
723 I UHBOI () NC 1. 0F HDUN L) JHELL) GO TO 730
: ¥s" = 87 o :
724 ITLh0(T) 0000 A0 TO 720 .
IFCHOUMIB) LEv2  AND HDUNIT7) ,EQ,*H «1%) GO TO 780
40 Th 7235 . - S ;
725 ICAvor HEL61) GO TO 745 _ . _
TE NN HE L AND VDU A) JHiE, 1) GO TO 745
GO TO 724 - . '

738 KSm = 31 . ‘

731 IF(KSG,GE.60,AND, rcw.LT.os) GO Tn 741
SRITEIOUT 307310 XAs (HDUNMEH) s N=]oNN)
URITE(OUTF»20401) XA+ (NDUM(11)s NalsNN) -
HTOT = NTOT .1 . S
G0 TOo 701

740 9RITE(DOUTL30741)
741 URITE(OUT,30742) NN
IFt¥s ,NELO). GO TO 701,
IF(HCUM(q).NE 2) GO 70 701
IF(NDUM(b).EQ.0.0R.(NDUM(S).EQ.'H *l'.AND.NDUq(b).EQ 2)) KSW = 100

GO T0 701

745 wRITE(OUT.30745) NNN,
ARITE(OUT.30746)  XSW

: GO TO 9999 : :

746 NHN = NNN + |
WRITE(OUT30747) NNN



N~
V1 Ut
-0

752

76C

761
762

763

764

7468

766

‘nn 76

GO TC 9999

{=1sH
CrLuFtl)y = =-1001,0
K& = 52

IFLHNUMIS) BN,
o= 1

2 =
20 Tn 764
Hlp = H'! + _l
Huo = l|'J

o0 755 Y‘”lp”?
TP (P30
COHTXHUC
Trgyae,
G0 TO 741 .
YF(C’”F(X).GT.-IHG 0.
IF(rS,EQ.7L)
neo o= 1 o
Tenr(ry =
GO TO 7014

‘Ho+LY)

i

MeonP 1Y)

711 GG

XA 7 2.0 °

1FtKSy EL52)

K™ = 61.

Go To 780

IF(C(UF(IX)oGT.-IO0.0o ND.CBUF(LY’ GTo-lU0.0)

1IN, HE.D), GO, TO 743

CARITE(OUT, 30761)

GO TO 745
Nl = O

H2 = 0

00 764 1=1-No
IF(NUP(Ts1)eEQ,LX)
Yr(nwr(:.l).sa.|v)‘
CONTINUE
IF{H]EQ.DsDR N2, co 0)
LX = M

LY = N2~
Ir(f'HF(Lxl.GT.-lOO 0.A
NRITE(OUT 30762)

GO TO 762
XR = XA =
YRITE(OUT,30763)"
SRITE(OUT»30764)
STAN(J)
XB = CMIX(J)

t1
N2

(CBUF (LX)
cauF(

+ STAB(J)

UNDUMIND »

e XB & ((CONSTMILX).

G0 To 753

6N TN 754

To 775

G0 TO 745

G0 T0 77l

G0 T0,745

a DUP([+v2)
= DUP(I+2)

GO TO 765

HD.CBUF!LY!.GT.-}OU.O)

+ CBUF(LY))

N=]+NN)
CRUF(LY) s XBo
+ CONSTMILY))

LX)

XA
/

Gb TO 766

GO TO 764

(CBUF (LX) +« CBUF(LY)))



TRITO(OUT 30764 couéTn(LX). consIM(L?){ STAB(J) XB
o TN 731 , - - o _

770 IFUNT {3 .00, 'y 60 Tn 700

Irtrem, 50,130y 1T = NT + | ‘

IFtrar , e 9,0R €S, EQINTY . G TO 7901 .

IFCra 10 52, ANN KSH . IEW T ANN Y5, NET72) GO TO 745
HTY = T o+ |

KeM = 77
LY "n . .

Xr cansTiilxy » CBUF(LX) .

GO TN 752 :

771 Ly = 1 -
CrUF(T) = XA
K& = 72
GO TO 785 .

772 STAR(J) = XA e XB
"y =0 . - . :
IF(LYGT, MY NI Ml o+ 1 _ _

IFILY T, 1) BN Nl + i : S B . ' :
CRITREEONT V307710 HCOHPRETALY sHCOMPILX) »4COH (LY ) s N1 XAWSTABLI)
G0 TN 791 ‘ ’ : o o S :

775 PO 776 Ll=1enlIl S
IFLHDUITE3) EQLNCOMPTY) GO .TO 741
776 CONTINUE - o o
GO TN-740

780 LFLUDUMI3) EQ.HDUMISY) g0 TO 745
. LX =0 ’ o
Ly = o o . " . R
IF(HnUNM(R) ,EQ.,0) GO TO 782
NpL = Hi.+ '
‘DO 7AY I=M1sNMH
ITANOUNLE3)EQ.HCONPLT))  LX
IF(NrUR{S)ECHCORP (TN LY
781 COMTINUE , e -
IF{NOLMI8).ETe2) GO. TO 735
IF(L;(.EQ.O.AHD.LY.FQ.O) G0 TO73l
2 = 0 :
M3 a2 0 ‘ o :
IF(LX.EG.0+0R.LY,EQs0) GO TO 782
N1 = MIN(LXILY) o
tHH2 = L X
N3 = LY
LX = O .

([ ]
—



Ly = 2
782 DO 753 =]ty o :
IFCLY JERDJAND JHDUNII) ,En.HCONP LT
IF(LY e ENn 0 AND JHDUMIS) JEGeHCONP (]
783 CrTILIIGE ‘ .
IF{ (&) .sn.d) 60 TO 735
IFILY ER.CLOP LY ERWDY GN TO 794
IF(NTLFN . t2) LY = N2 '
IFCI1.ER.N3) LY = N3
G0 TN 738 .
784 IF(LY.C2.0,AHUD,LY.C0,0) GG Ta. 731
IFILYEA N LX = M2
IF(LY.E2,0F LY = N3

LX = 1

|
Yy LY = 1

785 IF(L N FR, 0,02, LY.ENe5) G50 To 731
o= ALY, LYy : : T
o= L
I = LX
1IFr, 0oLy 1 = LY
L= ' =1 v
Jo= (M s L) /7 2) + 1
IF(7 . Fry2) . 69 TO 7R7
DO 756 1=1eN2 '
IFEY,Fee0nITEInl)Y g = OMIT(I42)
7545 CANTINUR - : :
737 IFlJLF.0). GO TO 745 .
Irean,ea,72y 60 T0 772
IF(rsr,en.61) 60 TO 761
IF(KSY,NE,87) GO TO 745
CHIX(JY = XA = STAR(J)
URITE(OUT 307811 XAs (NDUM(N1» N=]loNN)
Go T4 731 .

- 1

SECTION EIGHT 0uTpuT THE CALCULATED uIxEp LIGAND FORMATION CONSTANTSS

80C ROAIND 1N
e a01 1
801 CHIX(1):

HRUM( ] )

-

o MMX
CHIX(I) ¢ STAB(1)
HCOMP (HETAL)

HpuM 2y = |
HOUM(3) = NCOMP(L)
D4y = 1 .
HPUM(S5)y = HCOMP(2)
HDUMIS4)Y = ]
NPUM{T7) = 'H +]1°¢

J =0 N

DO an4 M=21NMH
Nzl «]

DO 804 I=1»N



J s ) o+ | v
netnee3y = MCOMP (Y
npuprEn) = HCOMP(M)
NI = & '
IF(N,LE. 1) GO TO 823
tHt, = 1
NOUHSY) i
IFCI.CTL i) HnuyMis) = 2
IFCORITLLLI)EQ.0) GO TG 803
DO Bp2 K=17H1Z
IFIATITIE 1) EQ.J) 6O TO 804
802 CoUTIHUR .
803 HTOT = HTOT + | ‘
POITE(OUTF»20401) CMINTJ), (HDUMEN) s N=1y8N)
an4 COoMTTHOFE ' » . )
TEITE(OUT¢30301)  HMX, NCOUP(METAL)
CRITT(onT, 33802y MT
G0 TH §00

13

SECTION HINE FIHNTISH!

900 HTAT = NTOAT + NIII
“R1TC(0yT.30901) NTOT

GO TN on}

G996 VFITL(OUT,30999)
EHDFILE OUTF
REVIND OUTF
YRITE(OUTF+20999)

901 WRITC(OUT,32902)
EMDFILE OUTF
EnNg



appendix 5-

FARMATIOY col!'5TANT DATA usEp FOR THE RLOOD pLASHMA MODELS

(TADULATED AS

I'1PUT DATA FOR PRIGRAM ECCLES)

—---—--a.—--—---—--'-—-----—--t---------------—--h--—----‘

2.2
11.75%
1.58
7498
144,664
17,689
3,28
be 28
753"
6,17
8,80

1.80

2,30
2,59
4,60 -
5.47
10,00
12,80
4,56
- 8,50
12,87
9.502.
11.879
1.20
1.R0
8.01.
14,64
10,57
3.50.
6,90
10,00
6490
9,10
1.70

2026

- 2440

AAALLE+1) B+l (+])

CAALE+)) HO+11+2)

ANALL+1Y CA+2(4+]1)

ARAL(+2) CA+2(+1)
AARLE+1) CU+2(+])
AAAL(+2) CU+2(+])
AAALL41Y CU+2(+])
AAALLU+]1) FE+2(+1)
SAANPL+2Y FE+2(+1})

RAALL+L) FE+3L+1)

EAAL(+2) FE+3(+1)
AAALL+]1) PR+2(+])
AMRIL4+2)Y PR+2(+])
AAARL(+2) PR+2(+]))
AAALL+]). MG+2(+1)
AAAL(+2) MG+2(+})
AAALU+1) MH+2(+1)
AAAL(+2) MM+2(+])
AMALC+3) MU+2(0+1)
AAALC(+]1) MH+2(+])
ARAL(+2) MN+2(+])
AAALL+]) Z2N+2(+])
AAAL(+2) IN+2(+1)
AAAL(+3) ZHN+2(+})
ALAL(+1) H +1(+})
ALAT(+1) H +1(+2)

CALALU+1) CA+2(+})

ALALL+2) CA+2(+}])
ALALE+]1) CU+2(«])

ALAL(+2) CU+2¢+1).
TALAL(+1) CU+2(+))
ALAL(+1) FE+21+1)

H «1l+]1)

OM-1lel)

H +1t+])
H +1(+])

"'H +l(+l)

ALAIL+2) FE+2(+))

ALAL(+1) FE+3(+1)
ALAT(+]1) PB+2(¢})

"ALALL+2) PB+2(+])
TALAL(+2) PB+2(+1)
CALALL+1) MG+2(+1)
CALAL(+2) MG+2(+1)

ALALT(+)) MHN+2(+])

OHe1C+1)

oMM MM MMMMoCoMTmMoOOoOmMMMmMEMMMMMmMMmMMmMMEAMMMMMMMMM M

158
158
668
158
158
158
53
STAB
STAS
STAB
STAB

STAB

STAB

42

?8 83 62
98 83 82

a3 279
279 83

52



4420 ALAL(+2) MN+2(+]1) 62

D

5.76 ALAL(+3) Mie2(4+]) D 62

10,00 ALAT(#1) MN+2(+1) H +1(+1) F o

12.85% ALALE+2) NU+2(+1) H +1(+]) ) 62

4,67 ALALU+1) ZN+2(+]) D 158 62 98

R.56 ALALU42) ZH42(+1) o 158 62 98
10,65 - ALAT(+3) ZH+2(+]) ) 156 98

3.96 ALAL(#1) ZH#2(+1) H +1(=1) D - 158

16,40 ALALE+2) FE+3(+1) : F

9.24 . ARALE+1) H +#1(+1) o 369 83 53 518
11.69 ARAL(+1) H +1(+2) E STAB 518 83

[e10 APALTT+1) CA+2(+1) F -
7465 ARALE+1) CU+2(+1) D 369 518 83
14,10 ABAL(+2) CU+2(+1) - E STAB 369 518 83

I 40 CRCAL(HL) FE+2(+]) E 583

5.00 ACAL(+2) FE+2(+1) Foo

9,90 ACALL+1) FE+31+1) £ 52

4,09 ACAL(+1) PR+2(+1) F

6.00 AFAL(+2) PR+2(+1) F

8,00 ADAL(+1) PR+2(+]) OH=]1(+]) F

1460 APALL+]Y MG+2U+])) F

"2426° ARAL(+2) MG+2(+]) F

2.25 APAL(+1) MHE2(+1) F

LR by RCALL®2) mtie2041) F

4,442 - TABAL{+1) ZH+20+]) D 369 518

74185 ARAL(#2) ZH+2(+1) U 369 518

16,00 ATALU+2) FE+3(+1) F :

8,02 APGLU+1) H +1(+]) 0. 158 51 333
10,64 APGLI+1) B +1(+2) "D . 158 51

140 AFGLI+1) CA+2(+1) € STAB 668 333

1.80 . APGI(+2) CA+2{+1) F - a
7,38 CARGLIU+1) CU+2(+]) D 158 333

13,66 - ARGI(+2) CU+2(+1) o 158 333

3,17 ARGL(+2) CU+2(+2) H +}(=2) ) 158

3400 ARGLU+1) FE+2(+1) B € STAB 53
4,40 ARG1({+2) FE+2(+]) F

8,00 - APGl{+1) FE+3(+1} E STAB 51
15,00 ARGI(+2) FE+3(+1) F

3.50 © ARGIU+1) PB+2(+]) E STAB
© 5,00 APG1(+2) PB+2(+}) “F

9,00 ARGL{+1) PB+2(+1) OH=1(+1) F. :

14806 ARGL(+1) MG+2(+1) I3 STAB 333

2.39 ARGL(+2) MG+2(+1) F

‘24385 ARGL(+1) MN+2(+1) E°  STAB 333
3,90 CARGLU+2) MN+2(+]) E STAB

4,03  ARGI(+1) ZIN+2(e]) D 158 333

7.56 ARGL(+2) ZYM+2(+1) ’ D 158 333

4,25  ARGL(+1) ZN+2(+1) H +1l=1) ) 158

8468 ASN1(1+1) H +1t+1) D 369 68 51 52 S04
10,91 ASHIL+1) H +1(+2) D .. 369 68 51 52 S04
J1s10 ASHI(+1) CA+2(+1) £ o

1280 0 ASHIA+2) CA+2(+]) F - R

D 369 312 504

7.69 ASHI(+]1) CU+2(+1)



13,46 AGHI(+2) CU+2(+1)

} _ o 369 312 504
1,57 ASHIL+2) CU2M41) H +1l=]) £ 504
3.40 CAENII+1) FRE+20e1) £ 53 312
6.00 ASMLIL+2) FE42(+1) E sTAB 312
5.02 LI +3) FE+2(+1) E 3i2
8,43 ASHLU+1) FE+3(+1) € 52
4,0C ASHIL+1] PR+2(+1) E STAB
6.07 CASHLU42) PR4E2U+1D £ STAB
7.30 ASINLE+3) PR+2{+1) £ 31l
9.20 AOMI{+2) PR+2(+1) OH=1(+]) £ STAB
1.80 ASHIU+1) HG+2(+1) £
2,30 ASHEU+2T MG+2(+1) £ STAB
2.4C ACHNL(41) nid+20+1) 3 312
4,0C ASNHLE42) MHe2(+1) £ STAB 312
4,49 ASHL(+1) ZN+2(+1) D 369 312
7.9%5 ASHL(+2) Zii+2(+1) h 369 312
1N.A0 AGn(+3) ZN+2(+]1) € 312
149,76 G L+2) FE+43(+1) 2 ' ‘
9,21 ASP2(+1) H +1(+1) £ STAR 68 377 53
12,69 L ORSP2(+1) H o +1(+2) £ . STAE 377 267
14,20 ASP2(+1) 1 +11+3) E STAB 377
L lebl AGP2(+1) CA+2(4+]) £ STAR 668
2,10 ASP2(+2) CA+2(+1) £ . S
2,60 Aeml+l) Cl+204]) £ STAB 377 267
15,26 ASP2(+2) CU%2(+]) o £ STAR 377 267
12,20 ASRL+L1) CU+2(+]1) H +11+]) E 267
4,20 ASP2U+1) FE+2(+]) £ 53
7475 ARP2(+2) FR+2(+1) £ STAR
11,90 AGP2(+1) FE+3(+]) £ 53 .
5.80 ¢ ASP2(+1) pPR+2(+1) £ STAB 311
8.20 ASP2(+2) PR+2(+)) £ STA8 311
8,00 - ASP2{+1) PO+2(+1) OHal(+1) F ‘
2.20 ASP2(+1) MG+2(+]) E STAB
T 2490 ASP2(+2) MG+2(+1) F
3.2¢ ASP2(+1) MM+2(+1) E . STAB
S.20 ASP2(+2) MN+2(+1) F
‘5,80 ASP2(+1) ZN+2(+]) "E. STAB 311
9.30 ASP2(+2) ZN+2(+)) £ STAB
17.10 ASP2(+2) FE+3(+1) F -
Be70  CITI(+1) H +1i+1) E STAB 333 249
10,40 CITI(+1) H +1(+2) £ STAB 249
1.20 L CITL(#1) CA+2(+1) € - 333
~1.50 CITI(+2) CA+2(+}) E 333 .
7.0¢C CITIL+1) CU+2(+1]) E 333 249
13.00 S CITI(+2) cU+2(+1) £ 333 249
3,00 CITI(+1) FE+2(+1) F
4,80 CITI(+2) FE+2(+1) F
800" CIT1(+1) FE+3(+1) F
19,42 | -CIT1(+2) FEC+3(+1) F
9,00 CITI(+1) PR+2(2+1) £ 249 .
4,00 CIT1(+2) PB+2(+1) F
.00 CITII+1) PR+2(+)) OH=]1(#+1]) F
.60 CITI(+1) MG+2(+1) € 333
F

2,10 CITI(+2) HG+2({+1)



1.70 CITII+1) Mh420+1)

£ 333
2,60 CITI(+2) Mi+2(+1) F -
4,00 CITI(+1) ZM+2(+]) E 333 249 164
7.00 CITI(+2) ZN42(+]) E 249 164
10+23 LYS2041) H +1(+1) D 158 68 337 478
18,30 . CYS2(+1) W +1(+2) o - 158 68 337 478 .
20.20 . CYS2(+L) H +1(+3) o 158 68678 -
2,30 CYS2(+1) CA+20+1) E 273 .
2.70 CYS21+2) CA+2(+1) Fooo
64006 CY52(+1) FE+2(+1) £ STAR . 273
11.0C0 - CYS20+2) FE+2(+1) . E - sTap 273 = -
11.70 S EYS2(4+1) PB+2(+1) E - STAB 273 311
© le.0N - CYS2(42) PR+2(+1) £ STAB- 273 311
18,40 - CYS520+3) PR42(+1) £ 273 311
2640 CYS2(+1) MG+2(+1) £ 273 ‘
3,407 CYS2042) MG+2(+1) F : -
$.10 CYS2(+1) MI+2(+1) E. STAB 273
7410 CYG2(42) MUE2(+]) E 273 :
“ 8,99 . CYS2041) ZN+2(+)) E STAR 273 678
17.98 CYS2(+2) ZH+2(+1]) D STAG .. /158 273 478
20,50 - CYS2(+3) ZN+2{+]) E 273 o
24,33 S CYS20+2) ZUS2(+1) H +10+]) 6 158
29,86 & CYS20+2) ZN+2(+]1) H +]11+2) D 158
42,00 CAYS2(t) 742(43) F
48,40 CYS20+4) ZN+2(+3) H +1(+1) p- 158
Beb9 £1S20+1) H O +1(+1) . . D -158
1664 C1S21+1) H +1(+2) ' ' 'n 158
C1%.34 CIS2(+1) B +10+3) 0 158
10,00 CIS2(%1) CA+20+1) H s1(sl) Fo '
19.50 CIS2(+2) CA+2(+1) H +1(+2) Fooo
. 4,80 CIS21+1) CU+2(+)) 0 158
S16426 CIS2(+1) . CU+2(+1) H +1l+1) . D 158
28.07 CIS2(+2) CU+2{+2) D . 158
27,53 . CI52(+2) CU+2(+1) H +1(+2) D 158
17.75 C152(+1) FE+3(e¢1) H +1(+]) F
25.80 | CIS2(+2) FE+3(+1) H +1(+1) F
31,28 C152(+2) FE+3(+]) H +1(+2) " F
. 16.20 CIS2(+1) PB+2{+]1) H +1(+1) F
22,00 C152(+42) PR+2(+]1) H +](+2) F
10.70 CIS2(+]) MG*2(+1) H +1(+]) F
20400 CIS21+2) MG+2{+]) H +1(+2) F
11,80 CIS2(+1) MH+2(+1) H +1(+1) F
123,00 CI1S2(+2) MN+2(+1) H +1(+2) Fo
13433 © CIS20+1) 2H+2(+1) H +3(+1) 0 3869
©'26.00 CIS2(+42) ZN+2(+1) H +]1(+2) D 369 v
- 939 GLU2(+1) H +1(+1) ‘D 158 287 S|
13,54 GLU2(+1) H +1(+2) D. 158 267
15,67 GLU2(+1) H +1(+3) D - 158 287 51
- 150 GLU2L+1) CA+2(+1) 3 STAB 448
1490 GLU2(+2) CA+20+1) F C
© Be74 GLU2(+1) CU42(+1) D 158 247
14,91 GLU2(+2). CU+2t+1) 0 158 267
12,79 GLUZ(+1) CU+2(+]) H +)l+1) D 158 247
£ 83

3.40 GLU2T+1) FE+2(+1)



6.0

11.20
18:.79
4,50
6,03
633
2430
3,06
h.90
he76
R,54
8,83

S 10.93

1,00
1.47
7.2%
12,470

3,52

6,00

7,00
.37
14,79

fons

7.00

S.00

2,00
1,73
2.20

20’)0

4,00
4,27

7.94
10.00

9,38

11.76
.30
1470
8,02
14,67
1011
3,01
"§.50
9.40
14,50
4,50
6.00
2.10
2.7C
2,71
4,76
552
10.02
12,89

LU +2)
aLu2t+1)
ALU2(+2)
ALD2(+1)
sLU2t+2)
LU +]1)
SLuU2i+1).
An2t+2)
GLU2(+1)
GLU2(+2)
LUl
ALU2(+2)
GLHIt+1)
L)
ALt E+1)
SL10(+2)
SLtpis1)
Sl e2)
AaLni i+l
GLMLU+2)

CARLHL(+3)

SLHre+1)
LI (+2)
AL+
GLIIL(+2)
cLnpi+3}
aLrittel)
alirt+1y
GLIL+2)
GLMLT+1) .
GLHL(+2)
GLNLI(+1)
GLML(+2)
GLH1(+3)
GLYLE+1)
GLY1(+1)
GLY1(+1)
GLY1(+2)
GLY1(+])
GLYL(+2)
ALYL(+1)
ALY L+
ALY (+2)
GLY1(+1)
GLYL(+2)
GLY1(+1)
GLY1(+2)
GLYL(+1)
GLY1(+2)
GLYL(+1)
GLY1(+2)
GLY L (+3)
GLY1(+1)
GLY! (+2)

FE+2(41)
FE+3(+1)
FE+3(4+1)
PR+2(+1)
PrR+2{+1) .
PR+2(+]1) NHal{+])
MG+2(+1)
MG+2(4+1)
MH+2(+]1)
pH+2(+1)
21+ 2{+1)
ZH+2(+1)

H +1(+])

H +]1(+2)
CA+2(+1)
CA+2(+})

cu+s2te])

cr+2(+1)
FE+2(+1)
FE+2(+])
FE+21+1)
FR+3(+1) -
FE+3(+])
PR+2(+1)
PR+21+1)
PR+2(+]) .
PR+2(+]1) DHal(+])
MG+2(+1) '
HG+2(+1) .
MI+2(+1)
MN+2(+1)
ZH+2(+1)
2H+2(+1)
ZN+2(+1) .

H +1(+11.

H +1(+2)
CA+2(+})
CA+2(+1)
cu+2(+1)
cus2¢+1y
CU+2(+1} H +1(+1)
FE+2(+1) - :
FE+2(+1)
FE+3(+1)
FE+3(+1)
PB+2(+1)

PR+21+1)

MG+2(+1)

MG+2(+1)

MN+2(+])

MN+2(+1)
MHe2(+1) -
MM+2L(+]1) H +1t+])
MN+2(+1) H +1(+1)

OO0 DO MM MAMMIMO DU MMODMOTUMMIAT MMM MM MMMMTOMMN OO IMAMAIMMTAMT.

'53

STAB
STAB

STAB

STAS'

158
158
158
158

1986
158
69
69

69

3l
311

o3

69 S

69

158
158

-~ 69,
158

158

- STAB

158
158
158
STAB

51
STAB
STAB

62
62
162
62
62
62

69

69

69

69

15

69
&9

83
83

83

379 515 504
379 515 S04

379 515 504

379 515 504

51%
515

267
267
668

83

53



nLyti+1)
GLYL1(+2)
Gl.Y1(+3)
aLyit+1)
aLYl1t+1)
CLY[(+]])
GLY1(+1)
nIspi+1)
H1cgil+1)
IS+l
1nIs1t+1)
HIG1(+2)
HIs1t+])
nIgi(+2)
iHisrt+1)
HIgLi+1)
1161 (+2).
HisI{+2)
IS E+2)
HIS1t+1)
1n1s1(+3)
HISLE+1)

IS 1(+2)

H1CLC+T)

IS E+2)

HiGLel)
HIGILel)
HIS10+2)
NIsLi+1)
uxsl(fzr
H1s1(+1)
HIS1(+2)
rspl+1)
HYPL(+1)
HYPL1U+1)
HYPL(+1)
HYP1(+2)
nypit+1)
HYPL(+2)
HYPL(+1)
HYP1(+2)
HYP1(+1)
1HYp1(+2)
HYFPL{+1)
HYPL(+2)
HYPLE+1)
Hypii+11
HYP1(+2)
HYPL(+1)
HYP1(+2)
HYPL(+1)
dYpir(+21

CILEL(+D)

TLEL1(+1)

ZH+ 20+ 1)
IH+2(+])
LH+20+1)
7H¥2(+])
Z+¥2(+1)
PR+2(+1})
PR+2(+1)
H o+1(+1)

H +1(+2)

H +1(+3)

CA+2(+]1)

CA+2(+1)

H

H

CU+21+1)

Cli+2(+1)
Ci1+2(+1)
CuU+2(+})
Cu+2(+1)
Cu+2(+2)
CU+2(+])
FE+2(+1)
FE+2(+1)
FE+3(+])
FR+3(+1)
P3+2(+1)
PR+2(+1)

PB+2(+1)

MG+2(+ 1)

HG+2(+])
MH+2(+]1)

dl+2(+1)
ZH+2(+1])
ZM+2(+1)
ZH+2(4+1)

H +1(+1)

H +1(+2)
CA+2(4+1)
CA+2(+1)
Cu+2t+1)
CU+2(+1)
FE+2(+1)
FE+2(+1)
FE+3(+1)
FE+3(+1)
P3+2(+1)
PB+20+1)
PB+2t+1)
HG+21+1)

HG+2(+1)-

MN+2(+])
MH+2(+])
ZH+2(+1)
ZHN+2(+1)
H +1(+1)

H

H

H

+10+19
+10=1)
+1{+])
+1(=1)

+](+]1)

+1(=1)

+10+1)

+1t=2)

+10+2)

Oft=1(+1)

H

F1Ue1)

OH=-11(+1)

H +1(+2)

TOVDMMOoOOOMMT OTCTD

Ao

COMMAANMNAN AN MM IMMAMAMMMO 00O CO MMMOTAMMMAMmOD

62
158
158
158

158

317
317
158
158
158

158
158
158
158
15¢
158
66 3
STAB
STAR

668 317

66

8 317

668 317

31

31

31

66

66

56
66
&6
66
06

1 679

I 679

1 679

306
306
3ns
306
306
306

63
63

sTaB 52

311 .57

31

57 6

83 S
57 &

63 5

158

S7

3
7 .
3
7

580 288 S}

53

STAB

STAB
STAB

" 53

sli

STAB
158
158

580

680

479

679
679

679



l.1C
14806
7.95
14.68

0.32°

3,00
‘5.0
?.00
15.40
3'80
5.0
?.060
1.83
2,40
2.60
4,77
B85
3.462

15,25

7436
11,72
1o1n
1.40
8,04

14,69

1i.49
[9.'4.3
3,32
'».GG
9,49
15,5¢C

4,00

5+50

“%.00
- 1480
2,30
- 2460
4.80
4,51

8,56

4,25
15,17

10,32

19,35
21,55
11,60

21430

7.30
14460
17,91
25,87
34,77
13,80

ILENC+1)
TLELU+2)

ILFLE+1)

CILCL+2)

ILEL(+1)
TLEL(+1)
ILnite2)
HLEL(+])
ILEL1(+2)
ILT1(+1)
TLe1e+2)
ILEL{+1])}
ILEL(+1)
ILEL(+2)
ILEL(+1)
.21 (+2)
ILEL(+1)
1Lr1{+2)
HEL(+1)
ILEL(+2)
LEUL(+1)
LEUL(+])
Lruie+1)
Lyl (+2)
Lreti+1)

U1t +2)

Lrug et

CLfupie2)

Leoyteld
LEULT(+2)
Lruli+1)
LEUL(+2)
Lrult+1y

S LEUL(+2)

LTurt+l)
LEUL(+1)
LEUL(+23.
LEUL(+1)
LEUL1+2)
LEUL(+])
LEUL{+2)
LEult+l)

TLruL+2)

LYSI(+1)
LVSL(+1)
LYSL1(+1)
LYSit+ 1)
LYS1(+2)

LYSLel)

LYS1(+2)
LYS1(+1)
LYSI(+2)
LYS1(+2)
LYS1(+1)

CA+2(+1)
CA+2(+])

CU+2(+])
Cu+2(+1)
cu+2(+1)
FE+2(+1)
FE+2(+1)
FE+3(+1)
FE+3t+1)}

PhH+2(+1)

PO+2(+1)
Ph+2(+1)
NG+2(+1)
MG+2(¢])
miie2(+1)
MHe2(+])
Zire20+])
71+2(04+1)
742041
ZH+2(+])
H +1(+1)

H +1(+2)

Ch+2(+})
CA+2(+1)
CU+2(+1)
cu+2(+1)

CU+2(+1)

CU+2(+1})

FE+2(+1) "

FE+21+1)
FE+3(+1])
FE+3(+1)
PA+2(+1)
PR+2(+1)
PR+2{+1)
MG+2(+1)
MG+2(+1])
MN+2(+1)
MN+2(+1)
ZN+2(+1)
IN+2(+])
ZH+2(+])
IH+2(+1)
H +1(+1)
H +1(+2)
H +1(+3)
CA+2(+1)

CA+2(+1)

CU+2(+1)
CuU+2(+1)
CU+2(+1)
CU+2(+1)
CU+2(+1)

FE+2(+1)

H

«ll=])

Oftal (+])

H

oM-p 41y

T

+1 (=1

+1(+])

+10+1)
+1(+l)

+1(=1)
+1(+1)

+1{+1)

+1(*2) 

+1t+1)

+1(+})
+11+2)
+1(+1)
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668
158

158
158

158
158
158
158
158
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668
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158
53
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STAB
STAB
158
158
158
158
369
369

369

668

682
369
369
3469
3469
STA8

251
251
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681 .
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25.00
13.40
35.87
14,10
25.86
12,10
2270

12,20

24435
3.50

7.00.

14.56
20.01%
28,83
2h,.A3
12,25
17.53
8,°1
1117
1,22
1,60
"Teb7
19,57
3.15
1,98

R 60

19,94

4430

7450

8.20

1.8C
2.40
2.70
4,25
4,22
6,93
18.22
18,77
204,69
11,40
21,32
9.78

14,77 -

17.42

24,73

33444

0.89 .

12,76

" 28425

15,47
18,28
35,34
28052

LYS1(+2)
LYSi(+1)
LYS1{+2)
LYS1I(+1)
LYSI(+2)
LYSL(+})
LYS1(+2)
LYS1(+})
LYyslt+2)
LYsit+1)
LYS1(+2)
LYS1(+1)
LYS1(+2)
LYS1(+2)
LYS1(+2)
LYSi(+2)
LYS1(+2)
LYS1(+2)
nETL(+1)
BETI(+1)
HETLI+1)
NET1(+2)

METL(+L)

PrTI042)
NETL(+1)
FET1(+2)
METLE+1)
METLI(+2)
AETIL+1)
NET1(+2)
METL(+1)

METLI(+1)

NETI(+2)
MET1(+1)
NET1(+2)
HET1(+1)
HET1(+2)
ORNI(+1)
OPH1{+1)
ORNL(+])
ORHY(+1).
P (+2)
bl I SR BN
ontt+2)
NRHL(+1) .
ORNI(+2)
ar1l+2)
ornli+1)
ORN1(+1)
NRNLE+2)
oPML{+2)
oML (+]1)
NPNIT+2)

T ORN1(+2)

FE+20+1)
FE+3(+1)
FE+3(+1)

PG+2(+1)

PR+2(+1)
M5+2(+1)
MG+2(+])
mH+2(+1)
Mil+2(+]1)
2!1+20+1)
IN+2(+1)
2H+2(+])
IN+2(+1)
ZH+2(+1)
Fr+2(+1)

FE+3(+1)

FA+2(+1)
ile2(+1)
H +1(+])
H +1(+2)
CA+2(+1)

TCA+2(+1)

CU+2(+1)
Cr+2(4+1)

FE+2(+1)

FE+2¢+1)
FRE+3(+1)

FE+3(+1)
PB+2(+1)

Pre2(+1).
OHall+1)

PR+2(+1)
MG+2(+1)

MG+2(+]) -

MN+2(+1)
MH+2(+])
ZH+2(+])
ZN+2(+])
H +1(+]1)

H +1(+2)

H.+1(+3)
CA+2(+1)
CA+2(+1)
CU2(+1)
CU+2(+1)
CU+2(+1)
cuU+2(+1)
Cu+2(+1)

CU+2(+1)
FE+2(+})

FE+2(+1)
FE+2(+1)
FE+3(+1)

FE+3(+1)
FE+3(+1)

H

T ITITXTIXTIxXTXxTX

- 3

+1(+2)
+1(+1)

+1t+2).
+1(+1)
-+ (+2)
el ]

+1(+2)
+1{+])
+1(+2)

+1(+])

+1(+1)
+1{+2)
+10+1)
+1(+])

+1(+1)

+1(+1)

NYTSEN

+10+2)

+1(+1)
+1(+1)
+1(+2)

+1(=1)

#1(0+1)
+10+2)
+1(+1)
+10+1)
+1(+2)
+1(+3)
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13'00'
15,50
25,50
°,00
11,20
22,20
12,02
19,00
23.76¢
5.9%
14,08
19,31
27462
2.59
o,00
117,49
1.00
1460
7.6%
14,41
3,15

5.36 .

3,65
14,00
o 0L
- 7,20
1.70
24306
2.6%
4,30
4,50
8,364
19.335%
12.3%
1.30
1,70
8.568
16,00
10464
4,90
7.00Q
9.69
17,90
4,00
6.00

8.00

1.°90
2,89
2,84
5,53
T beTH
11,84
14,92

enLi+l)

SanM(+2)

ORN1+2)
nRHI{+H)
AL+l
apip(+21
apnyiel)
ANt +2)
NPt i+2)
nPHp(+1)
NRHItE+1)
ARHLE+2)
CRi11(+2)
ARHLI+1)
PHET(+1)
PHELA+1)
PHEL(+1)

PHEL(+2)

PHEL(+1)
riE1(+2)
PUHEL(+1)
rUF1(+2)
PHELL+])

PHEL(+2)
SPrert+1y

PHE1(+2)
PHET(+])
PUEL(+1)
PHEL(+2)

L PHEL(+1)

PHEL(+2}
PHEL1(+1)
PHE] (+2)
rRoll+1)
PROL+])
PROLIC+1)
rPROL(+2)
PROJ(+1)

CPROLE+2)

PROL(+1)
PROI(+1) .

PROL(+2)

PROL(+1)
PROJ(+2)

CPROLCG+1)

PROL(+2)
PROL(+1)

PROL(+])

PROLT+2)
PROL1(+1)
PRO1(+2)
PROL(+3)

CPROLL+])
PROY(+2]

PE4+2(+1) H +1(+1)
FR+2(+1) H +[l+])
PB+2(+1) 1 +1(+2)
PE+2(+]) OH=1(+])
MG+2(+1) H +j(+])
MGe2(¢1) H +11+2)
ME+2(+1) H +1(+1)
MHI+2(+1) H +1(+])

MHUH42(+1) H +1(+2)

7H+2(+1)
ZH+2(+1)
ZH+2(+1)
IH+20+1)
Z2h+2(+])
H +1(+])
H +1(+2)
CA+2(+])
CA+2(+1}
CU+2(+1)
cu+2(+1)
FE+2(+1)
FF+20+1)
FE+3(+1)
FE+3(+])
Pliez(+])
PR+2(+1)

+j0+1)
+1(+1)
+1(+2)
+]{=1)

IIITxT

P3+2(+1) OH=L(+1).

MG+2(+1)
MG+2(+1) . -
Mit+2(+ 1}

MU+2(+1)

2i+2(+1)

ZN+2(+1)

H +1(+1)

H +1(+2)

CA+2(+1)

CA+2(+1)

CuU+2(+1)

CU+2(+1) -
CU#2(+1) H +1(+1)
FE+2(+1)

FE+20+1)

FE+3(+1}

FE+3(+1)

PB+2(+1)
PB+2(+]) .
PR+2(+1) OH=1(+1)
HG+2(+1)’ o
MG+2(+1)

MN+2(+1)

MN+2(+1)

AN+2(+1) :
MH+2(+1) H +1(+1)
MMe2i+1) H +1(+1)
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288

288

288
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5.13. PROLI+1) ZH+2(+1)

D 158
9,69 PROL(+2) ZH+2(+]) D 158
11146 PROLI+3) ZN+2(+1). D 158
3.22 PROL(+1) ZH+2(+1) H +1(=1) D 158
N.0N5 PROLI+2) ZH+2(+1) H +1(=1) o] 158
3,R4 SERLU+L) H O #1(+1) h) 158
11.02 SERL(+1) H +1(+2}) D 158
1.30 TERIU+1) CA+2(+1) £ STAE 668
1.70 SER1(+2) CA+2(+1) F :
7.5865 SFRI(+1) CU+2(+1) D 188 69
14,0) SERLI(+2) CU+2{+1) 0 158 69 .
3.35% CERLU+1) FE+2(+1) E ~ STAR. 51 69
T 600 SERL(+2) FE+2(+1) € STAB
8,00 SER1(+3) FE+2(+1) F
ReT0 SERLl+1) FE+3(+1) € 53
15,90 . SERL(+2) FC+3(+1) F _
4,30 SERLU+1) PR+2(+1]) E- 311
Te20 TERI(+2) PB+2(+]) . :
" B.3Z ALER1(+3) PR+2(+1) - F
8,00 SERI(+1) PB+2(+1) OH=1(+1) F
I.80 SERL1(+1) MG+2(+1) - F
2,42 SER1(0+42) MG+2(+1) F _
2448 SERL(+1) HH+2(+1) € _STAB 69
A O TERL(E2) ite2041) £ STAR 69
447, SERL(+1) ZN+2(+]) " 158
8,31 SER1U+2) 20+42(+}) D 158
10456 GERL(#3) ZN+20+1) D 158
B8:¢71 . THRIL+1) H +1(+]) D 158
10.91 THRI(+1) d +1(+2) ] 158
teln THRI(+1) CA+2(+1) £ 668
1.4C THRI(+2) CA+2(+1) . F
7455 THRIL+1) CU+2(+1) D 158
14.2] CTHRL+2) CU+2(+1) 0 158
-3.31 THRI(+1) FE+2(+1). E- 'STAB 53
" 6400 THRI(+2) FE+2(+]) £ STAB "~
8440 THRL(+1). FE+3(+1) E 51 -
15,40 THR1(+2) FE+3(+1) F
9,40, THRI(+1) PB+2(+1) F
740 THRI(+2) PR+2(+1) o °F
8,00 THRI(+1) PB+2(+1) OH=1(+1} F
1e78 THRE(+1) MG+2(+1) F
2430 THRI(+2) HG+2(+1) . F
255 COTHRI(+1) MN+2(41) - E STAB
3,90 THRI(+2) uH+2(+1) E STAB
3,43 THRI(+1) ZH+2(+1) ] 158
8414, THR1(+2) ZN+2(+1) 1] 158
19,09 THRI(+3) ZN+2(+1) D 158
9.09 TRPLI(+1) H +1(+1) ) 158 63
114565 TRP1(+1) H +1(+2) D 158 63
1029 TRPLI{+]) CA+2(+]) F
1.60 TRP1(+2) CA+2{+]) F :
8,05 TRP1(#]1) CU+2({+]) i} 158 63
15,32 TRP1{+2) CU+2(+1) . D 158 63
3,45 TRPJ(+1). FE+2(+1) E . 6353



.20
3,40
14,15
4,40
8450
3.00
1.81
2,37
2460
4430
4,60
8,76
11,61
10.06
12,00
21.3%
11,20
20440
9.32
15.09
17,62
25.08
3%, 74
3.G3
13,50
19.0"°
27,00

7.00:

18,00
28,24
35,07

3.6
14,16
23,17
21.00

116G
22,10
1.20

12,36
19,28
23,90
6,08
14,27
27.90
21,00
9,32
11¢66
1,10
1.40
7.90
3,25%
S.20

9.20

TeP1(+2)
TPPLl+])
TrRp)t+2)
Trpli+l)
TPpl(+2)
TPPLI(+1)
TRp1(+])

S TPPLE+2)

TRPL(+1)
TRP1(+2)
TRPLI+1)
TRP1(+2)
TEPL(+3)

TYN2(+1)
‘TYR2(+1)

TYR2(40)
TYR2(+1)

CTYR2(+2).

TYR2(+1).
TYR2(+2)
TYR2(+1)
TYR2(+2)
TYn2(+2)
TYR2(+1)
TYR2(+1)
TYR2(+2)
TYn2(+2)

TTYR2(+1)

TYR2(+1)

‘TYR2(+2)

TYR2(+2)

TYR2(+1).
- TYR2(+1)

TYR2(+2)

CTYR2(+2)

TYR2(+1)
TYR2(+2)
TYR2(+1)
TYR2(+1)
TYR2(+2)
TYR2(+2)
TYR2(+1)
TYR2(+1)

- TYR2(+2)
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VALL(+2)

VAL t+1)
CVALL(+2)
VALL(+1)

FE+2(+}])
FE+3(+1)
FE+3(+1)
PR+2(+1)
pPR+2(+1)
pPR+2(+1)

MG+2(+1)

MG+2{+})
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MIi+2(+])

2H+2(+1)
ZH+2(+1)
ZH+2(+1)
H +1(+1)
H +1(+2)
H +1(+3)
CA+2(+1)
CA+2(+])
CU+2(+1)
CU+2(+1)
Cu+2(+1)
Cu+2(+1)
cCle2(+]))
FL+2(+1)
FR+2(+1)
FE+2(+1)
FR+2(+1)
FE+3(+1)
FE+3(+])
FE+3(+])
FE+3(+])
PR+2(+1)
PO+2(+1)
PR+2(+1)
PR+2(+1)
MG+2(+1)

MG+2(+})

OH=1(+1)

= =X

g i

MH+2(+1)
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MN+2(+1)
MH+2(+1)
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CA+2(+1)
CA+2(+1)
CU+2(+1)
CU+2(+])
FE+2(+11}
FE+2(+]1)
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H
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+1(+2)
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16426 YALI(+2) FE+3(+1)

¢
3.R”0 VALLU+1) PO+2(+1) £ STAB
5.60 VALL1(+2) PB+2(+1) £ SsTaB
A.80 VALL(+2) PR+2(+]1) OH=J(+1) - E STAB
1.70 VALLU+1) MG+2(+1) ' F
2.2¢C VAL] (+2) MG+2(#+1) f
2,337 . VALL(+1) NMHe20+1) D 62
3,97 CVALLU42) Hie2(+1) D 62
5,19 YALLL+3) mie204+]) p 62
12.73 VALLG+1) ull+20+1) H +1(+1) D 62
13,40 VALL(+2) MH+2(+]1) H +]1(+]1) Y 62
4.44 CVMALLC+T) ZH+21+1) : . . 158
3,24 YALL(42) ZN+2(+]) D 158
10,62 VALL(+3) ZN+2(+]) _ D 158
4,18 COVALLL+1) ZU+2(+1) H «1(=1) D 158
12,24 CO32(+1) H +1(+1) . € STAB 684 270
16,54 CO32(+1) H +1(+2) € STAR 684 270
2,90 - CO32(+1) CA+2(+1) £ STAD 246 434
13.9¢ - CO32(+1) CA+2(+1) H +1(+1) £ STAD 246 424
5.5%0 COA2(+1) CU+2(+1) €. STAB 434 .
8430 CN32(+2) CU+2(+1) " - : E STAB -
13,02 £N32(41) CU+2(+1) H +1t+1) F 434
11420 CE32(+2) CU+2(+1) H +11+2) F o 424
4,50 CoaA21+1) FE+2(+4) . Fo 434
bolir CE031+?) FES2(41) F 134
12.00 CO32(+1) FE+2(+1) H «1l+1) - F 434
13,00  CO32042) FE+2(+1) H +1(+2) . F . 434
6,00 . CNA2(+]) FE+A(+1) . S CF 434
9.00 €032(+2) FE+3(+1) 434
13,00 ©C032(+1) FE+3(+1) H +1(+1) F 434
14,50 CO32(+2) FE+3(+1) H +1(+2) - F 434
3,30 © €032(+1) PR+2(+1) F
b,40 CO032(+2) PR+2(+1) - £ STAB
11480 CO32(+1) PRe2(+1) H +10+1) F
13.53. CO32(+2) PB+2(+]) H +11+2) € STAB
14,20 CO32(+3) PR+2(+1) H +1(+3) . E STAB
2,90  C€CO32(+1) HG+2(+1) . ‘E - LOWENTHAL Res PRIVATE COMM,
10,90 CO32(+1) MG+2(+]) H +1(+1) E. STAB =  LOWENTHAL R,
3,10 CO32(+1) MN+2(+1) " : F. : .
11,50 T C032(41) MH+2(+1) H +1{+1) " E ~ STAB
- '3,30 CO32(+1) ZH+2(+]) _ F
11.80 CO32(+1) ZH+2(+]1) H «ll+ly F v
11.7 H #1(=1) CA+2(+1) : D 62 .
7.6 Ho+1(=11 cu+2t+1) D 62
10,49 W o+1(=2) CU+2(+2) 0 62 o
8.7 Ho+l(=1) FE+2(+1) € STAB 434
2.9 H +1(=1) FE+3(+1) - £ STAB 434
77 Ho+1(=1) PR+2:(+1) E STAB  43%
11.5 H +1(=1) MG+2(+1} . . D
10,1 H +1l=1) MN+2(+}) . D 62
© 9.03 1 o+1(=1) ZN+2(+1) =D 62
6.8 H. +1l=2) FE+3(+]1) F 43%
11430 PO43(+1) H +1(+1) D 394
18,00 PO43(+1) H +1(+2} D 394



19.02

39,50

29,68 .

12.60
la.b:
16,30
32.32
25,ac
14,60
17,32
34,08
31.82
27,00
13.50

26,00

17.00
28,00
b,00
26,30

3.410
13,17
18,70
3203’.‘
27460
25,30
13.3"’
25,467

19,20
33,30
31,00

. 26,33

11,40
20,50
i, 00
11,79
‘28,49
20.40
qtl"
12,04
26462
1.60
1420
2,20
1.00
2,50
2.50
2,60
2.20
1.50
2,00
2,20
)

POY3L4])
PO43(+2)
PO43(+2)
ro43(+2)
FO43(+1)
Pog3fel)
PO43(+2)

PN43(+2)

Fe43(+2)
PAga(+1)
rPegs(+l)
FO42(+2)
rOf3(+2)
Pe43(+2)
POGIL+])
ro43i+2)
regac+l)
ro430+])
PO43(+2)

D043 (+1)

ro43L+2)
PO43(+1)
POG3(+1)
POY3L+])
FOY3IL+2)
POY43(+2)

POYHILE2)

poa3iel)
rPo43(+2)
POY43(+1)
PO43(+1)
PO43(+2)
PO43(+2)
ro4at+2)
Si1p2(+1)
Slg24+1)
SiL21+1)
SIL2(+1)
SIL2(+2)
SIL2(+1)
SIL2(+1)
SIL2(+1)
Sl 2(+2)
cOuy2t+1)
S042(+1)
s042(+1)

. 5042(+1)
- 6042(+1)

SO42(+!)

S042(+2)

5042(+1)
So421(+1)
S042(+1)
S0421(+1)

TTIT

+10+3)
+1(+5)
+1(+4)
+]1(+3)
CA+2(+1)
CA+2(+1])
CA+2(+2)

CA+2t+1).

CA+21+])
Cu+2(+1}
Cu+2(+1)
Cu+2(+1)
CU+2(+2)
cu+2(+1)

FE+2(+])

Fr+2(+1)
FE+3(+])
FE+31+1)
FE+3(+])
pPp+2(+1)
PE+2(+1])

MG+2(+1 )

HG+2(+1)

MG+21+])
ae20e])

MG+2(+2)
MaE2(+])
HI+2(+1)
ti+2(+1)
2N+2(+})
ZN+2(+1)
ZH+2(+1)
ZN*20+2)
ZH+2(+1)
H +1(+1)
H +#1{+2)

CA+2(+1)

CA+2(+}])
CA+21(+])
FE+3(+])
MG+2(+])
MG+2(+1)
MGe2(+}}
H +1{+1)

CA+21+])

Cu+2(+1)
FE+2(+1)
FE+3(+1)
FE+3(+1)
FE+3(+1)
PB+2(+1)

MG+21+1)

MH+2(+])
IN+2(+))

H

H
H

H
H

1

K
M

H

H

M
"

H

H
H

H

+lk+l).

+1(+2)
+10+2)
+10+3)

1 {+2)

+1(+1)
+1(+2)
+1(+3)
+1(+2)
+1(+2)
+]1(0+})

+il+2)

+1(+1)

+10+2)

+)1(+2)
+1(+1)
+](+2)

+1(+1)

+1(+2)
+1(+3)

41042)

+110+2)
+1(+1)
+1(+2)
+#1(+})
+1(+2)
+11(+3)
+11+2)

Telle2)

+10e1)
+1142)

+1(+1)

Cepteld

+1(+2)

+10+1)

mmmmmmnmmnm"\'N'n'n'n'n'nmmﬂoooo'n"t"nc"vcrc OMMTM MM MMM T DTNNOUODOCIIO0OCTD

394

394
394
%4
321
32}
32y
321

321
321
32)
32}

STAR

337

32l
321

321

321
azr

321

21

- 321
V3

STAB

STAB

STAB

STAB
524

STAB
STAB
STAB
STaAB
STAB
STAB

STAB °

STaB

434 246 525

434 246
719



0.50
2400
2,40
0,46
243G
- 3,30
1.00
1.50
1,058
1.20
1.60
2,90
24,40
R,.,95
3,90
7.13
9,90
1170
1 3G
1.95
3.00
050

© 2,28

4.5

éol:‘»r"

?.01 -

1553
lr,.gf"
14,50
14,00
13,10

11.50

10,30
82,80
5.53
9.74
12,49
3,26
T 4,00
7.53
10,98
16,00
4,75
7.80
8.00
9.30
4,00
8.30
6.0\‘:
10.96G
11.80
“l6.00

17000”
19.00

Nit+1)
HIEE S B
N1(+2)
clrt+1)
ScHlt+1}
SCHIt+2)
senrt+1)
SCN1E+2)

C
c
c

~
B
[
2
S
-~
Y

RIS HERS B

SCHLIt+1)
SCHLE+2)
SCHLL+3)
SCHLE+4)
”H391+l)
HH3N(+1)
11330 +2)
ne3nE+3)
T3 +4)
HHAD(+1)

NN3cS(+2)

- NH30(+4)

HHAN(+1)
HH30(+1)
HH3N(+2)
W3S+
13D +4)
N30+
132(+2)
"L33(+3)
HH330+1)
HH33(+2)

S NH30(+3)

HH30(+2)
MH3O(+1)
CTA3(+1)
CTA3(+1)
CTA3(+1)

T CTA3(+1)

CTA3(+2)
CTA3(+1)
CTA3(+1)

- CTA3(+2)

CTA3(+1)
CTA3(+2)
CTA3(+1)
CTAJ(+2).
CTA3(+1)
CTAI(+])
CTA3(+2)
CTA3(+])
CTA3(+1)
CTA3(+2}
CTA3(+2)
CTA3(+2)

H +1(+1)
cu+2(+1)
CU+2(+1)
FE+2(+1)}

FE+3(+1)

FE+3(+1)
PG+21+1)
PB+2(+1)
MH+2(+1)
Z11+2(+1)

ZH+21+1)

ZiH+2(+1)
ZH+2(+1)
H +1(+1])
CU+21+])

Cir+2(+11

CU+2(+1) .

CU+2(+1Y)

FE+2(+1)
FE+2(+1)
FE+2(+1)

HN+2(+1)

Z2H+21+1)

IN+2(+1)

Ziv2(+1):

IN+2(+1) -

Cu+2(+1]

CU+2(+1)

cu+2(+1)
ZN+21(+1)
ZH+20+1)
ZH+2(+1)

ZIN+2(+])

ZHN+2(+ 1)
H +1(+])
H +1(+2)
H +1({+3)
CA+2t+1)
CA+2(+])
CA+2(+1)
CA+2(+1)
CA+2(+1])
CU+2(+1)
cu+2(+1)
CU+2(+1)

Cu+2(+1)

FE+2(+])
FE+2(+1)
FE+2(+1)

FE+3(+1)

FE+3(+1)
FE+3(+1)
FE+3(+1)
FE+3(+1)

OHw] (+3)
Qlt=1{+2)

OH=1 (+1)

Otle] (+3)
OH=1(+2)

OH=] (+]1)"

OH~1(+1)

OHe1(+1)-

+1(+1])
+1(+2)
+1(+2)

T T

H +1(e1)

H o +l{+D)

H o +l(+1)

H 01(*1)

“H #1011

H +](+2)

STAB -
STAB
STAB
STAB
STAB:

STAB

_STAB .

STAR
STaB
STAB
STAB -

§TAB

STAB
STAB
STAR
STAB .

- STAB

STAB
STAB
STAB
STAB
STAB
STAB
STAB
STAB
STAB

‘STAB
STAB

STAR
STAB
STASB
STAB
STAB

460 2 v
460 26 516 691 457

460 26 619 512 457

287

98

98 .
‘98

- 98

98

5 S16 691 457"

460 254 255 256 24

STAB

_STAB

STAB
STAB

STAB -

STAB

STAB -

691
STAB
STAB

STAE
STAB
512

692
460 547

524 691
524 691
691

440
. 440

440 S12
440

4 692 425



8.9C
4,03
8.0:3
S+52
65,00
12,90
3,34
4,10
7.32
.20
C.00
4,30
4460

f.67%

16,95

hobT
3,74

155

2,22
3.00
3,013
.07

. 4.,00

6002 -

1.75
2.52
1430
1440
1.00
“1.42
1.75
2.75
4,81
8,05
2,00

S.80
8.80 .

.30
S.r,n
3,00
9.80

10.635

2.40
6470
2.10
2.60

2.90

1.29

5,90

8.40
2,00

2,60

7.%0

CTA3(+1)
CTA3(+1)
CTA3(+1)
CTA3(+2)
CTA3(+3)
CTA3I+1)
CTa3l+l)
CTAI(+2)
CTA3(+1)
FTA3(+1)
CTASL+1)
CTA3(+2)
CTAZ(+])
CTA3C+1)
CTA3L+1)
CTAI(+2)
LTAL(+1)
LTAL(+1)
LTAL{+2)

LTAL(+1)

LTZI(+2)
LTAL(+3)

SLTALE4T)

LTALL+1)
LTALE+2)
LTAL(+])
LTALE+2)
LTALL+D)
LTAL(+2)

S LTALU+D)
CLTAL(+2)

LTAL(+])
LTALL+2)
NLA2(+1)
HLA2U+1)
MLA2(+1)
HLA2(+1)
HLA2(+1)

THLA2(+1)

NLA2(+2)
MLA2(+1)
HLA2(+ 1)
NLA2(+2)
HLaA2t+1)
HLA2(+1)
MLA2(+1)
NLA2(+2)
NLaA2(+3)

BLA2(+1)

nLA2t+1)
BLA2(+1)
MLA2(+1)
MLA2(+1)
NLA2(+1)

FE+3(+1)
PR+2(+1)
pPR+2(+1)
PR+2(+])
PR+2(+1}
Pp+2(+1)
4542{+1)
HMG+2(+1)

MG+2(+1)

Hi+20+1)
MH*2(+])
MH+2(+])
Z2il+2(+])

Z+2(+1)

2!1+42(+1)
2H1+2(+1)
H +f{+])
CA+2(+])
CA+2(+1)

Cu+2t+1).
CUT2(+1)

cu+2(+1)

Fre2i+]l)

FE+3(+1)

Fr+3(+1)

PR+2(+1)

PR+2(+])
MG+2(+1)
MG+2(+]1)

MN+2(+])

MH+2(+1)
2H42(+1)

ZH+2(+1)

H.+1{+1)
H +11+2)
CA+2(+1)

CA+2(+1)"

CA+2(+1)
cu+2(+1)
cus2t+1)

CU+2(+1)

cu+2(+1)
Cu+2(+1)

FE+2(+1)

FE+3(+1)
PR+21+1)
PR+21+])
PR+2{+1)
MG+2(+])
MG+2(+1}
MG+2(+1)
MH+2(+]1)
ZIN+2(+])
IN+2(+])

+1l=])

+11+1)

+1(+2)

+1(+1)

+10+])

1041
+1(+2)

#1t+1)

+1(+2)

+10+1)

+1(+2)

+1(+2)

+1t+])
+1{+2)

.

+1le1)

mmmMMmMmAMMmMMMAMAMMAMAM MM MMMAMM AT mT mmmMmmMmaAammmam

MomMouoMmaMmMmMmMmm

440

"STAB

STAB
STAR
STAE
516

STAR
STaAB

STAR
STAR

STAB

STAR
STAB

STAB

- STAB

STAP

‘STAB

STAB

STAD.
. STAB

S1é6
51é
516

460 457
STAB
460 457

720
720

457

457

695

694

694

695 696 697
695 696

694

STAB. -

STAB
STAB
STAB
STAB
STAB

STAB

STAB

STAB

 STAB

STAB
STAB

. STAR

STAB
STAB

"STAB

STAD

728
‘728

728

STAB
STAB
STAB
STAB

STAB

STAB

727

698

698

698



STAR 700

3.05 COXA2(+1) H +10+1) E

S, A0 - OXA2(+1) H +1(+2) £ STAR 499
1.50 DXAZ2(+1) CA+2(+1) £ STAB 703
2,40 OXA21+2) CA+21+1) £ StTA8

4,63 CDYA20+)) CU+2(4+)) ESTAB

£.23 AYA20+2) cus2(+1Y . . 3 sTAR

S.85  OXA2(+1) CuU+2(+]1) H +](+1} E  STAB
.10 NYA2(+1) FE+2(+]1) E STAB
C 6,00 NXA2(+2) FE+2(+]) E STAB

8,00 OXA2(+1) FE+3(+1) £ STAB 701
14,20 - Cxn20+2) FE+3(+]) E STAB :
19,00 T0NA2(+3) FE+3(+1) S E STAB

AL Or ©0XA2(0+1) FE+3(+1) H +1t+1) £ STAR :
3,80 PYA2L+1Y PR4+2.(+1) : £ sSTAB 707
5,70 . CYXA2(+2) PR+2(+]) €. STAB 707
2.40 NYA2(+1) MG+2(+]) “E. STAR

.60 NYA2(+2) HGH2(+1) £ STAR .
3,67 CCYAR2(41) MH+2(4]1) £ STAB 708
4,80 AXA2(+2) MU+2(+1) £ STAB
.80 NN 2isl) ZH+2(0+1) E - STaAB

7.00 OXA2(+2) ZH+2(+1) E.  STAB

7.60 CANMAZCEIY 720 41) - £ STAB

S.16 - - ONA2(+1) ZH420+1) H o +llel) £ STAD

7.5¢ OYA2(+2) 7H+2(+1) H +1(+2) € STAB

2.30 0 PVALUL+L) H_ #1041 € . STAD 710
NLTN - PVALL+L) CA+2(+1) € 5TAB
2,207 . PVALG+LY CU+2(+]) f. STLE 711 250
4,20 PUATL#2) CU2(+1]) ‘£ - 'STAB 250
1,20 PVAL(+Ll) FE+2(+1) F. - :
1,90 CPVALI+2) FE+2(+1) F

4,00 PVAL(+1) FE+3(+}) F

&.00 PYAL{+2) FE+3(+1) F e

1,50 PVALL+1) PR+2(+1) E 250

2,80 CPYAL(42) PR42(+1) £ 250

0.75 - PVYALU+1) MG+2(+]) F e

1.0C PUALL+1) MH+2(+])) 3 STAB

1.50 PVALE+1) 2N+2(+1) E 710 :
2,20 . PVAL(+2) ZHe2(+}) E STAB 710
13,000 - SLA2(+1) H +1(+]) D STAB
15.814 SLA2(+1) H +1(+2) 1) STAB"
0420 SLA2(+1) CA+2(+1) "E - STaA8

0.30 © SLA2(+2) CA+2(+1) F

13.16 . SLA2(+1) - CA+2(+]1) H +1(+1) F

10,1233 SLA2(+1) CU+2{+1) " D STAB
18,20 SLA2(+2) CU+2(+1) D  STAB

6.00 SLA2(+1) FE+2(+1) ‘E STAB
10.00 SLA2(+2) FE+2(+1) £ STAB o
16.0GC SLAZ2(+1) FE+3(+1) £ STAB 512
27,00 - SLA2(+2) FE+3(+1) £ STAB 8§12
34,00 SLA2(+3) FE+3(+)) : E STAB

17,00 SLA2(+1) FE+3(+1) H +1(+1) £ STAB -

5,50 SLAZU+1) PR+2(+1)’ F.

9,00 SLA2(+2) PB+2(+]) F

F.

0425 SLA2(+1) MG+2(%]))



n,is . - SLA2(+2)

5.50 SLA2(+1)
9,00 T SLA2(+2)
650 StA2l+1)
[n,.6o SLA2(+2)
5.19 CCA2U+1)
9,13 SCA2(+1)
1,00 cen2(+1y
1450 SCA2(+2)
5,60 SCA2(+1)
2,40 SAVIEIS]
3.4 CCR2(4+2)
.66 SCAZU+1)
1,42 SCA2L+1)
2.92 nCA2(+2)
7,35 cCA2l+])
12.3n T RCA20+2)
1.47 ACA2t+1)
2.50 SCA21+2)
1,00 SCA2(+1)
1,50 SCA2(+2)
5,50 SCA2(+1)
1¢30 SCA2(+1)
1.60 . - GCA2(+1)
2430 SCA2(+2)
18490 - SCA2(+1)
10,35 - ACA2t+1)
14,31 ACA2U+1)
1N, 45 “LACA2(+])
11,35 CACA2(+1)
7.10° . ACA2(+1)
11.00 ACA2(+1)
10,45  ACA2(+])
10,892 ACA2(+1)

11,00 . ACAZ2L+1)

HG+20+1)

ni+2(+1)

MHN+2(+]1)

2H+2(+1})
ZMH+2(+))
o+ile])
H +1(+2)
CA+2(+])
CA+21+])
Cr+2(+1)

Cli+2(+1)

cu+2(+1)
Clt+2(+1)}
FE+2(+))
FE+2(+])
FR+3(+])
FE+2(+1)
FO+2(+])
pPR+2(+])
1NG+2(+1)
MG+2(+])

MG+2(+1)

MHe2(+1)

7He2040)

Lie2(+1)

2H+204+1)
H +1(+]) "

H.o+1(+2)
CA+2(+1)
Cu+2(+1)
FE+2(+1)
PRE+2(+1)
HG+2(+1)

MBe2{+1) "
TH+2(+])

H

I

+10+})

+10+1)

+1(+1)

callein

1419
+1t+1)

+1t+1)

+it+])

+1(+1).
+10+1).

STAB

"STAB

STAB
512

512 318é
STABR

STAS

STAB

STAR

- 316

3lé
STAR 512

- 512

STAR

 STAR

STAB
STAB

' STAB

STAB

316

. 316 C
CSTAR 233 234 235 713 714
- STAB _

713 714

rHt‘rORnATldN COMSTANTS ARE GIVEN AS LOGS,

DEFINED "IN APPENDIX

5-7‘0

THE SYMBOLS USED ARE
THE COLUMN OF ALPHABETIC CHARACTERSs THE

WORD *STAR,* AND THE NUMBERS ON THE RIGHT HAND SIDE SERVE ONLY

TO - INDICATE THE SOURCE OF THE FORMATION COHSTANT,
MEANS THAT A VALUE FOR THE

IN THE ECCLES DATA

FILE,

*STAR,*

THEY DO NOT APPEAR

FORMATION CONSTANT OF THE COMPLEX SPECIES IN QUESTION APPEARS IN THE
- CHEM, SOC, SPECIAL PUBLICATIONS HNOS., 17 OR 25 gN *STABILITY CONSTANTS®,
THE REFERENCE NUMBERS ARE THOSE LISTEP FOR THIS. THESIS..

0



THE ALPHAPFTIC CHARACTERS INDICATE THE FOLLOWINGS

PITECT HEASURREHNENTS THE FORMATION CONSTANT HAS BEEN
DETEPMINED UHDOER PHYSIOLOGICAL CONDITIONS OF TtnPERATURE
AND 10t1C ;TPFNGTH. _

.FlelATFD' ‘ THE FOpnATION CONSTANT  HAS BEEN MEASURED

EXPERIHENTALLY BUT HAS BEEN ADJUSTED TO SUIT THE NODEL.‘,.

CGUESSER: NO FORMATION CONSTANT HAS BEEN FOUNDIN

THT LITERATURF,  THE VALUE HAs BEEN ESTIMATED USING
VAP10US Twrs 0OF CHENTCAL TREND.

----_----_----------.----_------_---------.‘--_-.--.Q-_.._-..---.‘---_--—-----.

PATA YSED FOR THE TERMARY. FARMATION CONSTANTS.

L L L L L L L L T L T T T T P R L T Y

9.06 .

8,54
?2.06

4.80 .

T.17
7.52
7.52

.92
10.28

?.1%

10.52
L AR
10.52

8,80
0.%0
0.40
0.4%0
0.4%0
0.30

ZHe2(41) AAAL(+2) . . : " FROM REF 98
ZHe204+1) ALAL{+2) ' : '
ZH+2(+1) GLYL(+2)

T THe20+1) NH30(+2)
IN+2(+1) ALAL(+1) NH3O(+1)

S ZMe2(41) AAAL(+1) NH30(+1)

S ZH+2(+1) GLYL(+1) NH30(+1)

THe2{+1) ALAIU+}) NH3D(+2) . FROM REF 98
ZH+2(+1) ALAL(#2) HH30(+1) '
TNe20+1) GLYLE+1) NII3D(+2)

ZHe2(+1) GLYL(+2) NH3Q(+1}

ZN+20+1) AAAL(+]1) NHIDL+2)

ZRe2(+1) AAAL(+2) NH30(+])

ZMe2(+1) NH3IG(+2)

* AAAL
ABAL
ARG}
ASN1
ASP2



n.4n S et

D.40 : . CYS2
D.40 Te182
0.49 - 6Lu2
n.40 ©oeLnt
N.49 HIS!
04140 HYP I
0.49 S ILEd
N.40 LEUL
D.40 ' _ LYS1
. 0.40 ‘ . METI
n.40 ORN1
0,40 - . PHEL
n.42. - PRNOY
70437 S SEP]
0.4 L THRI
0.4 ' STRe)
.43 : TYR2
3.49 VAL 1
8,09 - CU+2(+1) CTA3(+2) L FROM REF 486
16,30 Cu+2(+1) PRO1L+2) o :
14,20 CU+24+1)-CTAI(+]) PROLL+1)
3,20 L CU+2(+1) LTAL(+2)
N5  AAALL
.45 - . S, ALAL
0 4% o CABAL
. D.45 . : "ARG]
D045 ASN]
0,385 ASP2
[+ 1O LT . crr
n.45 : cYs2
045 o .- cls2
Bef5 : GLU2
- 0.48 " 6LNI
0,45 . GLY1L
0ot : HIS)
0.45 :  HYP1:
0,45 o - ILE}
0,45 LFU]
0,45 : LyYsi
n.45 - -~ METI1
D45 -~ ORMNI
0,45 B PHE L
0.45 ' _ . PROJ
N.35 SER|
0.45 . - - THRL.
D.45 , . "TRP1
0.45 o . TYR2
0.45 ' " VALY
11.80 . ZHe2(+1) PVAL(+1) GLYL{+2) IN *STABILITY CONSTANTS?

14,20 ZN+2{+1) PVAL(+2) GLYI(+2)



9.07
11,79
9.90

12.00

1,95
9,01
B,H2
Rl
7.58
6s79

6e76

1,22
n.70
S a.90
n.7a
n.79

0,62
0,70

0.70

L0670

0.70
.71

2479

n.on
0470
9,72

0,70 .

0.70
0,70
Ns60

0,70

"0e70
0.70
0.90

8.09
1.00
1.00
1.00
"1.00
1.00
0.90
1.00
. 10.00
1.00
1.00
1,00
1.00

1,00

1.00
1.60

1,00

Z2ne20+1)
22041
IHe244+1)
FH+20+1)

Z2He20+1)
THe2(+ 1)
THe2(+1)
C2re 20+ 1)
The2(+1)

S INe20*1)

Cre20+1)

Tie20+1)

PVA[L+])
PYALL+2)
PVAL(+1)
PVALL+2)

PYAL(+2)
GLY1(+2)
ALALL+2)
ILELt+2)
PVALL+])
PUAL(+])
PVALL+1)

PVALL+2)
AAAL
ARAL

ARG

ASH]
ASP2

eIt
- cvs2

c1s2 -

. G6LU2

6LHl
HISl. -
LEU]
LYS1

“MET

ORNI
PHEL
PROL -
SERI
THRL

IRP1

‘TYR2

VALL

Ccus2t+1)

CTA3(+2)
AAAL
ALAL
ADA]L
ARG1

ASN1

ASP2

C1Tl

cYs2

. c152

GLU2
GLH 1
GLYD .
HIS1
HYP 1
et
LEU]

ILELIL+2)
ILE1(+2)
ALALIT+2)
ALAL(+2)

GLY1L+1)
ALALL+1).
ILEL(+1) -

It *STABILITY CONSTANTSS



1,90

lonﬂ
1.00.

0.90
179

1.0C -

1.09
1.03

0.45
N.45
0,465
0,45
N P 1
0.4%
-‘Ocq!’?
0,45

Nedh
D%

Ned5
N, 4r

D45

n.4t
0,45
Neb5
0,25
0.45
0,45
Vqus

0.45

14.61

18,45
2685

14,59
14,69
17.62
21.65
17.54
21.70

17,50

21.80
15.01
14,99
14,93
15,11
19,77
14,57

19,77
34,84

Cls2(+1)

‘LYS]

MET]
oRrRY1
PHEL
sery
THRL
TRPI
TYR2
VAL

ASP21+2)
AAAL

- ABAI
ARG

a1
cIT!
cyYs2

c152

GLML
HIS1
HYPL
nen
LEUL
LYSI1
ACTL

LT

Ctie2(+1)
Cus2(+1)
CU+2(+1)
CU+2(+1)
Cu+2t+1Y
Cu+2(+1)
cU+2(+1)

S CU+2t+1)
L CU+2(+1)

CuU+2(+1)
cu+2(+1)

CU+2(+1)
CUu+2i+1)
CU+2(+})
CU+2¢+1)
Cu+2(+1)
CLU+21+1)

- CUS21+1),

cu+2(+1)

PHEIL
PRO1

SR}

THR1
TRP1
TYR2
VALL.

GLU2(+2)
HISI(+2)
HIS1(+2)
SER1(+2)
THR1{+2)
HIS1(+1)
HIS1(+1)
HISI(+1)
HISt(+])
HISL(+1)
HIS1(+1)

H +1(+2)

GLU2(+1)
GLU2(+1)

SERL1{+1):

SER1(+1)
THRIL+1)
THRI(+1)

AAALL+2)

ALAL(+2)
ABAL(+2)
GLY1(+2)
PHEL(+2)
SERL1(+2)
THR]1 (+21}
TYR2({+2}

H +11+2)

FROM REF 379

H +1(+1)
H +1(+1)
H +1(+])

FROM REF 83



15.32
15,25
15,09
15,18
26,21
15.27
15,24
16,23
25,23
15,28
15,2])
"e06
15.16
26,17
15,35
1524
25.24
Se0C
15.,09%
25,09
14,95
24,56

25.06.

15.74
1,74
14,34
15.78
15,63
15410

18,82

15.02
14,57
14479

15,05

18,91
15,20

14,66

15.06
14,64

172.00

29.00°

Iy

27.,5%
18.27

20,95

19,30
29,00

8,70
25,14
16,59

Cite2(+1)
cCu+2(+1)
ch+20+1)
Cl+2(+1)

CHe20(41)

CL+2(+1)
Ctse2i+])
Clite2(+])
Ctte2(+1)
Cu+2(+1)
ClU+s2(+])
Cite2(+1)
Ce2(+1)
Cu+2(+1)
CU+2(+1)
Cu+2(+1)
CHe2(+1)
cu+2(+1)
Clie2(+1)
CU+2(+1})

Che2(+1})

Cr1e2(+1)
Ciie2l+1)

cus2(+1)
Cile? (+1)
Cls2te1)

CU+20+1)

CU+2(+1)
CU+2(+1)

cus2tsl)
Clie2(+1)

T CU+2t+1)

CU+2(+1)
cu+2t+1)
CU+2(+1)
Cus2(+1)
Cu+2(+1)
Cu+2t+1)
CU+2(+II

Prs+2(+])
PR+204+1)
Pre2(+1)
PB+2(+1)
PR+2(+1)
PB+21+1)

ZH+20+1)
Ztis20+1)

TZN+2141)
THe 21+ 1Y

ZH+2(+1)

ARAL(+]1)
AAALL+1)
AAAL(+1)
ARALL+1)
ARAL(+1)
ALAL(+T)
ALALE+)
ALAT(+])

ALATE+1)

ABALL+])
ARAL(+1)
ABALL+1)
ABAL(+1)
ARAL(+1)
GLY1(+1)
GLY1(+1)
PHEL(+1)
PUFLL+])

PHEL(+1])

SERI(+1)-
SER1(+1)
TIHRI(+}1)

ASP2(+2)
Gl2t+2)

GLYl(+2)

ASP2(+1)
ASP2(+1} -
GLU2(+1)

ALAL(+2)
GLYL1(+2)
SER1(+2)
VALLI(+2)
ALAYL+])
ALAL(+])

ALAL(+1)

GLYL(+1)
GLY1{+1)
SERL(+1)

CY52(+2)
PO43(+2)
CTA3(+2)
CYS2(+1)
CYS2(+1)
PO43{+1)

cYs2t+2)
POY43(+2)
CTA3(+2)
cYs2t+1)
CYS2(+1)

GLY1(+]1).

PHECL(+1)
SERLt+1)

THRI(+1)

TYRZ2(+1)
ARAL(+1)
PHE1(+1)
THRL(+1)

TYR2(+1).

GLYL(+1)

PHEJ(+1) -

SER1t+1)
THRIt+1)

TYR2(+1)
PUCLI(+1)

THR1(+]1)
TYiR2(+1)}

SERL(+]Y)

THR1{+1])
TYR2(+1)
THR1 L+ 1)
TYR2(+1)

TYR2(+1)

GLYI(+1)
GLU2(+ 1)

GLYL(+1)

GLYL(+1)
SERL(+1)

VALL(+1)

SER1(+1)

VALLL+1)

VALL(+])

H +1(+2)
PO43(+1)
CTAA(+1)
CTA3t+1)
H +1(+2)

PO43i+1)

CTA3(+1)

Ho+10+1)

H +1(+})

H +1t+1)

H +1(+1])

P elt+e )

t+10+1)
+11+1)

x

FROM REF 335

FROM REF 81

FROM REF 337
H +1(+1)
H +1t+1)

'FROM REF 337

H +11+])



21,72

18,51
25.80
30,69

39,15

11.62
17,55
26435
15,23
21460
26,50
i0.75
1772
L 23.10

22,79

14,29

14,00
14,83
14,35
14,9]

162
14,73,
14,83

10,95
1,10

1.50

1460

1,30

1450

0.90

20490
0,90
0.90
0,90,

. 0,90
0,90
0.90

_ 0.90'
'. ‘0090"

0.90
0,90
S Q.9n
0.90
" 0.90

0,90 .

0.90

" '0+90

0.90
0.90

Zli+2(41)

Cu+2t+1)
cuU+20+1)
Cu+2t+1)
CU+it+2)

TH+2041)

Zn+2(+1)
Ne20+1)

L2+ 20+ 1)

ZH+2(+1)
ZH+2(+1)
2+2(+1)

TrMNe2(e 1)
PHe2T+1 ).

2H+2041)

cH+2(+1)
cu+2(+1)
cu+2t+1)
C+2(+1)
cU+2(+1)

LNedEel)

Cus2(+11"

.[cn+7(+l)

CEre3tel)d

PO43(al)

CIS2(+1).
CIs2(+1)
c152(+1)

cl1s2t+1)

CiS2(+1)
Cis2t+})
CIS2(+1)

€CYS2(+1)

CYS2(+1])
CYS2(+1)

HIS1(+1)

HIS1L41)
HIS1{+L)
HIS1(+2)

ASMI(+2)
GLML(+2)
GLYLU+2)
SER1(+2)
ASHIL+1)
ASTI U+
GLN1(+1)
GLMIt+1) .

CTA3(+2)
LTAL
MLA2:
0XA2

‘PVAL

" SLA2
- SCA2

AAR]

. ALAL
ABAL

‘ARG -

"~ ASNL
. ASP2

CITl

T CYS82.

c1s2
GLU2
GLN1
GLY1
HIS1

‘HYP1

ILEL
LEUL
LYSE.
MET1
ORN1
PHE 1

CTA3(+1)

HISt(+]1)
HIS1(+1)
HISit+1)

HIS](+2)

HIS1(+1})

HISLU+1)

HIS (+])
HES1(+1)
HIS1(+1)
HISI (+2)
GLU2U+1)
GLY1(+1)
GLY1(+2)
GLY1(+1)

GLY1(#*1Y.

SERL(+1)
GLY1(+])

SFRL(+1).

H

H

H
H

+1{+1)

+1(+1)
+1(+2)
+1(+1)

+1(+1)

+1(+2)

NTESE)

+10+1)

FROM REF 158

FROM REF 158

Hlbeny
C4lt+])
A SRS RIS

FROM REF 504



i,

0,90

(U O
0.9

3.90
0.9 .

6.50
1.0
1.00
9490
1,00

1.27

9,93

e P

7 « 81

9,93

1629

0,00
)

0.“1“'

- SER1

FE+30+1)

ClU+2(+1).

L CUs2(+1)

CU+21+1)

QU¢2(+15

THR1
TRP 1
TYR2
VALL

0XA2(+2)

LTAIL
MLA2
PVAI
SCA2
SLA2

0XA2(+2)
SCA2(+2)
OXA2(+1)

NxA2(+2)

CTA3

LTAL
CMLA2
PYAL

SL.A2

SCA2(+1)

FROM REF 630



appendix 57

EXANPLE 0F NLOOD PLASMA MODEL COMPONENT CONCEHTRATIONS
AND OF THT COPRESPONDING [4PUT DATA FOR PROGRAR ECCLES,

-----—-——-..---------—-'—----——-----------’-------------.

SIHULATION afF THE nETAL 1oM / LIgAln PISTRIGuTION N BLOOD‘pLASHA'
DLty TAY : ' ' = ' . ' o
COECONNER 175 , _

TRUE  CU+2 CA+2 1'G#2 HH+2-FE+3 2N+2

CTRUC . CuU+2 . - 1002D,0 0,001

HULTIPLY S _ : '

SUPRFSS .0UTPUT . -«

TotTaL. cnllcrnTatlolsg L L :
“AAA1 0,090786 - (AVERAGEANING ACID COHPONENT)
RS B Mt R L ‘ R O i2e8 38 ot : .

ASill 0,0000355" ' (ASPARAGINE)

CABRIP2 N ,NIRE05 .. LASPARTIC ACID)

CI1T1 Y,3770927 0 o CCITRULLINE)

CYS? 7,17°0523 , (CYSTFIED

€182 G,00n040. (CYSTINE}
5LU2. 3,000748 0 tGLUTALLIC ACIMD)

GLN1 g,000521 - . {GLUTAMINE)

GLYI 2.,000243 . (GLYCIHE)

. 1S1 9,000nR5 (HISTIDINE)
_4YP1 0,000007 v (HYPROXYPROLINE) -
-~ LLYS1 n,000178 . (LYSINE)

MET1 - 0,000029 ' {(METHIONINE)

ORMI -N,000058 . (ORMITHINE)

PHE] 0,00004% ' ~ IPHENYLALANINE)

PRO1 0,000211 {(PROLINE) '

SERI 0.000122 : (SERINE) :

THRL 92,000150 © . LTHREONINE) :

TRPL 9,007010 o (TRYPTOPHAN)

TYR2 .7.0200%8 {TYROSTHE)
€032 n,024590  (CARBONATE)

PO43 9,000381 - (PHOSPHATE)

SiL2 n,000138 : ASILICATE)

5042 n,000211 . ISULPHATE)

- S¢Hl 0,000014 . {(THIOCYNATE)

NI130 n,000021 (AMMONTAY
CTAY 0,000113 {CITRATE)

LTAL N,0NIAI18" v . {LACTATE)

Mi_A2 9,070035 ° AMALATE)
0OXA2 0,000009 ; (OXALATE)

~PvAl 0,000695 - {PYRUVATE)



—

SLA? D,079%08 © (SALICYLATE)

SCA2 2,00n0042 : (SUCCIHATE)

ACA2 N,000043 {ASCORRATE]

FRPLF CONCENTRATIONS ) .
el 2,0n0n0094% (HIPPOGEH 10NS)
Ni=1 N,0N0GNOQL0 {HYDROXYL 10ONS)
CA®2 O, a7 14 e (CALCIUH [ONS)
cre? 1.00=18 {CUPPOUS TONSH
CFE+3 1.N0=23 (FERRIC I10ONG} -
PO+2  1,0F-14 {PLUNNAYS 10NS)
MG+2 N,030%0 (MAGHESTUN 10HS)
frre lenr=12" (MANGALIOUS TONS)
7040 1.90F =0 o (ZINC 10MS)

SPECTE -CONSTANTS,

- " > 0 e " D P e i S - T e P D g P D PP S P W D TR W P sy e S mp e G = e S e -

THE AMES 10 pANTHTHESES OGLy STRyE TO IDEATICY THE SyneOLSs THEY DO NOT
APPEAT 1M TIHF. ECCLES RATA FILE,  ALL COMCENTRATIONS ARE IN MOLES/LITRE,

MOST NF TN colcENTRATION. DATA IS TAKEN FROM STANDARD BIOLOGICAL DATA
HANDBOOKS (FOR EXAHMPLE+ 577:647+ 648),  OTHEL REFCRENCES USED INCLUDE

TISR. 3690 666, 1950 416, T220 723, 724 725,.731s 7324 733s 734, 735, 193,

2“‘.7n





