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STELLINGEN

1
Het door CHOATE et al. waargenomen geheugen, dat de caseines bezitten, om
micellen te vormen van gen bepaalde grootte vindt een gerede verklaring in het
voorkomen van complexen met verschillende stoechiometrie tussen de caseine
componenien.

W. L. CHoaTg, F. A. HEckMaN en T. F. Forp, J. Dairy Sci., 42
(1959) 761,

C. W. Scatrery en R. Evarp, Biochim. Biophys. Acta, 317
{1973) 529.

dit proefschrift,

I
Bij het gebruik van gemethyleerde eiwitten als substraat voor het meten van
proteolytische activiteiten moet bij de beoordeling van de resultaten rekening
gehouden worden met de specificiteit van het betrokken enzym.

W. K. Paik en 5. KM, Biochemistry, 11 (1972) 2589.

i1
De wijze waarop JONES et al. de concentratie van cytochroom-B uit absorptie
spectra bepalen kan tot zeer grote fouten aanleiding geven.
C. W. Jones, J. M. Brice, V. WRIGHT en B. A. C. ACKRELL,
Febs Letters, 29 (1973) 77.

C. W. Jones ¢n E. R. REDFEARN, Biochim. Biophys, Acta, 143
(1967) 340,

v
Er zijn bezwaren aan te voeren tegen de door NISHIYAMA en YAMADA voorge-
stelde massaspectrometrische fragmentatie van 3-aryl-5-chloormethyl-1,2,3-
oxathiazolidine-2-oxides.

T. NisHiyama en F. Yamapa, Bull. Chem. Soc. Japan, 46 (1973)
2166,

v
De structuur die CRABBE en MisLow voor het 78, 7'f-biérgostratriénol voor-
stellen op grond van de door hun gepresenteerde PMR-spectra is onjuist.

P. CraesE en K. MisLow, Chem. Commun., 1968, 657.

Vi
De aanduiding ,,nieuw” voor de ruimtegroepbepaling van DRAGER en GATTOW
is overdreven,

M. DrRAGER en G. Gatrow, Acta Crist., B27 (1971) 1477,



vi
De door FoLTMANN voorgestelde genetische verklaring voor de (micro-Yhetro-
geniteit van rennine wordt op onvoldoende wijze door experimenten gesteund.

B. Foutmann, Compt. rend. trav. Lab. Carlsberg, 35 (8) (1966)
168.
N. Asatoen A. G. RanD, Biochem. 1., 129 (1972) 841.

VIII
Vanuit didactisch oogpunt bezien verdient het aanbeveling om in scheikunde-
leerboeken voor de middelbare school sterioafbeeldingen op te nemen van de
tetraédrische omringing zoals die reeds in 1874 door vaN *1 Horr is voorgesteld.

IX
Het is wenselijk, dat voor kinderen boven 14 jaar de leerplichtwet wordt ver-
vangen door een leerrechtwet.

H. Nonuis
Wageningen, 16 januari 1973



VOORWOORD

Het verschijnen van dit proefschrift biedt mij een goede gelegenheid mijn dank
te betuigen aan allen dic tot mijn wetenschappelijke vorming hebben bijgedra-
gen, in het bijzonder aan de Hoogleraren en Lectoren van de Faculteit voor
Wiskunde en Natuurwetenschappen van de Universiteit van Amsterdam.

Tevens wil ik op deze plaats het Ministeric van Onderwijs en Wetenschappen
bedanken dat mij materieel in staat heeft gesteld de universitaire studie te
voltooien. Eveneens komt veel dank toe aan de Directie van het Nederiands
Instituut voor Zuivelonderzoek en aan de Nederlandse Organisatie voor Zuiver-
Wetenschappelijk Onderzock, die het promotic-onderzoek hebben mogelijk
gemaakt.

Hooggeleerde Veeger, hooggeschatte promotor, voor de mogelijkheid die U
mij geboden hebt bij U te promoveren ben ik U zeer erkentelijk. Uw stimule-
rende belangstelling en de grote mate van vrijheid die ik bij het onderzoek mocht
ondervinden heb ik altijd zeer gewaardeerd.

Zeergeleerde Payens, beste Theo, zeer veel dank ben ik aan jou verschuldigd
voor de voortdurende aandacht die je aan dit proefschrift hebt besteed. Zonder
jouw vele waardevolle suggesties en opbouwende kritiek zou dit proefschrift
in zijn huidige vorm niet tot stand zijn gekomen.

Zeergeleerde Schmidt, zeergeleerde Vreeman, beste Daan en Henk, veel
dank voor jullie adviezen en de nauwkeurige wijze waarop jullie het manuscript
hebben doorgelezen.

Voorts wil ik mejuffrouw P. Both en de heer J. A. Brinkhuis bedanken, die
door het verrichten van experimenteel werk een bijdrage hebben geleverd aan
dit proefschrift,

Verder dank ik de heren H. J. van Brakel en J. Mondria voor het vervaardi-
gen van de figuren en de heer (. H. Stel voor het zuiveren van de Engelse tekst.

Ten slotte wil ik de medewerkers van het Nederlands Instituut voor Zuivel-
onderzoek bedanken voor de ondervonden collegialiteit; deze heeft mij de
vreugde in het werk vergroot en het leven, cok buiten het instituut, veraan-
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I INTRODUCTION

The study of biopolymer interactions — e.g. polymerization and complex
formation of proteins and nucleic acids and to a less extent of polysaccharides —
has received considerable interest during the last few decades (REITHEL, 1963;
NicHoL et al., 1964; Sunp and WEBER, 1966; Krorz, 1967). This is due, no
doubt, to the central role of such interactions in a number of widely divergent
biological phenomena, such as the complex formation between a proteolytic
enzyme and its substrate, an antigen and an antibody and the association
between RNA and coat protein in virus particles.

The quantitative evaluation of the thermodynamic parameters involved in
these associations has also reached a very satisfactory level.

Among the methods by which the interactions of biopolymers can be studied
two different approaches may be distinguished. First, those measuring tech-
niques in which thermodynamic equilibrium is maintained such as osmometry,
light scattering and sedimentation equilibrium. Second, transport methods
such as free electrophoresis, sedimentation velocity and gel chromatography
in which the equilibrium between the reactants is continuously perturbed by
application of an external potential ficld, Both kinds of methods may comple-
ment each other. Typical examples are the studies of the tetramerization of
f-lactoglobulin (TowNEND et al,, 19604, 1960B; TowNEND and TIMASHEFF,
1960; TiMasHEFF and TowNEND, 1961), the polymerization of chymotrypsin
(Rao and KEGELES, 1958) and the seif-association of a,,-casein (PAYENS and
ScHMIDT, 1966; ScuMIipT, 1970).

With the equilibrium techniques mentioned above apparent molecular
weights are obtained as a function of concentration. For example with light
scattering and sedimentation equilibrium in the ultracentrifuge an apparent
molecular weight is obtained (TANFORD, 1967; FUnTA, 1962) which is connected
to the weight average molecular weight,

My = ZC.‘M:'/ZC.': by
1M, = 1/My + 2Bc + 0(c?)... (1.1
The mean second virial coefficient, B, is obtained by averaging the interaction

parameters B, of the species / and j which are connected to the activity coeffi-
cients f; by the following equation (Funta, 1962):

In f; = MY Bijc; + O(c®) (1.2)
J
STEINER (1954, 1970A, 1970B) has developed graphical procedures to obtain

the association constants from the concentration dependence of the apparent
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molecular weight of polymerizing and complex forming proteins. A thorough
" discussion of the difficulties involved in the separation of the contributions of
non-ideality (exciuded volume effects) and association to the apparent mole-
cular weights of polymerizing systems has been given by SCHMIDT and PAYENS
(1972).

Independent information about the degree of polymerization of self-associa-
ting systems and of the association constants involved can also be obtained
from the anomalies of the boundaries observed in transport experiments such
as electrophoresis and ultracentrifugation (GILBERT, 1958; GILBERT and JEN-
KINS, 1959). An additional advantage of this approach is that it may directly be
concluded whether the self-association of the system under investigation is
of the open or the discrete type. An open association is defined as one in which
the polymers of a number of consecutive association steps are present simul-
taneously, whereas in discrete polymerization only one degree of polymerlza-
tion is favoured.

GieerT (1958) and GILBERT and JENKINS (1959) have given analyncal solu-
tions of the conservation-of-mass equation of relatively simple associating
systems (nA=A, and 4+ B=4B) during sedimentation or electrophoresis.
In their theory these authors neglected the effect of diffusion and non-ideality
on the spreading of the boundaries and the re-adjustment of the chemical
equilibrium was assumed to be rapid as compared with the difference in migra-
tion of the various components. The first approximation actually means that
the migration pattern is extrapolated to infinite time, since the spreading of a
boundary due to diffusion is proportional to the square root of the time,
whereas the spreading due to differential migration of the components is
proportional to the time itself. The second approximation comes to accepting
the velocities to be ‘independent of concentration and neglecting activity
coefficients in the definition of the equilibrium constants.

Some important conclusions from GILBERT’S theory are the following.

1. In the case of dimerization sedimentation in the ultracentrifuge yields an
asymmetric peak with a trailing edge. The same conclusions hold true for
the trailing boundary in gel filtration since the migration behaviour in both
cases is similar. The ascending electrophoretic boundary and the leading boun-
dary in gel filtration, however, are found to be hypersharp and to move with
weight-average velocities (GILBERT, 1958; ACKERS, 1967).
2. Inthe case of discrete polymerization of the type nd==A, with n=>2 sedimen-
tation will result in a bimodal peak. The degree of polymerization and the
association constants can be obtained from the velocities of the maxima and
minimum in the concentration gradient curves and the area distribution over
the peaks. The same results are obtained from the trailing boundary in gel
filtration (WiNZoR and SCHERAGA, 1963). The leading boundaries in gel filtra-
tion and electrophoresis again will be hypersharp.
3. In the case of an open association similar pictures are obtained as with

dimerization, These cases can be distinguished from each other by analysis
of the velocities of the peaks.
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4. In the case of a complex forming system A+ B==AB special attention should

be given to the velocity of the complex as compared to that of the compo-
nents 4 and B. In sedimentation and gel filtration the velocity of the complex
normally will be larger than that of each constituent (SCHACHMAN, 1959;
AcCkERrs, 1970), whereas in electrophoresis the complex usually is observed to
move with an intermediate velocity (GILBERT and JENKINS, 1959). As a result
in electrophoresis the leading ascending and the trailing descending peaks move
with the mobilities of the pure components 4 and B respectively (cf. Figure 1.1),
The other peaks have intermediate velocities and therefore can neither be
identified with component 4 nor with component B, Sometimes these so-called
reaclion boundaries are found to.be bimodal, depending on the association
constants and initial concentrations. An important result of the GILBERT-
JENKINS theory is that the ascending and descending patterns in electrophoresis
are highly non-enantiographic as a consequence of complex formation, As
stated above this non-enantiography may even result in a different number of
peaks on both sides of the electrophoretic U-tube. It should be remembered
that normally in free electrophoresis non-enantiography also appears as a
result of the conductivity changes along the electrophoretic channel. As is well
known this effect arises as a consequence of the constancy of the Kohlrausch
regulating function (LoNGWORTH, 1959) and is manifested by the appearance of
the 8- and e-boundaries (see Figure 1.1) and conductivity changes along the
electrophoretic channel. In contrast to the non-enantiography due to complex
formation, however, the latter effect will never result in a different number of
moving boundaries on both sides of the electrophoretic channel and can be
suppressed by diluting the protein solution with respect to the electrophoresis
buffer.

Complex formmg systems of the type, A+ B=A4B, may also be analysed
using the moving boundary theory developed by LoNGSwORTH (1939) for free
electrophoresis (see aiso NICHOL and WINZOR, 1962; ScHACHMAN, [959),
Following LoNGSWORTH, the electrophoretic channel is divided in phases with
constant concentrations and velocities, which are termed @, b, ¢, d ctc. on the
ascending side and =, S5, y etc. on the descending side (cf. Figure 1.1) where a
and « refer both to the undisturbed protein solution. For the simple complex
forming system referred to above, LoNGswoRTH derived the following equa-
tions:

Cp=Cp 2 —F Uiz Us

1.3
UA ge_u? (1.3)

and
T B Ua
Cy =(C4 + Ch — C5 ) a. (1.4)

In these equations C#g refers to the mass concentration of component B in the
f-phase (cf. Figure 1.1). Further C*, and C%; are the constituent concentra-
tions of A and B in the «-phase which are defined as
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FiG. 1.1 Schematic picture of moving houndary electrophoresis of the reacting system
A B=AB,

a. Concentration distribution after transport; a,b,¢,d o fand y indicate phases of con-
stant concentrations and mobilities.

b. Schlieren pattern of the system after transport; £ and 8 are the stationary boundaries
caused by the constancy of the Kohlrausch regulating function.

¢. Conductivity changes along the electrophoretic channel:
initial conductivity level;

—~ -~ changes brought about by transport.

4
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éi = Ci + CiB
(1.5)

Cs=Ch + Clp

U=, and U%; are the constituent velocities of 4 and B in the «-phase and were
defined by LONGSWORTH as

UA = (UACA + UABCAB)f‘EA
' (16)
Up = (UpCy + U 3C45)/Cp

U2 and U}, are measured from the volumes swept through by the af- and be-
boundaries respectively (LONGSWORTH, 1959). From Equation 1.4 and the
known constituent concentrations of 4 and B the equilibrium constants may be
calculated. In systems of higher stoichiometry Equation 1.4 can no longer be
applied. It is still possible, however, to obtain useful information concerning
the stoichiometry of the compiexes by application of Equation 1.3 as will be
demonstrated in Chapter 2. .

This thesis will deal specifically with the electrophoretic analysis of the complex
formation between o,;- and f-casein, two major protems from cow’s milk
(JENNESS, 1970)

The caseins occur in milk (JENNEss, 1970) as nearly spherical colloidal
particles with diameters up to 300 nm: the casein micelle. The micelle also
contains approximately 5% of inorganic constituents of which calcium and
phosphate are the most important (WaucH, 1971). The protein part of the
casein micelle is composed of three major components: o,,- and f-casein,
mentioned already above and x-casein. Casein micelles behave more or less
like hydrophobic colloids and already LINDERSTROM LANG (1929) hypothesized
the existence of a protective component, stabilizing the micelles against floccula-
tion by calcium ions. In 1956 WAUGH and VoN HippeL rediscovered this stabi-
lizing component and called it x-casein.

The stabilizing properties are completely destroyed after the action of the
enzyme rennin, which results in the splitting-off of a polypeptide from x-
casein with a length of approximately one third of the whole polypeptide chain
(MACKINLAY and WAKE, 1971). The remaining part of the x-casein, which is
called para-x»-casein no longer stabilizes the casein micelle and as a consequence
flocculation occurs. Asis well known this process forms the basis of the cheese
manufacturing.

From electronmicroscopy it has become clear that casein micelles are
composed of a large number of small particles, called the submicelles (SCHMIDT
and BucHHEIM, 1970). Dialysis experiments suggest that these submicelles
contain mere casein. The casein micelles are therefore considered to be conglom-
erates of submicelles cemented together by inorganic ions, notably Ca*+,
The hypothesis according to which it is supposed that the submicelles are the
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fundamental parts of the casein micelles is supported by recent work concerning
the size distribution of the casein micelles (SCHMIDT et al., 1973), by electronmi-
croscopical analysis of the calcium distribution in casein micelles (KNoop et al.,
1973) and by electronmicroscopic studies concerning the biosynthesis of the mi-
celles in the golgi vesicles in the mammary gland (BucHHEIM and WELSCH, 1973).

The precise structure of the casein micelles and in particular the structure
and composition of the submicelles is not yet known. Clearly, interactions
between the casein components will be of primary importance in this respect.
It is obvious that caseins, being proteins with an open, more or less randomly
coiled like structure (HERSKOvITS, 1966) and containing a more than average
proportion of amino acids with non-polar side chains (WaAuaGH, 1954) have nu-
merous possibilities for interaction through hydrophobic bonding. This has been
amply verified in a number of polymerization studies during the last decade.

The self-association of ;- and f-casein has been studied in particular
(Pavens and vaAN MARKWUK, 1963 ; PAYENS et al., 1969; ScHMIDT, 1969, 1970;
ScuMIDT and PAYENS, 1972). It was found that ,,-casein associates mainly by
hydrophobic interaction and to a less extend by hydrogen bonding (SCHMIDT,
1969; ScHMIDT and PAYENS, 1972) whereas the association of -casein is proba-
bly entirely due to hydrophobic bonding (PAYENS et al., 1969). Also x-casein
associates strongly (SWAISGOOD et al, 1964), but a full description of this associ-
ation has not yet been given. ‘

From the non-specificity of the bonds formed during self-association of
tsq- and f-casein, it might be anticipated that the same type of bond will be
formed with the complex formation between these casein components. Complex
formation in total casein has already been observed by Kresct et al. (1941),
KRErct (1942) and WARNER (1944) also applying the technique of free electro-
phoresis. The quantitative description of such complex formation is greatly
complicated, however, by the self-association of the components. This results
in the simultaneous occurrence of more than one association equilibrium which
cannot be analysed with the simple theory of GiLperT and JENKINS, referred to
above. The numerical solution of this problem in the case of the simultaneous
association equilibria in the system o,,- and fi-casein will be given in the next
chapter of this thesis. ‘ P s

From the foregoing it will be clear that the study of the interactions between
the different casein components will be of paramount importance for our
unders_;tanding of the energetics of the casein micelles in. milk and of their
behaviour in a number of technological processes such as pasteurization,
sterilization, concentration and homogenization. Also gelation of dairy products
after UHTST heat treatment and the curdling of milk, will partly be influenced
by the interaction between the caseins. . _

It should be emphasized that the analysis of reaction boundaries by the
n:lethods develo_ped in this thesis is certainly not limited to the complex forma-
tion of the caseins. It may also be applied with equal success to interactions be-
tween other proteins or macromolecules of which examples have already been
mentioned at the beginning of this chapter. o
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II FREEELECTROPHORESIS OF COMPLEX
FORMING w,- AND g-CASEIN

2.1. INTRODUCTION

The study of interacting biopolymers by such transport methods as sedimen-
tation, electrophoresis and gel filtration has received considerable impetus
over the fast decades (LoNGSWORTH, 1959; NicHoOL et al., [964; ACKERS, 1970;
CannN and Goap, 1970). The relevancy of such studies is indicated by a number
of biochemical phenomena in which complex formation plays a central role.
As early as 1942, LoNGSWORTH and MACINNES investigated the complex forma-
tion between a protein (ovomucoid) and nucleic acid (yeast RNA) by free
electrophoresis and formulated the anomalies to be expected in the electro-
phoretic patterns. Further ecxamples are the study of the enzyme/substrate
complex between pepsin and bovine serum albumin by CannN and KLAPPER
{1961) and that of antigenfantibody inferaction by SINGER and CAMPRELL
(1955). The complex formation between bovine plasma albumin and charged
dextran derivatives was studied by THOMPsON and MACKERNAN (1961).

In such studies the advantage of free electrophoresis and gel filtration over
sedimentation lies in the fact that with the former techniques two moving
boundaries are observed, whereas during ultracentrifugation only one. In
electrophoresis the non-enantiography of rising and descending patterns yields
additional information which is lacking in the sedimentation experiment and
which often facilitates diagnosis.

Rapid progress in our understanding of the electrophoretic behaviour of
interacting proteins is due to GILBERT and JENKINS (1959), who solved the
conservation-of-mass equation for the equilibrium system A--B==AB. The
GiLBeRT theory accepts fast re-adjustment of the equilibrium upon changes in
concentration brought about by transport and neglects the influence of diffu-
sion on the spreading of the boundaries. Another limitation of the theory is
that the velocities are assumed to be constant, which is neither true in sedimen-
tation (Funta, 1962; Pavens and ScHMIDT, 1966) nor in electrophoresis (LoNGs-
WORTH, 1959). Despite these restriction, the GILBERT theory explains quite
satisfactorily the anomalies observed during electrophoresis or sedimentation
of complex forming biopolymers. Notably GILBERT and JENKINS (1959) were
able to account for the occurrence of a different number of moving peaks
on both sides of the electrophoretic channel and for their abnormal mobilities
and percentages. The close resemblance of a number of experimental electro-
phoretic patterns (NicHoL et al., 1964; LONGSWORTH and MACINNES, 1942;
CanN and KLAPPER, 1961 ; SINGER and CAMPBELL, 1955; THOMPSON and Mac-
KErnAN, 1961) to those computed by GILBERT and JENKINS suggests that as a
rule rapid re-equilibration occurs during electrophoresis of interacting biopo-
lymers. As regards the diffusion, its influence on the spreading of the moving
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pboundary may often be neglected in prolonged experiments, as shown by
BALDWIN (1957) and by GiLBERT and JENKINS (1959). However, there always
remains the possibility that small peaks or shoulders are obscured by the blur-
ring effect of diffusion. This suspicion has prompted a number of authors
(Cann and Goap, 1970, 1965A, 1965B; BETHUNE, 1970; Cox, 1965A, 19658,
1967, 1971A, 1971B) to solve the complete conservation-of-mass equation by
various simulation methods. The simulation technique applied in the present
study is described in the next chapters.

This chapter deals especially with the complex formation between &~ and
B-casein, two major proteins from milk, the self-association behaviour of
which is well known (SCHMIDT and PAYENS, 1972; SCHMIDT, 1970; PAaYENS and
VAN MARKWIIK, 1963). Under the experimental conditions of free electropho-
resis, i.e. 2°C., pH 6.5 and an ionic strength of 0.1, f-casein is completely
depolymerized (PAYENS and VAN MARKWUK, 1963), whereas a,,-casein under-
goes a number of consecutive association steps, the association constants of
which have been firmly established by Scumipt (1970). The study of ay-f
complex formation is of paramount importance to our understanding of the
encrgetics of casein micelle formation in milk (PAYENS, 1966; WAUGH, 1971).

The results of the present investigation suggest that multiple association
equilibria occur, which can be represented by

A=A, - (i=273..6)
Q.1

L]

A; + B==A;B, (j=1,2.6)

in which A4 and B stand for « - and f-casein respectively.

Preliminary reports of this investigation were published earlier (PAYENS,
1968 ; Nuruis and PAYENs, 1972). : -

The pertinency of this study is by no means restricted to the field of casein
chemistry. It could well stand as a model for all those complex formations in
which one of the components is subjected to self-association. The interaction
between virus coat protein and RNA is an outstanding example of such a system
(DURHAM et al., 1971; ButLEr and KLuG, 1972).

2.2, MATERIALS AND METHOD 8

Alpha,,-casein was isolated from bulk milk by the method of ScumipT and
PAYENS (1963), whereas. B-casein was prepared in the manner described by
PAYENS and vAN MARKWIIK (1963). o :

For electrophoresis the protein solutions were dialysed exhaustively against
the appropriate buffer. The buffer of the last dialysis step was also used for the
electrophoretic experiment. In those experiments were the salt anomaly had to
be suppressed, the solution was enriched with protein and diluted after comple-
tion of dialysis (WIEDEMANN, 1947), T '
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Sedimentation runs were performed in the Phywe airdriven ultracentrifuge
under conditions comparable to those applied during electrophoresis.

Sedimentation coefficients, electrophoretic mobilities and peak areas were
determined from enfarged tracings by routine measurements (LONGSWORTH,
1959; ELIAS, 1964),

The computations simulating the electrophoretic transport were performed
with the university CDC-3200 digital computer. The source program was writ-
ten in ALGOL-60. Details concerning the simulation procedure are given in
Chapter 3 and 4.

2.3. RESULTS

Typical electrophoretic patterns of mixed solutions of «,,- and f-casein in
two types of buffer are shown in Figure 2.1. Peak mobilities and percentages
from these and other experiments have been collected in Table 2.1. The fast
formation of complexes between ay,- and f-casein is clearly indicated by the
different number of moving peaks on the ascending and descending sides
(GiLBerT and JENKINS, 1959). The mobilities of the trailing ascending and lead-
ing descending peaks, which are intermediate between those of pure «,,- and
f-casein and the abnormal distribution of the protein over the different peaks
also afford convincing evidence of compiex formation (LONGSWORTH, 1959;
GiLBerT and JENKINS, 1959). As is shown by comparison of the patterns of
Figure 2.1a and 2.1c or 2.Ib and 2.1d and the data in Table 2.1, buffer com-
position does not influence the general appearance of the electrophoretic
patierns. Proteinbuffer interactions seem therefore to be of no importance to
the explanation of the anomalies observed (CANN and GoAD, [970). Table 2.1
actually suggests that the mobilities of the complexes formed are intermediate
between those of pure oy, - and f-casein (GILBERT and JENKINS, 1959)*,

The fast re-equilibration of the complex formation during the electrophoretic .
transport was further checked by comparing experiments at different field
strengths. Figures 2.2a and 2.2b and the data in Table 2.1 demonstrate that
indeed variation of the field does not affect the mobilities and percentages of the
electrophoretic patterns, confirming rapid re-equilibration. The electrophoretic
patterns in Figures 2.1 and 2.2 show well-developed 4- and e-boundaries. As is
well known (LONGSWORTH, 1959). these boundaries are due to the constancy of
the KOHLRAUSCH regulating function, as a result of which considerable conduct-
ivity changes may occur along the electrophoretic channel. A related conse-
quence is—as was alrcady pointed out by SVENSsON (1946} — that the fastest peaks
are always enlarged at the cost of the slower ones.

The dilution factor, p, occurring at the é-boundaries in Flgures 2 1 and 2.2,

was estimated in two independent ways.

* The relatively high mobilities observed with the 70/30 mixture in phosphate buffer probab]y
should be explained by leakage during the electrophoretic experiment.
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—— descending — ascending

e Up Uy | 5 Ug Ug
F1G. 2.1 Free electrophoresis of mixtures of a,:- and B-casein at a total protein concentra-

tion of 1.20 g/dl. Experimental conditions: PH 6.6, 0.1 ionic strength and 2°C. Pictures taken
after 4800 s. . .

Mixing ratio:

a. %4/f = 50/50; barbiturate buffer:
b. o44/8 = 70/30; barbiturate buffer;
¢. %, /f = 50/50; phosphate buffer;
d. oy,/f = 70/30; phosphate buffer.
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~——— descending — ascending

O A

Fic. 2.2 Free electrophoresis of a1:1 mixture of &,4- and f-casein at a total protein concentra-

tion of 1.20 g/dl. Experimental conditions: pH 6.6, barbiturate buffer of 0.1 ionic strength and
2°C,

a. Field strength 3.05 V/s; picture taken after 4800 s;
b. Ficeld strength 1.00 V/s; picture taken after 14400 s.

First, according to LoNgswortH (1942).

;OI— 05

p=i @
);o,—os , .

where Z0, is the total diagram area and 0, and O, that of the §-and e-bound-
aries. The average value of p found in this way from the patterns in Figure 2.1
was 0.84,

Secondly, we gradually suppressed the 6- and ¢-boundaries by diluting the
protein solution with respect to the electrophoresis buffer {WIEDEMANN, 1947).
Extrapolation of the decreasing §-arcas in Figures 2.2a, 2,33 and 2.3b to zero
area then also yields p = 0.84 which is demonstrated in Figure 2.4.

Sedimentation patterns of a 1:1 mixture of oy~ and fB-casein under the same
experimental conditions as those used with electrophoresis are presented in
Figure 2.5. Rapid re-equilibration is suggested by the fact that between the
peaks the schlieren pattern does not come back to the base lne (GmeerT and
JENKINS, 1959).

12 Meded. Landbouwhogeschool Wageningen 74-2 (1974)



—-—a {escending : —— ascending

N b
e Ug U, 5 Ug Ua

Fic. 2.3 Free electrophoresis of a 1:1 mixture of &,,- and f-casein at a total protein concentra-
tion of 1.20 g/dl. Experimental conditions: pH 6.6, barbiturate buffer of 0.1 ionic strength
{electrophoresis buffer) and 2°C. Pictures taken after 4800 s. Ratio ionic strength of electro-
phoresis to dialysis buffer:

a. 1.10; b. 1.15.

Og

50 I

0.80 0.9 L00
I}

Fic. 2.4 Relationship between dilution factor (p) and area of the 8-boundary (arbitrary units).
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Fii. 2.5 Sedimentation patterns of a 1:1 mixture of &,,- and f-casein at a total protein con-
centration of 1.20 g/dl. Experimental conditions: barbiturate buffer pH 6.6 and 0.1_10nlc
strength, 3°C; 50,000 rpm. Pictures taken after: a. 107 min; b. 122 min; ¢. 152 min; d.
183 min.

The sedimentation coefficient s,,,,, of the leading peak was found to be 4.5 5,
whereas that of the trailing boundary is 1.5 S.

24, DiscUSSION

The non-enantiographic patterns presented in Figures 2.1-2.3 and the
mobilities and percentages recorded in Table 2.1 afford good evidence, that
sy~ and fB-casein interact to form complexes of intermediate mobility. The
overlap of the patterns at different field strengths (cf. Figure 2.2) is consistent
with the idea of rapid re-equilibration during electrophoretic transport (NICHOL
et al., 1964; GuBerT and Jenkins, 1959). It is worthy of note, that already
Krercr et al. (1941 and 1942) suspected that the anomalous electrophoretic
behaviour of total casein is due to the interaction of its components,

It is instructive to analyse the velocities and areas of the various peaks by the
moving boundary theory developed by LoNGSwoORTH for electrophoresis (1959)
and applied by others to similar situations in sedimentation and gel filtration
(SCHACHMAN, 1959; NicHoL and Winzor, 1964),

In the notation introduced by LoNGsworTH (1959) the ay,-casein concentra-
tion C; (w/v) under the leading ascending peak is given by

s U =T |
a=C -4 2 (2.3)
UA_UB .

14 Meded, Landbouwhageschool Wageningen 74-2 (1974)



In this equation C% represents the constituent concentration of «,,-casein in
the b-solution, defined as

ch, + Ch 5o )
Z % ;;}MA vt Chm (2.4)

where M, and My are the molecular weights of «;- and f-casein, which have
been established as 23,000 (ScemipT, 1970) and 24,000 (NoOELKEN and REis-
STEIN, 1968) respectively. Further, US is the velocity of pure «,,-casein in the
e-solution and U% is the constituent velocity of that component in the b-
solution and defined as

{ZCAIU aF XY Cln, Ui,s,c}. / & 2.5)

J ok .IMA+kMB

a corresponding definition holds for the constituent velocity U%, and it can be
shown (LoNGswoRTH, 1959) that

Oy = v (2.6)

where V™ is the volume swept through by the be-boundary per unit time,
Similarly, for the concentration of pure $-casein under the trailing descending

peak we have:
cf =y oals 2.7)
UA Us-Uf
with _ _
Ue = v (2.8)
The velocities occurring in Equations 2.3 and 2.7 are approximated as follows:
7% is calculated from the maximum gradient velocity of the leading descending

peak by:

Uy = Ul %
U% is averaged over the maximum gradient velocities of the ascending bimodal
peak and U%is found from:

Uy =Upp *
The pure component veloc:tles US and U} are the average values from Table

2.1
We are now able to compare the experimental arcas of the leading ascending

* Tt can readily be calculated that changes in the constituent mobilities due to shifts of the
association equilibria in the d-boundary are negligible. -
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TaBLE 2.2. Comparing observed and computed pure component peak arcas in the electro-
phoresis of interacting o;,- and f-casein.

mixing % leading % trailing
ratio velocities (1075 emy/s) ascending descending
B v, Ut Py U% Ut, Ufy obs. calc. obs. calc.
50730 18.5 221 144 121 248 15 3z 37 28 29
70/30 203 243 161 134 259 8.9 53 58 14 18

and trailing descending peaks with the computed C5§ and C% from Equations
2.3 and 2.7. The results are given in Table 2.2, from which it is seen that the
calculated areas compare fairly well with the observed ones. It should also be
noticed from this table that the leading ascending peaks cover as much as
709, of the A-component, whereas on the descending side the trailing peaks
contain about 50% of the B-component. It is evident from Equations 2.3 and
2.7 that these abnormally high percentages are due to a relatively high consti-
tuent velocity U, which in turn suggests that complexes of a high stoichiometric
ratic A/B dominate among the complexes (cf. Equation 2.5), The presence
of higher complexes was already indicated by preliminary GILBERT-type
computations in an earlier attempt to reproduce the bimodal reaction boundary
(PAYENS, 1968),

CHuN (1965) has analysed the ultracentrifugal pattern of mixture of o,-
and B-casein, assuming the formation of a 1:1 complex of depolymerized
oy~ and B-casein with the aid of the theory developed by GILBERT (1959).
Several objections can be made to his treatment however. First, the sedimen-
tation method is much less sensitive in discriminating interaction than free
electrophoresis, since only a descending boundary is available. More serious,
however, is the fact that under the experimental conditions o, -casein is highly
polymerized (SCHMIDT, 1970) and consequently the interaction between the
oy -casein polymers and the f-casein monomer should afso be considered.

The sedimentation pattern presented in Figure 2.5 is also indicative of the
presence of higher complexes. The slower sedimentation coefficient (1.5 S)
correspends to the monomer of f-casein and the monomer of «,,-casein which
have comparable sedimentation coefficients (ScHMIDT et al., 1967). From these
values it is readily calculated that the 1:1 complex of monomers, if it were
spherical could have a sedimentation coefficient of 2.4 § at the atmost. This is
far below the experimental value of 4.5 S found for the rapid peak in Figure
2.5. It should further be realized that in re-equilibrating systems the sedimenta-
tion of this faster peak is always slower than that of the complex itself (GILBERT
and JENKINS, 1959), which indicates that the complexes present must consist of
at least four subunits.

We are now able to roughly quahfy the association equlllbna which oceur
under the experimental conditions of electrophoresis.
As is shown by PaYENs and vAN MARKWUK (1963) §-casein, on account of
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the low temperature, will be completely depolymerized. On the other hand, it
can be obtained from ScHMIDT’S work (1970) that o,,-casein, under the experi-
mental conditions will be polymerized consecutively at least up to the hexamer.
Among the complexes formed between o,,- and f-casein those of stoichiometry
A;B(j> 1} will predominate.

This conclusion was confirmed by computer simulation of the be- and af-
reaction boundaries. A preliminary account of the simulation method was given
earlier (Nunuis and Payens, 1972) and a more detailed account is presented
in the subsequent chap(ers.

The parameters introduced in the computations were obtained as follows:
1. the polymerization constants and electrophoretic mobilities of «,;-cascin

were taken from ScHMIDT’s (1970) and this work; notably ScaMipT (1970)
observed that a,,-monomers and -polymers have equal mobilities;

2. the A,B-complex mobilities were calculated by linear interpolation between
the pure component mobilities; it is a fortunate coincidence that the comput-

ations are rather insensitive to the actual values accepted for the complex

mobilities; .

3. the equilibrium constants for the complex formation were defined as

Kj = CA,-BfCA,CB

and, since the caseins interact through hydrophobic bonding (ScumipT, 1970;
PavEns and VAN MARKWUK, 1963; Von HipPEL and WauGH, 1955), initial
K-values are chosen so as to compare with the polymerization constants
given by ScumipT (1970) for pure o, -casein polymerizatiorn.

In accordance with the previous experience of PAYENS (1968), the computa-
tions demonstrate clearly that bimodality of the be-boundary could be produ-
ced only if complexes A4;B with j>>1 were taken into account. Moreover, it was
observed that the agreement between the experimental and computed mobilities
and percentages improved if more weight was given o the higher 4,B-com-
plexes. This led us to introduce six parameters for the interactions between all
kinds of &,,-polymers and the f-monomer. It is realized that the introduction
of so many parameters in the computations certainly will not provide a unique
solution. The point of interest is, however, that only the consideration of these
multiple equilibria yield the observed bimodal be-boundaries and mobilities
and percentages in agreement with the large constituent velocity U, arrived at
before, Some typical simulation results are collected in Table 2.3 and in Figures
2.6and 2.7.

It is seen that the computed mobilities and percentages compare satisfactorily
with the experimental values. We do not consider further refinements of these
calculations warrantable for the following reasons.

Firstly, as may be noted from a comparison of Figure 2.6 with Figure 2.7,
variations in the interaction parameters do not significantly influence the results
of the computations once the existence of the higher cor_nplexes hgs been ac-
cepted. Of course this implies that such computations will never yield unigue

values for the equilibrium constants.
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TagLE 2,3. Comparing simulated and experimental reaction boundaries for complex forming
o1~ and f-casein during electrophoresis.

mixing ascending descending
ratio . ; e .
/B velacities relative velocities  relative
(10~% cmy/s) area (I0-% cm/s) area
Fig. 2.5 10.8 20.0 63.6 17.7 64.2
50/50 Fig. 2.6 10.8 21.2 64.2 17.6 64.8
Expil.! 12.7 16.9 68 18.5 72
Fig. 2.5 13.8 20.9 51.9° 18.1 86.2
70730 Fig. 2.6 13.1 21.7 54.6 18.0 78.4
Exptl.! 13.9 18.9 47 20.2 86

LAverage values from Table 2.1.

Secondly, as a consequence of the KOHLRAUSCH-SVENSSON effect the faster
peaks are always enlarged at the cost of the slower ones (LoNGSWORTH, 1959;
SVENSSON, 1946). This effect has not been accounted for in the present calcula-
tions, since its magnitude is dliﬁcult to evaluate in systems containing more than
three ionic species,

Thirdly, on close inspection the clectrophoretlc patterns of Figures 2.1 to 2.3
show a non-zero gradient in the b-phase, and sometimes a minor shoulder ahead
of the afi-boundaries. It is suspected that these abnormalities are due to the
presence of minor quantitics of complexes which have a mobility approaching
that of pure ¢,;-casein, and which were not accounted in the present calculations.

In conclusion we state that the interaction between - and S-casein gives
rise to an intricate assembly of complexes in which a,;-casein dominates. This
is in line with the well-known tendency of these proteins to form colloidal
micelles in milk (WAuGH, 1971).
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IIICOMPUTER SIMULATION OF
ELECTROPHORETIC EXPERIMENTS

3.1, INTRODUCTION

Transport techniques such as electrophoresis, ultracentrifugation and gel
filtration can be used to advantage in studying biopolymer interactions (GiL-
BERT and JENKINS, 1959; Cann and Goap, 1970; NicHoL et al., 1964; ACKERS,
1970: ZIMMERMAN and Ackers, 1971; ZIMMERMAN et al, 1971; HENN and
ACKERS, 1969: THOMPSON and ACKERS, 1965; NicnoL and WINZOR, 1964;
WINZOR and SCHERAGA, 1963). Several methods have been proposed to solve
the conservation-of-mass equation for a system of interacting biopolymers in
transport experiments. GILBERT (1959) and GILBERT and JENKINS {1959) have
presented analytical expressions for the concentration and the concentration
gradient in polymerizing and complex forming systems neglecting the effect of
diffusion on the spreading of a boundary. The usefulness of this approach
resides in the fact that in prolonged experiments the contribution of diffusion
often can be neglected when compared to the spreading caused by the differen-
tial migration of the different polymer species. It is realized, however, that in
experiments of finite duration andfor with the occurrence of small peaks or
shoulders, it may be important to assess the blurring effect of the diffusion
on the shape of a boundary. This has led a number of authors to solve the
complete conservation-of-mass equation by numerical or simulation methods
(Cann and Goap, 1970; Cox, 1965A, 1965B, 1967, 1969, 1971A, 1971B;
BETHUNE, 1970).

Cox for instance (1969, 1971A, 1971B) simulated the sedimentation pattern
of polymerizing proteins by taking into accounl the non-uniform ultracentri-
fugal field and radial dilution of the protein. Essentially, in this method Fhe
ultracentrifuge cell is divided into a large number of small segments the 1ead_mg
edges of which are displaced with the weight-average sedimentation cocﬁ‘icner}t
of the protein present in the segment on the upstream side of' that edge. F.[‘hlS
transport cycle is followed by a diffusion step during an equal mtfarval of time.
Successive alternate rounds of sedimentation and diffusion permit the simula-
tion of concentration-dependent ultracentrifugation, be it as a consequence of
polymerization or hydrodynamic interaction. _ _

CANN and Goab (1970) solved the complete conservation-of-mass equation
tributions of the individual species to the fluxes due to
sport. Also in this approach the boundary is
f segments and the flux at a particular segment
edge is calculated from the average concentrations in a number of neighbour-
ing boxes. Equilibrium between the individual species is re-t_estabhshed after
each transport cycle. Actually the flux at a particular edge is related to the
average concentration in all boxes. GOAD showed that if the velocity flux is

23
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restricted to the transfer of material from one box to the next a diffusion-like
error is introduced, This author therefore preferred to suppress this error by
taking into account the contribution of the average concentrations of several
boxes to the flux and to introduce the diffusional flux separately. This is cer-
tainly a most accurate procedure, but it will be demonstrated below that for
practical purposes the diffusion-like error can be used to simulate the diffusion-
al flux, which leads to a drastic reduction of the computations.

Still another approach to simulate boundaries in transport experiments was
introduced by BETHUNE and KEGELES (I1961A, 1961B, 1961C), who stressed
the analogy of the equations governing the countercurrent distribution process
with those describing the problem at hand. BETHUNE (1970) has simulated the
boundary spreading of self-associating and complex forming polymers during
electrophoresis and sedimentation and compared his resuits with the asymp-
totic solutions given by GILBERT {1959). BETHUNE (1970) also has discussed the
proper choice of the countercurrent distribution coefficient in order to account
quantitatively for the diffusional effect in polymerizing systems.

The method of simulation presented in this chapter is — as stated above ~
a simplification of the procedure outlined by CANN and Goap (1970). It will
be shown that the method also carries a close relationship to the countercurrent
simulation approach of BETHUNE and KEGELES {1961 A, 1961B, 1961C). Applica-
tion of the method to the simulation of the anomalies ohserved during the

electrophoresis of complex forming o,,- and f-casein has already been present-
ed in Chapter 2.

3.2. THEORY OF THE SIMULATION METHOD AND
DISCUSSION OF THE RESULTS

Let us consider the following system of interacting biopolymers A4 and B:

iAl = Ai’ - (i = 2, 3;‘": P),

_ (3.1
JA, + B=AB, (j = 1,2...,q).

The complex formation between o4~ and ,G -casein at the temperature of free
electrophoresis and the interaction between RNA and virus coat protein
(DurHAMet al., 1971) offer among others (NicHoL et al., 1964) excellent exam-
ples of such a system.

The computation of the equxhbnum concentrations of the various specles
requires the solution of the fol]owmg set of equations

K= 4jA, (=257 - (32
Ly =4 B,I(A’B) G=1,2 9 '_ L (33)
2 4 + Z A-ipaBs (3.4
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- q .
B=B+ ) A;A;B . (3.3

i=1

In these equations X; and L, represent the equilibrium constants for the self-
association of A and for the complex formation between 4 and B respectively,
4 and B stand for the constituent concentration {w/v) of 4 and B and 4, is
defined as '

A; = Mg/(jM 4 + Mp)
with M, and M, the monomer molecular weights of 4 and B. Equations
3.2 — 3.5 lead to the following expression for the monomer concentration of
component 4: . ‘

I g . 9 o _ _ .
(Z KgA‘l) ( > AijA{> + ¥ [{B — (A+B) A3} LjA’l] =0 (36
i=1 i=0 i=o ‘ :

with Ky = Ly = 1.
Equation 3.6 is a polynomial in the monomer concentration A4;, the graphical

appearance of which is shown in Figure 3.1. In the computation of the equili-
brium concentration, A, is found by NEWTON-RAPHSON iteration (MARGENAU

1A

_,..Al

Fig, 3.1 Schematic plot of the polynomial (Equation 3.6) used for the computation of the

monomer concentration (4,) of component A.
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and MURPHY, 1955). The constituent concentration A, being the highest
possible value of A,, appears to be a natural starting value for the iteration.
Actually, however, the number of iteration steps can be reduced considerably
by estimating the starting value of 4, in a particular box from its concentration
in the preceding one (see Chapter 4.). '

The simulation of the free electrophoresis of a system of interacting biopoly-
mers is achieved by subdividing the electrophoretic channel into a large number
of small boxes of equal length 4x. The development of the reaction boundaries
is brought about by alternate rounds of velocity transport of the individual
species from one box to the next during an interval of time A, followed by re-
equilibration according to Equation 3.2 - 3.5. '

On the ascending side velocities are taken relative to the slowest species (i.e.
component B) and the ratio Ax/A7 is chosen such that the fastest component
just reaches the end of a box, therefore

V, — Vy = Ax/At. (3.7)

The complexes, having intermediate mobilities, penetrate the boxes only
partially. Similarly on the descending side the velocities are changed of sign
and taken relative to the component with the highest absolute vaive of the
electrophoretic mobility (i.e. component A).

The source program for the simulation, a flow scheme of which is presented
in Figure 3.2, was written in ALGOL-60. All computations have been carried
out on the CDC-3200 digital computer complex of the Agricultural University.

It is worth while to analyse the above simulation procedure somewhat
further.

With the (-] /)™ transfer, the change of mass in box r due to component {
is given by

Am;, n+l = m:', n+l m:l-, n= f; (mri'—l, n = P‘H:.., n)’ (38)

where f; = v, dtfdx

and v, is the refative velocity of species i, v,-vp. Obviously, from our choice of
reference of the relative velocities and of 41/4x(Equation 3.7), we have 0<<f; << 1.

The mass transfer of each species from one box to the next is thus seen to be
determined by a constant fraction f; of the mass difference between adjacent
boxes. This transfer is therefore found to be identical with the mass transfer
taking place in the countercurrent distributional process. In the latter case we
have f; = P,/(P,+1), where P, is the partition coefficient of the species I
(Cra1G and Cralg, 1930). As mentioned in the introduction, BETHUNE and
KeGELEs (1961A, 1961B, 1961C) and BETHUNE (1970) have used the mass
distribution achieved in a continuous countercurrent process to account for the
eﬁ.'ect of the diffusional spreading on the transport pattern of interacting pro-
teins. Tt is.worth noting, however, that the countercurrent analog involves more
computations than the present method of simulation, since it requires not only
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equilibria in both the upper and low

Following Beraune (1970) we thus
i after a sufficiently large number of transfer cycles n:

aCjon = U, f, (1—fd PCfort = f, aCor,
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where r is box number and C; is the concentration of species / in g/dl.
Similarly, for the mixture of interacting biopolymers we have

OCion = 0 (%L fi(1=F) G jor* — AT fCijer (3.11)

If now — following again BETHUNE and KEGELES — we draw the following
analogies:

retand rex,

then Equations 3.10 and 3.11 show the formal analogy with the complete
conservation-of-mass equation in transport experiments in which the distance
is expressed in units of length Ax and time in units 47. As a consequence the
simulated diffusion coefficients of component 7, expressed in cm?/s, becomes

DI = '1:£,(1=f) (4x)*|dt. (3.12)

In systems containing three migrating components atmost the DY values can
generaily adepted individually by a proper choice of 4x, At and f;, as will be
demonstrated in the next section. However, in the present case, dealing with
more components only the simulated average diffusion coefficient can approxi-
mately brought into agreement with the actual value.

In the mixture of biopolymers the actual diffusion flux is defined by (Cox,
1969}:

Jp = DY(aCjox), | (3.13)

where D is the gradient averaged diffusion coefficient

D = YIDAC/6x1/Y[6C, ox] | (3.14)

and D is the true diffusion coefficient of component £ In accordance with

Equation 3.12 the simulated gradient averaged diffusion coeflicient, expressed
in cm?fs, becomes

b* = [EtL{ Yofi (=) 6C,fon) /Z{@Cilér}] (4x)*/ At (3.15)

The adjustment of the simulated to the actual diffusion coefficient now demands
that we put '

b* = b. (3.16)
Equations 3.14-3.16 and 3.7 show that Ax and At are fixed by the values of
the relative velocities, the diffusion coefficients D, and the concentration gra-
dients 0C,/dx. The latter will be discussed below. The number of transfer
cycles, n, which is necessary for the simulation of a particular reaction bound-
ary, .ﬁnally follows as the ratio of the time of the experiment and 4¢. Conver-
sely in the simulation of a given experiment an arbitrary choice of # determines
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together with the duration of the experiment an arbitrary A¢t, The corresponding
dx then follows from Equation 3.7 and the diffusional spreading operative in
this simulation from Equation 3.15. It is obvious that in general then D* will
not equal D.

We are now able to elaborate upon the simulation of complex forming -
and S-casein dealt with in the previous chapter.

Since we have no a priori knowledge of the concentration gradients d¢;/dx
existing in the reaction boundarics, we must start with a comparison of the
simulated patterns computed for arbitrary numbers of transfer. Typical results
of the simulation of the ascending electrophoretic pattern of a 1:1 mixture of
ts;- and B-casein for n = 27, 46, 73 and a duration of the experiment of 4800 -
s are presented in figures 3.3a-3.3c, from which it is seen, that the general
appearance of the pattern is not affected substantially by the number of trans-
fers. More importantly, as is seen from Table 3.1, also the maximum and mini-
mum gradient mobilities and the concentration changes over the reaction
boundary do not change appreciably with #. This result, of course, is in agree-
ment with GILBERT and JENKINS' conclusion (1959) that in prolonged experi-
ments the effect of diffusional spreading on a boundary is negligible. In other
words: the proper choice of the number of transfers is of minor importance
for a correct simulation of the percentages and mobilities found from experi-
mental electrophoretic patterns.

The calculations underlying Table 3.1 and Figure 3.3 also yield the concentra-
tion gradients necessary for a comparison of the averaged true and simulated
diffusion coefficients defined by Equations 3.14 and 3.15. To this end we have
approximated the various éC;/éx by the total _concentration change of the
species 7 over the boundary. The actual value of D is then estimated as follows.
From existing data (Scumipt, 1970; NOELKEN and REIBSTEIN, 1968) we find
the diffusion coefficient, D,, of monomeric a;,- and f-casein, corrected for the
temperature of free electrophoresis, to be 3.2:1077 cm?/s * The diffusion
coefficients of the polymers or complexes containing i subunits are then calcu-

ties and percentages of the ascending clectrophoretic boundaries

TABLE 3.1. Comparing veloci
e casein simulated for different numbers of transfer.

of complex forming «;,- and f-

Number of number velocities!, percentages? A

transfers of boxes (10-% cm/s) Ay Az 5
27 25 1.96 1.64 1.09 0.30 0.24 0.47
46 40 1.94 1.60 1.08 0.31 0.22 0.47
73 60 1.94 1.58 1.07 0.31 0.22 0.46

! Velocities corresponding to the maximum and minimum gradients of the reaction boun-

daries.

2 A, relative area of pure % -casein; Az A, telative areas under himodal peak.

* The molecular parameters of mMONOMETiC &si- and f-casein are almost the same (ScumIDT,

1970; NorLken and REmBSTEIN, 1968).
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[ABLE 3.2. Comparing simulated and true gradient averaged diffusion coefficients pertaining
0 the computations presented in Table 3.1.

Number of At dx D* (Ax)% Az - D107

transfers (s) (nm) (107cm?/s) (cm?/s)
27 177.8 2773 3.286 2.527
46 104.3 162.8 1.958 2.534
73 65.8 102.6 1.241 2,536

lated from that of the monomers by the STOKES-EINSTEIN relation:
D, =D, i3 (3.17)

A similar caleulation is performed for the estimation of the simulated diffusion
coefficient, D*, according to Equation 3.15.

The comparison of the D and D* estimated in this way for n = 27, 46 and 73
is given in Table 3.2, from which it may be noted that the value of the diffusion
coefficient, D, is hardly affected by this change of . The simulated diffusion
coefficients D*, however, are found to be inversely proportional to » as expected
from the theory presented above. Actually Table 3.2 indicates that the most
accurate number of transfers should be about 35, corresponding to an averaged
simulated diffusion coefficient of D* = 2.55-10~7 cm? /s. Similar considerations
hold for the simulation of descending electrophoretic or ultracentrifugal pat-
terns.

The above analysis shows the usefulness of the simplified procedure for the
simulation of the reaction boundaries observed in the electrophoresis (or
ultracentrifugation) of interacting proteins. In agreement with the conclusions
arrived at by GILRERT and JENKINS (1959) the value of the average simulated
diffusion coefficient, D*, thereby appears to be of minor importance for the
reproduction of the experimental peak areas and mobilities. The adjustment
of the simulated to the true diffusion coefficient can casily be achieved, however,
by carrying out a preliminary computation with an a_r_bitrary number of trans-
fers. From this the true average diffusion coefficient, D, is estimated as exposed
above. The most realistic number of transfers then follows from the equaliza-
tion from the true and simulated average diffusion coefficients (Equation 3.16).

3.3. ALTERNATIVE METHODS FOR THE SIMULATION OF .
DIFFUSIONAL FLUXES :

an aliernative procedure for the adjustment of
ficients for the case of a discrete self-associa-
y be extended to systems containing three
lex forming systems of the type A+B=C.
of one component it is to be noticed that
e depth of the box, Ax, the dura-

31

BETHUNE (1970) has presented
simufated and actual diffusion coe
ting system. His treatment can easil
components as for example in comp

For the simulation of the diffusion
there are three undetermined parameters i.e._th
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tion of a transport cycle, Az, and the fractional transfer parameter f (Equation
3.9). They are interconnected by two equations, viz.

v = fdx/dt, (3.17)
D = Yy f (1~f) (4x)*/4t. (3.18)

Thus we have one degree of freedom in the choice of 4¢, At and £,
Also in this case the analytical solution of the complete conservation-of-
mass equation is available (CRANK, 1967):

_ {(r—vn)z}
oc_ 1 4Dn

‘ (3.19)

or N 4rDn
We are therefore able to compare the results of the ‘simulation procedure
treated above with the analytical expression (Equation 3.19). As is shown in
Table 3.3 the results obtained from the analytical expression compare satis-

TaBLE 3.3, Comparison of exact and simulated schlicren patterns for one migrating compo-

nent. Simulation parameters: n =30, f = /3, At = Ax = 1, cormresponding to D = 1/8 and
v = 1/2.

box number 2C/r aCfar
simulated Eqn. 3.19

1 04,0000 0.0000
2 0.0000 0.0000
3 0.0000 0.0000
4 . 0.0000 0.0000
5 0.0001 0.0002
6 0.0006 0.0007
7 0.0019 0.0020
8 0.0035 0.0056
9 0.0133 0.0132
10 0.0280 0.0275
1 0.0509 0.0501
12 0.0806 0.0799
13 0.1115 ¢.1116
14 0.1354 0.1363
15 0,1445 0.1457
16 0.1354 0.1363
17 01115 0.1116
18 0.0806 0.0799
19 0.0509 0.0501
20 0.0280 0.0275
21 0.0133 0.0132
22 0.0055 0.0055
23 0.0019 0.0020
24 0.0006 0.0007
25 0.0001 0.0002
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factorily with those from the simulation procedure. The discrepancies can be
explained on the grounds of the analysis given by CanN and GoaD (1970).
These authors showed that the relation of the concentration in a certain box
and the concentrations at a particular point can be obtained by TAYLOR
expansion. From their expression it is seen that our simulation procedure not
only introduces a diffusion-like flux but also fiuxes of higher order.

For the case of discrete self-association the proper choice of the simulation
parameters is straightforward (BETHUNE, 1970). We now have 4 parameters
(4t, At, for and fp) which are completely fixed by the four following Equations:

vy = fudx{At, (3.20)
vp = fpdxjdt, ' (3.21)
Dy = '[ofu (1=foo) (4x)%/41, (3.22)
Dp = fofp (L=fr) (4x)*[41, (3.23)

where v,, and vp and D,, and Dp denote the velocities and diffusion coefficients
of monomer and polymer respectively. The solution of this set of equations is
achieved in two stages. '

First, Ax/At and (4x)?/4¢ are eliminated from the Equations 3.20—3.23: In
this way the ratio of the diffusion coefficients and the ratio of the velocities
are brought into agreement with the simulated ones. Since Dy and Dp are
parabolic functions of f;; and fp, whereas vy and vp are [inear dependent on
fu and fp the above procedure is equivalent to finding the proper st of (x, »)-
values on the parabola relating the simulated diffusion coefficient and the velo-
city parameters f;; and fp (Figure 3.4a).

Next, for one component (e.g. monome
and the simulated velocity are scaled by ca
Equations 3.20 and 3.21 with the value found for far.
Suss foy Ax and At are given by

r) the simulated diffusion coefficient
lculating the proper Ax and At from
It is easy to show that

'PP Vp

_Du Vi : (3.24)

Dp vr (3.25)

vaDp—vs Dulvu . S (29

Ax = 2 3

ViV ' .
; 2 (1974) 33
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d %fi { l*fi )
diffusion coordinate

velocity coordinate

FiG. 3.4 Schematic picture of the adjustment of simulated diffusion coefficients and simulated
velocities;

a. discrete polymerization: M
fugation,

b. complex formation (three components) 4 -+ B 2
centrifugation,

c. as with b but in the case of electrophoresis,

34

{onomer) 2 P(olymer) in the case of gelfiltration or ultracentri-

C in the case of gel filtration or ulira-
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Dp—vp Dylvy

At =2 (3.27)

VMVP-‘V%

In the case of a complex forming system like A4 B=C, the problem arises that
five parameters (dx, At, f4, f3, fo) must conform to six Equations:

v, = f, (4x)/4t, (i = 4, B, O), (329

D; = Yof, (1 =f) (4x)*/4t, (i = 4, B, C). (3.29)

This difficulty, however, can be overcome by introducing a sixth parameter:
the velocity of the frame, vy, related to the simulation parameter, iy, by vo =
upAx{dr. This causes a new set of fractional transfer parameters, u; (i= 4, B,
€), which must be used in the simulation procedure defined as

u = f; — g, (i=A4,B,(C) ‘ : (3.30)

Now u, becomes the fraction of mass moving from one box to the next thus
0<cu, <1 (i = A, B, C). As is exposed above u, will then be determinative of
the simulated diffusion, whereas f; still determines the velocity. In this method
the simulated velocity and the simulated diffusion are no longer interdependent.
Instead of Equations 3.28 and 3.29 we now have

vi = (u;+up) (4x)/At, (i = 4,8 0) (3.31)

D = Yyu, (1—u) (Ax)*dt, (=4 B,Ck (332)

Elimimating Ax/At and (4x)%/Atand putting va/vs = A, vafvs = B, Ds/Ds= C,
and D/D, = D a set of Equations is obtained foru; (i=0,4,B,C):

4 = Hattio (3.33)
Ug+Uo ) ' '

B=tatio : (3.34)
uc'l‘uo :

c = 4s(1—ts) | - (3.35)
uy (1 —1u,)

p — tc{l—ug) , . (3.36)
Uy (L=uy)

From Eq.uations 3.33-3.36 the following expres_sions can be found for ¢, ¥4,
pand y.: . e _ :
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A2 _ A4 4
Uy = £, V"_Al + ‘/A‘_4A°A2
24,

ug = ', £ o JACUE — 4Cu, +yl
_{A-Byu, + A(B-1) uy
B(A—1)

Ug

e — Aug—u,
° T1-4

where

4y = §* - QDC
Ay = 28T — Q (C+D-2CD)
Ay =T - Q(I-O){1-D)

5. C{A (1—3)}’ . D{M}Z _ 1
A—B A—B

2

2 2
0-4 {A (1—3)} {B (l—A)}
A-B A—B
After uy, ug, e and ug, have been solved At and Ax are found by the scaling
procedure described for the two component system. In principle by equations
3.33-3.36 there are 8 sets of solutions. The values found in this way are restrict-
ed by the condition 0<Cu;<<1(i = 4, B, C). It should further be kept in mind that
there exist pairs of solutions which are symmetrical about & = 1 and the overall
transport of which will be opposite. Obviously such a pair may represent the
corresponding ascending and descending limbs in free electrophoresis (or gel
filtration). If ;>0 (i = A4, B, C) we are dealing with the ascending side, whereas
for £; <0 the descending side is simulated.

In the case of gel filtration the fastest component is the complex which has the
smallest partition coefficient and diffusion coefficient. It is clear from Figure
3.4b that for this case a fit on the diffusion parabola can also be realized and
proper values for u; (i = A, B, C) can be found. The same holds true for the

case of ultracentrifugation, provided the conditions mentioned on page 38 are
satisfied. ‘ : ' '

From the electrophoresis of widely different complex forming systems it is
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evident that the electrophoretic mobility of the complexes is always intermediate
between those of the pure reactants (GILBERT and JENKINSG, 1959; CANN and
KLAPPER, 1961 ; THoMPSON and MACKERNAN, 1961). In this case no solution
of Equations 3.33-3,35 is available, as is apparent from Figure 3.4c. By consider-
ing the average diffusional flux a satisfactory solution can also be found for
this case, as was shown above.
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IV APROGRAM IN ALGOL FOR THE SIMULATION
OF ELECTROPHORETIC REACTION BOUNDARIES OF
INTERACTING BIOPOLYMERS

4.1. CONSTRUCTION OF PROGRAM

The program used for the simulation of reaction boundaries of interacting
biopolymers during electrophoresis was written in ALGOL-60. Input and
output procedures were adopted according to the conventions proposed in
ALGOL-60, as published by NAUR et al. (1963). The program was adapted to
the Control Data 3200 Computer of the Computer Centre of the Agricultural
University at Wageningen.

The simulation programs for the ascending and descending electrophoretic
patterns were named ASC-PQ and DESC-PQ respectively. The programs are
also applicable to the rising and descending boundaries in gel filtration experi-
ments with existing plateau region (WiNzor and SCHERAGA, 1963). The program
DESC-PQ can also be applied to sedimentation of interacting macromolecules
provided the influences of the non-uniformity of the centrifugal field and radial
dilution effects (SCHACHMAN, 1959) may be neglected.

The main differences between these programs ASC-PQ and DESC-PQ were:
first, the way in which the starting conditions were calculated ;
second, the manner in which the output is presented. The flow scheme (Figure
3.2) of both programs, however, is the same. The successful operation of the
simulation program demands that special attention should be paid to the
following facts.

1. According to the fransfer Equation 3.8 new concentrations in a given box
after each transfer cycle are governed by the concentrations in that box and

the preceding one before transfer. The transfers in a particular round should

not influence each other. It is therefore necessary to carry out the successive

transfers in upstream direction,

2. After each transfer the new equilibrium concentrations are calculated. This
calculation consists of three steps:

First, the coefficients of the polynomial Equation 3.6 are calculated.

Second, the monomer concentration A4, is found as the real and positive root of

Equation 3.6 by NEwToN-RAPHSON iteration (MARGENAT and MURPHY, 1955).

Third, the new concentrations of all components are calculated from 4, with

the aid of Equations 3.2 and 3.3 and the accepted values for the various equili-

brium constanis.

It is advantageous to reduce the number of iteration steps in the computation
of 4,, since this part of the program is repeated mostly. Therefore a starting
value for 4, is chosen close as possible to its final value reached in the iteration.
In this respect it should also be borne in mind that the degree of convergence of
the NEw1toN-RAPRSON iteration diminishes when the degree of the polynomial
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increases. As an example in the present case of o, and f-casein complex
formation — see Equation 2.1 — if the constituent concentration A is accepted as
the starting value 25-50 iteration steps are required to obtain an accuracy of
10-1° (g/dl) in [4,]. This number can be reduced to 2-4 by initiating the
iteration with a value of 4, which approaches the final value of the root more
closely. To this end we proceed as follows. The width of the boundary is in-
creased with the length of one box at each successive transport round (see
Figure 4.1). Since A, has the largest mobility and the complexes dissociate in
the reaction boundary (GILBERT and JENKINS, 1959) the concentration of A,
will increase in the ascending reaction boundary. We now assume that the
concentration of A, will vary linearly over the reaction boundary (Figure 4.1).
Simple geometry then yields the following expression for the starting value of
the iteration procedure: ' ' '

m—rF r
(4.5 = [A], ne1 T = [Ay]e-1, a-1 : “.1)
m : .m
where » is the number of thé transport round, r is box number a_nd mis _the
width of the boundary after the n'? transport round. In the descending reaction
boundary where the concentration of A, d_ecreases, a similar reasoning can be

applied (see Figure 4.1).

[#1]
' EM] r0-1 s
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FIG: 4.1 Schematic picture of the mon
during simulation. Ascending limb:
-—— boundary after n—! transport rounds,
~—~-Dboundary after # transport rounds.
Descending limb: oo \
-~ houndary after n-1 transport rounds,
----- boundary after » transport rounds-
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In the output the concentrations of the different components over the reac-
tion boundary are listed (see Table 4.1). Also, the velocities and the concentra-
tion gradient are given in Table 4.1 The latter is also presented as a schlieren
pattern (see for instance Figure 3a—c). Furthermore the velocities of the extrema
of the schlieren pattern and the area distribution under the bimodal peak are
computed.

TaBLE 4.1 Representing the concentrations of the various species present, the concentration
gradient and the velocitics over the different boxes corresponding to the schiieren pattern
shown in Figure 3.3b,

NR ALPHA BETA COMPLEX] COMPLEXZ COMPLEX3 COMPLEX4 COMPLEXS

=

*0.0175  +0.3469 *0.0606 +0.0533 +0.1354 +0.2408 +0,0b696

*0.0176 +0.3335 +0.0%589 40,0522 +0.1339 +0.2484 +0.0701
*0.0181  +0.3006 +0.0544 +0,0494 +0.1300 +0.2470 +0.0715
*0.01B7 +0.257B  +0.0483 '+0,0455 +0.1241 +0.2444 +0,0733
040195 +0.2064 40,0422 +0.0414 +0,1173 +0.2404 +0.0750
040203 40,1614  +0,0368 +0,0375 +0.1104 +0.2353 +0.0763
*040210 40,1532 +0.0322 +0.0340 +0.1039 +0.2295 +0.0772
040217 +0.1308 +0,02B4 +0.0310 +0.0979 +0.2233 +0.0776
+0.0224 +0.1129 +9,0253 +0.,0284 +0.0923 +0.72169 +0L 0776
*040230  +0.0985 +0.0226 +0 0261 +D.UBTL +0.2103 +0.0773
to *0.0235 +0.0R66  +0.0204 +0.0241 +0.0824 +0.2037 +0.0767

DO UE S WD —

11 +0.0241  #0,0767 +0,0184 +0,0223 +0,0779 +0.1970 40,0758
12 *0.0245  +0,0683 40,0168 +0,0207 +0.0738 +0.1903 +0.0747
13 *0.0250  +0,0616 +0.0153 +0,0192 +0.0898 +D.1R3I5 +0.0735
14 +0e0255 4040547 +0.0139 40,0178 +0.0660 +0.17AT +0.0720
15 +0.0259  +D.0491 40,0127 +D.0166 +0.06P24 +0.1658 +0.070%
16 *0.0263 +0.0442 +0.0116 +0.0154 +0.058R +0.1627 +0.0665
17 *0.0267 +0,0397 +0,0106 +0,0143 +0.0554 +0.15586 +0.0665
18 *040271 40,0357 +0.0097 +0.0132 +0.0520 +0.1482 +0.0643
19 *0,0275  +0G.0320 +0.0088 +0.0127 +0.0486 +0.1407 +0.0619
20 *0.0279  *0.02H6 4040080 +0,0117 +0.0453 +D.1329 +0.0593

21 +D,0PR3 +0.0254 +0,0072 40,0107 +0,0420 40,1248  +0,0%65
22 *0.02B7 40,0225 +0.0066 +0,0093 +0.0386 40,1164 40,0534
23 +040290 +0.0197 +0.0057 +n,0084 *0.0353 +0.1076 +0.0500
24 +040294 40,0172 40,0050 +0.0075 *040319 +D.0985 40.0463
25 *0.0298  +0.0)48  +0,0044 +0.0066 +0.0285 +0.NRG0  +0.0424
26 *0,0301  +0.0125%5 +0,0038 +n.0057 +0.0250 40,0792 +0.03R7
27 *0.0305 +0,0104 +g.0037 +0,0043 40,0216 40,0651 +0.0337
28 *0.030R  +0,00R%  +0.0026 +0,0041 *0.01AZ  +D,05RAB  +0.0290
29 +040311 +0.0067 +0.0021 *0.0033 +0.0148 +0,0485 +0.0247
30 +0.0314  +0.0051 +0.0016 +0.0026 +040117 +04N3B6 +0.9194

31 *0.0317 40,0038 +0,0012 +0.0019 +0.0088 + 0.0
32 *0.0319 +0.0026 +0.0008 +0.0014 +0.0063 +g:g§?g +g:8i33
33 +0.0321  +0.0017 +0.0004 *0.0009 +D.0042 +0.0141 +0.0073
3% +0.0323 +0.0011 +0.0003 +0.0006 +0.0026 +040087 40,0045
35 *040323  +0.0006 +0,0002 +9.00073 +0.0015  +D,0049 +0.0026
36 +0.0324 +0.0003 +0.0000 *0.0002 4040007 +040p25 +0.0013
37 4040324 +0,0001 +0.0000 +0.0000 +0.0003 +0.0011 +0.0006
gs *0.0324  +0,0000 +0,0000 +0.0000 +0.0001 +0.0004 +0.0002
9 +0.0324 +0,0000 +0.0000 *0.0000 +0.0000 +0,0001 +0.0000
40 *0.0324 40,0000 +0.0000 +0,0000 *0.0000 +0.,0000 +0,0000
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The program calculates the reaction boundary using the equilibrium con-
stants as variable parameters. The proper set of equilibrium constants is found
by trial and error. This stage of the computations can be speeded up by calcu-
lating the areas of the leading ascending and trailing descending peaks and the
constituent velocities for different sets of equilibrium constants only by Equa-
tions 2.3-2.8. As will be clear from the theory presented in Chapter 2, these

CUMPLEX6 POLYMER TOTAL Lt /DR VELUCLITY NR
+0.0369  +0.0410 +1.00uU0 ¥0.000 DUl +u.Qny uve w0
P0.0375  +040320 +0.9R42  +0.015 791 suoup0 099 3411
+N.0392  +0.0386  +0.9447 +Q.039 482 U000 102 783 2
+0.0416  +0.03HR +0.B926 +0. 082 199 0000 loe 174 3
+0.0443 +0.04481 +0en407 +0.051 90 +9.000 109 5§5 4
F0.0469  +0.0502  +0.7951  +0.085 BID sp.000 112 957 5
F0.0492  v0.QRRT  +0.7569  *0.03B 219 rU.000 1lo 348 6
s0,0611 +0.0633 +0.7291 +0.03) 800 cirevgu 119 739 1
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quantities are indicative of the value of the equilibrium constants. The advan-
tage of this procedure lies in the fact that only the equilibrium concentrations in
the undisturbed solution are calculated, which requires a minimem of computer
time,

4. 2. THE COMPUTATION PARAMETERS

The actual parameters necessary for the input of the program are presented
in the following list of formal parameters. They have been placed in the order
in which they are processed by the computer. .

n:  number of boxes;

A:  initial concentration of A4 (g/dl);

B:  initial concentration of B (g/dl);

E: electric field strength (V/cm);

AM: molecular weight of component A4;

BM: molecular weight of component B;

p:  degree of polymerization (A4,);

q:  stoichiometry of complex (A4,B); .

MU array with elements MU[L1... MU[q+-3], representing the mobilities
(em?/V.s) of respectively 4, B, AB, A,B,.., A,B and the polymers of
A which have equal mobilities (see Chapter 2).

KQ: array with elements KQ[i], where i = 0(1)q;
representing the complex forming constants defined as
KQlil = 4,B/A, B (dlfg); note that KQ[0] = 1;

KP: array with elements KP[i], where i = 1{1)p+1; representing the poly-
merization constants defined as KP[i] = 4,/4'; note that KP[1] = 1
and KP[p+1]=0.

Other actual parameters which are important corresponding to the formal

parameters are:

H: array with elements H[0]... H[p+q], representing the coefficients of the
polynomial of equation 3.6; ,

T:  array with elements T[1]... T[p+q], representing the part of the former
polynomial which is independent of 4 and B (see Equation 3.6);

LA: array with elements LA[i], where i == 0(1)q,

LA[i] = 4, = MB/(iMA+MB);

LO: array with elements LO[i], where i = 0(1)q, LO[i] = 1-LA[i];

C: two dimensional array Cfj, i], where j = 0(1)n and i = 1(1)g+5. The
box number is represented by j, and i indicates the concentration of the
q+2 solute species (4, B, AB, 4,B,.. ,A,B), polymer concentration
of A, total concentration and the concentration gradient.
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4.3, THEPROGRAM LISTS

comgent, ASC-PQ ASSUCTATIJNTRANSPART H.NIJEUIS;

kegin mi’&&ﬂn-iuj,pgqsr‘-d,kﬂo,vi,m,s;
real el,c2,03,04,65,a,b,%,y,010T,eps,tol, W JWa,AM,BM,E,

vb,Ve,5u,xm,uw,vm,hp,cor;

Roclean good,stys;

ArLay H,MA[O:20],T,KP,MU,KC,LA,LG,LK,KQ,KR[O:IO];
AAA: INPUT(60,{},,a,b LE,AM,BM,p,q,eps); good:=tule;

for 3:=1 step 1 untll a+3 do TNPU(60,43,MU3]);

for j:=0 skep 1 uptila do INPUT(6C,43,KQ[3]};

for 3:=1 step 1 untll p+l do INPUT(6C,43,KP[JT);

if ko] #1 then good:=false;

Af XP[1] #1 gZhen gocd:=false;

if XP[p+1]#0 fhen good:=false;

if good=false then gqto S05;

xc[0]:=KQ[0]; s:=p; AL s < g Lhen s:=q;

for J:=1 gteg ! ungil g de kel 37: =Kol J1xkP({J];

for 5:=2 step 1 until p+l do KRF3]:=xp[J]/kP[3-11;

airrs=1/(exult]-Mul2]));

for J:=1 sten T ugkdl a+3 do MU[ §] ¢ =1 IxMUJIxEs

for J:=1,3 skep 1 unkil 9+3 do o 3]s =mu(d]-Mul2];

vor=vii=C; cor:=0; r:=p+a; d:=r-1§

for j:=0 step 1 until a de LA[ 3]s =B/ (BM+ XAM) 5

for J:=0 gtep 1 uptil q do 1ot a)s=1-1a03]s

for J:=0 gten 1 until q do k[ 3]s =taladxxel 3]s

for 3:=0 gten 1 until r de H[3]:=0s

1= 1 o1}

ﬁ l:; ﬁ 1 ﬁ z da H[i+j];=H[1+J}+LK[J}XKP[1];

for J:=1 step 1 until q do of3):=HI];

tol:=0.0001/n/n; np:=H{rl; MA[0]:=T3

emin  arrav c[l:g+5 ,0:n];

real procedure NERA(x); real X5
begin wi=wa:=hp; k:=d;
8882 wemwxxH[ K] was=waxxsws ki=k=13

Af X0 Llien gotp 5853 NERA::(WXX+H[1€])/W3;
end procedure NERA;
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real procedure REEQ(1): inkemer 1;
peEin  yime[l,i}~cor; el:=c2:=c4:=c5:=0;
for J:=1 gkep 1 watdl q do el:=c1+L8[jIxe[J+2,1];
for J:=0 gten 1 until q de c2:=e2+LA[jIxe[j+2,1];
el:=elee[1,1]+e[q+3,1]; e3:=cl+c2;
Lor J:=0"gten 1 until q do H[J]: 4r[a}+c2xxc[3] e3xik[ 313
CYC: X:=y; ¥:i=x=-NERA(x); 1f tel<abs(x~y)J then goto CYC:
Lor J:=1 gtep 1 unkil s do MA[J]:=yxMA[J-1];
for J:=0 sten 1 unkil q do c5i=e5+LK[JIxMA[]];
el1,1)e=y; e[2,1):=c2:~02/c5;
for J:=1 stes 1 unkil q de cl3+2,17: -KctdlxMA[31Xc2
Lfor J:=2 gsten ! uptil p do cd:=c4+KP[J]%MA[3]; c[q+3,1]:=c4
end procedure REEQ: ‘

for i:=0 gkep 1 wyautil n do
for J:=1 gsten 1 ugkil a+5 do c[J,1]:=0;
e[1,0]:=a; e[2,0]:=b; REEQ(0); c[q+4,0]:=a+b;

HHH: vis=vi+l; me=03
Lor 1:=n gfen -1 until 1 do
begin if e[1.i-1]<tol then goto VVV;
for J:=q+3 gtep -1 unkdl 3,1 dg
begin cor:=e[ j,(i~1)i-c[J,1];
el 1]i=e[J,1]+corxMt[ 3] end:

if m=0 fhen m:=I; cor:=corx(m-1)/m; REEQ(1);

VVV: engd transport;

su:=C; for J:=1 gtep ! until 9+3 do
sus=su+e[J,0]~c[3,1];
ir abs(su)<eps then
keein
Lor 1:=1 gten 1 unkil) n-1 do
Lor J:=1 step ! until a+3 do e[J,ili=c[3,141];
vor=vo+l; goko HHH
end moving frame;
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su:=0; for j:=3 step 1 until q+2 do sur=su+c[J,nl;
Af su<eps Lhen goto HHH;

lor 1:=1.gfep.i untll n do
begin for j:=1 sten 1 untll q+3 dg
e[a+4,ili=c[a+4,1] + ¢[J,1];
cfa+5,1):=c[q+4,1-1]-cfa+4,1] end; _
vh:=(MU[2]+vo/V1) /dLEr; Jiffi=diffx¥i; k:=0; vei=n/diff+vb;
Lor 1:=0 gtep 1 until n do
hegin If 1i=0 v i-kx50=1 then

begin ki=k+l;
BUTPUT (61 ,4x/97v{page} ,bzd} k)
ZUTPUT{61,4/ binr alpha beta 33);

Lor J:=1 gtep 1 ugtil 4 do
@UTPUT(61 .4 {complexidibl,i);

@UTPUT (61 ,{bdipolymer total de/drid);
OUTFUT {61 ,47Thivelocity nr}/3);

i 1 fhen GUTPUT{61,¢//})

&ad;

@UTPUT(61 ,¢4/2zd2b},1);

Lor J:=1 giep ! upkil q+4 do

BUTPUT (61 ,{+zd. 4d1b},e[J,1]);

BUTPUT(61 ,t+zd.3d63d1b¥,e[q+5,1]);
BUTPUT(61 ,4+7d. 3d63d03d ,b2zaY ,1/difF+vb,1);

if 1:10=1/10 thep @UTPUT(61,{/})
&nd result cne box;

Af 25<n then OUTPUT{61,tx3}) else WUTPUT(61,4//3);
for i:=1 gtep 1 until n do

" 6
OUTPUT (61 ,4/2203b3 ,1) ; m:=c[q+5,1]x1000xnxn/625;

if m>129 thep k:=0 glse k:=T;
A1f k=0 ghen m:=128;

for J:=1 gtep 1 uatil m §o QUIPUT{61,iix3});
AL k=0 then @UTPUT{61,{d{o}})}

end graph;
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FUTPUT{G1 ,4% 9Tnipage’,zd},0); _ ‘
UTPUT(61 ;4/90EASC-PQ ASSUCTATIONTRANSPART H.NIJHUISH);
AUTPUT(61,{5biascending reaction houndarydl});
AUTPUT(61,{/ 9blalpha- en beta-casein 3});
QUTPUT(61,¢ 2bialpha-cas. polymerizing 11);
guTPUT (61,4 2b{alpha en beta complexes: a/b=g/1 33):
@uTrUT(61,4// Obiboxes amount}21b2zd },n);
QUTPUT(61,4 14bifield strength (volt/em) I8bzd.4d},E );
@UTPUT(61,¢/ Obdinitial conc. alpha (g/d1}} 8bzd.d4d },a);
SUTPUT(61,¢  9bimol weight alpha-cas. } '7bSzdd,AM);
@UTPUT(61,4/ 9bdinitial conc. beta. (g/d1}} 9bzd.4d 3,b);
FUTPUT{61,4 Sbimol weight beta-cas. } 8b5zd},BM};
PUTPUT(61,4/ Obldelta T/delta x (sec/cm} % 5bSzd 3,difr/vi);
FUTPUT(61,¢  14blaceuracy in cone. (g/dl)}10bd.Td},eps):
BUTPUT(61,4// Sbiass.const. XC(i)=e(i)/ox{a)l (dl/g)1 331);
PUTPUT(61,44bd4KQL1]=ci/bxal (d1/g) 33);
BUTPUT(61,44bdKA[1])=ci/axc (1-1) (al/g) 33);
AUTPUT(61,¢/20b,%d,5bd.5d$+3d3,0,%kc[c] );
Lfor 1:=1 gten 1 until q dg

keein

QUTPUT (61 ,4/20b,2d,5bd. 5a$+3a% ,1,KC[1] 33

@UTEUT (61,4135b22d.4 ,230b2zd.d3 , kg {1]xe[1]/Kc[1-1])

znd;

GUTPUT{61,4// 9bdmobilitiesid);

Loz J:=1,3 sten 1 unbil a+3 do MU[Jj:=Mu[4]+mul2},

for J:=1 sten 1 until a+3 do MU[]: MUl Ixvi/(ExAirf);
@UTPUT(61,¢/ 9blalpha  (em2/voltxsec)d $,MU{1]);
@UTEUT(61,4/ Obibeta (em2/voltxsec)d 3 ,MuUf2]):

for 3:=1 skep 1 until q do

YUTPUT(61,4/ Solcomplexid,d(em2/voltxsec)d #,3,MU[J+2]);
JUTPUT(61,4/ Sbipolymer (em2/voltxsec)} 3,MU[q+3]);
QUTPUT{61,{// Sbipolymerization-cons. KP=ap/(dl)p 3});
GUTPUR (61 ,44biKR=a(p)/a{p-1)xa (dl/g) 31);

QUTPUT(61,¢  4bipolymerizaticn degree alpha  32zd},p);
@UTPUT(61,{/200,2d,50d.5d$+3d%,1 ,KP{1] )}

for i:=2 gkep 1 unkil p+l dg

QUTPUT(61 ,4/20b,2d,5bd .5d$+3d,11b22d.d%,1,KP[1]1,KR[1] )
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FUTPUT{61,42/11bitransport rounds executed 33b6zdd,vi):
QUTPUT{51,¢ 1lbdimoving frame rounds executed }6zd},va);

JUTPUT(61,4//20bdveloecities (em/sec)id);
BUTPUT(61,{ /11bdlbox nr 0%+32d.3db3db3d} ,vh);
FUTPUT(61,¢ /11bdbox nri2zd,+3zd.3db3db3d},n,ve);
ZUTPUT(61,{ /11hidifference}+2zd.3db3db3d},ve-vb);

AUTPUT (61 ,4//13pdmaxima and minima in gradient );

BUTPUT (61 ,¢/T1bdbox}12b{velocityidblareat});
c2:=c(q+5,0]; e3:=c(a+5,17; cS:=c[q+4,0];
1L ¢2<c3 then styg:=trye elgg styg:=Lalsg;
for 1:=2 gtep 1 unfil n do
begin
el:=c2; c2:=e3; c3:=c[q+5,1]; cdr=cH;
iL c2<e3 = styg then goko OUT;
AL stysstrue then styg:=falge elge styg:=true;
uw:=(cl~c3)/{el+c3-2xc2) /2; xmi=i-Tl+uw; vm:=xm/diff+vb;
iL uww>0 fhen k:=1 glge k:=-1;
e5i=c[q+d,i-11-kxuwx(c[q+é,i~1]=c[q+d,14k=-1]); su:=cd-c5;
@QUTPUT (61 ,4/80322d.3d ,4b+2d.3db3dB3d ,5b+zd. 4d3 ,xm,vm,5u) 3

BUT: end:
AUTFUT (61 ,4/41b+2d.4d3 ,05-c[a+4,n]};

el:=tu[1]ix(e(1,0]+e(q+3,0]); c2:=0;

for J:=3 gtes 1 until g+2 do cl:=cl1+La[J~2]xe[J,0xMuls];
for J:=2 sep 1 until q+2 dg c2:=e2+LA[J-2]xeld,0IxMU[1];
eli=cl/a: c2:=02/b; sus=ax{cl-c2)/(MU{T]~c2); "

JUTPUT (61,4 /13blarea leading peak}});

BUTPUT (61 ,4/12bdobs}Tbiperibbical }7hdperti);

BUTPUT (61 ,¢/10b+zd.463b,+2d.d¥,c[g+4,n],c[a+r4,n]x100/ (a+0)) ;
BUTPUT (61 ,4+3b2d.463b ,+2d.d} ,5u,5ux100/ (afb) ) ;

FUTPUT{61 ,4//3plconst.veloelty alpha}4b+zd.3db3db3d},cl);
dUuTPUT (61 ,4/3bteonst.velocity betaisb+zd.3db3db3d},c2);

if kp[1]=1 & KP[p+1]=0 then gcto AAA

end; :
898: if good=falge then BUTPUT(61 ,4dmistake}});

end
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comment DESC-PQ ASSHCTATIZNTRANSPZRT H.NIJHUIS;

begin integzer n,i,3,p,q,r,d,;Ksvo,vism,s;

real cl,e2,03,¢4,c5,a,b,x;y,diff,eps,tol,w,wa,AM,BM,E,

vb, Ve ,81,Xm,uw,vm,hp,cor,mul ,mu2 ,mud;

boglean sood,glyk,stye;

array H,MA[0:20],T,KP,MU,KC,TA,LO,LK,KQ,KR[0:1C];
AAA; INPUT (60,4} 41i,a,b,5,AM,BM,p,q,eps); good:=gl¥ik: =frue;

1L n<O then mokg SUS;

Lor J:=1 step 1 unkil q+3 do INPUT{60,¢3,MU[3]);

for J:=0 shew ! unkil g  go INPUT(60,43,KQ75]);

for i:=1 sker 1 ungil p+l dg INPUT{60,43,KP[J]);

if ka[o] 41 then good:=false;

i KP[1] 41 then good:=falge;

AL XP[p+11#0 then good:=false:

if goodzfalse then moto S568;

Kc[0]:=Ke[0]; s:=p: if s < q then s:=q;

Lof J:=1 gkep 1 untdl a  do KC[3):=XKQ[JixKP{JT;

for J:=2 sten 1 until p+1 do XR[J):=kP[j]1/KP[j-1];
:=1/(Ex(MU{1]-MU{2])); voi=¥i:=0; Gor:=0:
:=1 sten T untll q+3 do MU[J]:=airrxMul 3IxE;
1=MU[1]; mu2:=MU[2}; mud:=muT-mu2; r:=p+i; dr=r=1;
J:=T gstep 1 unkll q+3 do MU[J]:=MU[jl-mu2;
J:=1 ggen 1 utdl q+3 Qo MU[J]:=mua=MU[J];
:=0 step 1 untll g dq LA[J]):=BM/(BM+IxAM);
=0 gtep 1 wntil q do TAfj]:=1-LA[3];
=0 gteo 1 unkil g g LK{jl:=LA[3Ixxcf3];
=0 gtep 1 until r gdo H{J]:=0;
:=! gstep 1 untll p do '
:=0 gten 1 ungld 9 do H{i+j]:=H{i+3)+LK[§IxKkP[1];
Lor $:=0 gten 1 untdl g dg T{3]:=H[J];
£0l:=0.0001/n/n; hp:=Hir]; Ma{0]:=T;

e
.

"

“- e

EERERELRS

i

berin acray  c¢{1:9+5,0:n];

kel procedure NERA(x); real x;
begdn w:=wa:;=hp; k:=d;
5881 wr=wxx+H[k]; wa:=waxx+w; kisk-1;
if k>0 then goto SS5; NERA:={wxx+H[k])/wa;
ghd procedure NERA;
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rezl procedyre REEQ(1); Linteger 1,

bezin

CYC:

yvi=e[l,i]-cor; eli=c2:=cd:=c5:=0;

Loz J:=1 gteo 1 ungil q do ol:=ci+Ld[J]xe[j+2,1];

for J:=0 step 1 until a do c2:=c2+TA[j)xc[J+2,1];
clz=cl+e[1,1]+c[g+3,1]; e3:=cl+c2; ‘

Lor 3:=0sfep 1 uatdl q do H{J]:=T[3]+eaxKC[]~e3xLK{}];
x:=y; ¥:=X~NERA{x}); 1f tol<alis(x-y) then goto C¥C;

Lor J:=1 step 1 until s do MA[J]:=yxMA[J-17;

for J:=0 step 1 until q do o5i=c5+LK[IDMA[§];

e[l,1 )=y e[2,1]1=c2:=c2/0c5;

fér j:=1 step ! unkdl q do cl[J+2,1]):=KC[J]xMa[ §]xc2;

Lor 3:=2 gheg 1 uutil p dq c4r=chKP[IIRMALJ]; cla+3,i):=

epd procedure REEQ;

HHH:

for 1:=0 sftep 1 until n do
Lor J:=1 gten 1 untdl q+5 do efJ,17:=0;
e[1,0):=a; ¢[2,0]:=b; REEQ(0); c[q+4,0]:=a+b;

Viig=vi+l; m:=0; glyk:=frue:
Lor 1:=n step -1 unkll 1.do
begin AL e[1,i-1]<%ol ghen zeto VVV;
Jfor 3:=q+3 sken -1 until 1 do
begln cor:=e[§,(3-1)]-e[d,1);
eldst]i=eld,i]+corxMu 1] end;
if m=0 ther m:=T; cor:=corx(m=1)/m; REEQ{1);

gnd transport;

| for J:=1 sgeb 1 ungil 9+2 de

AL abs(eli,0]~c(J 1]} > eps then glyk:=false;

AL slyk = fxue then

begin

for i:=1 step 1 uptil »-1 do

for j:=! gtep 1 unkdl 9+3 do e[J,i]s=c[J,141];
vo:=vo+1; geig HHH

end moving frame;
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suz=0; for J:=3 step ! until q+2 do sus=surc[J.n];
il su<eps Lhen gotg HHRH;

for 1:=1 steo ! until n dg
begin fox J:=1 skep 1 until o+3 do
clq+d,i)i=e[q+d,i] + e[,1];
cfa+5,1}s=cfq+d,i-1]-clq+4,1] end;
vbi=(mul =vo/viy/dirf; Qiff:=~diffxvi; k:=0; ve:=n/diff+vh;
for 1:=0 step 1 until n do
hegin if 1=0 v 1-kx50=1 Lhen

pegin Ki=k+l;
@GuTPUT(61,,1%/97Tbdipage} ;bzd}, k} ;
2UTPUT(61,¢ / binr alpha beta  31);

Lor j:=1 sfen 1 until g do
GUTPUT(61 ,¢ tcomplexidlibl,i);

AUTPUT{6] ,¢bipolymer total de/drit) :
BUTPUT( 6] ,{Todvelocity nr}/d)

if k1 Lhen GUTPUT(61,4//3)

end;

JUTPUT(61 ,4/2242b% 1} ;

for J:=1 step 1 until a+4 de

@UTPUT (61 ,4+zd. 4d1b},e[3,1]);

QUTPUT{5] ,4{+2d.3db3dlb},c[q+5,1]);

QUTPYT (61 ,4+2d. 3db3db3d ,,b22d},1/dif+vb,1);
ir 1;10=1/10 then @UTPUT(61,¢/3)

end result one boxy

AL 25<n ghen QUTPUT(61,¢{x}) gige OUTPUT(61,4//1);
for i:=n ztep -1 ungll 1 de
kegln
JUTPUT (61 ,4/22d43b},1); m:=c[q+5,1]x1000xnxn/625;
AL m>129 ghen k:=0 glge k:=T;
1L 4=C then m:=128;
for J:=1 gtep 1 until m do AUTPUT(61,tixid);
AL k=0 theq GUTPUT(61,{{o0}})
end egraph;
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@AUTPUT(61 ,4x 97bipage},zd},0);
BUTPUT (61 ,4/9bdDESC-PQ ASSECIATIONTRANSPORT H.NIJHUISHI);
QUTPUT (61 ,{5hidescending reaction boundaryii):;
BUTPUT{61,{/ 9blalpha- en beta-casein 33});
AUTPUT{61,f 2bialpha-cas. polymerizing }});
@UTPUT({61,¢ abtalpha and beba complexes: a/b=q/1 3}):
AUTPUT (61 ,4// 9biboxes amount}2ib2zad 3 ,n);
ZUTPUT (61,4 14bifield strength (volt/cm) 38bzd.d4d},E );
gUTPUT(61,4/ obiinitial cone. alpha (g/d1)} 8bzd.4d },a};
PUTPUT(61,4  9bdmol weight alpha-cas. } TbSzd},AM);
BUTFUT (61 ,4/ Obdinitial conc. beta (g/dl)} 9bzd.4d },b);
FUTPUT(61 ,¢ ab{mol weight beta-cas. } 8bSzda},BM);
QUTPUT(61,4/ 9bidelta T/delta x (sec/em) } 5bSzd 3,-diff/vi);
BUTPUT(61,¢ 14biaccuresey in conc. {(g/dl)310bd.7d},eps);
guUTPUT (61 ,4// Sbtass.const. KC(1)=c{i)/bx(a)i (dl/g)i }1);
GUTPUT(61 ,440¢KQ[1I=ci/bxal (d1/g) 3});
AUTPUT (61 ,44bdKA[1 ]=ci/axc (i~1) (d1l/g) 3¥)};
AUTPUT (61 ,4/20b,2d,5bd.53$+3d},0,KC[0] )3
for 1:-1 zteb 1 until q 4o
kesln
AUTPUT(61 ,4/20b,2d ,5bd.5d$+3d3,1,KC 1] )
JUTPUT(61,¢13b2zd.d ,2302zd. 4%, Ka{1]:;Ke[1]/KC[1-1])
ends

FUTPUT (61 ,4// 9bimobilitieshd);

for J:=1 sten 1 untdl q+3 do MU[3]:=-MU[J]+mud;

for J:=1 akep 1 matdl a+3 do MU[J]:=MU[J]+mu2;

for j:=1 skep 1 until a+3 dg MU[j]:=-MU[JIxvi/E/QifL;
gUTPUT(61,4/ 9bdalpha  (cem2/véltxsec)¥ %,MU[1]);
QUTPUT(61,4/ 9bibeta {em2/volexsee}t 3,MU[27);

for J:=1 gtep T until q do

2UTPUT{61,4/ 9b{complexid.i(em2/voltxsee)} ¥,5,MU[3+2]);
QUTPUT{61,4/ 9bipolymer (em2/voltxseec)} },MUq+3]);
QUTPUT(61,4// 9btpolymerization-cons. KP=ap/(d1)p }3);
@UTPUT (61 ,44bdKR=a(p)/a{p-1)xa (al/g) 3});

GUTPUT(61,4  4bdpolymerization degree alpha  32zd3,p);
ﬂUTPUT(é],t/EOb,zd,5bd.5d$+3di,1,KP[l] ):

Lor i:=2 gkep ! untll p+1 do
@UTPUT(él,{/20b,zd,5bd.5d$+3d,11b2zd.di,1,KP[1],KB[i] Y:
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QUTPUT(51 ,42/11bdtransport rounds executed 33hbzdl,vi);
FUTPUT (61,4 1lbdmoving frame rounds executed 36zd},vo);
PUTPUT(61,4//20bdvelocities {em/sec)id);

QUTPUT(61,¢ /11bdbox nr Oi+3zd.3@b3db3d},vb};
GUTPUT(61,4 /11bdvex nriaze,+3zd.3cb3db3dd,n,ve);
GUTPUT(61,¢{ /11bidifference}+2zd.3d03db3d},ve-vb);

QUTPUT(61,¢4//13bdmaxima and minima in gradient )
@UTPUT(61 ,4/11bdbox}12bd{velocity}gblareal’);
c2:=e{q+5,0]; e3:=c[q+5,11; c5:=clq+4,0];
iL 02<c3 then styg:=true else styd:=false;
for 1:=2 gstep 1 unkil n dg
kepdn
el:=c2; ¢2:=c3; c3:=c{q+5,1]; cdi=c5;
AL c2<c3 =z styg then deto AUT;
Af stye=truye Lhen styg:=Lalse eise stym:=Lrye;
uw:=(cl=e3)/(cl+e3-2xe2)/2: xmz=i-1+uw; vm:=xm/diff+vb;
1f vw>0 ghen k:=1 glse k:=-1;
chr=c[q+d,1=1]~kxuwx(c{q+4,1=1]-c[g+4,i+k=1]) s suz=cd-c5;
PUTPUT (61 ,4/8b3z2d.3d , 4b+2d. 3db3dB3d,5b+zd. 443 ,xm, vm ,su) ;
JUT: end:
@UTPUT (61 ,4/41b+zd.4d} ,e5-c[g+4,n]);

we

el:=Mu[1x(c[1,0)+c[q+3,0]); c2:=0;

for 3:=3 sked 1 uynkfl a+2 dg cli=cl1+L@lj-2txe[ 3,0 xMu[3]
for J:=2 sten 1 uatll a+2 dg c2:=c2+LA[3-2]xc[J,0TxMU 3]
el:=cl/a; c2:=c2/b; su:=bx(el-c2)/(cl1-MU[2]);
QUTPUT{61,{ /13blarea trailing peakil});
BUTEUT(61,4/12bdobs}7biper’bbical7oipertd);
BUTPUT{61,4/10b+2d.4d3b,+2d.d},e[g+4,n],e[a+4,n]x100/ (a+b) } ;
BUTFUT(61,4+3bzd.4d3b ,+zd.d},5u,5u¢100/(a+b) ) ;
QUTPUT(61,4//3blconst.velocity alphaldb+zd.3db3db3dd,cl)s
ZUTPUT (61 ,4/3btconst.veloeity betadSb+zd.3db3db3dd ,e2);

[
H
*
H

iL KP[1]=1 A KP[p+1]=0 then roto AAA

ends
5d8: if goodzfalse Lhen AUTPUT(61,{dmistake’}):
gnd
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SUMMARY

The anomalous boundaries occurring during free electrophoresis or ultra-
centrifugation of interacting biopolymers are investigated. As is already known
from the early studies of LONGSWORTH and MACINNES (1942), such interactions
can give rise to abnormal velocities and areas of the migrating peaks in trans-
port patterns.

In this thesis in particular the complex formation between x,,- and f-casein
two major proteins from milk, was studied. The importance of such complex
formation for the cohesion of the natural casein micelles in milk has been
stressed repeatedly.

Complex formation between these protems was easily recognizable from the
different number of moving peaks on both sides of the electrophoretic channel.

Application of the moving boundary theory (Chapter 2) leads to the conclu-
sion that the constituent mobility of «,,-casein is fairly high, which indicates
the presence of complexes of a high stoichiometric ratio a,, /f.

The development of the reaction boundaries during electrophoresis was
simulated in the ALGOL-programs presented in Chapter IV, In the computa-
tions the self-polymerization of o,y -casein under the experimental conditions
and the simultaneous formation of the various complexes was taken into ac-
count. The results of such a simulation was found to be consistent with the
conclusions of the moving boundary theory.

The simulation (Chapter 3) is brought about by dividing the electrophoretic
channel into a large number of small boxes of equal length. The development
of the reaction boundary then was simulated by means of alternate rounds
of transport of material from one box to the next and subsequent re-equilibra-
tion. Only the transport due to the velocity is accounted for, which makes the
procedure a simplification of GoaD’s method for the numerical solution
of the conservation-of-mass equation of a system of migrating and interacting
macromolecules. By reducing the calculation in this way a diffusion-like error
is introduced which is used to advantage to imitate the diffusional flux. It is
shown that this procedure is essentially identical to the countercurrent analog
developed by BETHUNE and KEGELES to account for the effect of diffusion on the
transport pattern of interacting proteins.

The adjustment of the simulated diffusion coefficients to their actual values
is discussed and the results of different calculations compared. It is shown that
in agreement with expectation diffusional spreadmg had only a minor influence
on the development of a reaction boundary in prolonged experiments.
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SAMENVATTING

Onderzocht werden de anomalieén in de bewegende grenzen, die optreden
tijdens vrije elektroforese of ultracentrifugering van biopolymeren waartussen
interacties bestaan. Uit de studies van LONGSWORTH en MACINNES in 1942 was
reeds bekend dat zulke interacties aanleiding kunnen geven tot abnormale snel-
heden en oppervlakken van de zich verplaatsende pieken in transportexperi-
menten.

In dit proefschrift wordt de complexvorming bestudeerd tussen twee hoofd-
componenten van de melkeiwitten, namelijk o,,- en f-caseine. Op het belang van
deze complexvorming voor de stabiliteit van caseinemicellen is herhaaldelijk
de nadruk gelegd. . _

De complexvorming tussen deze twee ciwitten was gemakkelijk herkenbaar
aan het verschillende aantal pieken dat optreedt in de beide benen van het U-
vormige elektroforesckanaal.

Door de ‘moving boundary’-theorie (hoofdstuk 2) toe te passen, kan worden
geconcludeerd dat de constituentsnetheden van «,,-caseine tamelijk hoog zijn,
wat een aanwijzing is voor de aanwezigheid van complexen met een hoge
stoichiometrische verhouding 2, /.

De ontwikkeling van de reactie-grenzen tijdens elektroforese is gesimuieerd
in de ALGOL-programma’s die in hoofdstuk 4 gegeven zijn. In de simulatie
wordt rekening gehouden met de polymerisatie van a,;-caseine onder de experi-
mentele omstandigheden en de gelijktijdige vorming van de verschillende com-
plexen. Het resultaat van deze berekening bieek overcen te stemmen met dat
van de ‘moving boundary’-theorie.

In de simulatie (hoofdstuk 3) wordt het elektroforesekanaal in een groot
aantal hokjes van gelijke diepte verdeeld. De vorming van de reactie-boundary
wordt dan gesimuleerd door afwisselend de componenten van het ene naar het
andere hokje te transporteren en daarna in de aldus ontstane inhoud van de
hokjes het chemisch evenwicht zich opnieuw te laten instellen. Alleen het massa-
transport ten gevolge van het van buiten aangebrachte potentiaalveld wordt in
rekening gebracht.

De gebruikte methode is zodoende een vereenvoudiging van de methode van
GoaD voor het numerick oplossen van de conserveringsvergelijking van een
systeem van transporterende componenten waartussen interacties bestaan.
Door deze vereenvoudiging wordt er een diffusieachtige fout geintroduceerd
die ten nutte wordt aangewend om de diffusie te imiteren, Aangetoond wordt
dat deze procedure in wezen vergelijkbaar is met de countercurrent-analogie
waarmee BETHUNE en KeGELES de diffusie verdisconteerden in het transport
van associérende eiwitten.

Het aanpassen van de gesimuleerde diffusiecoéfficiénten aan de werkelijke
waarden wordt besproken en de resultaten van de verschillende berekeningen
zijn vergeleken. Aangetoond wordt dat, overeenkomstig de verwachting, de
spreiding ten gevolge van de diffusie slechts een ondergeschikte rol speelt in de
ontwikkeling van de reactie-boundaries in langdurige experimenten.
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