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Abstract

The electric field strengrh and pH  gradients
generated in isotachophoretic systems may be sed for the
separat ion of biomolacules, Poly (2 -acrylamido-2-methyl-1-
propanesulfonic acid) polymers of a uniform distribution
of molecular mass were synthesized and used as spacers in
isotachophoresis in order to generate linear electric
field strength gradients in which biomolecules could be
focused. These novel spacerse are desgigned to operate
within sieving media, and hence are useful for the
geparation of nucleic acids,

A novel weakly basic acrylamido buffer, N-([big(2-
hydroxyvethyl)aminomethyl]acrylamide {(pX, = 5.6), guitable
for the preparation of immobilized pH gradients, was
synthesized by weans of the Mannich reaction of
acrylamide, formaldehyde and diethanolamine. It exerts a
buffering effect in the considerable pH gap between the
pK, 4.6 and 6.2 Immnobilines’, and was shown to make
posgible the use of ultranarrow immobilized pH gradients
centred around pH 5.6, However, this acrylamido buffer is
expected to undergo slow hydrolyais in aqueous solution,
limiting its usefulness., Hence mors stable alternatives
were investigated,

A range of «o-aminomethylated acrylic acids,
buffering in the neutral and basic pH ranges, were
synthesized by the Mannich reaction of malonic acid,
formaldehyde and a secondary amino. These compeunds are
much  more astable than {he corresponding  acrylamide
derivatives, A pH 7.3.7.% IPG prepared using o-{N-
norphol inemethyl)acrylic acid (pk, 7.6) ag the
immobilized buifer was  able to  resolw: myoglobin
sontaminants dif{ fering by as litcle as 0.00% pH unit,
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diveor ion, Bowever, tlee 7 jong will soon leave Lhe
glower i behind, leadimg to the tormation of an
ionice vacuum', ie. a region of lower molar counductivity
A will appear., Since the curtrent [ at any part of the
gystem is the same (as all gections of the conducting
material are electrically in seried), then the field
strength E mugt rice due to Olm's Law - [ o« EA. Thisg
causes an increase in the net velocity of the i° ionsg,
accelerating them until they cateh up with the i° ions.
The concentrations -of [ and k* in t.ue terminating
electrolyte will adjust to the concentrations of j° aud
k* in the leading electrolyte, in such a way that they
will create a voltage gradient large enough to give the
terminating zonhe the same gpeed as the leading zone,

Thus the concentrations of the i and k* iong in the
terminating electrolyte (and hentce tiie pH of the teimin-
ating electrolyte) are regulated by the ionic composition
of the leading electrolyte, A stable moving boundary i
formed between the 7i° and i° zones, with a strepwise
increase in fisld strenyth and a gropwise decrease in
concentratio: Joing from the j iong to the i ions., A
Stepwige increase in pH also occurk at the boundary of
the j and §° ions, This is due to the fact that the
ianization of the commoun basic buffering counterion X
musr decrease 2o ag Lo maintain electronsutrality in view
of the lower concentration of the i jons. This process
ig purtrayed diagrammat ically in Flgures 2 and 3.

It a sone aof a4 third ionn, a4, of an ionic mobility
intermediate to tlioae of rhe j and 7 iona, is intreduced
between the §j and i zoner, then the a4 dono will act as
"terminabring iona" withh respect to the 0 foun, and as

"leading ions" with tegpect to the § o ions, as shown in
Figures 4 and %,
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1.2 STEADY STATE MOVING BOUNDARIES

1.2.1 Historical background

The electrophorel ic phienomenct, employed by Ornstein
and Davias in 1964 for prefocasing of protein samples in
digcontinuous electrophoresis (the stacking effect), was
dircovered asg early as 1897 hy Kohlrausch, a German
physical chemist ., Kohlrauach chserved that, on migration
in an applied electric field, the houndary between a
solution of ions of substance j of high mobility, and a
solution of ions of substance i of low mobhility and the
game gign of charge, would be sharply mazntained,
Kohlrausch detived a "requlating funection® defining the
conditions requir~d for the formarion and maintenance of
steady state moving houndaries.

1.2.2 The formation of ateady state moving
boundaries’

Imagine A gysrem cowposed ol two adjacent
electrolytes k' (leading electrolyte) and X'/ (rermin
ating electrolyte) where the ionic mobility of the i
ions iz higher than that of the | iong, and k* ie the
common basic bhutfeiing counterion. Ouce a potential
difference s applied the §° dons of high mebilivy and i
ions of low mobility will start migratiug in the sgame

The: theory uf gteady ats movimy boundal jos wag
majniyy developed by Longuwolth (Lennprworth tunog,
Hirlmeland and Chrambach, 1982y, A detailed theoret ical
deseription of  the  equat jom: desciibitgg the  jonjce
cotipodition of ceeady urabte movigg boundaries ia given in
cppendix B,
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A major advance in cone slectyophoresiy was the
introduction of starch gel ag an electrophoretic medium
(smithies, 19%%) resulfing in a spectacular gain in
regolution - 20-25 serum componencs could be resolved as
opposed to 6-7 by previoug methods. Cbviously a new
principle was at work, and Smithies himgelf realised that
it was molecular sjeving, A principle that gained immenae
importance through the introduction of synthetic poly-
acrylamide gelr by Raymond and Weintrauk 4in 1959,
Polyacrylamide gel is formed hy the free radical -induced
polymerization of acrylamide with the cross-linking agent
methylene-N, N’ -biparcrylamide. The pore size in polyacryl-
anide gels is dependent on the concentratrion of acryl-
anmide used, for example, a 2.5%% gel g eves molecules of
a mplecular mass of 10 to 10" daltons, a 7% gel asieven
molecules of a molecular masg of 10' to 10 dalrons, and
a 30% gel sieves mulecules of a molecular mass of 2 x 10
to 2 ® 10" daltons,

The greatest factor limiting resolution in
polyacrylamnide gel electrophoresis im diffusion, which
cauges protein banda to spread with time during the
electropnoretic run., Tn limit the loss of resolution, the
protein sampies loaded onto the gels had to be small and
highly concentrated. This problem was overcome by the
introdurrion of ‘fdise electrophoresis” in 1964 by
Orpatein and Davig, in which discontinuities in the gel
buffere raused the formation of steady state moviag
boundaries by which the gpample proteing bacams
concentrated into extremely thin starting zones. High
regolution wag rhug achieved iu very briaf runs, with the
added  advanutage that dilute protein sawples could be
lonadedd. The theory behind the steady atate moving
boundaries employed in digcontinsous electropbovesiy is
aelahorated in the following section.
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Development oi_glectrophoresip ap an aualytical toal in
kipchemist vy

Elactroplioretic analysis of protein mixbures in free
golutioa started with Tigeljus in 1937, 1In thisg
technigue, named moving bounoary electrophoresis', the
mixture of proteins wap applied in a U-shaped cell filled
with a buffer solution, at the end of which electrodes
were immersed. Under the influence of the applied
veoltage, the proreina wculd migrate at different
velocities towards the anode or cathode depending on
their charge, Although the individual protein zones could
never be complaetely separated from each other, the
boundaries Formed between the mixed protein zones could
be detected using Schlieren optics, as shown in Figure 1.
Uaging thisg technique, Tiseliue was able to zeparate blood
serum into about 5 or 6 fracrions, He received the Nobel
prize in Chemistyy for this work in 1948,

During the 1950’8, zone vlectrophoresis was
introduced -~ so called because the gample ronstituents
could be resolved into individual zones. Although this
was C[rue for small molecules such as amino acids, ouly a
minimal increase in the vresolution of proteins was
obtained over moving boundary electrophoresig. In these
early experiments in zone electrophoresis, supporting
media such a8 rellulose paper or cellulose acetate strips
were uged, The use aof supporring media solved the problem
of convert ion currents caused by temperature fluctuations
which are a problem in electrophore tis conducted in free
salution,

Raviewed iu Lougoworth (195ua, 1Y),
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L BT (1-3)

where [ ig the frictional coefficient.

The two forces dct il opposite directions, and the
ions reach a terminal speed, the drift gpeed, when the
accelerating force J is balanced by the viscous drag J.
The net force is zero when:

v BF (1-4)

The ratic of @/F is a constant for any ion, and may
be replaced with a quantity defined as the Jjonic
mobility' m (in em Vg ‘)

o mi {1-9)

The frictional coefficient ig a funetion of the
hydrodynamic gize of a melecule. Inoreasing the molecular
size increages the frictional coefficient., shape aiso
plays a role in large molecules like nucleic acids and
proteins, of which the length-to-width ratios can vary
widely. Theyvetore the jonic mobility of a molecule iw a
function of size, shape and charge,

' In the older literature the jouse mobility s
nf ten repreasented as g or u.
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Theory. of electiophoregiy!

Whell two electrodes a digtance L (in cm) apart are
at a potential difference vV lin volts), the ions in the
golution between them experience a uniform elecgtric field
of magnitude (in vQem'):

pe V (1-1)

In such a tield an ioen ot charge @ experiences a
force 7 of magnitude:

Foe PR (1-2)

A cation responds by aceelerating towards the
negative electrode f{cathode) and an anion responds by
accelerating towards the positive electrode (anode).
However as the ion moves through the solvent it
experiences & frictional retarding force 7' that is
proportional to its velocity, v (in emeg ')

How oy

This relarionship may be rewritten as:

A more in deptll treatment of electroploretic theory
2 qgiven in Appendix A,
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My jutvrest was also stimulated in the use of pH
gradients for the separation uf proteins. Isoelectric
focusing in immobilized pH gradients (I1EF-IPG) caught my
eye, due to the stability of the pH gradients generated
by this technique, as well ar the prospect of pH gradient
engineering. Since the acrylamido bhuffers required for
IEF-IPG are guite expensive, ai opportunity presented
itself for research inro alternative, cheaper acrylic-
baged bufifers,

1.1.2 Use of electrophoresis in blochemisbry?

Electrophoresis is rhe most powerful and frequencly
used analytical technigue in the study of charged macro-
melecules, It utiliges differerces in charge and
melecular mass for resolution of proteins. Techniques
such as denaturing gel electrophoresis, using detargents
guch as scdium dodecyl sulfate, and pore gradient gel
electrophoresis depend solely on molecular mases
differences to effect a sepavation. Isoelectric tocusing
utilizes solely differences in electric charge, namely,
differences in pl. Of the two approaches, iscelectric
focusing has gensrally the greater resolving power for
the analysis of proteins. |

. Some reviews ol the development of electro
pharesis as an analytival tnol in biochemisryy have been
written by Rilbe (1983%) and Vesterberyg (1989, 1993),



Chapter 1 - Introduction

1.1 dENERAL BACKGROUND

L.1.1 Alm of projact

The project as originally intended was to evaluate
the resolving power of polyacrylamide gel electrophoresis
{PAGE) in neon-denaturing buffers foxr the analyris of
lactate dehydrogenase (LDH) isozymes from rat and fruit
bat tissuer with a view to comparing their pacterns and
correlating these with metabolic activicy. The failure of
the LDH-5 isonyme to enter the gels during discontinuous
electrophoresis provoked my interest in the physice-
chemical mechanisms behind the stacking process, I soon
became deeply interested in the concepts involved behind
the electrophoretic focusing of prorteins in voltage
gradients, Eventually the foous of my Ph.D project
reversed - from using electrophoresis to study protein
patterns, I used protein patterms as a means of
evaluaring the resolving power of electrophoretic
procaeses.

The stacking of proteins in  discoutinuous
elactrophoresis isg caused by the genevation of voltage
gradients across a moving boundary betweenl two ionic
species (vhloride and glyeine anions in the ornatein-
Davis system). This uhysicochemical phenomenon ig the
underlying principle of artion of isotachophoresis (ITP),
Sinee ITP to date has not achieved o widesptread use in
biochemistyy tor the analysis of bhiomolecules, (n spite
of ite potentially goed repolving powar, I recogniged tlie
vpportunity tor vl cesearch in a little-known field.
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1.3.2 The performance of carrier ampholyte spacers

The resolution of complex protein mixtures by TP
uging carvier ampholyte gpacers has oiten been very
unsat igfactory, This problem is caused hy the fact that
sonwe time is required for an isotachophoretic stack to
reach the steady state (gee Figure 81, In order to
provide a sufficient spacing effect the carrier
ampholytes must be used in large excess, and very often
the isotachophoretic steady state is not reached by the
end of the electrophoretic run, resulting in  poor
reaolut ion of the sample proteins in pelyacrylamide gel
ITP {Chrambach et al., 1972; Griffith et al,, 1973;
griffich and Catsimpoolas, 1974; Baumann and Chrambach,
1976} . Nevertheleass, extellent repclutions have been
cbtained by, for example, Acevedo (1989) who obtained
over 310 bands upon subjecting human serum to TP in
agarose gels. (The good resolution may have heen due to
the high voltages uged - up to 1200 V.)

Another approach has been the use of telescope
electrophioresis (TEI) . In TEP an electric field strength
gradient iag still generated, albeit less pteep than in a
pure ITP  mystem (Bchafer Naisluen and  Sveudsel,
1980,1981}1., However, TEP systems have the important
advantage in that the steady state (ie, the tormalion of
discrate, albeit mixed, gpacer zones) i immediately
achieved (see KFigure "), so rlat fractionation ot the
sample proteing in an electric field grvength gradient
takes place from the very atarnt of  electrophoresis,
leading fo improved recoiutb ion {(Acevedo, 1989 By ingard
and Charliomer,. {490y,
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the stvpwise incredave in field srrengell from ole zone to
the next . As thie incrvease in field strength is generally
accompanied by a4 slight increage in temperature, thermo-
couples cat also be used to detwset the boundaries from
one sfone Lo the next,

In  order to distinguish prorein  zones by
conventional stains, it is necessary for the protein
Zones to be phydically separated from each other. This
can be achieved in ITP by using “"spacers", ie. charged
molecules, such as aminoe acids, having ionic mobilities
intermediate to those of the proteing of interest, a=s
ghown diagrammatically in Figureep 10 and ll. By using
large concentrations of spacers in proportion to the
sample proteins, the spacer zone hecomes long enough for
the protein zones to be digtinguished,

Highly heterogeneous mixrtures of gpacers of varying
ionic mohility are required for the resplution of complex
mixtures of proteins. The only chemicals meeting this
requirement av present are the carrier ampholytes used
for isoelectric focuging (Eveudsen and Rose, 1970; Routs,
1973; Acevedn, 1989, The carrier ampholyte spacers
nigrate bpeliind the Jeading electrolyte (eg. ¢l in order
of decreasing acidity, so thar a pH gradient, as well as
an electric field stvength gradient, 18 formed within the
igotachophoret i stack.
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For example, a gample jon lagging behind its own
zone will enter a region of higher electric {field
gtrength which will caume the protein to accelerate back
into its own zone (see equation (L-~8)). Convergely, if a
gample protein diffused ahead of its own zone, it will
enter a region of lower electric field atrength which
will cause it to slow down and be caught up by its own
zone. The pH gradient existing across zone boundaries has
the identical zone-sharpening effect.

Hence, it would be sxpected that the theoretical
superiority af ITP ogver conventional forms of elactro-
phoresis would lead to its widespread use for cthe
analyais of proteina. However this has not been the cage,
for reasons discussed in the following sectien,

1.3 ISOTACHOPHORESIS!

L.3.1 The need for spager lons in ITE

The use of ITP in agarose oy polyacrylamide gels for
the analysis of protein samples is complicated by the
tact that the zones are contiguoug, and caungt be
distinguished by convenricnal protein stains, In
capillary ITP (Everaerts et al., 1973; Everaerts and
Verheggen, 1%831), generally used for the analysis aof
mixtures of small charced molecules, this is not a
prohlem since the boundaries between the sample zones can
be detected by micra-canductivity meters which measure

b General reviews: Haglund {(1970), Kareol and Karol
{1978) ., Theoretical agpects: Martin and Bveraerts (1970);
Everaerts and Routs (1971}, Everaertsn et al. (1971),
Schafer-Nielsen et al. ({1Y80;. Preparative agpects:
Svendseti and Rase (1970}, Holloway and Batterahy (1984),
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Since, 1in the electrophotetic getup of Figure 9,
each zone does nol wmigrate as fast as its particular
leading zone, the electric field strength gradient that
develops will be shallower than that which develops in
the ITP system of Figure B. However this system does have
an advantage in that the grteady state is immediately
attained upon commencement of electrophoresis, ie. the
formation of discrete zones, albeit mixed, These =ones
will grow at different rates during electrophoresis in a
faghion not unlike the individual tubes in a gliding
telescope that is being exrended; hence the term
telescope olectrophoresis’ (TEP) has been ctoinad by
Schafer-Nielgen and Svendsen (1980,1981) Lo describe
these modified isotachophoresis aystems.

1.2.4 The theoretical superiority of Leotacho-
phoratic gystems ovar zona alsctrophoraesls

‘The greatest cause of poor reso.ution in zone
electrophoresis is the progresgive diffusion with time of
the sample zones. In discontinuous electrophoresis the
pre-concentration of the mample proteins into extremely
thin starring zones diminishes, hut does not solve, the
deleterious effect of diffusion. Howevar, in ITP and
modified isotachophoretic aystems esuch as TEP, the
houndarieg between zottes do not diffuse with t e due to
the pregence of the selectric ftield atrengtll sud pH
gragients that =xist agrogs sone boundarias,

’ The tarm telewcops electroplioresis,  although
trivial, has been adopted by other workerr it the field of
e#lectyrophoresis Lo deseribe thin part icular modif icdat fun of
ITP. Hence thig term will also be nged wirhin the text of
this thesis wherever this techiique hag been smployed.
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Pigqure 9 shows a setup sgimilar o the ane described
tor the ITP gystem in Figure 8, except that in this cage
the sample ions o and b have been added to the leading
glectrolytse before the onset of slectrophoresis, Thus the
leading electrolyte ig, in effect, composed of a mixed
{7 + a « b)) zone, of a et ionic mobility equalling the
average of the ionic mobilities of the constituent ions.

Upon gommencement of electrophoresis in this system
the a and b ions in the leading electrolyte will, by
virtue of their lower net iomic mobility, be overtaken
the faster leading iong 7 and thus be lefr behind the
leading electrolyte boundary. In deing so, Lhey form a
permanent mixed (a + b} zone, of a net lonic mobility
equal to the average of the ionic mobilities of the
constituent a and & lons,

During the courss of electrophoresis, more 4 and b
ions join the mixed (a aud b’} cone, where they achieve
a steady state net mobility similar to the woher & and
b iong in thie zone. Thus, in this systen, the migration
velocity of the (a and b} zone must be lowsr than that
of the leading electrolyte boundary, since otherwise they
will acrumulate to infinite concentration just behind the
boundary. Likewise the velocity of the b zone must be
lower than that of the {a and b)) zone, ie. we have:

v, Pegwpr v\'.l‘l‘i : "f v . [’1-‘?)
In the ITF .otup shown in Figure 8, the veloeit jed
of the individual zZones ave squal:

LA /I (1-8)
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Flgurs § A modification of isotachophoresis in which
the leading ion j° 1s contaminated with two sample ione
A" and b, where a has a higher jonic mobility than b,
Hence the leading electtrolyte ig corposed of the mixed
sone (1 + a + b)Y, of a net ionic mobility equalling
the average of thte ionic mobiliries of the constituent
iona, As the leading ion j° migrates in the applied
electric field, it leaves behind the glower moving a
and b iona, resulting in the formation of a permanent
mixed z2one (a + b}, whete the net ioniec mobility of
the zone equals the average of the ionic mobilitics of
the constituent a° and b iens. In a gsimilar fashion the
4 ion leaves behind the dlower moving b ion, resulting
in the formation of a pure zone of b ions. These zones
grow in a telescopic fashion during the course of
electrophoresis . hettce this  nmoedification of
isotachophoresis has heen named teloscope electio-
phoragis by Schafer-Nielgen and Svendsen (1980, 1981} .
Although the electiric field slrength gradient 1is
shailower ittt telescupe  electrophoregis  than  in
igatrachophoregis, it has the advanrage rhat the steady
state ig immediately arvained, ie. the tormation ot
discrete zones,
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Pigure 8 I[sotachophoresie of two sample ions a and b,
where o has a higher ionic mobility than b, As the
leading ion J° migrates in the applied electric fleld,
a atepwise alectric field gradient develops acreoss the
boundaries of adjacent zones so that all the zones
migrate at an equal velocity. The {a + b’} mixed zone
gradually becomes meparated inte two distinet sones,
However, while it exists, the {(d + b} mixed zone
behlaves as a unigque zmothe, of a netr isnic mobility
equalling the average of the ionic mobilities of the
congtituent a and b jons.
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1.2.3 The formation of multipla ateady state moving
houndarles

The sgame principle works for multiple sample ion
systemg as for single sample ion systems - the ions form
discrete zones in order ot their ifonic mobilities, with
gtepwise gradients of increasing pH and electric field
gtrength, and decressing concentration, from the leading
to the terminaring ions, Multiple ion dis: n-inuous
electrophoretic uystems are ogenerally refer.ed to as
isotacltiopuoresis’ (ITP) or dirplacement elactrophoresis.
Hence, in isotachophoretic steady state systems, the
ionic compesition of the Jeading =zone determines the
ionic compositions of all the following zZones, according
to the principles of the Kohlrausch regulating function.

Howeveyr, a vertain amount of time is required for an
isotachophoretic pgystem to reach the steady gtate,
particularly if the sample ions diffar only slightly in
their ionic mobilities. PFigure 8 shows tlhe gradual
Formation of steady state wmoving boundaries during the
isotachophoretic separation of two sample lons & and b,
where a' has a higher ionic mobility than L. The mixed
zone of a and b gradually becomes separated into two
distinect zones., However, while it exiets, the (a4 + b))
mixed zone behaves as a unique solle, of a net iouic
mobility equalling the average of the ionic mobilities of
the conastituent & and b fons, 1f the leading electrolyte
were contaminated with & and b ions, then the (& ¢ b)
mized zole would exist permanently ag portrayed in Fiquie
4.

From friw (reek meaiting "oame gpesd", gines al]
the zonen migrate at at equal velocity,
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» 1‘11t < m, < llli

Concyrngion

Elwcrrophorsie nigrasinn -

Figure 6 The starting conditions: a dilute zone of
gample icn 4° has been introduced between the leading
and terminatcing ions, j° and I, respectively.

& m, < ll'ln“: lllj

Saneentration N -

Electrophoretic mignation -~

]

Figure 7 Sample stacking eftect: rhe concettrvat jon
of the sample ion, 4, han been requlated according to
the concentration of the leadimg ion 7,
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The preceding priuciples arve expresged by the
Kol rausch regqulating funetjon’

Loomoom, - om,
,m s Sk T {1~86)
m. m - m

where ¢ is the molar coucentration, m is the lonic
mobility, and 7 is the leading ion, i is the terminating
ion, and k i the common buffering counterion, C ip
ragulated by (¢, with the ratio of concentrations
directly proportional to the vratio of the ionic
mobilities of F and i.

Figure 5 shows that the goucentration of the sample
ions is automatically regulated hy the Xohlrausch
regulating funection te that of the leading ions,
irrespective of the original coucentration of the sawple
iong, Thus, if the concentration of the leading ione is
relatively high compared to the original concentrarion of
aample iong, & vremarkable concentration effect will
regult, as portrayed diagrammatically in Figures 6 and 7.
This is the principle of the sracking »ffect in discont-
inuous electrophoresig (Orustein, 1964). The concentra-
tion of the sample proreins into very thin atarting sones
ingreases the repolving puwer of this technigque over rhat
of conventional zohe electroploresis,

Gerived ag  equation  (C-18)  ir Appendic
Appendix < develops the fundamental oquat fons of steady
state moving  boundaries, and  applien ilem to fhe
caleulation of the ionic parametere af the digcont imenu
zlectrophoresis aystems of Ornstein and Pavig (49sd), and
Tamura and Ui {1972},
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n, < l'lln <« l]'lj

i

Cancenrettion

Elgctropharatic migration s

Figure 4 The starting conditions: a zone of
intermediate ion a° has been introduced betwesn the
leading and terminating iong, j* and i', respectively,.

ll’li < ll‘la < lllj

s ek, s s

Concentration|

Blecnrapharetic nigrativn

Flgure B Steady state: the concentrations of a and
the termincting ion i have been requlated accarding
to the concentration of the leading jon j-,
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Wi, 19RL; Peloon, tosd; Mundiaard, 198%), and althiough
it is siow enengh to o allbow satisfactory  forusing,
decamposi it {on ol N (lialkylaminomethyl) acrylamide
aolutionn  during  storage  fulest thewm out as  valid
additions to the humobiline  range,

What wi l.l...LiE_.n‘gg,-; cgenerati gn ~f immopilines. look like?

It i3 unlikely that acrylamide or its derivatives
will loge their place as the monomers of choice for the
preparation of gel nmedia for electropheoresis, due to
their hydrophilicity and eage of polynerization. The main
probliem of acrylamides has always been their gsensitivity
towards alkaline hydrolyais (nost electrophoretic
separations take plave at a pH of 8.5 or sbove), mo that
polyacrylamide gel matricea cannot be reused. Reusable
posyatrylamide matrices would be highly desirable for
techniques such DNA sequencing and PriIME,

Recently, a hydtreophilic acrylamide derivative, N-
acrvyloylaminopropanol (AAP), whi~h ig extremely regiatant
to alkaline hydrolysis, has been synthesized (Simd-
Alfonso et al., 19%96a,b), The structure of AAP is shown
below':

CH..CH CONd - H. - CH - CH, - CH

T clyaniat vy Pehaed the Disth resist e of N
avryloyhouinoptopano! to adkaline bvdrolynin s digiinged
i Appeardix b, oot o 1l



thtroduct fon 23

in pK values may be extrapotared ta predict the pK values
expected in fhose hypotlietical bagic tmmobiline’ buifers
in whiclh the amine Jroups are separated from the amide
groupg by ouly one carbon atom, The N-(morpholine.
methyl)acrylamde compound should actually prove dquite
useful, since [ts exprcted pK value, 5.4, fills in the
considerable gap between the pK 4.6 and 6.2 iImmobilines .

It 8o happens that these N-aminomethylated
acrylamido buffers are easily synthesized in a one-pot
Mannich-type reaction’ involving acrylamide, formaldehyde
and a sgecondary aminc lSébille, 1¥69; Bartoli et al,,
1878}

CHwCH CONH, + CHO ¢ HNRR - ~ CH.«CH CONH CH. NR'R®  + HO

aorylamide Zorwmaldahyds segondary Ne{dialkylaminoemathyl) » wakur
#mine acrylamide

N-Aminomethylated potyacryiamides have been in
producticen for some time by chemical companies such as
American Cyanamid, Dow Chemical Company and Hoechst,
Their major uses are as polyelectrolyte flocculants in
waste-water treatment, and as binders to increare paper
strength {Schilley and Suen, 19%6; Traw.ntini et &1.,
1988} . Unfortunately, the aminomethiviation reaction ia
revergible {(Buhdygaard and Johangen, 1980, 1981; lLoudon ot

A Mannich teaction involved the condensation of a
molecule with an acidic hydiogen with an aldehyde (usual ly
formaldehyde! and o secondary amine, reaulting in an amino-
methy!ated end product . Pormaldehyde vapidly condenses with
pecondaly aminiean (o fopn highly rewtive hiydrogymet iyl
amined (or iminjium jomr s oa0dd catalysed reqct ional )y it oim
thepe apecica which react waith the N oacidis compounds, The
mechantam of the reverde et fon ig egplaitied in Seot lon
2.04.1 of the Reaulta and Discarnol, Reviewn of rhe Mannich
react iob: CTramoent int 1wy ot Tramont in: el Anemoling
ft1uu0),
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of these elect ron withdrawing groups, This phenomenon can

bo gmeen il Table 2@

Ineh 2: =B fnct leptronie and asterie factora on the pk
VRLUSE of tha %:1.1. na range of acrylamido 1’:‘, Efars P

e e oy
Buruoiture Nama

= sipholinomethyl:
CH -CH COMH CK. N 0 fac R L8 (A Y

S N {2 Morpholinoesthylt . |
CH «£H CONH Ir}};’] Ni\ \Q Avryiamid S Y

VA N-t3 Ho:rhol tuopropyl -

1 7.0 | CH«CH CONH [CHI1. N AR ryiamic
N b nmtcll:zlaminﬁmut nyls |
1 77T CH ~CH CONH CH NICH.}, avrylamideés '
B ih. itimethylamino) -
2 B.5 CH ~CH CONH- {CH.], N«WHJ. [ = hyttar !ri-:mnra
i3 xhtmTt !wl.umnul :
i 9.3 CH ~CH CONH [CHL], N(CH, sll“l‘ﬂ’m'i? aniid

o 0 S S .
* Hypothetical Immobiline’ acrylamido buffey,

If the humbey of carbon atoma separating the amine
groupa from the amide gqroups a4 decreased trom three to
twe, * ere resilta a decrease of 0.8 unite of the p77, of
the hapic Immobiline’, dur to the electron withdrawing
properties ol the amide groemp, It say be ulso noticed
that the pK ol the morpholino derivatives e great iy
lowered compared to the dimethylanine deprivat iven due 1o
HEerio peadoni, i, Poeing in oo pima atructare, the
protopated form ot the it respen alom 1 U hen f'?t\‘ll:titivi-\l!l}'

#trained ansd tleaetore oot st by toamed, Thiesss phiiita
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1.4,2 ¢Can tha commercial Immobiline c¢hemloals be
improvad upon?

Partg ob the PpH gcale ot gufficiently Dbuffered Dy

There are gaps in the pH range that are not
sufficiently buffered by the Immobiline range (see Table
1), This can be a prablem when electrofocusing in narvow
pH gradients, as the deficiency in buffering power must
be compensated f3r by inoreasing the concentration of
Immobilines . The repulting increase in charge density
vah lead to excesgive pwelling of the 1¢G gel during the
wasling and staining steps. Other acyyiamido buffers have
been synthesized which provide buffering power iu the
gaps hetween the pK 6.2 and 7.0 Immobilines (Chiari et
al., 19904, 1991a,b), amd between the pK 7.0 and 8.%
Immobilines (Chiari et al,, 1%9%0a,b). However, uo
monoprotic acrylamido buffer hag yet been saynthesized
that buffers in the gap between the pK 1.6 and 6.2
Immobilines , which is a rather impnrtant range for
proteinsg (Chiari and Righetti, 1992},

4.6 Lo 6.2 ranugs

The pagicity of an amine gqroup ia decveased by the
presence of electron withdiawiiny groups, sucll as hydroxyl
and amide gqroups, in its vicinity., Protounation of the
arine with the vesudting gain ol a posit ive clhlarge io
henee rondered more ditdicult due to the alveady ol gt by
pouit ive pularvisat ion of the amine caused by the vicinity
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Four additionad  acrylamido derivatives must be
utilized for tlw production of pH 2.% 11 1PG gely (Chiari
and Riolletti, 1992): 2Z-acrylamido 2 methyl-1-propane-
sultfonic acid, a gt rong acid; acrylamidoglyeelic acid, an
acidic buffer with a pK of 3.. {Righetti et al., 1988c};
N-[3-(diethylamino)propyllacrylamide, a basic buifer with
a pK ef 10.3 (Gelfi et al., 1987; Bossi et al., 1994b);
and 3-acrylamidopropyl (trimethyl)ammonium hydroxide, &
atrong bage. Although they are not included in the
Immobiline’ buffer vange, they can be purchased
individually from other chemical amuppliers such as Fluka,

This technolegy has recently been developed by Prof.
Pier-Qiorgic Righetti of the Univexmity of Milan, in
cullaboration with Ciba-Geigy, to allow the large-scale
purification of valuable proteins. This technology, khnown
as PriIME' (Preparative lacelectric Membrane EBlegtro-
ficusing), was only made available to the biotechnoclogy
induatry in 1993, and is being marketed by Hoefer, a
Californian company specialising in separation acience,
The chemistry of the Immobiline’ compounds and of the
physical chemigtry of IPG’s in general is described in
more detail in Appendix D,

H

Redferenres ol PriMED Fagpel ot L1, tastt;
Righetti et «l., 18ty Welkter ot al., 1987 Ridgliett i ot
aly, 19BRb; Weniach ot al., 1wue; Ridghetty et af,, 1awl;
Chiari ot f., lvule, baniels aud Laders (1oaa)
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in pl ool emly o.0al unita bttt i et al,,

Tuun)

diffevetr
19R9a; wigqhweit i,
Siuce the buffering groups are covalently bonded to

immabkilized, +<ho

the acrylamide marriz  and  hence
resulting pH aradient is indetinitely stable, unlike the
gradients generated by carrier ampholytea. The IEF step
in 2D electrophoresis is now nearly always performed with
immobilized pH gradienta (IPG's) due to ite high degree
of reproducibility (Righetti et al., 1983; Glrg et al.,
1988; Righetti, 1990; Sinha et al., 1992; Gorg, 1993;

Rabillioud et al., 1594).

Table 1: Immobiline ranga of acrylamide buffers
oo PR _
A
3% ¢ »CH- CONH CH_COOH N acryloylglycine
L FH =CH CONH [CH 1. COOH 3 acry i
YA7RLaPIRRagRLe Aeid
4.8 CH ~CH CONH ICH 1, COOH 4 -acrylamidobutyric acld
jon— ] i +
6.2 CH «CH CONH {CH | Ni >o §E§§12§55201'n0"th31’
2.0 CH CH CONH LCH 1, N ';o NedpraRiRhe? inopropyl)
8.5 CH -cH CONH {CH . Bl N ta tdimclih *lamine) -
rthyi]acey a?n‘ue
9,3 CH -CH CONH- IO L. RICH ) N (21 (dimerhylaminn?
propyllactylamide
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1.4 ISORLECTRIC POUUSING IN IMMOBILIZED pH GRADIENTS

1.4.1 Background to immoblllized pH gradient
teachnology

In 1982, a Bwedisli biochemical company, LKB (now
part of the Pharmacia Biotechnology AB group), introduced
a novel technique by which proteins could be electro-
focused in a pH gradient of unprecedented stability and
reproducibility (Bjellgvist et al., 19%b2; Righetti et
al., 198Ba; Righetti, 1990)., Their ingenious concept
involved the synthesis of acrylamide derivatives which
bear acidic and basir bhuffering groups of varying pk
values (gee Table 1). Copolymerization of these acryl-
amide derivatives (commercially known as Immobilines’)
with acrylamide and merhylene-N, N’ -bisacrylamide results
in gels suitable for electrophoresis bearing covalesntly
bonded buffering groups. The ratios of the agidic and
basic acrylamido buffers, ralculated using tha Henderson-
Hagselbalch sguation, can he varied so that the resuiring
‘gel (a type of mixed-bed ion exchanger) buffers in any
region ci the pH range. The concentrations and ratios of
the acrylamido buffers cant he varied gradually down the
length of the gei by using a gradient maker to pour the
gel, giving pH gradienrs suirable for isoelectric
focusing (YEF).

Computer pragramg can be ugsed to calculate the
acrylamido  bufters requived, ag  well am their
conaenfrations, to generate any pH gradient in rhe rauge
2-12 (Rigqherti, 1990; Celentano er 47., 1991; Tenani and
Righetri, 1991; Righetti and Tonani, 1941y, EBven pH
gradient s extending over only one pH unit ur legs can be
preparerd, allowing resolurion ot proteing bhaving «
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It is envigageo riiab problems may be experisnced
with the use of polyAMPS and related polyanions as
spacers for the isotachophoretic separation of ampholytic
biomolecules, due to ienir interactions. Therefore it
geems that polyanionic spacers will be restricted to the
geparation of negatively-tharged biomolecules such as
DNA. For the meparation of ampholytic biomolecules such
as proteing, the synthesis of monoanionic polymeric
spacere would be logical., However,since ITP has never, to
my knowledge, been applied to the separation of nucleic
acids, I resgtricted myself to the synthesis of polyAMPS
gpacers. Apart from its novelty, this work may have
practical applications in areasg such as DNA sequencing,

1,3.5 From lzotachophoxegis to isovelectric focuging

Although ITP has begen uged in the past for the
geparation on a charge bagia of ampholytic hiomolecules
such ag proteins, igeelectric focusing (IEF) is normally
tkre method of choice, My interest in IEF wap stimulated
during the course of my research in the field of 1TP,
since pH gradients are generated in isotachophoretic
stacks, especially if carrier smpholytes are used as
spacerg, My inrerest was particularly drawn to rthe
recently-introduced technigue of IEF in immebilized pH
gradients (IEF-IPG). 1EF-1BG has many advantages over the
traditional ecarrier ampholyte-generated pH gradients
the pH gradients are permanently strable, and can be
engineered to sicompasg any pH range letween pH 2.5 and
11. However the chemicals required for this technique are
expengive, and I saw tha! thete was scope for tle
synthesis of cheaper alterar ives.
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independent ot pH, theitr net chalgepn must stay constant
over the pH rauge i to L0, ie, they must be strong acids
ot hagep, Since ionic mobility is a factor of charge and
molecular maags, it follows that the jonic mobility of the
spacers must then depend solely on differences in
molecular mase.

However, thig introduces the possibility that the
ionic mebilities of the apacers may be affected by the
degree of molecular gieving exerted by the gel media. It
has been customary in the past to perfaorm ITP in non-
restrictive gel media with separs.ion mainly on the hagisg
of net charge - limiting ITP to the separation of noua-
denatured proteins. However there geemp to be no logical
reason why separation on the basiz of molecular sieving
shiould neot be allowed to oceur, In fact, for macro-
molecules possessing a cvoustant charge/mass ratio hut
differing in molecular mass, such as tuclelc acids and
ShE-denatured polypeptides, molecular gieving is reqguired
for separation.

Hence, it is likely that molecular sieving of the
spacerg would be unavoidable if ITP were attempted in
regtrictive gel media, Therefore it seems logical to
desiyn spacers in which ionic mobility differences would
ccour on the bhasis of molecular sieving itself. The
gimplest way to do this is to synthesize charged polymers
of varying lengths, by the conrrolled polymerization of
Aan acidie vinyl derivative., For this purpose heterogen-
eous mixturee of poly(l-acrylamido-2-methyl-1- propane-1i-
sulfonie acid) (polyAMPS) of various molecular mass
ranges have been gynthenized, The higher molocular mass
POLYAMPS rolecules ware suitable spacers for perrorming
ITE i low-peroentage  actylamide gels; the  lower
moeletular masr  polyAMPS  upacers  belmk]  optimal  {or
vepardt jops in higl pereent age polyaceylamids gels,
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Howevel, carrier ampholytes have a number of deficiencies
which affect rheir suitability as spacers:

{1) Their ionic mobiliry ig pH-dependent. The ionic
mobility of carrvier ampholytes increases an the pH ise
raised since their net negative charge increases. This
means that the pH at which ITP is conducted cannot be
changed without altering the net ionic mobilities of the
carrier ampholyte gpacers, For example, if the pH of the
isotachophoretic separation ig raised, in order to keep
the ionic mobilities of the spacers constant, the use of
more hasic carrier ampholytes is necessitated, Thieg makes
ITP more time consuming, and less reproducible.

{ii) They possess a bufferving power of their own,
The formation of a wide pE gradient within an isotacho-
phoretic stack is undesirable since it introduces another
variable: the net charge of the sample proteins is
altered, and hence their ionic mobilitieg.

It seemz that no attempt has been nade as yet to
syntheslze spacers for ITP that are free of thepe defic-
iencies. The characterigtics of ideal gpacers for ITP may
be summarieed ag follows.

(i} The spacers must be composed of a highly hetero-
geneous population of melecules of varying ionic mobility
- iu order to allow tle resclution »f complex gamples,

(ii) The gpacers must pot posgess a buffering power
of their own - in order that the pH ig strictly
determined by the huffering counterion.

{iii) The Jonic mohility of the gpacers must be
independent of the pH - in order that the pH of the
igoracliophoretic geparation may be altered for the
purposess of optimization of resalutian without necersit-
ating chauging the gpacer specisg,

The last rondition is the hardest to meet astvictly,
In order for the jonic moklkiljitieg of the ppacers to be
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Tpascade stacking', ie. conventional ITP using a mixture
of 10 amino acids/zwitterionic buffers with pK,. values'
ranging from 6.4 to 11,3, with Tris as the buffering
counterion. The pH gradient within the resulting
isotachophoretic gtack spanted the range 5.% to 8.5,
Although BSA, phycosrythrin, ferritin and haemoglobin
were all separated from each other, the resolution was
generally poor. -

Acevedo (1991), using as epacers a mixture of 23
amino acids and gwitterlonic buffers with pi. values
ranging from 6.1 to 10.8, could only obtain about 15
bands from human plasma samples in peolyacrylamide gel
ITP, compared with at least 310 using carrier ampholytes
as spacers (Acevedo, 1989), Sindlar experiments performed
on a preparative scale have sphown amino acid spacers to
be useful only for the separation of protein mixtures
into their subgroups (Kopwillem et al., 1974; Bier et
al., 1877; Johansson et al., 1987; Acevedo, 1993), Hencs
it appears tiat a highly heterogeneous mixture of gpacers
of varying ionic mobility is ne essary for the resolution
of complex protein mixtures.

1.3.4 Problems occurring in the use of carrier
ampholytes as spacars fox ITP

At the present time carrier ampholytes lave been the
only source of lhetsiogeneous spacers for use in ITP.

‘ The acidic dissociation constant pK, ig used to

describe the ionization of both acidic and basic protolytic
gspecies, for reasons sxplained in Section B.5.1 of Appendix
B, For purpases of gimplicity the term & wiil be used from
henceforth within the text of this thesis it being taken
fur granted to sktand for the pkE, value of the protolytic
gpacies,
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1.3,3 The attempted use of discrete mixtures of
gpacer buffers for the generation of moving
electric fleld gtrength/pH gradients

Tt ig very doubtful whether the zoves of individual
carrier ampholyte species of closely-gpaced pl values are
ever completely resolved in practice, Thus the electric
fisld strength and pH gradients generated by carrier
ampholyte gpacers are linear rather than stepwise, Hence
it ig corrvect to view ITP as a technigue in which sample
iens are fornused in movirg electric field strength/pH
gradients’ as oppcsed to stationary pH gradients as
ganerated in 1EF,

A question that can be asked is whether it is
pogeible ro generate linear pH/electric field gtrength
gradients with a limited number of sgpacersg. Carrvier
ampholytes are very expengive, and it would be
advantagecus if other potential =zpacers such as amino
acids could be usged, especizlly in preparative
applications.

Attempts have been made by Chrambach and coworkers
(Nguyen et al,, 1977, Nguyen and Chrambach, 1978) to
generate linear pH/electric field strengtn gradients
within an isotachophoretic stack using what they called

" If a gingle buffering counterion is used, there will
not be a large difference in pH across the isotachophoretic
gtack, and the resolution of the proteina, on the basis of
their net ionic mobilitiea, will be lavgely accomplighed by
means of the electrie field strengtl gradient {(Bringard and
Charlionet, 1990), Tf a mixtute of bufferiig counterions is
used so that there is an even huatfering power over a few pH
unitg, there will be a large difference in pH across tlie
igotachophoretic stack, and the resoalution of the protei s
will be largely atcomplished by the pd gradient, on rhe
bagig of their pl values {Avevedo 19849, '9ul, [Yai),
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2% agarose gelg (Boehringer Mamnheim Agarose MP), and
3.5%, 8%, 12%, and 15%' polyacrylamide gels, in 7TBE
buffer (2.5 mM Tris, 52 oM borie acid and 0. mM Na,-
EDTA, pH 8.7}, The electrode strips were composed of
filter paper strips scaked in 16x TBE buffer, and applied
to the extremities of the gel, upon which were laid the
platinum electrodes. The polyAMPS samples were composed
of 30 mM solutionsg of polyAMPS polymers in TBE buffer,
containing bromophenol blue and xylene cyanol FF as
mlgration markers. Electrophoresis was conducted at 200
Vv at room temperature, and terminated when the
bromephencl blue was 1 om away from the filter paper
electrode stxip, The wolyAMPS polywmers were stained by
immersing the gels in a 0.5% solution of methylene blue,
a catilonic dye which has proved suitable for the staining
of other polyanions in the past such ap RNA (Peacogk angd
Dingman, 1967).

The lengths of che pAMPE polymers could be expressed
in terms of the number of bage pairs of thoge DNA
molecules of egual ionic mobility:; the standard size
ranges of DNA meparated by the above gels obtained frow
the 1996 FMC Blobroducts Catalogue. It was noted that in
all the gels, the polyaMbS fractions exhibited streaking
patterns; moreover precipitation of polyAMPS polymers
ousurred in the polyacrylamide gels nsar the sample
welleg. This was taken be caused by entanglement of the
longer polyAMPS polywmers with the gel fibhres.

) The 3 5% polyacrylamide gel  contained 4%
methvlene N, N’ -bigaccy lamide cregslinkel, and the 8T to
P5%T polyacrylamide geln contained 2.5% crvosslinker,
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The polymerization mixtures were composed of 5 ml
aliquots in glass test-tubes of 3.0 M (62.1%) AMPS, 300
mM {1%) hydrogen peroxide, 10 gM {(0.0003%} FeS0, and 10
mM {(0.2%) ascorbic acid, containing increasing concentr-
ations of thioglycolic acid from zero mM {control) to 500
mM. Aecorbic acid wae added last to start the reactien,
The reaction mixtures were allowed to polymerize at room
temperature for 2 hr., (The polywerization reaction was
exothermic and the test-tubes became quite hot to the
touch.) The more Eluid polyAMPS solutions were diluted to
1.5 M with distilled water and tested for suitability ag
spacers for TEP,

2,2.2 Charscterizabion of polyAMPS polymers

Breyvagation of gels

Flatbed polyacrylamide gels (0.5-1 wm thick) were
prepared by pouring the acrylamide solutions into molding
casgettes, one side of which wasg a glass plate treated
with a ,5% solution of 3I«{trimethoxysilyllpropyl
methacirylate in acetone, and the other gide a glase plate
treated wita neat chlorotrimethylailane., The gels ware
run in a horizontal format, with samples loaded dlrectly
in shallow wells on the gel surface,

The moleculay wasses of the polyAMPS polymers weve
net directly measmred but ingtead expressed in terma ot
"DNA base pair equivaleuta" (bpe values). The polyAMPS
polymersg ware subjected ta rone slectrophoresis in 1% and
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HGOH 2 HO-

Dehydroascorbic Ascorbic
acid acid

Figure 12 Mechaniem of free radieal
production by Fenton’s reagent.
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2.2 I80TACHOFHORESIS

2,2.1 Syntheasis of polyANPE polymers of a unilform
digtribution of moleuular masa

General aporocch

Poly(2-acrylamide-2-methyl -1l-propanesulionic acid)
{polyAMEE) polymers of a uniform distribution of
molecular mass were synthesized by the addition of chain
transfer agents such ag thioglycolic acid (mercaptoacetic
acid) to the pelymerization reaction mixture. PolyAMPS
was chosen instead of polyacrylic acid since polyAMPS is
100% ionized over pH 3 and hence the net ionic mobility
of the polyAMPS molecules ig dependent solely'upon the
pore size of the polyacrylamide gels, and not upon the
buffer pH. 1t was noted that polymerization of a o©0%
poluticn of AMPE resulted i the formation of a f£ixm gel.
Hence the decrease in average chain length of polyAMPS
cauged by the additicn of increasing concentrations of
thioglycolic acid could be qualitatively measured by the
decrease in viscosity of the polyAMPS solution,

A free radical initiation aystem was required that
~ould operate undery gtrongly acidic conditions, Hence the
hydrogen perngide-FeB0,-ascorbic acid systr + known as
Fenten's rveagent (Uri, 1952; RBRlackshear, 1984) was chosen
(Figure 12},
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coucentration of p-nitrophencl with gel length by
densitometric neasurement ab 40% nm.

2,1.2 PAGE of LDH ilsozymes wusing the alkaline
discontinuous buffer system of Tamura and Ui

- s £ gel

Polyacrylamide gels (0.5 mm thick) were prepared
uging the disgrontinucus buffer asystem of Tamura and Ui
(1972):

Stacking gel: 3.75%YT,4%C polyacrylamide

60 mM HC1 - 66 mM AMPD buffer, pH 7.8
Resolving gel: 7.5%7,4%C polyacrylamide

60 mM HCL -~ 361 mM AMPD buffer, pH 2.5
Electrode buffer: 77 oM glycine - 13 mM Tris, pH 8.8

The same procedures for the prepayation of the rat
and fruit bat tissue samnpleg, electrophoresis, and
specific staining of the LDH igozymes were performed asg
for the Ornptein-Davis gels (8ection 2,1.1),
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1 isozyme, The lhomogenaten were theu trangferred to
Eppendorf tubes, and ceatrifuged for 10 minutes. Th~
supernatants {20 ul) were loaded directly into the sample
wei's. The gels were 1un ab 500 V in a cold room (10°¢)
untii th» xylene cyanol FP band was 1 om from the end of
the gel,

LR gtaining

After the electraphoretic run, the LDH bands wers
stained' using a slight modification of the nitroblue
tetragolium method of Romero-Saravia et al. (1988), The
gels were immersed in a 0.5 M Tris huffer golution, pH
8.5, containing 100 mM L-{+)lactate, 1 mM NAD, 0.1 mM
piuenazine methosulfate and 0.1 oM nitroblue tetrazolium.
The phenazine methorulfate was added last ap it is not
gtable in solution. The staining sclution was then
incubated at 37°C in the dark for 30 minutes, followed by
washing in distiiled water until the yellow background
had digsappeared,

FAGE was repeated using rhe same buffer system and
procedure in linear 4-20% polyacrvlamide gradient gels,
The gradient gsls (0.5 mm thick) were prepared uging
conventional two-chamber gradient makers. The linearity
of the gradient was verified by incorporating p-
nitrophenol in the 20% acrylamide golution teo a final
concetitration of 0,01%, and then checking the change in

e

For the interest of the uveader, comprehengive
compilations of specific atains folr enzymes are given in
Heelh and Gabriel (1984) and Gabriel and Gerstren (199.),
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2.1 NON-DENATURING DISCONTINUQUS ELECTROPHORESIS OF LD
180ZYMES

2.1.1. PAGE of LDH isozymes using the discontinuous
buffer gystem of Ornstein and Davis

Compogition of gels

Polyacrylamide cels (0.5 mm thick) were prepared
ugsing the discontinuous buffer syetem of Ornstein and
Davie (Davis ,1964; Blackshear, 1984):

Stacking gel: 3,78%7,4%C polyacrylamide’

60 mM HCl - 62.5 mM Trig buffer, pH 6.8
Resolrsing gel: 537, 4%C polyacrylamide

60 mM HCl - 375 mM Tris buffer, pH 8.8
Electrode buffer: 192 mM glycine -~ 25 mM Tris, pH 8.3

The rat and fruit bat tigsue samples (100-200 mg)
were homogenized in 4 volumes of stacking gel buffer
containing 20% glyeerol, and a little bromophenol blue
and xylene ¢yancl FF ag migration markers. Xylene cyanol
FF wag found to migrate slightly faster than the rat LDH-

$T = Total concentration of acrylamide and methylene-
N, N’ -bigacrylamide measured in grams per 100 mwl
golution,

$¥C = Proportien of crosslinker {(methylene-N,N'-
bipacrylamide} measured in gramg croegslinker per 100
grame of total monomer Hpecies,
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Chapter 2 - Materials and methods

Spectra

Ultravieclet (UV) Opectra
All measurements 2f UV abscorbance values were performed
uging a Shimadzu UV-160A apectrophotometer,

Nuclear magnetic resonance (NMR) apectra

The 'H NMR and ''C (proton-decoupled) NMR spectra were
obtained at 200 MHz and %0 MHz respectively, using a
Bruker AC200 iastrument. DO was the solvent for all
det rminatione, (Hence oroups such as -COOH, -NH, and -0H
did act 3ive ‘H NBMR =mignals due to rapid exchange of the
protons with deuterium fiom the solvent.) The residual
HDO signal (& 4.7) wae umed ag the internal standard for
'H spectra, and sodium 3-(trimethylsilyl)-l-propane-
sulforate was useéd ag the internal standard for !'C
Epectra.

Blectrophoresis

Power packs

An LXB 3371D pewer pack was used for normal electro-
phoretic applicationz up to 1200 V. An LKB 2287
Macrodrive % power pack was used for iscelectyic focusing
in immobilized pH gradients up to 5000 V.,

Electrophecresis units

Discontinuous electrophoresis was performed in the
vertical format on home-made electrophoresis units.
Igsvelectric focuaing and isatachophoresis were conducted
in the herizontal format on a BioRad Model 1405 electpro-
phoresnis cell. Jucling was efiected by connecting the
elaectrophoresias cell ta a refrigerated water bath,
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polypeptides of any molecular wass from contaminating
carrict ampholytes vid o Rind of affinity chromatography.
I have attemprted the synthesia of carrier ampholytes
bearing hydrazide groups, which can be specifically and
quantitatively removed from focused proteins by passing
a mixture of the focused protein with the contaminating
carrier ampholytea through a chromatographic matrix
bearing aldehyde groups. Aldehyde groups can be easily
intreduced onto any polysaccharide chromatographic macrix
by oxidation with periodic acid (Dyer,1986).

Unfortunately this work has been fraught with
technical problems which I wag not able to resolve within
the time-frame of the Ph.D. However thia concept, which
promizes to be a concrete advance in IPG technology, is
certainly worthy of further effort.



Intrvduction 37

from focused proteins.' For this reason the FDA has never
permitted the preparative purification of pharmaceutical
proteine uging isoelectric focusing in carrier ampholyte-
generated pH gradients,

Unfortunately, many  pharmaceutically-~important
proteins cannot be purified by the use of IPG’'s due to
ihsolubility problems caused by the low ionic strength,
In analytical IPG’'s carrier ampholytes muset often be
added to overcome problems with protein precipitation’
and poor conductivity {see Appendix D). Hence, there is
a pressing need for carrier ampholytes that can be
quantitatively removed from proteins in some wmanner,

Carrier ampholytes beating epecial functicnal groups
which interact quantitatively with a derivacizad
chvomatographic matrix seem to be a more promising
approach. This would allow facile purification of

' Bince carrier ampholytes have a M, below 1000, it is
possible to separate them from proteins via technigues such
ag gel filtration and electrodialysis, provided that the
buffer uged is of a high ionic strength (3.1 - 0.5 M) in
order to disrupt weak complexes which might form between
carrier ampholytes and proteins by electrostatic intex-
actions, However, carrier amphelytes bound by hydrophobile
interactiors (in particular the basic carrier ampholytes)
would not be removed. Tha problem would be exacerbated for
small polypeptides (M, < 1500) which include many important
biomelecules such as growth factors, hormones (such as
oxytocin) , endorphing, neuropeptides and enzyme inhibitors.
Thig is because carvier ampholytes and amall polypeptides
have quite similar physicochemical properties, both in
terms of net charge and mass, making them almost impossible
to separate from each other.

The addition of earrier ampholytea improves the
goclubility of proteins at their isoelectric peoints.
Moreover carrier ampholytea shield the basgic Tmmobilines’
from hydrophobic iuteractions with hydrophoble proteins
{such as membrane-pound receptor proteins) which can lead
to smearing or precipitation {(Rabilloud et al., 198%7;
Fawcett and Chrawbach, 1988; Fawcett et al., 1988).
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the amine group, eg. 2- (N-morpholino}ethanesulfonic acid
(MES) has a pK, of 6,15:

/I~ ] pK = 6.15 Vi ) .
oy SCH,-CH,-80, --r-n-smmmaen > 0 -CH,-CE,-80," + ®H

zwilttarlonle acidic

I have syntheasized a serieg of o-aminomethylated
acrylic acid derivatives, by means of a Mannich-type
reaction, iavelving malonic acid, formaldehyde and a
secondary amine (Pelletier and Franz, 1952; Rrawczyk,
1995) . These zwitterionic acrylic acid buffers can be
guccessfully copolymerized with acrylamide to form [PG
gels, Since they bhuffer in the pH range 7-10, they may be
ugeful as  hydrophilic alternatives to the basaic
Immobilines’, which in their free base forms are quite
hydrophokic - leading srmetimes to precipitation or
emearing of sample proteins via hydrophobic interacticons,

L.4.4 Can IPG technology be imprtved upon in other
agpecta?

When immobilized pH gradient technoclegy was first
introduced one of the main advantages claimed for the
technique was that proteine could be purified without the
problem of the subsequent removal of contaminating
carrier ampholytes (Bijellgviast et al., 18582). Thisg is of
especial importance for preparative purposes, aitce there
is no technique presently available that guarantees the
guantitative removal of contaminating carrier ampholytes
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Hence it seems reasonable that the next generation
of acrylamido buffers for IPG's will be derivatives of
AAP:

[CH;] LI COOH / "N‘.R.E'R"g
CH, =CH-CON
CH, ~CH, - CH, - 011

No doubt gcientists at Pharmacia Biotecthnology AB
are already actively involved in the synthesis of the
above cdmpounds. However, vinyl monomers other than
acrylamides are certainly worthy of investigation as
possible alternatives for the preparation of IPG's.

1.4.3 Davelopment of buffers that are derdvatives of
vinyl monomers other than acxrylamide

Hydrophilic acrylic ester derivatives have already
been tried for the preparation of gels for electro-
phoresis (Zewert and Harrington, 1992) but have not been
introdusced commercially. This may be due te the fact that
acrylic eaters are even more sengitive to alkaline
hydiolysis than acrylamides. Derivativea of acrylic acid
would be wvery stable, but one would only be able to
prepare zwitterionic buffers since a carboxylic agid
group would always be present, Zwitterionic buffers (Good
et al., 1966; Good and Izawa, 1872; Ferguson et al.,
1980), which are =some of the most o aonly-used
biological buffers, act in fact as weak acids, with pK
values ranging from ahout 6 to 10, depending on the pk of
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VEE O CHONR 0 Bt R NV e OH CIVONERH N oCH T oy
.l |
i i

HOH

Reaction protocol

Paraformaldehyde (7.5 g, 0.25 mol of HCHO) and 26.3
g (0.25 mol) of diethanolamine weére dissolved in 200 ml
of chloroform and stirred atf room temperature until the
paraformaldehyds had dissolved, Then 17.8 g (0.2% mol) of
acrylamide and 0.3 g of hydroguinone ({(polymerization
inhibitor) were added and the resulting solution refluxed
for 5 to 6 hours {chloroform boils at 50°C at the
altitude ol Johannesbur'y; raising the reaction temper-
ature to 60° or 65°C by subgtituting the chloroform with
methanol (8ébille, 1969} or carbon tetrachloride (Bartoli
et al., 1978), respectively, was found to repult in
congiderable polymerization, irrespective of the guantivy
of inhibitor present;.

After filtering through Whatman No, 1 paper, the
chloroform was evaporated off 1n vacuo and the resulting
vigrous pale yellow o0il dried over anbydrous KXK.CO..
Activated charcoal was added te bind the hydroguinons/
benzoquinone present, followed by centrifugation to
remove the activated chaircoal. Attempts to purify the
acrylamido buffer via partition chromatography on gilica
gel were unsuceegstul . The concentration of BHEAMA in the
crude o©il was determined by rti:ration (pK of BHEAMA
determined to be approximately 5.6), and the oil diluted
with n-propannl so ap to give a 0.2 M solution of BHEAMA.
This solution was used tar the preparation of analytical
IPG gels,
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means of a heating wantle ant il the paraformaldehyde had
dissolved, Then was added 0.2% mole of acrylamide (17.8
g) and 0.3-0.5 g of polymerization inhibitor. The
reaction mixture was raflured for 3 to 4 hourd, followed
by removal of the carbun tetrachloride by rotary
evapocation to leave the crude acrylamido derivative as
a viscous yellow oil.

At first hydroquinone was used ad a polymerization
inhibitor, but was later replaced with 4-methoxyphenol.
This was necessgitated hy the fact that benzoguinone
Eormed by the oxidation of hydroquinene by ¢ (in spite
of the N. atmosphere) was rapidly decomposed under the
alkaline conditions of the raaction (Rouvey and Kolthoff,
1948) to intensely red-coloured degradation products,

Synthesis of N-IN'.N'-Dig(2-hydroxvethyl)amiuomethyll:
agxylamide

Overall reaction

The gynthesis of N-[N',N'-bis(2~hydroxyethyl)amine-
methyllacrylamide (BHERMA) differs from that of other
gecondary amines in that the formaldehyde and diethanol-
amine react to Enrm the cyelic carbinolamine ether N-
hydroxyethyloxazolidine (Fernandez and Butler, 1963):

SH O o HN G OHS . ‘I\‘-l'i!{‘l{NE'I[HI [ i
|
HtH

The N-hydroxyethyloxazolidine then reacts with acrylanide
to form (BHEAMA}:
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gels wele pun at room temperature at constant voltage
(8.% W), with an initial voltage of 200 V, and a final
voltage of 3150 V. Electrophoresis was tarminated when the
bromopliencl bhlue was 1 om from the electrode wick. The
DNA bands were stained ar described in the previous
pection,

TEP of the DNA was performed at first using the
polyAMPS-50 and -30 fractions as spacers. The polyAMPS-15
fraction was then tried in an attempt to get increased
spacing betwaen the DNA hands. However some distortion of
the DNA bande occurred, moar likely due to distortions in
the electric field strength gradient caused by
entanglement of the longer polyAMPS polymers. (4.
Section 2.2.2.)

2.3 ISOELECTRIC FOCUBING IN IMMOBILIZED pH GRADIENTS

2,3.1 Preparation of immobilized pH gradients using
novel acarylamide buffers aynthesized in a
Mannich reaction

Syothesis of novel acrylanido buffers

The protocol used wan based ou that of Bartoli et
al. (1975), Basically, in a round-bottomed flask equipped
with a reflux-condenser, a magnetie stirrer and a
thermometer, and under’ a N. atmosphere, were added
batween 200 and 250 ml of carbon tetrachloride, o which
wag added 7.% g of paratormaldebyde (equivalent to 0,25
mole of formaldelyde) qud 0,05 mole of a4 pecondary amine,
The redaction mixture wap stirred and gentlv waiarmed by
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priar to the developing step in order to minimise
the removal of formaldehyde by the Cannizzaro
reaction:

2 CHO e Lt > CHQH + COCH

(This is a precaution that isg not mentioned in most
silver staining protocols.)

5. Termination of development by placing the gels in
fixing solution for 15 min.

6. Washing of the gels for 1 hr in distilled water.
Leaving the gels in distilled water for a longer
time was found to result in overswelling of the
gels, since the polyAMPS polymers trapped wichin the
polyacrylamide gel cause the gel to act as a cation
exchanger,

TRE_Of DNA w-lecylar mass markers using polyAMPS apacers

TFP was aonducted in 587, 4%C polyacrylamide gels.
The gel bufizr was compesed of a 10 mM solution of
POLYAMPS  spacer polymers adjusted to pH 9.5 with
ethanolamine. Both the anolyte and the catholyte
(terminating electrolyte) were composed of 400 ml each of
100 mM EACA titrated tu pH 92.% with ethanolamine, The
extremities of the gel were comnecred to the electrode
buffer by filter paper strips scaked in electrode buffer.

Boehringer Mainheim molacular mass marker VI was
used as gample DNA, 5 pl samples of a 40 upg/ml solution
of DNA (= 200 ng DNA per well) in 15 mM of EACA-
ethanclamine buffer, pH 9.5 were loaded in shallow wells
onn the polyacrylamicde gel surface. The sample buffer
contained bromophesiol blue as a migration marker, The
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DNA molecules, since they should exhibit  similarx
electrophoretic behaviour.

PAGE of DNA meleculap magpg markerg

PAGE of was conducted in 5%7T,4%C polyacyrylanide gels
using TBE buffer (62.5 mM Trig, 52 mM boric acid and C.€
oM Na.-EDTA, pH 8.7). The electrode strips were composed
of filter paper strips socaked in 1éx TBE buffer, and
applied to the extremities of the gel, upon which were
laid the platinum electrodes, Boehringer Mannheim
moelecular mass marker VI was used as sample DNA. The
mixture contains 15 fragments with the following number
uf bhage pairs (1 base pair ~ 660 daltons): 2176, 1766,
1230, 1033, 453, 517, 4531, 394, 2x 298, 2x 2341, 220, 2%
154,

Samples (5 ul} of a 40 ug/ml solution of DNA (= 200
ng DNA per wall) in 1% mM of BEACA-ethano.amine buffer, pH
9.5 were loaded in shallow wells on the polyacrylanide
gel surface. The sample buffer contained bromophencl blue
as a migrarion marker, T!«2 gels were run at 200 V at room
temperature until the !  mophenol blus was 1 cm away from
the filter paper elec vode strip.

The DNA bands were detected by a modification of the
gilver staining method of Sanguinetti et al, (1994):

1. Fixation of the gels for 15 min in 10% ethanol,/0.5%
acetic acid,.

N Impregnation of the gels for 15 min in 4 0,2%
polution of AgNO, in fixing solution,

3, Waphing of the gels for 2 min in distilled water.

4, Development of the gels for 5-4 min in 3% NaOH and

0.1% formaldehbyde. The formaldehyde was added just
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to shallow wells on the g=l surface, The gels were run at
roowm temperature at constant voltage (8.5 W), with an
inirial voltage of 200 V, and a final veoltage of 350 V,
The ampliolytic dyes were fixed by tirat placing the gel
in a saturated soclution of picric acid containing 10%
acetic acid and 2% glycerol, trollewed by washing in
paturated picric acid containing 2% glycerol.

TEP of the 3B7T ampholytic dye E£raction was
performed at first using the polyAMPS-50 and -~30
fractiong as gpacers. Slight smearing of the ampholytic
dye hands occurred dus to ionic interactions with the
polyAMPS spacers. Fortunately these interactions could be
inhibited by the dnclusion of 8 M urea into the gel
mixture., The polyAMPS-15 and -10 fractions were then
tried in an attempt to get better spacing between the
individual ampholytic dye species. The faster ampholytic
dye species were well resolved, but severe distortion of
the bands of the #sicower species wag obtained. This
problem was rnot alleviated by increasging the
concentration of the urea to 9.5 M - indicating that the
problem was not due to interactions Dbetween the
ampholytic dye wolecules and the polyAMPS gspacers, but
due to disvortions in the electric field strength
gradient caused by entanglement of the longer polyAMPS
polymers (gee Section 2.2.2).

2.2.4 TEP of DNA using polyAMPS spacsra

TEP of DNA was attempted since DNA, like polyAMPS,
is a polvanion, and should not undergo any ionic
titeractions with polyAMPS polymers. Moreover polyAMPS
palymers, being similar in structure to DNA, should be
ideal as gpacers for the isotachophoretic separation of
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interacted strongly with carrier ampholytes, resulting in
smearing. Fortunately, these interactions could be
inhibited by ineluding 8 M urea and 30% dimethylformamide
{(DMF) in the gel solution. The IEF gels were composed of
TORT, 4%C polyacrylamide, since DMF acts a8 a polymer-
ization inhibitor. The gels contained 2% Pharmalytes, 10%
- sorbitol, 8 M urea and 30% DMF.

The ampholytic dye solutions were loaded directly on
the ILEF gel surface (up to 60 pl). The anode and cathode
consisted of thin f£ilter paper strips soaked in 0 5 M
Acetic acid or 1 M NaOH, respectively, upon which were
laid. the platinum electrodes. Focusing was parformed at
5°C at an initiail voltage of 200 Vv, with the wvoltage
gradually increased to a final value of 1200 V., Focusing
was continued at 1200 Vv for 16 hx, followed by 3500 ¥V for
a further 2 hr., The focused ampholytilce dyes were fixed by
placing the gel in a gaturated solution of picrig¢ acid
containing 10% acetic acid and 2% glycercl, followed by
washing in saturated picric acid containing 2% glycerol.

IER. of the 3B7T ampholviic dye fraction usjne polvAMPS
gpacers :

The 3B7T ampholytic dye fraction wes uged for the
iso-tachophoretic experiments since it wag judged to have
the bert gpread of isomeric subspecles. TEP was conducted
in 5%T,4%¢C polyacrylamide gela., The gel buffer wag
composed of a 10 mM solution of pelyAMPS spacer polymers
adjunted to pH 9.% with ethanolamine. Both the anolyte
and the catholyte {tetminating electronlyte) were composed
of 400 ml each of 100 mM BACA vitrated to pH 9.5 with
ethanolamine, The extremities of the gel were connected
to the electroade buffer by Eilter paper strips soaked in
elect rode buffer,  The ITY/H solution (20 ul) waw applied
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Analysis of the pl range of the ampholytic dyes by PAGE

A rough idea of the pI range of the individual
ampholytic dye fractions was obtained by PAGE in & 4.5%T,
4%C polyacrylamide gel, with 15 wM HCl-ethanolamine, pH
9.5, as the gel buffer. Thin filter paper strips soaked
in a 1.5 M solution of the same buffer were applled to
the extremities of the gel, upon which the platinum
electrodes were placed, 1% pl of the ampholytic dye
fractiong were loaded in narrow wells in the centre of
the gel., The outermost wells contained bromophenol blue
and xylene cyanol dissolved in gel buffer, Electrophor-
esip was conducted at 100 V at 5°C until the bromophenol
blue had niigrated 5 cm.

The ampholytic dyes were fixed by first placing the
gel in a saturated solution of pileric acid containing 10%
acetie acid and 2% glycerol, followed hy washing in
gaturated picriec acid ceontaining 2% glycerol., The
ampholytic dye molecules appeared As red zones against a
deep yvellow background, The function of the agatic acid
in the firgt fixing step was to avidify the gel go that
all the ampholytic dys molerules pogsessed a net pogitive
charge, and so would form an inscluble complex with the
pigric acid. The fixation =step also rendered the
bromophenol bklue dye undetectahle, as it i coloured
vellow in its acidic form.

AEE of the amphelvtic dves

IEF of the ampholytic dye fractionsg in a pH 8-10.5
gradient was performed in order to determine the numbe:
cof rhe individual amplholytic dye species of each
fraction. It was found rhat the ampholytic dye molecules



Materials and methods 50

Aftel veacting at room temperature for 24 hr, the
reaction productg were diluted by the addition of 20 ml
of distilled water, and transferred to 500 ml conical
flagks. The ampholytic dye product was precipitated by
the addition of 100 ml e.ch of 2-propancl, dichloxo-
methane and tetrachlorcethylene. The flasks were placad
in the refrigerator overnight to ensure complete
precipitation. The solvent was then removed by decaut-
ation, This precipitation step purified the ampholytic
dye product from unreacted Cetramine, and organic
contaminants in the dye powder such as dodecylbeanzene, a
dedusting agent.

The precipitate was then waszhed with 150 wl of
methanol to remove tlhe ampholytic dye product from
contaminating inorganic salts. The methanel solution was
filtered through Whatman No., 1 filter paper, and the
ampholytic dye product reprecipitated by the addition of
100 ml each of tetrachlorcethylene, benzene and diiso-
propylL ether, The flasgks were placed in the refrigerator
overnight to ensure complete precipitation, The very fine
precipitate could not be recovered via decantation, but
had to be removed from the solvent by filtration through
Whatman No, 1 filter paper. Most of the ampholytic dye
product was removed from the filter paper by grinding the
filter paper in 10 ml of distilled water. The pH of the
ampholytic dye solutions ranged from 9.3 to 9.8,
indicating that rthe average pl valuss of the ampholytic
dyes lay in this rauge. The various ampholytic dye
solutions were storad at 4°C,
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prepared by dissolving L g of dye' in 5 ml of distilled
water, follrwed by addition to 25 mmole aliquots of
tetramine of varying compopition in tesi-tubes. The
solutions were mixed by inversion and allowed to react
for 24 hr at room temperature, The composition aof the
various tetramine fractione is given in Table 3.

Table 3: Composition of the tetramine fractions reacted
with Remazol ked RB

Composition of tetramine|Trivial| BAPEDA TETA
name 25 nimole'total.
100% BAPEDA 108 4.4 g none
90% BAPEDA/10% TETA aRLT 3.9 g 0.4 g
80% BAPEDA/20% TETA 8B2T 3.5 g 0.7 g
'?Uf BAPEDA/30% TETA TR3T 3.1 g l1.1lyg
50% BAPEDA/40% TETA GBAT 2.6 g 1.5 g
50% EAPEDA/so% TETA sBsT | 2.2 g 1.8 g
40% BAPEDA/60% TETA 4B6T 1.7 g 2.2 g
30% BAPEDA/'?D% TETA IBIT 1.3 g 2.6 g
20% BAPEDA/B80% TETA 2B8T 0.9.9‘ | 2.9 g
lO%IBAPEDA/QO% TETA LBasT .4 g 3.3 g
100% TETA 10T none 3.7 g

‘ Commercially producsd reactive dyes always
contain godium chlovide and plhosphate buffer salts, as well
ag dedusting agenrs such as deodecylbenzene (Stead, 1987),
#0 there is actually less than 1 amole of Reactive Red Kb
pregent
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2.2.3 Intaraction of ampholytic molegules with
pelyAMPS polymars

Bagig, ampholytic dyes were synthesized by reacting
Remazol Rew. RE (Hoechst) with an excess of peolyamines.
Since the exact structure of Remazol Red RD i a trade
gecret, the molecular mags was arbitrarily taken to be
1000 daltons, assuming the dye to be of a related
ptructure to other commercially available reactive dyes
of known satructure. It is, however, known £rom the
literature (von der Eltz, 1982) that Remazol Red RB
containg two reactive groups - one menochlorotriazine
(MCT) group and one vinyl sulfonate (VS) group. Therefore
a 25% molar excesg of polyamine was used in order to
ensure that the two reactive groupa did not both react
with one polyamine melecule.

Two tetramines were available - N, N -bls{(3-
aminopropyl) ethylenediamine (BAPEDA) which was available
a8 an isomerically pure gpecies, and triethylenetetramine
(TETA) which was available as a mixture of structural
isomers. Hence the heterogeneity of the product could he
varied by altering the ratios of BAPEDA and TETA. The use
of BAPEDA alone was expected to yield four different
ampholytic dye speciles of differing pl values.

Agssuming the molecular mass of Remazol Red RB to be
1000 daltons, 1 mmol samples of Remazol Red RB were
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TER of dyes using polvhe. o aCersg

The polyAMPS polymers from the 50 mM thioglycelic
acid pelymerization reaction {(polyAMPS-5C) were selected
to teat the ability of the polyAMPS polymers to generate
an electric field strength gradient in a TEP syatem. Dyes
were chogen as markers of resolving power, (Sample dyes
in order of decreasing ionic mobility: SPADNS, orange G,
bromophenaol blue, azeocarmine G and xylene cyanel FF.) The
gel buffer was composed of a 10 mM solution of polyAMBS-
50 sgpacer polymers adjusted to pH 9.5 with ethanolamine
{(pK=9.5} . The aaclyte was composed of 3 M ethanolamine
titrated to pE 9.5 with boric acid. The catholyte was
compomed of 3 M BACA (pK=10.8} titrated to pH $.5 with
ethanolamine., Thin filter paper strips soake. . the
anolyte and catholyte sclutions respectively were applied
to the extremivies of the TEP gel, upeon which the
electrodes were laid. Solutions (L5 wl) of the sample
dyes (disgolved in 15 mM of terminating electrolyte} were
applied to shallow wells on the gel surface, The gels
(3.5%, 5% and 7% polvacrylamide} were run at 200 V at
room temperature,

Zone electrophoresis of the same dyes in a 3.5%
polyacrylamide gel was performed to compare resolution.
The gel buffer was composed of 15 mM HCL titrated to pH
9.5 with ethanolamine. The electrode strips were soaked
in a 1.5 M spolution of the same buffer. Solutions (15 ul)
of the sample dyes {(dissolved in gel buffer) were applied
to shallow wells on the gel surface. The gel wasg run at
200 V at 10°cC,
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The protocnl {for the preparation of the PG gels isg
get out in Table

Teble 7: Protocol for the preparation of 4.5%T,4%C pH
7.3-7.5 IPE gals

Component Acidic dense|Bagic light
pH 7.3 PH 7.5
{ul) {ul)
| istilled water 10000 10000
0.2 M o-(N-morpholino- B30 ' 810
Pethyl)acrylic acid in water
0.2 M Immobiline pK 2.3 in n- i 310 390
propanocl
ICheck DH* 7.25-7,35 7.44%-7,55
I0%T, 4%C Acrylamide/methylere- 3000 3000
N, N' -bigacrylamide
Iplycercl 4000 -
biatilled water o > 20000 ~230000
Cool in ice
PEMED I 10 10
0% Ammonium persulfate 20 20
SARMNAR I AT LT
b Since the pH values of the acidic 4and basie¢ extyemes of the

1PG are so clowe, adijustment with Tris io vunecessary.
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distilled water, followed by further washes (3 < 2 hr in
diatilled water). The gel was then air-dried to its
original weight, Filter paper electrode stripsg (distilled
water) were applied and prefocusing of the gel performed
at a maximum power of 15 W until the salt fronts (seen am
refractive lines or thin ridges) had migrated into the
electrode ptrips. The same electrode strips were used for
the rest of the electrofocusing procedure. The sample
protein {about 10 mg/ml of equine myoglobin in 20%
glycerol) was applied to shallow wells (75 xl in each
well) on the surface of the gel. Focusing was performed
at 5°C for 2 hr at an initial field strength of 1300 Vv,
which was gradually raised to a f£inal value of 4500 V,
Focusing wus performed at 4500 V for a further 2 hr. The
gel was stained with Coomagsie Blue G-250 in dilule
perchloric acid accovding to Reisner (1984).

Preparation of & pH 7.3-7,5 IPG gel

a- ‘N -morpholinomethyl)acrylic acid was used as the
weak acidic buffering component and the pR 9.3
Immobiline’ as the strong basic titrant., The concentr-
atione of the above chemicals required for the prepar-
ation of a pH 7.3-7.% TIPG was calculated using the
DoctarpH program,

pHE. 1.3 selutions B.6 MM o~ (N-morpholinomethyl}acryll:
acid.

3.1 mM Imnmobiline 9,3,

BH._7.5 molution: 8.1 mMe- (N-morphol inomethyl) aceylic
3.0 wM Immobiline. 9,4,
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The protocul for the preparation af the PG gels ig
gat out in Table 6:

Table 63 Protogol for the preparsation of 4.5%T,4%C pH
T.2-7.6 IPGE gals

AT, - :
Component Acidic densalBasie light
PH 7.2 "pH 7.6
(nl) ()
10000
0.2 M o-(N-morpholino- 1840 1290
ethyl)acrylic acid in water
0.2 M Immobiline pK 9.3 in n- 570 710
propanal i
_ f
Check pH 7.15-7.2% 7.55-7,85
1 M Trie | 150 -
[Check pH 7.8 7.6
30%T7,4%C Acrylamide/mathylene- 3000 3000
N, N -higacrylanide
|G1ycerol 4000 -
"Diatilled yater to -« 20000 - 20000
Coonl in lce
TEMED || 10 10
40% Ammoniuvm persulfare " 20 320
T N _ﬂl

The 1P gel wand poured with o two cluiaber gradient
makar and [sft to polymerize at voom temperature for 2
hr, The 1 was suaked overtiight in 200-300 ml  of
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distilled water, followed by further washes (3 X 2 hr in
diptilled water). The dgel was then air-dried to its
original weight, Filter paper electrode strips (distilled
water) were applied and prefocusing of the gel performed
at a maximum power of 15 W untl the salt fronts (geen as
refractive lines ot vhin ridges) had migrated inte rhe
electrode gtrips. Fresh electrode strips were then
applied (anode - 10 wM glutamic acid, cathoede - 10 mM
histidine), The sample protein {about 10 myg/ml of equine
myoglobin in digtilled water} was applied to shallow
wellg (1n0 ul in each well) ot che surface of the gel.
Focugsing was performed at 5°C for 2 nr at an inirial
field strength of 2000 V, which was gradualiy raised to
a final value of 5000 V, The gel was stained with
Coomassie Blue G-250 in dilute perchloric acid according
to Reisner (1924),

Preparation of a pH 7.2-7.6 IPG gel

o- [N-morpholinomerhyliacrylic acid wag used as the
weak acidic huffering component and the pK 9,13
Tmmobiline' ag che atrong basic titrant. The concentr-
ations of the above chemicals required for the prapar-
ation of a pF 7.2-7.6 IBG wap wvalculated using the
DectorpH program,

PH 7.& Bsolubion: 18,4 ™M - (N-morpholilomethyl) -
acrylio acid,
5,7 mM Immobiline’ 9.3,

RE 7.6 solution

2.9 mM o (N-wmorphol inomethyl) -
acrylic acid,
7.0 mM Inmobiiine’ 9,3,
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The protocol for the preparat ien of the TPG

gl out in Table 5Hi

66

gels is

Tebleg §: Protocol for thse praparation of 4.5%7T,4%C pH

6.9-7.9 IPQ gals

Componer

Acidia denge

PH 8.9

Bagic light

pH 7.9

()
u:.: Mvu—{N-murpholinnv 1131¢ 1160
ethyi) crylic acid i water
0.2 M Immishilines pK 9.3 in n. 240 B8B4G
ropancl
Check pH 6.85-6.95 7.85-7,95
1 M Tris 200 -
Check pH 8.0 8.0
10%T, 4AC Acrylamide/methylene- 3000 3000
N, N' -hisagrylamide
lFlyceral 4b00
]bistilled water to -« 20000 -« 20000
Corl in ice
TEMED 10 o
40% Ammonium pergulfate 20 20
g o T T A P R

The ITPG gel was poured with a two caamber gradient

maker aud Ieft o polywerise at

heo The gl wai poakedd  overnigin

room tewpelature {or o
in S0 a0

ml of
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Preparation of IPG gels using o (N-morpholinomethyl) -

Preparation of a pH 6,9-7.9 IPG gel

o- (N-morpholinomethyl)acrylic acid was used as the
weak acidic buffering component and the pK 9.1
Immobiline’ as the strong |basic titrant. The
concentrations of the abave chemicals required for the
preparation of a pH 6.9-7.9 IPG was calculated using the
DoctorpH program’ .

pH 8.2 golution: 3.1 mM ¢~ {N-morphelinomethyl) -
acrylic agid,
2.4 mM Immobiline' 9.3,

PH.7.9 zolution: 11.6 mM  o- (N-morpholinomethyl) -
: acrylic acig,
8.5 mM lmmobiline' 9.3.

-

' Analytical IEF-IPG is normally conducted in gels 0.5
mm thick, However the use of such thin gels often leads to
the formarion of air bhubbles during tlie pouring of the
immobilized pH gradients. Heuce IPG ¢-ls of I mm thickness
were uped for thig and all subeeguent experiments in order
ansure samooth and reproducible pouring. Obviously the
increased thickneps necesgitared longer washing times of
the IPG gels in distilled war: » - multiple washes over at
least 24 hr were found neceasary.

The DoctorpH program wag obtained from Hoeteyr,
Thig program not nnly caleulates the racios of the acidic
and basic buffers required, but also the concentrations
required to maintain an even hutfering power throughout the
IPG gel. Linear, expoteniial and siqmoidal gradisents can be
ecaleulated,
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@- [N-methyl-N- (2 -hydroxyethyl}aminomethyl]acrylic acid

After sgtanding at room temperature for =several
weekd, the oil of «- [N-methyl -N- (2 -hydroxyethyl)amino-
methyllacrylic acid was found to have sclidified. The
crude product was successiully used as seed crystals for
a second synthesis. Small white crystals of «- [N-methyl-
N- (2-hydroxyethyl)aminomethyl] acrylic acid were obtained
upon c¢rystallization from hot acetone/2-propanol. These
crystals abgorbed water from the atmosgphere, but did not
deligquesce like o- (N-morpholinemethyl)acrylic acid.
Melting point: 105-106°C. Formula: CH, NO, (159,19 Da}.
The pK value of a 10mM sclution was determined to be
%.22 3 0,08 at 22°9C uping the method of Albert and
Serjeant (1984).

H NMR (D,0, 200 MHz) & 3.24 (bre, 3H, ND'-CH,), 3.7-4.,1
(m, 8H, DO-CH.CH.-ND'-CH.-), 5.82 (s, 1H, =CH), 6.21 (s,
lHJ‘ ‘CH)I

Yo NMR (DO, 50 MHz) 6.39.4 (ND'-CH,), 55.1
(DO-CH.CH, -ND'}, 57.1 (ND'-CH.-C=), 59.2 {DO-CH.CH.-ND'),
130.5 (C=CH,), 134.6 (C=CH ), 172,3 (-CO0 ).

None of the otlher a-aminomethylated acrylic acid
derivatives were successfully cryatallized.
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Improved protocel for the svnthesis of o-aminomethylated

acryiic acids

The protocoul used is essentially that of Krawczyk
(129%). To a stirred mixture of malonic acid {10.4 g, ¢.1
mel) and paraformaldehyde (6.6 g, 0,22 mol) in 150 ml of
absolute ethanol was added 0.1 mol of the appropriate
secondary amine. Upon heating a vigorous evelution of CO,
vommenced. The suspension was heated under reflux for 2-3
hr until no more CO, bubbles were eveolved. The resulting
golution was evaporated under reduced pressure to give an
oily residue.

o~ (N~morpholinomethyl)acrylic acild

only the 0il of o- (N-moxpholinomethyl)acrylic acld
readily crystallized on standing. The white, deligquescent
solid of w- (N-morphelinomethyl)acr, .i¢ acid wae recryat-
allized from hot acetone teo give hygroscopic small white
crystals. (8low evaporation of the acetone solution
vielded needle-shaped corystals.) Melting poinc: 105-
1069C. Formula: CH, NC, (171.20 Da). The pK wvalue of a 10
mM solution was determined to be 7.89 & 0,03 at 23°C
usging the method of Albert and Serjeant (1984).

W ONMR (D0, 200 MHz) & 3,39 (t, 4H, J = 7.1,
C{CH,CH,) NI¥), 3,99 {(brs, 6H, O(CHCH) ND'-CH.-), 5.90 (s,
1H; “CH) ' 5|30 {9; JH; *’-CH) ‘.

Yo NMR (DO, 50 MHz) & 53,9 (O{CH.CH.).ND), 61,9
(ND'-CH,- 2=}, 66.4 (O(CH.CH.) ND'), 133.7 (£=CH.), 136.8
(C=CH,), 175 (-CO0 1} .
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Specrrophotometyric monitoring of reaction

The progress of the reaction may also be measured by
following the increase In UV absorption due to the
carbon-carbon double bond of the g-aminomethylated
acrylic acid product, This also provided gome information
on the kinetics of the reaction. Bgual volumes of 1 M
malonic agcid, 2 M formaldehyde and 1 M morpholine were
mixed and the resulting solution allowed to stand at room
temperature, The progress of the reactlon was followed by
periodically measuring the change in the UV spectrum of
the golution using a Shimadzu UV-1E60A spectrophotometer,

Synthesis of acrylic acid buffers: effect of water

Secondary amine (0.3 mol) wae dissolved in 50 ml of
distilled water ({except £for dimethylamine which was
already in the form of a 26% (w/v) solution in water).
Malonic acid (31.2 g, 0.3 mol}l was added with cooling in
lce.water, Formaldehyde sgolution (48,7 g of a 37%
solution, 0.6 mol) was then glowly added with stirring
and cooling in ice-water. The addition had to be slow
since the reaction was very exothermic. A vigorous
evelution of €0, ensued during the course of the
reaction; this plowed down and was substantially over
after 2-3 hr reaction at room temperature. Various.
secondary amine derivatives were pynthesized and their pX
values roughly determined by titration.



Materials and methods 61

V until the salt fromuts (seen ag refractive lines or thin
ridges) lhad migrated into the electrode strips,
necesgitat ing fregquent replacing of the electrode strips
with Eresh strips. Bovine carbonic anhydrase and crude L-
amine acid oxidase (Crotalus adamanteus venom) ware
applied to small rectangles of Whatman No. 1 paper near
the anode. Focusing was performed at 5°C at 1500 v for 2
hr, then 2500 Vv overnight, followed by 4500 V for 2 hr,
The gels were stained with Coomagssie Blue G-250 in dilute
perchloric acid according to Reisner (1984),

2.3.2 Preparation of immobilized pH gradients using
agryliz acid buffers

First syntheseg of acryvlic acid buffers

Basle protocol

The protocol used was based on that of Pelletier and
Franz (1952). Basically, maloni¢ acid was dissolved in
37% formaldehyde golution (1:2 molar eguivalents of
malonic acid te formaldehyde). Then, with stirring and
cooling in ice-water, one molar egquivalent of morpholine
wag slowly added. The reaction is moderately exothermic,
with simultaneous €0, release ag quite a pronounced
effervescence, which slowly decreased with time. The
progresg of the reacrion was monitored by removing an
aliguot and titrating it ro determine the shift in pK
values,
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Table 4; Protocol for the preparation of 5%T,4%C pH 5.1-
6.1 IPG gels

Component f{Acidie dans:a Basilce light
pH 5.1 pH 6.1

| | | {ul) {ul)
|.istilléd water | '3000 3000
0.2 M BHEAMA 1500 1500
0;2 M AMPS. 1180 320
Digtilled water to <> 7500 -> 7500

| pH adjuated to 8 with 1 M Tris
30%T,4%C Acrylamide/methylene- 2500 2500
N, Nt -bigacrylamide
Kilyceraol 3000 | -
Distilled wéter ko -» 15000 - 215000
Cool .n ice

TEMEL . ll 6 ]
40% Ammonium persulfate " 15 i5
emem—— .

The IPG gels were poured with a twu-chambe. lient

maker and left te polymerize at room temperature for 3
hy. They were washed in {00 mM ascorbic aciq, pH 4.5, for
1 hour to reduce any potential amine oxides caused by
pergulfate oxidarion ni the tertiarvy amine of the basig
acrylamido buffer. The gels were saxtonsively washed in
distilled warer {(8%30 mi.- --d then airv-dried to their
original weights., Filter paper electrode strips were
dpplied  (anode HomM gluatamic antid, cathiode 10 mM
histidine} and pretocuring of the gels pertorned at 500
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Preparation of IPG gels uging crude BHEAMA

The formulation of the gels was based on the
'protccols given in Righetti (1990} for the preparation of
1 pH unit-wide gradients, using 2-acrylamido-2-
methylpropane-l-~sulfonic acid (AMPS) as the strong acidic
titrant, in ratios determined by means of the Henderson-
Hasselbalch eguation so ag to give IPG's of 5.1 to 6.1.
nfortunately the IPG could not be accurately calculated
(for example, with the help of the DoctorpH program,
obtainable from Hoefer) since the acrylamido huffer used
wag not pure,

pH 8.1 seolution: 20 mM BHEAMA, tertiary amine group
79% ionised at this pH (pK ~ 5.4},
ge 15,8 mM AMPS titrant required.

pH 6.1 solution: 20 mM BHEAMA, tertiary amine group
2l% ionised at thia pH, so 4.2 oM
AMPS titrant raguired.

The protecol for tha preparation of the IPG gels iv
get out in Table 4;
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100 ml of distitled water to pemove any cortaminating

hydrazine hydeat o,

Finely crushed maleic anhydride (8.8 g, 0.1 mcl) was
added to the chloroform solution. An immediate precipi-
tate of maleic acid benzylidene hydrazide (MABH) was
obtained as a pale yellow esolid, insoluble in almost all
organic solvents in ite free acid form. The MABH was
vacuum-filtered, and washed with chlorciorm and with
diethyl ether. The product obtained is identical to that
obtained by Snyder et al. (1938). The 'H and !'C NMR
gpectra were not determined due to the insolubility of
the compound in its free acid form,

E ! . 1. l- E :iEE:i -!] ] + .

A golution of MABH (0.1 mM) in methanol was a'lowed
to react at room temperature with a slight excess of
pentaethyleuchexamine (PEHA). The rate of consumption of
MABH was measured by following the decrease in absorbance
at 310 nm.

hydgazide aroups

Reaction of PEHA and MABH

PEHA (4.0 g, 0,017 mol) was dissoived in about 60 ml
of methancl, to which was added 11.3 g MABK (0.05% mol),
AL a8 to give a 431 ratio of amine qgroups to carboxylic
acid groupa. The reaction flask was flushed with nit rogen
and heated f 6occ ({(boeiling point of methuanel at the
altitude ot dohasnesiansg) tor 32 e, Aljquots of the
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Attempied  synlbepin of carvier ampheolytes Dbearing

bydrazide groups

PEHA (7.0 g, 0.03 mol} wag disgolved in about 15 mi
of degassed distilled water, to which was added 11.7 g
MAMH (0.09 mol). The volume was made up with degassed
digtilled water to 30 wl to give a 1 M solution of PEHA,
The reaction flask was flushed with nitrogen and allowed
to react at 709C, Aligquots of the reaction mixture were
taken at regular intervals, diluted in methancl, and
their absorhance values read at 320 nm te determine the
rate of convumption of MAMH. When the reaction was judged
complete, the reaction mixture was cooled, tranaferred to
a dark glass bottle, and stored at 4°C,

2.4.3 Attampted aynthaesls of hydrazlde-containing
carvier ampholytas by remcting maleioc acid
benzylidane hydrazide and PEHM

Synthesis of malei d ] 1id hvdrazid

Benzylhydrazone was synthesized according to the
method of Proas and sternhall (1970). Benzaldehyde (10 g,
0.1 mol) ie added very slowly to a vigorously-stirred
golution of 20 g of hydrazine hydrate (0.4 mol). The
clear hydrazine hydrate became cloudy-white during the
addition due to the formation of benuyl hydrazone., Some
benzaldehyde azine f(a bright yellow solid) was also
formed. After the addition of benzaldehyde was complete,
the cloudy solntion was carefully decatited from the
cantaminat ing benzaldehyde .etine, and the bensyl hydra-
zone extractod with 2 x 1o wl of ohloioform. The
combined chloroform layerd were then extiacted with 3 x
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tiltered, and washed with 2 propatnel and djethyl =ther to
give a white non hydroscopic powder. Melting point: 103-
104°¢C", Formula: HOOC-CH-CH-CONHNH. (C,HN.O,, 130.11 Daj.

MONMR (DO, 200 MHz) & ».92 (d, 1H, J - 12.1 Hz,
DOOC-CH=), 6.43 {d, 1H, J = 12.1 Hz, =CH-CONDND,).

Ve XNMR (DO, 50 MHz) & 122.7 {DOOC-LH=), 141.6
{«CH-CONDND.), 168.4 (CONDND.}, 177.3 (COOD).

The 'H and ''C NMR spectra identify MAMH as an o, 8-
unsaturated carboxylic acid derivative, as can be
observed by comparison with the NMR spectra of the
imopropyl ester of N,N-diethylmaieamic acid (Matsumoto et
al,, 1991) ({H.C).CH-O0C-CH=CH-CON(CH.CH,), )

W MMR (CDCL,, 400 MHz) & 5,95 {d, J = 12 Hs, ROOC-CH=),
6,54 (d, J = 12 Hz, =CH-CONR,)

Bg NMR (CDCL,, 15 MHz) & 123.3 (ROOC-G=), 137.7 (a{-
CONR.), 164 (C-Q), 166.0 (C=0)

B ion kinet ¢ MAMI with polvami

A gsolution of 0.5 mM MAMH and 4 mwM tetraethylerne-
pentamine (TEPA) in methanol was allowed to react at room
temperature, and the rate of consumption of MAMH measured
by the decrease in absorbance at 320 nm.

' The normal products of the reaction of maleic
anhydride witli lydrazine  hydrate are 1,2~bisgl3-
carboryacryloylthydrazine, a yellow solid with a melting
puint of 185-187°C (Feuer ob al., 1958) or 179-180°C (Liu
et al., 1974h), aud [, 2 -dihydro- 3,6 pyridazinedione (maleic
hydrazide), a white solid with o welting point of 2g6eC
(Miller aud White, 1uni),
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pynthesized by reacting an o, § unsaturated acld such as
acrylic acid, and a polyamine such as pertaethylene-
hexamine (PEHA), using a 1:2 ratio of carboxylic acid
groups to amine groups (Vesterberyg, 1963), More recent
protocols are merely slight modifications oi the above
reaction (Vinogradov, 1973; Righetti et al., 1975; Binion
and Rodkey, 1981}, The myntheais of ~arrier ampholytes
bearing hydrazide groups was attempted by reacting an
o, B-unsaturated acid containing a hydrazide group (which
may or may not be protected in some way) with PEHA, using
a 1:2 ratio of carboxylie acid groups to amine groups.

2.4.2 Attempted synthesls of hydrazide-bearing
carrier ampholyter by reacting malaeic acid
monohydrazlide and PEHA

Carbon dioxide was bubbled for 30 min through a
solution of 2%5.9 g hydrazine hydrate (0.5 mel) in 300 ml
2-propanol, with cooling and stirving, to form the
carbazate Balt of hydrazine, Finely-crushed maleic
anhydride (49.0 g, 0,5 mol) was then gqradually added with
vigorous stirring and cooling in ice-water, A bright
yellow solid (the carbazic acid derivative of maleic acid
monchydrazide) formed, which was immediately wvacuum-
filtered. The yellow solid was redissolved in the minimum
amount of warm diatilled water {50°C), Carbon dioxide was
vigorowsly evolved, Hou 2-propanol was added until a
thick slurry of maleic acid monohydrazide (MAMH) crystala
(rogette-like clusters of small transparent nesdles) was
nptained, The yield ol crystals was increased by al lowing
the solution to cool alowly to room temperature, *ollowed
Ly further coocling te 400, The MAKH ¢ryst ald were vaouum
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triazatetradec-l-ene), Iun other words, deamination had
not occurred with the decarboxylation step as normally
happens in the Mamnnich reaction of malonic azid,
Extraction of the reaction mixture with cupferron (a Cu'-
chelating agent) in chloroform ghowed the proportion of
free Cu" in solution to be relatively small.

The reaction mixture was then neutralized with NaOH
and loaded onto & Sephadex G-15 column (equilibrated in
distilled water), in order to peparate the Ilinear
tetramine derivative l4-amino-2-carboxy-4,8,1ll-trizza-
tetradec~l-ene (if any) from the contaminating macro-
eyclic LO-carboxy-1,4,8,12-tetraazacyeclopentadecane (the
macroeyclic compound would be easily peparated as it
would not be able to diffuse into the gel pores of
Sephadsx G-1% for steric reasons and hence would remain
in the wvoid volume), However only the bhlues macrocyclic
10-carboxy-1,4,8, 12-tetraazacyclopentadecane compound was
eluted from the column together with minor contaminants,
none of which contained an acrylic acid group as
determined by thelr UV spectra.

2.4 QSUNTHESIS OF CARRIER AMPHOLYTES BEARING HYDRAZIDE
GROURPS

2.4, #aneral approach to the gynthesls qf carrier
ampholytes bearing hydrazida groups

A  .1ghly heterogeuneous mixture. of polyamine-
polycarboxylic acids possessing good buffering capacity
and conductivity at their jpoelectric points' may be

' The necegpary properties for a carvier ampholyte
(Rilbe, 1974).
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diamino-4,7-diazadecans) to 3,5 ¢ (0.02 mol) of CuCl .2HO
inn 30 wml of water. The CuCi. solutiou, which wag a pale
turquoise colour (A,,, BD7 nm), became a deep indigo
colour (A.. 534 nm} upon addition of the tetramine’,
Malonic acid (2.1 g, 0.02 mol) and formaldehyde (3.5 g of
a 17% solution, jumt over 0.04 mel} were added and the
reaction wmixture left to react overnight at room
temparature. The solution became an even darker indigo
colour, {(If a emaller volume of water, say 10 ml, was
uged as the reaction solvent, then a purple precipitate
would form - indicating that the macrocyclic preoduct is
anly moderately soliuble in water}.

No evolution of CO. was observed at all during the
courge of the reaction. However, upon acidification of
the reaction mixture with HC1l, wvigoerous evolution of CO,
occurred. Qbviously the cyclic condensation product of
1,10~diamino-4,7-diazadecane, formaldehyde and malonic
acid had, upon acidification witin HCL, been converted
into 10, 10-dicarboxy-1,4,8,l2-cetraasacyslvp ntalecana,
with spontaneocurs decomposition of one «f the carboxy
groups to CO..

It wap noted during the acidification step with HCl
that very little decolorization of the reaction mixture
cocurred, indicating that most of the product wae a Cu’-
cyclie tetramine derivative ingtead of the expected Cu’ -

inear tetrvamine dexivative (14- .10~ »arboxy-4.8,11-

‘ Thig is dve to coordination of the Cu’' ion by tlhe

electron pa.rs the [our nitrogen atoms of the 1inear
tetramine, wit' (he formaticn of a wacroeyclic gtructure.
Addition of HC1 will decolorize the solution, due to the
disruption of the Cu” terramine complex. However, if the
tetramine ig cyclic, then the Cu” ion will be too tightly
coordinated for breakdown of the complex to ocour. Hence
this phenomenon can be used ag a merhod Lo determine
whether a linear tetraminse has become cyclized or not.
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the washing steps (due to the high charge density of the
gel) resulting in damage to the purface of the acidic
portion of the gel., Filter paper electrode strips soaked
in digtilled water were applied and prefocusing of the
gel performed at a maximum power of 8.5 W until the salt
frouts (seen ag refractive lines or thin ridges) had
migrated into the electrode strips. Fresh electrode
strips were applied (anode - 10 mM glutamic acid, cathode
- 10 mM arginine) and the sample proteins (about 10 mg/ml
bovine carbonic ankdrage in 20% glycerel) loaded onto
shallow wells on the surface of the gel (75 ul in each
well). Focusing was parformed at 5°C for 75 min at an
initial voltage of 840 V which was gradually raiged te a
£inal voltage of 4700 V. The gel was stained with
Coomassie Blue G-250 in dilute perchloric¢ acid according

te Reignes {19841,

id deri .

The attempted synthesis of L4-amine-2-carboxy-
4,8,1l-triazatetradec-l-ene:

H.N- (CH.) .-NH- (CH.) . -NH- (CH.) .~NH-CH.»C=CH.
COOH

wag a modification of a protocol given by Lawrence angd
Q'Leary (1987} for the synthesis of the macrocyclic
tetramine 10 10-dicarboxylethyl-1,4,8,12-tetraazacyclo-
petit adecane,

The macrocyclic  copper-tetyamine complex was
prepared by adding 3.5 g (0.02 mol) of the rerramine
N N'-bis (31 aminopropyl)ethylenediamine {JUPAC name 1,10



Matetials qmd methods 75

Table 8: Protecol for the prepavation of &6%T",4%C pH
4.9-8.2 IPG gels

Componeant Acidic denselBagic light
. pH 4.9 pH 8.2
{ul) {ul)
I o S ﬁ====‘===a=4========
Distilled water 10000 10000
BCRP 150 mg" 150 mg"
0.2 M Immobiline pK 2.3 in n- 1500 4000
propanol
Check pH 4.9 8.2
Acrylanide 1.2 ¢ 1.2 g
: Flycerol 4000 .
biatilled warer to o 20060 - 23000
Cool in ice
TEMED || 10 151
40% Ammonium persulfate u 20 gt
S R . A ————cl

Attt vabsed e gl oW Gt dp ety prolymeer Taab Dot fy viowoot
Che lbearn otaent et b oot o propemod b0 thee el et g,

ESEIE FRVCERNVENE TN 11 YTV L S B R VY B [l 3 S

Vi pH o nciut benn b boaiteg oot betes il ogy ot WORE,
WH b et g Ly ok e g bear,

S R T S P peo iy ey bdu ke okl

The IPG gel was pouled with a two chamber grdieul
maker and left to polymerize at roon temperature foir 3
hr., The gel was soaked overnight iu 200-3060 ml ot
distilled water, followed by further washes (3 x 2 Lp)
and rhen air-dried to irp original weiqlt. Exceussgive
gWwellitg ol the ocidic poryion of the 1P0 ocourted during
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Breparation of pH 4.9-8.2 IPG gel using RCPP

Since BCPP ig a bifunetional acrylic acid deriv-
atlva, it can act as a crosslinker, and s80 it is not
necessary to add methylene-¥, N’ -bigacrylamide. Since the
buffering regions of the more weakly basic piperazine
nitrogen and the carboxylic acid groups overlap (as sean
in Figure 13}, it < not possible to determine the pK
values of these -roups bv titration, Henct it wag
necegsary manmial.y to titrate the "acidic denge" and
*hagic light® solutions (each containing 20 mM BCPP) to
the desired pH values with the strongly basic pkK 9.3
Immobiline’ titrant (0.2 M in n-propancl)., Thig was a
Blow process as BCPP disgolves only very glowly in watexr.

The titration curve ~f BCPP (Figure 13) shows it to
buffer linearly between pH 3 and 5, and between pH 8 and
10. A pH 4.9-8.2 IPG was prepared fory the resolution of
carbonic¢ anhydrase igozymes However, since the titratiomn
curve rises steeply over pH 6, the pH 6-8 part of the IPG
forms only a small preporcion of the length of the IPG
gel, ®o that in actual fact the carbonic anhydrase
igsonymes were resolved on a pH 5-7 IPG gel,

The protocol for the preparation of the pH 4.9-8.2
IPG gels is set our in Table 8:
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Figure 13 Titration curve of N,N’-bhis(2-carboxyprop-
2-enyl)piperazine (BCPP}. BCPP‘BH.O (0.57 g = 2.%
mmole) wag dissolved in 50 ml of 0.1 N NaOH, giving
a 50 mM solution (pH 11.4). It was necessary to
digsolve BCPP inn an alkaline solution as BCPP is
ingoluble in its free acid form. The molution was
titrated with 2.8 ml of { N HCL (2.8 mmole acid) at
250,
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The white precipitate wags then filtered and recrystal-
iiged from the minimum amount of hot water to yield
cryatals in the form of tiny rosette-like clusters of
needles. The yield from the reaction itself was high, but
a lot of producrt was lost in the recrystallization step.
Drying a known masg of crystala at 80°C for 3 hr followed
by reweighing determined the product to be in the form of
an octahydrate. Melting point of aniiydrous compeund: 228~
225°C with decomposition. Fortula of anhydroueg compound:
€ H, N0, (254.29 Da).

' NMR (DO, 200 MHz) & 3.45 (s, BH, -ND'(CH.CH).ND'-),
3,91 (8, 4H, 2 x ND'-CH.-C=), 5.88 (8, 4K, 2 x «=CH}), 6.30
(8, 4H, 2 x »CH).

g NMR (L0, 50 MHz) & 48.9 (-ND'(GH.CH).ND'-), 58.7
(ND."QII‘J..Cal)f 131:5 {g‘CH;; )} 134‘1 (C“SH;]; 172 -2_ ("COO ] '

A 50 mM solution of the sodium salt of N,N -bils(2-
carboxyprop-2-enyl)piperazine {(BCPP) was prepared (pH
11.4) and titrated with 1 N HCl, The titration curve is
shown in Figure 13.
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The IPG gel was poured with a two-chamber gradient
maker and left ta polymerize at room temperature for 2
hr. The gel was soaked overniqgut in 200-300 ml of
distilled water, followed by further washes (3 x 2 hr in
Qigtilled water). The gel was then air-dried to ikts
original weioht. Filter paper electrode gtrips (distilled
water) were applied and prefocusing of the gel performed
at a maximum power of 17 W until the salt fronta {(seen as
refractive lines or thin ridges) had migrated into the
electrode gtrips. The same electrode strips were used for
the rest of the electrofocusing procedure. The sample
protein (about 10 mg/ml of equine myogleobin in 20%
glycerol) was applied to shallow wells (75 pl in each
well) on the surface of the gél. Focusing was performed
at 5°C overnight at an initial field strength of 1000 V.
The next day the electric field atrength was gradually
raiged over the course of ssven hours to a final value of
4900 V, Focusing was continued at 4900 V fox a further 58
hr ~ this exceasive length of time of focuasing was found
necesgary a8 the proteins tock a very long time te reach
theix iscelasvtric points due to the extreme shallowness
of the pH gradient (0.02 pH unit/em). The gel was atained
with Coomassie Blue G-250 in dilute perchloric acid
accerding to Reisner (19584).

Malenic acid (20.8 4, 0,2 mol) waas dissolved in 50
ml of distilled water, and 19,4 g of piperazine hexa-
hydrate {0.1 mol} wam added with cooling in ice-water.
Then 33 g of 37% formaldehyde solution (0.4 mol! was
Blowly added with stirring and cooling in ice-water., A
very vigorous evolution of 0O, then ensued, with the
goncurrent formation of a white precipitate, The 1eact ion
mixture wag left to react overnight at room temperature,
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the lsading electrolyte. The caleulation of the concen-
tration of bbuffering counterion in  the terminating
electrolyte can become quite complicated, invelving
equations of mass halance and electroneutrality
(Qrastein, 1964; Jovin, 1973a,b,¢). It is probably this
fact that Jdeterred Tamura and Ui from designing their
discontinuous buffer systems from first principles,

mmmmmnemmmmm
stackilg process

Electrophoresin mystems involving the formation of
the steady state moving boundaries, such as chat between
the leading ion ({(chioride} and the cterminating ion
{glyeine) that causes the atacking effect in discontin-
uous elxctrophoreris, fall under the technique of
isotachuphoresis (ITP). Therefore it was necessary to
study the equations governing the igotachophoretic steady
state’ in order to undersetand the stachlog process. An
in-depth discussion of the fundamental eguationa
governing the formation and maintenance of iteady state
moving boundaries is presented In Appendix B, In
Appendix C I have applied these equatitns to tha
chloride-glycine gyatem in discont inuous electrophoresis,
These eqguarions are pet out below, for use with the
Orngtein-Davip system, However by simply replacing Tris
with AMPD the identical eguations can be uged for tho
Tamura-i gystem as well., It is assumed th t the pH of
the gystem is below 10, so that the councentratiun of OW

Theoretical treatments of the steady state
boundaries exigting in "TP may be found in Ornatein
(19a43, Everaerts and Routs {(1w71), Jovin {(19733) and
Everaerts er al. 1971y,

Thiag iy preceded by 4 gereral jutroduction to
theory ot elantrophoregis in Appendix A,
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3,2.3 Inve.tigacion of the physicochemical machanism
of the 3-roking process

WMWMW
from firgst principles

It was clear that the rat and fruit batr LDH-5
igozymes were stLill not stacking, even though they were
tertainly negatively charged due to increased pH of the
discontinuong huffer gystem. It was at this point that I
decided to begin a asystematic sastudy of the physico-
chemical mechanismes governing the scacking process in
d¢iscontinuous electrophoresis, in an effort Lo solve this
problem,

Up to this time I rad used the discontinuous
clectrophoresis of Ometein and Davig without zeally
understanding how the sgtacking process worked - &
deficiency that is probably widespread among users of the
technigque in the biclogical sciences. The key to the
undergtanding of the stacking procezs lies in the
Yohlrauseh regulating function (Ornstein, 1964}, which
relates the concantration and electric field strength
gradieits across steady state moving houndaries to the
difference in ionic mobility of the leading and
terminating iong. These steady siate moving boundaries
have already bheen discussed in Section 1.2 of the
Introduction,

However the concentration of  the buffering
counterion in the terminating s=lectrolyte i also
regulated in the ateady stare, so that tlie rotal ionic
compasition (and henee pHl of the terminating =lectro-
lyte is predetermined by the total lonic compogition of
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Figure 16 LDH isczymes separated on a 7.5% polyacrylamide
gel, using the discontinuous bhuffer gystem of Tamura and
Ui (1972). Lanes 1 and 2: rat skeletal musclea, lanes 3
and 4: rat heart, lanes 5 and 6: rat liver, lanes 7 and
§: rat k'dney, lanes 9 and 10: fruit bat brain, lanea ‘1
and 12: fruir bat heart, lanes 13 and i4: fruit bat
liver, lanes 1% and 16: fruit bat kidney. The tissue
samples were homogenized in four volumes of stacking gel
buffer containing 0% glycerol. Electrophoresis was
conducted in a cold room (10°C) at 500 V, until tle
xXylene cyanol FF dye marker was ! om from the botrom of
the gel. The ILDH laogyme hands were detected using «
modification of the nitroblue tetrazelium stain  of
Romsto daravia et al. [(L98H) .
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gample proteing are left behind the chlovide-glycine
moving boundary ag a thin starting zone in a region of
ponstant pH and electric field stvength, and now migrate
as in ordinary zone electrophoresis.

The design of anionic discontinuous electrophoretic
systems

1. Choose a pH for the geparating gel. The pH of the
geparating gel rises by about half a pH unit from the
orlginal pH as the leading iong become replaced with
terminacing ions.

2, Choose as the terminating ion a weak acid or
amino acid with @ pK up to one pH unit higher than that
of the separating gel, Thur at the actual running pE of
the separating gel the terminating ions will have a net
charge of at least 0.5, and thelr net ionic mobility will
be higher than thoge of any of the sample proteins.

3, Set the pH of the stacking gel 2 to 3 pH units
leszg than the pK of the terminating ion. In this way the
terminaving ions will have a net charge of 0,001 to ¢.01,
and g0 their net ionic mobility will be lower than those
of any of the sample proteins.

4. Chooge ag a buffer a base with a pX up to one pH

unit lesg than the pH of the separating gel. In this way
the stacking gel also poseesses 3 buffering capaciry.
_ 8. Make the pH of the electrode buffer equal to the
PK of the buffer. The pH of the electrode buffer is not
eritical, 90 making it up this way minimizes the pH
changes caused by the products of electrolysis.

Although the rules of Williams and Reidfeld appear
very logical, the Tanura-U{ discontinuous bufter gystem
did nut sucesed in resolving the LOH 5 igonyvme (Figure
1m},
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The principleg that Tamura and Ui uged in designing Lhelr

“Tamura and Ui desiguned their discontinuous buffer
system along the principles given by Williames and
Reigfeld (1964) in theilx paper entitled "Disc electro-
phoreais in polyacrylamide gels: extension to new
conditions of pH and buffer.". In order to set out their
principles, I will give a brief répumé of their paper.

The basic mechanism of discontinuous electrophoresis

The stacking and separating gels contain a leading
ion {chloride) of higher ionic mobility than any of the
pample proteins. The electrode buffer contains a termin-
ating, or trailing, ion (glycine) of lower net ionic
mobility of any of the sample proteins. Whan & potential
differencve im applied to the system, the chloride ions
run away from the glycine ions, leaving behind a zone of
lower conductivity, and therefore increased electric
field strength. In this slectric field strength gradlent
the glycine ione are accelerated to keep up with the
chloride iong., A gteady state moving boundary is created
which migrates down the gel, rapidly overtaking the
sample proteins. Since the mample proteins possess ionic
mebilitias intermediate to the chloride and glycine iona,
they are sandwiched between the chloride and glycine
zones to form a very thin zone,

At the pH disvonrinuity between the stacking angd
geparat ing gels, the degree of lonization of the glycine
iong will be iurreased 8o that their net ionic mobility
now becomes greater than any of the rample prorteius, but
still leas of courge tunan that of the chloride ions. The
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3,2.2 The ssarch for more alkaline digeontinuous
buifer systans

The discontinuous buffer system of Tamura.and Ul

It orcurred to me that the rat and fruit bat LDH-B
igozymes were not migrating inte the gel because they
were still positively charged at the stacking pH, and
that a more bapic discontinuous buffer system was
necesgary in order to detect the LDH-5 isozymes. A
literature gearch revealed the existence of a basic non-
denaruring discontinucus buffer system (Tamura and Ul,
1972) ueing 2-aminco-2-methyl-1, 3-propanedicl (AMPD) as
oppessd to Teis as the buffer (pKX 8.8 versus 8.1
respectively). The composition’ of the Tamura-Ui buffer
systen iz compared below with that of Ornstein and Davig:

Qxnsten - vig Tanmuga -0l
Stacking gal buffer
foomd Rt e, b omM T b plE e m e Het o M AMED Bl 7R
Rasolving gel bufffar
ot N BETL e W T s pl M b oo D wTD mM AMED PR
Risctrode bufifar
i nMoriyetinee GG My b M Ao oalycine T4onM AMPL b w R

4

In Tamura and Ui (1977) the concentration of
AMPD in the stacking gel is stared to be 59 mM! Since the
concentration of HU1 is 60 wM, thig would give the
atacking gel buffer a pH of abourt 3 - obviously an error.
Moreover in theiyr paper the concenitration of AMPD in the
separating gel buffe: im stated to be 262 mM, which would
jive the separating gel buffer a pR of 9,3 ingtead of
5. 1 have smubstituted the ourrect conlcentrations of
PR required - A6 mM AMPD and st mM AMPD for the
viacking and peparat ing gel bufisrs reapectively,
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Flgure 15 Fruit bat LDH isozymes resolved by a linear 4-
70% polyacrylanide gradient gel, using the buffer system
of Davia (1%84) according to the formulation given in
Blackaghear (1984)., Lanes L and 2: liver, lanes 3 and 4:
heart, lanes % and 6: Ridney, lanes 7 and 8: hrain. The
tissue gpamples were homogeuized in four volumes of
stacking gel buffer containing 20% glycerol. Ele.. -o-
phoresisg waa conducted in a cold room (10¢C} ac %00 V,
until the xylene cyanol FF dye marker was 1 om from the
bottom of the gel, The LDH idozyme batds were derected
uaing a modifivarion of the nitrvoblus tetrasolium atain
of Romero-saravia et al. (19E8),
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Figure 14 LDH isozymes resolved on a 5% polyaciviamide
gel, asing the buffer gystem of Davis (1964) according to
the formulation given in Blackshear (1984)., Lanes 1 and
4: rat skeletal muscle, lanes 3 ar . 4: rat heart, lansze
F and 6: rat liver, lanes 7 and 8: rat kidney, lanea v
and 10: f£ruit pat brain, Janes 11 and 12: fruit bat
heart, lanes 13 and i4: fruit bhat liver, lamnes 15 and 16:
fruit bat kidney. The tigsue samples wese homogenized in
four wvolumes of gtacking gel huffer containiwg 20%
glynerol, Electrophoresis was conducted in a cold room
(10%¢) at 500 Vv, until the xylene cyanol FF dye marker
wag 1 om from the botrom of the gel, Tk LDH isozyme
pande were detected uging a modification of the nitroblue
tetrazolium stain ot Rowero Saravia of gl, (1988),
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longer be homogeneous, and each LDH isozyme will exist as
a number of allozymes, varying slightly in amino acid
compoegition,

Since the B amubun't is more acidic than the A
gubunit, LDH-1 migrates the fastest and LDH-5 the slowest
in PAGE uming alkaline buffers. The discortinuous buffer
pystem of Davis (1964} is normally used., The tissues of
interest are homogenized in four to nine volumes of
gtacking gel buffer containing 20% glycerol, centrifuged
for 10 min, and loaded directly onto the gal. The LDH
igozyme bands are detected by means of a sgpecific stain
employing tetrazolium ealts (Romero-Saravia et al., 1988)
{sea p. 41),

The LDH isozymes from wvarious rat and fruit bat
tissues were analyzed by non-denaturing PAGE using the
disrontinucus buffer system of Qrnstein and Davis (Davis,
1964; Ornstein, 1964; Blackshear, 1984). Although a
satisfactory resclution was obtained, the LDH-5 isozyme
of both the rat and fruit bat failed to migrate into the
tel (Figure 14),

Under the misconception that the failure to see LDH-
b was due to its very slow migration, 1 decided to run
the LDH iseozymes on gradient gels, ao that I could
prolong the time of evlectrophoresis without the risk of
the LDH-1 isozymes migrating ot of the bottom of the
gel. Linear 4-20% polyacrylamide gradient gels were
prepared for the ueparabjor of rat LDH jsozymea., An
improvement in tae {ruit bat LBR allozyme sub-banding
patterna was achicved, however the LDB-4Y igosymes atill
could nor be gren (Fioauro 16,
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3.2 THE DIRECTION OF MY RESEARCH PROJECT INTO THE FIELD
OF ISQOTACHOPHORESIS

During my B.Sc (Hong) year my project involved the
purification of lactate dehydrogenase (LDH) from the
fruit bat Rousettus aegyptiacus and the investigation of
- ite kinetics. At the start of my postgraduate gtudies, I
thought that it would he a good idea to clarify first a
problem that I had experienced in the analyeis of the
fruit bat LDH igozymes by PAGE in discontinuous bhuffers,
ie. the failure of the LDH-5 isozyme to migrate into the
gal. Being forced to study the physicochemical mechanism
behind discontinuous electrophoresis in an effort to
golve this problem, I became fascinated by nhe ingenulty
of the rechnigue, so much go that I redirected my Fh.D
project into the realm of electrophoresis,

3.2.1 Problems encountared in the analysis of LDH
isozymes by PAGE using the digcontinuous
buffer syatem of Qrnatein and Davis

LDH i a tetramer, having a total nolecular mase of
144 kDa. The subunits wmay ke of two itypes, designated A
and R. Hence there 4are five possgible tetrameric
arrangemencs -~ By, AR, AB., AB and A, which are named
LDH-1 to LDH-5 respectively. Since the A and B subunits
are coded for by different genes, the distyvibution of ubDH
igozymas present in a tissue ig controlled by the ratio
of A and B subunits produced, their combination into the
varionuag tetramers being random, If both alleles of a
gubunit gene are expressed, the subunir types way ue
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Chapter 3 - Results and discussion

3.1 GENERAL OVERVIEW: THE TRANSITION FROM DISCONTINUOUS
ELECTROFHORESTIS TO ISOTACHOPHORESIS AKD ISOELECTRIC
FOCUSING

At the sgtart of my M.Sc. project, my task was to
investigate whether the specialimed metabolism of the
fruit bat Rousettus aegyptiacus was reflected in changes
in the activity of key enzymaa'involved in glycnlyeis,
for example, lactate dehydrogenase (LDHE}. This involved
the use of polyacrylamide gel electrophoreais (PAGE) in
non-denaturing buffers for the analysis of LDH isczymes
from rat and fruit bat tissues vith a view to comparing
their patterng and correlating these with wmetabolic
activity, The problems that I experienced in the fallura
of thes LDH-5 isozymes to enter the polyacrylamide gels
stimulated my interest in the physical chemistry invelved
behind the stacking procese in digcontinuoug electro-
phoresis. The stacking effect iz cauaed by the generation
of electric field strength gradients acrog: steady stats
moving boundaries, by which the sample proteins hecome:
focuged into thin layers. This improves resolution since
the degree of Land sgpreading caused by diffusion is
minimized.

The above electrophoretic phenomenon is slgo the
principle behind the technique of displacement electro-
phoregis, or isotachophoresis (ITP), in which multiple
moving  lonie boundaries are used to generate wide
electric field atrength gradients in which proteins van
be focused. I found the physicochenical principles behind
ITF to he extremely interesting, and my thoughts tuimed
o the popsibility of doing practical reesareh in the
field of TTR. TP in polyacrylamide gelg hao bheenn a
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reaction mixture were taken at tregular itnten vals, diluted
in methanel, and their .absorbance values read at 310 nm
to determine the rate of consumption of MABH. When the
reaction was judged complete, refluxing wag gtopped, and
catalytic trangfer hydrogenclysis of the benzyl hydr: :one
groups wasg artempted.

Attempted deprotection of the hydrazide groups by
catalytic transfer hydrogenolysis

S8imultaneous reduction of the benzyl hydrazone
groups to N’'-benzylhydrazides, =nd debenzylation of the
N' ~penzylhydrazides to hydrazides, was atiempted by
catalytic transfer hydrogenolyais wuasing a palladium
catalyst and tha formate ion as the H-donor (Adger et
al., 1987; Ram and Spicer, 1987), Palladium ob
polyethylenimine beads (Pd-PEl) was used as the zatalyat
{Coleman and Royer, 1980). PA-PEI (2 g) and fourmic acid
(0.2 mol = ¢ molar edquivalents of benzyl hydrazone
groups) were added to the reaction mixture, which was
then stirred for 100 hr at room temperature. The FI-PEI
was then removed by filtration, and the methanol removed
by rotary evaporation to yield a viagous oil., The oil was
found te be insoluble in water, indicating that the
debenzylation atep was unsuccesaful.
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3.3.2 Synthepis of hetarogenecus mixtures of
polyAMPE asz polymaric spacers fox ITP

Synthesnis. of RolvAMPS polymers of varying lengths

The principal stages of free radical-induced wvinyl
polymerization are:

1, Chadin initiation
Peroxide/persuifate R-0-0-R o R-0Oe

R-O¢ 4 Cﬁ,n(iﬁ - R-o-cna-ciﬂ-

2. Chain propagation

R-o—cn,-ina + cn,-iﬁ - R-O-CH,-C)‘( -Cﬂ,—in

3, Tarminstion

A. Combination

2 x R-o-(cn,-clxm.,- - n-o-(cz:,-imn-c Hy~CH® ,~O~R
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gseparation mainly on the basis of net charge - limiting
ITP to the separation of non-denarured proteins, However
there seems to be no logical reason why separation on tha
basis of molecular sieving should not be allowed to
oceur. In fact, molecular sieving is required for the
separation of macromolecules possessing a constant
charge/masgs ratlo but differing in molecular mass, such
as nmicleic acide and SDS-denatured polypeptides,

Since it is likely that molecular asleving of the
gpacers would be unavoldable if ITP were attempted in
restrictive gel media, it geemed logical to design
gpacers in which ionic mebility differences would occur
on the basiz of molecular gieving, Thus it was reasoned
that a heterogeneous mixture of anionic polymers of an
even spread of molecular masses would have the desired
characterigtics. 2-Acrylamido-2-methyl~1~-propanasulfonic
acid (AMPS) was chosen gince its polymers are fully
dimgociated above pH 2'. Heterogeneous mixtures of
polyAMPE of various melscular mass ranges werg
gynthesgized and evaluated f£or thelr suitabilility as
gpacers for isctachophoretic separations.

1

. Polylacrylic acid) is a much weaker acid than
1te monomer (pK, 4.25) because of electronic interactions
between the carboxylic acid groups, which are only
geparated by two carbon aromg, Hen~e a 0.01 M solution of
poly(acrylic acid}l in water will a have an apparent pR
{pK'} of 6.17 (Miller, 1964),
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3.3 TISOTACHOPHORSSIS - THE SYNTHESLS AND APPLICATION OF
NOVEL POLYMERIC SPACERS

3.3.1 Need for alternative spacers to carrier
ampholytas

Az discusged in Section 1.3.4 in the Introduction,
carrier ampholytes have a number of deficiencies which
affect their suicabllity asg spacers, most importantly
being the fact that their ionic mobilities vary with pH.
The pH at which the isotachophoretic separation is
conducted must often be varied in order to optimise the
reaolution of the sample proteins. Thus the lonic
mobllities of the spacer iong ghould be independent of pH
in oxder to avoid continuous recalibrations being
necesgary, To gquote from Bringard and Charlionet {(19%0):
“"Concerning the nature of the spacers, we have shown that
Ampholine 5-7 or Pharmalyte 6.7-7.,7 are not Iideal,
because their electrophoretic mobllity depends on pH.
Highly divergsified spacers of nonamphoteric nature and
with adequate mobilities for the analysis of proteins
would certainly be welcome. "

Thig requirement meansg that the net charges of the
gpacer ions must stay constant over the pH range 3 to 10,
ie. they must be strong acids (assuming that an anionic
geparation is ocourring), Since ionic wmobility is a
factnr of charge and molecular mass, it follows that the
ionic mobllity of the spacers wmust then depend aolely on
differences in mnlecular mass, However, thier introduces
the poggibility that the ionic mobilities of the spacers
may be aflected by the degree of molecular sileving
exerted by the gel media. Tt has been customary in the
past to perform ITE in non-restrictive gel media with



Regults and digcugsion 104

eithusiasm for the technique, and I decided to redirect
my research project into this field,

ITP has racely been used for the separation of
prateins in polyacrylamide or agarcse gels (Acevedo
1989,1991), 'This 48 surprising since, in theory,
isotachophoretic systems should have a higher resolving
power over conventional electrophoretic systems, since
the boundaries between zones do not diffuse with time due
to the sharpening effect of the electric field strength
and pHE gradients acrogs the zone beundaries.

Perhaps the main reason why ITP has not become more
widespread in its use in bilochemistry is that all the ien
zones are contiguous. Hence proteln zones c¢annot be
digtinguighed by conventional staing unless they are
physically separated from each other by means of spager
iong, ie. charged molecules, guch as amino acids, having
lonic mobilitied intexmediate to those of the proteing of
interest. Highly heterogensous mixtures of spacers of
varying ionic mobility «re required for the resolution of
complex mixtures of proteinsg. The only chemicals meeting
thig requirement at preseunt are the carrvier ampholytes
used for igcelectric focusing (Svendsen and Rose, 1970;
Routs, 1973; Acevedo, 1983},

However, carrier ampholytes have a number of
deficiencias which affect their suitability ag spacers,
in particular, the wvariation of their ionic mobilities
with pH. This means that the pH at which ITP is conducted
canneot be changed withour having to change the carriler
ampholyte spacers as well in order to seep the ionic
mobilities of the spacers constant. This mukes ITP more
time consuming, and less reproducible. Thua there was
scope for me to do novel regearch iu this field.
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ig -9,1 x 10" em V8 ' - probahly much highey than that
of the LDH-5 isozymes’. In Ffact 1t is surprising,
congidering the relatively high net isnic mobility of the
glycine terminating iomns, that any of the other LDH
igozymes stacked at all,

It is clear that the Tamura-Ui buffer system will
only stack proteins of a relatively high ionic mobility.
It seems that the rules given by willliame and Reisfeld
are inadequate for the dasign of new digcontinuous buffer
gystems -~ it is necessary to calenlate the necessgary
ionie parameters from firwt principles, wusing the
isotachophoretic steady atate equations.

3.2.5 From discontinuous electiophoregis to
igotachophoresls

The isctachophoretic steady state equations derived
in Appendices B and C allow the design of new discontin-
woug electrophoretic buffer systems. A mose alkaline
buffar system that successfully stacked LDH-3 would have
allowed me to continue my research into the metabolism of
the f£ruit bat Rousettus aegyptiacus. However, the
understanding cthat I had acquired of the principles
involved in isotachophoretic processes had enkindled my

! The ionic mobilities of the followlng proteins
?igﬁg 10.4% were determined by Baumann and Chrambach

Ovalbumin (pI 4.7) 12,5 x 10" e’ Vg
Bovine serum albumin (pI 4.9} 12.3 x 10" cm Vi g
Equine ferritin (pI 4.5) 8.3 x 10" em™Vig!
Human haemoglcobin (pI 7.4} 7.8 %x 10" cn'rV leg !

Congidering that the rat and fruit bat LDH-5 igozymes
have pl values of at least 8.9, it is likely that their
net ionic mobilities would be low due their low net
negative charges at pH 9.1 (gtacking pH).
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Stacking

Although the original composition of the terminating
elerrvolyte (electrode buffexr) is 77 mM glycine - 13 aM
AMPTY, PpH 8.8, once electrophoresis ip cowmenced the
concentrations of glycine and AMED in the terminating
zone are adjusted by the Kohlrausch regulating function
to 45 mM glycine - 52 mM AMPD, pH 9.3, Hence szample
proceins of a pl of 9.3 or greater will not be stacked,
Notr will proteine pogsessing a nat ionic mobility of less
than -9.1 x 10" c¢cv* V' g’ - the net mobility of glycine
at pH 9.3.

Separation

The geparating gel khuifer is composed of 60 mM HCL -

361 mM AMPD, pH 9.5. Once the ghloride-glycine boundary
roaches the separating gel, the composltion of the
leading elsctrolyte becomes that of the sgeparating gel
buffer. The compoeition of the terminating electrolyte
hence becomses readjusted by the Kohlrausch regulating
function fo 45 mM glycine ~ 346 mM AMPD, pH 9.9, The net
mobliity of glycine at the readjusted pH of 9.5 im -21.8
F 10“_cuﬁ‘v‘-s*. The chloride-glycine moving boundary
moves on ahead, while the gample proteins are now left in
a homogeneous 45 mM glycine - 346 mM AMPD buffer, pH 8.9.

Digcugsion of the system with respect to LDH-5

1t is now apparent why the rat and fruit bat LDH-5
igozymes were not pracked by the Tamura-Ul dilscontinuous
buffer sys.em, At rthe regulated pH in the terminating
sone (pH 9.3), the net ionic mobility of the glyecine ions
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Digeusgion of the gystem with respect to LDH-5

It is clear that the pH of the stacking buffer was
deliberately set at pH 6.8 by Ornstein in order that the
regulated pH Jin the terminating zone (pH 8.9} would be
nearly one pH unit below the pK value of glycine (pK =
9.8), thus ensuring that the net ilonic mobility of the
glycine molecules would be lower than that of any of the
gample proteins. Likewise, the pH value of the geparating
puffer was deliberately set at pH 8.8, in order that at
the regulated pH in the temminating zone (pH 9.5), the
net ionic mobility of the glycine wmolecules would be
higher than that of any of the sample proteins,

It seems that the rat and fruiv bat LDH-5 isozymes
must have pI values of at least 8.9, in order not to have
been stacked by this system.

Starting conditions

In the Tamura-Uli digcontinuous buffer aystewm,
chloride ig the leading ion, glycine is the terminating
lon, and AMPD is the common buffering counterion, The
leading electrolyte (atacking gel buffer) is composed of
60 mM HCL - 66 wM AMPD, pH 7.8. The Cerminating
electrolyte (electrode buffer) is composed of 77 mM
glycine - 13 mM AMPD, pM 8.8,
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Figure 17 The mechanism of operation of the Ornstein-
Davie discontinucus buffer system,

Starting conditions: The psample proteins are
introduced between a leading electrolyte (atacking gel
buffer) = 60 mM HCL - &3 mM Tris, pH 6.8, and a
cerminating electrolyte {(electrode buffer), in;tlally
get at 192 mM glycine - 25 mM Trie, pH 8,3,

Stacking: The sample proteins are stacked batween
the leading electrolyte (stacking gel buffer) = 60 aM
BCL - 63 mM Tris, pH 6.8, and the adjusted terminating
electrolyte = 46 mM glycine - 4% wM Trim, pH 9.0.

- Boundary passes gsample proteing: When the
chloride-glycinate boundary reaches the geparating gel
buffer, the composition of the laading electrolyte ig
changed te 80 mM HClL - 361 mM Trls, pH 8.8, and the
terminating electrolyte is hence readjusted to 46 mM
glycine - 347 mM Tris, pH 9.5. The sample proteins are
left behind the chleride-glycinate houndary,

Separacion of sample proteins:; Normal zone
electrophoresis of the sample proteins now occcurs in 46
mM glycine ~ 347 wM Tris bhuffer, pH 9.5.



Regults and discugssion 99

to 46 mM glycine - 49 mM Tris, pH 8.9 (Figure 17, step
2} . Hence sample proteins of a pl of 8.9 or greater will
not be sgtacked. Nor will proteins possessing a net ionic
mobility' of less than -4.7 x 10" em™ Vi g' - the net
mobility of glycine at pH B8.9.

Separation

The meparating gel buffer is composed of 60 wmM HCL -
375 mM Tris, pH 8.8. Once the chloride-glycine boundary
reaches the separating gel, the composition of the
leading electralyte becomes that of the separating gel
buffer. The composition of the terminating elgg¢trolyte
hence becomes readjusted by the Kohlrausch regulating
function to 46 mM glycine - 361 wM Trig, pH 9.5 (Figure
17, 8tep 3). The net mobility of glycine at the
readjusted pH of 9.5 ig -11.,9 x 10° emi+ Vg !, Hence the
glycine ions overtake the gample proteins, which are
glowed down in the separating gel due to molecular
sieving. The chleoride-glycine moving boundary moves on
ahead, while the aample proteins are now left in a
homogenecus 46 MM glycine - 381 mM Tris buffer, pH 9.5
(Figure 17, step 4). Separation of the sample proteins
now octurs on the basls of size and charge as in normal
zone electrophoresis, except that the vregolution is
better because of the sample proteins have been
concentrated into very narrow zones,

! The ionic mobility of an ion is a signed
guantiry, given the same gign ag the charge of the ion.
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3.2.4 Use of the isotachophoretic steady state
cquations to calculate the change in ionie
compositions during discontinuous electro-
rhoresis

Starting conditions

In the Ornsteéein-Davie dipcontinuous buffer system
{Ornatein, 1964), chloride ig the leading ion, glycine is
the terminating ion, and Trig ig the common buffering
counterion, The laading electrolyte (stacking gel buffex)
is composed of &0 wM HCL -~ 63 wM Tris, pH 6.8. The
terminatling electrolyte (elertrode buffar) is composed of
192 mM glycine - 25 mM Tris, pH 8.3 (Figure 17, step 1),

Stacking

On gtarting of electrophoresis, the sample proteins
hecome concertrated kehind the chloride zone according to
the Rohlrausch regulating function., By the time the
chleride-gample proteins-glycine moving boundary reachegs
the geparating gel, the gample proteins will bave become
concentrated inko a very narrow zone,

Although the original composition of the terminating
electrolyte (electrode buffer) is 192 mM glycine -~ 25 mM
Tris, pH 8.3, once electrophoresis is commenced the
roncentrations of glycine and Tris in the terminating
zone are adjusted by the Kohlrausch regulating function
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Combined electroneutrality/equilibrium equations of
glycine

[g'_l y] foriand = “b By b' o “'L 10

2t
whete
a: (1 105ty ~ PRy {3-4}
b o [Tristeemy earar F [mly] roral

o= [ :I'r‘ian‘?rml Fotal X [g‘?‘ y] teited

If one presets the concentration of chlowide in, and
the pH of, the stacking buffer (leading electrolyte),
then the above equations can be used to calculate all the
other ionic parameters of the leading and terminating
electrolytes, The pH of the terminating electrolyte can
be calculated by the Henderson-Hasselbalch egquation:

(1Y) i onimmd
pHanm = DK durtti e
oral ™ L9V onsena

g ¥ log, GG {3-5}

The net mobility of the glveine ions in the terminating
electrolyte is found hy:

m = [Q'.IVI o {md
wlv fg‘l V] ruosigd

X Wy, (3-6)

Derived in Appendix C ag aguation {Q-24),
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ions is negligible. Hence, according to the electro-
neutrality principle:

[('.‘,I] rotal = ”'r-ismm] Jupigod
(3-1)

[IV] fopimea = (EZLET™] 1o

- Chloride, being a strong acid, is fully ionized, so
[Clliwear = 1CL)inszes. The fundamental steady state
aquations f£or the Ornmtein-Davis discontinuous buffer
gystem are:

Kohlrausch regulating function'

n n =
(I orar = [C1) ppgy + =22 2L 2l (3-2)
tata rtoktal m;_—-; m’f‘r ie - mgl v

where m is the absolute ionic mobility of the ilon,

Mass balance equation of buffering counterion®

, i m Wopy 1
[Trlaﬂ‘rm'l L1 3 = [ lrlsﬂt’ﬂn‘f] tatd} + rglv} r.(l.';.'lf‘uzxﬁ - [r"z] tul‘ﬂl.—.ﬁi‘-
myh' My

{(3-3)

Derived in Appendix C as egquation (C-15},

? Derived in Appendix C as equation (C¢-18).
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Pigure 22 Zone slectrophoresin of polyAMPS apacers in a
12%7, 2.5%C polyacrylamide gel, TBE buffer pH 8.7, The
procedure of electrophoresis and staining of the polyAMPS
polymers is ap for Figure 18, Lane 1: polyAMPS-.0, lane
2: polyAMPS-15K, lane 3: polyAMPS-30, lane 4: polyAMPS-50,
lane %: polyAMPS-100, lane 6: polyAMPS-200, lane 7:
polyAMPE-300, lane B: polyAMPS-500.
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Figure 21 Zone electrophoresisz of polyAMPS spacers in a
8%T, 2.5%C polyacrylamide gel, TBE buffer pH 8.7. The
procedure of electrophoresis and staining of the polyAMPS
polymers Ls as for Figure 18, Lane 1: polyAMRS-7,5, lane
2: polyAMPS 10, lane 3: polvAMPS-15, lane 4: polyAMPS-30,
lane 5: polyAMPS-50, lane 6: polyAMPS-100, lane 7:
pPOlyAMPE-200, lane 8: polyAMPS-300,
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Figure 20 Zone electrophoresis of polyAMPS sgpacers in a
3.5%T, 4%C polyacrylamide gel, TBE buffer pH 8.7. The
procedure of electrophoresis and staining of the polyAMPS
polymers ig as for Figure 18, Lane 1l: polyAMPS-7,5, lane
2: POlyAMPS-10, lane 3: polyAMPS-15, laune 4: palyaMPs-30,
lane 5: polyAMPS-50, lane 6: polyaMPs-100, lane
polyAMPS- 200, lane B: polyAMPSH . 300,
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Figura 19 Zone electrophoreeis of polyAMPS gpacers in a
2% agarcse gel, TBE buffer pH 8.7. The procedure of
electrophoresis and staining of the polyAMPS polymers isg
as for Figure 18, Lane 1: pplyAMPS-7.5, lane 2: polyAMPS-
10, lane 3: polyaMPs-15, lane 4: polyAMPS-30, lane 5:
polyAMPE-K0, lane 6: polyAMBS-100, lane 7: palyAMPS-200,
lane #: polyAMPS-300.
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Flgure 18 Zone electrophoresis of polyAMPS mpacers in a
1% agarose gal, TBE buffer pH 8.7. The filter paper
electrode strips were soaked in 10 ml of 16x TBE (62.5 mM
Tris, 52 mM borice acid and 0.5 mM Na,-EDTA) buffer, pH
8.7. Each well contained 20 pl of a 30 mM smolution of
polyAMPS spacers in TBE buffer containing bromophenol
blue and xylene cyanol as markers. The gamplas were wun
at 300-400 Vv at room temperature until the bromophenol
blue band was 1 c¢m from the anode satrip., The polyAMES
gpacers were stained in a 0.05% molution of methylene
blue., The bromophenol blue and xylene cyanol Dbanda
diffused out of the gel during staining. Lane 1:
polyAMPS~7.45, lane 2: polyAMP3-10G, lane 3: polyaMps-i5,
lane 4: polyAMPS-30, lane &; polyAMPS-G0, lane 6:
POlyAMPS-100, lane 7: polyAMPS-200, lane 8: polyAMPS-300.
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Table 1l:; Efficient range of saeparstion of linear IDNA
melacules by sgarome and polyacrylsmide gels in TBE bhuffer

dnl conumatratian ;Eltiaionh range of wepara- Dys aotidgration value’
lon of linsaxr DNA*
romephanal ylene opancl
lue 7
1.5 ActAl ot LTSI MR T lsp Fa hp o By
1% Rial e Ehtt - Lo i ]sp ek s 4 T b
1Bl agalors LT3 LRI TIITY hp MLILE LY ® R hp
1,5% Agatone ana A4 e by 200 b 1 Adar bp
o1 Al oee i o R hy T hp a5y bp
1,54 polyacrylamide T 1 v hp tae by T OARD by
St polyactylantde LN LY U Kt b 260 by
A pelyscrylamide w0 400 b 4% bp LR bp
12% polyactplamide ' i NS 1 NI Fir b
9% polyactylamide ot JENTIR 'Y 15 hp s b
20% polyacyylantde tu fin hp i e by 4% by
— e -

Adayons qe] A0t 1o Boehr bt Mapaheinm Agaroae ML Polyacrylamide
el et Froahe FMe Rl ol 8 St ali e 199y,

Ajarone et slata prom FMO RioRroduets: cad e T, b dee hat
Tor dma¥es’ LE and 00" WD pnrpore agaiomen, which wondd e ment
nimilar ik perlormaior f Jeeh) imger Manuhedn o Agadeoase ME.
Folyaorylamide el data teom FMO RioProdiod s data)oogne fuae,

Hence the bpe values of the polyAMPS sgpacers could
be estimated by subjecting them to zZone electrophoresis
in agarose and polyasrylamide gels of various porosities
(Figureg 18 to 21), using bromophenel blue and xylene
cyanol FF as wmigration markers. The polyAMPS fractions
containing 7.5 mM thioglycolic acid (polyAMP3-7.5) ko 500
mM thieglycolic acid (polyAMPS-500) were run since these
fractions were fluid enough to pipette,
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3.3.3 Evaluation of polyAMPS polymars as spacers fox
ITe

glecrrovhorenis

In order ko determine pretisely the molecular mass
ranges of each of the polyAMPS Fractlong, gel Eiltration
upon Sephadex -15 or G-25, calibrated with anionic
polymere puch ag polyacrylic acid of known molecular
masges, would be necsssary. However, in the cage of
spacers for isotachophoretic separations, it is not the
molecular magses of the spacers, but thelr apparent ionic
mobilities’, that are important. As the ionic wobilities
of the polyAMPS gpacers are dependent upon the degree of
gel aleving, =zone electrophoresis in agaroge and
polyacrylamlide gels of various porbsities was used ag a
facile wethod of characterizing the various polyAMPS
fractions,

Since DNA is alaso a polyanionle polymer whose ionlc
mobility ig dependent upon the degree of molecular
gieving, it wa? decided that a convenlent method of
categorizing the polyAMPS spacers was by expressing their
apparent ionic mobilities in terms of "DNA base pair
equivalencs" (bpe values)., The molecular mass ranges of
linear DNA aeparvated by gele of varving porosgity are
listed in Table 11,

_ ' The absolute ionic mobilities of molecules are the
ionic wobilities of the moleculea in free gsolution.
However, since (he charge/mass ratioe of the polyAMPS
molecules (like DNA and RNA) are identical no mactcer
their individual lengths, the individual polyAMPS species
can only be discriminated in gel media exerting a gieving
effect. Hence it {8 wmore ugetul to measure their
"apparent jonic mebilities" in gel media of wvarying
pornsity,
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Table 10; Effect of thioglycolic acid concentration on
vigoosity of polyAMPE solution

Concantration of Wipcomlty, and pass of subpeguent dissolutlon in

thioglyaelia watar, of resulving polyANPR polymars
aodd
{mdi} _ .
i el dwporsible o dissolve
Coont rald
0,1 el dmpensible v dikdolve
Doib gel, imposdgible to Jdissolve
0.4 ge., impugsible to digsolye
i3, 4 gerl,  Lgpressibie Yoo diguelye
W, ged, dmposdiliie to digsclye
Ut ged, impusdible Lo disaoive
0. 7h gel, lmposgible boo digdgolve
Y qgi-1, impusdibiie to disgelve
1.9 geel, dmpesnibile Bo dindolve
1.5 e ), Uapemsible to diggol e
2 gel, impogdibile Lo digsolve
4 ext rotely vigooud fluid, impodsible to digsolve
1 jextvemely videonsn thabd, eX¥tremely ditfionlt to
] Hs ] v
5o very viscous fluld, wvery difficult to digselve
I U ey yineoud iaid, very ditfioutt to digdaolye
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lpgitat jon ot aolat jom
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g it bogp 4 Mo lut fon
14 viscomy Fluid, disse]yes gl vigorous agitat ion
of o lut foh
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Vigoronts agltat dotd o solul o
fids mode it ety wiseong fiaid, disgsolves cadily on
vivgoromig agitat fon of soiut fon
T Hitaht Iy v Lhdd, dissolves vadity on
tpedst Lo it gt fon ol stiut i
241 ety WLDght Yy viseoans hnid, dlasstver cauily
4 1 i
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As can be geen, thiol compounds are incredibly
active chain transfer agents, and the addition of wvery
small amounts to a polymerization reaction can
drastically reduce thr. average chain length., Hence I
decided to synthesize. polyAMPS polymers of a uniform
dletribution of molecular mass by the addition of various
amounts of thiol chain transfer agents such asg
thioglycolic acid (mercaptcacetic acid) to the
polymerization reaction mixture., It was noted that the
free radical-induced polymerization of a 60% (3 M)
solution of AMPS' resulted in the formation of a firm
gel. Hence the decrease in average chain length of
polyBMPS caused by the addltion of increasing
concentrations of thioglycolic acid to a 3 M solution of
AMPS could be gualitatively measured by the decreasa in
vigeosity of the polyAMPS so'ution, as detalled in Table
i,

The polyAMPS golutions resulting from the 7.5 mM to
500 wM thioglycollc acid reactions were fluid enough to
permit pipetting, and so these fractions were subjected
to further testing. The sffect of thioglycolic acid
concentration on the resulting average chain lengths was
gauged by subjecting the polyAMPS [Lractions uo zone
glecroophoresis on agarose and polyacrylamide gels.

! The hydrogen peroxide-FeSO,~agcorbic acid system
(Uri, 1950; Blackshear, 1984) commonly known ag Fenton’sg
reagant was used sinde the normal persulfate-TEMED or
gibofiavin free radical initiator systems do 1ot work at
ow pH.
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The solvent molecules in which the polymerization
reaction is conducted may act as chain transfer agents,
leading to lower aversge chain length than would be
expected Irom the initiator to monomer ratic. {(Water,
however, is unreactive.} The chain transfer constants for
poly (methyl methacrylate) radicals with vari.us. solvents
i given below in Table 9. '

Tablg 8: Chain transfer constants for poly{(methyl
methactylate} radicals with various solvents (from Kine
" and Noval, 1981)

golvent : Chadn trangsfer constant x 10°
éb.60°c at 80°C

benzene 0.4 0.8
chlordbenzena _ 0.74 | : 2.1
isobutanol | 1.0 2.3
toluene | 2.6 | 5.3
chloroform 4.5 11.3
isopropancl | 5.8 19.i
3-pentanone | 8.3 17.3
carbon tetfachloride 9.3 24.2
2-mercaptoathanal | 66 000 |
thiophenol | 270 000
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Inhibiltion

R-0- (CH;-j(H),,—CH,—iHO 4+ Iphibitor -

R-O-(CH,-«iH)..-CH,-iH, 4+ Iohibitore (Unraactive)

Chain traasfer agents also reatt with the terminal
free radicals of growing polymer chains to generate a new
free radical that can initiate a new polymerization chain
(Bargon, 1989), Since one reaction chain is replaced by
another, the rate of polymerization is unaffected, and
complete consumption of the monowmers ocours.

Chain transfer

R-0- (CH;-iH) “-C.'Ha-iﬂi + Z (Chain tranefer agenr) s

R~0-~ (CH;-iH),,-CHa-j;H, + Ze

Ze + CH,=1H - Z-CH,—i!-Io > New chain

Chain trangfer agents thus compete with the monomer
for the growing radicals, The ratio of rate constants for
chain transfer and for normal chain propagation,
Riyanater / Kpotymerizac v 18 called the transfer congtant; it is
a measure of how effective che chain transfer agent is at
lowering the molecular mass of the polymer.
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B. Disproportionation

2 x R-O- (CHn-iﬁinC‘H,-iH- » R-O- (cr:,~cf),,-cn,,-in,

*

R-O- (ca,-im,,-cmr:

The chain propagation step is generally much faster
than the chain initiation step, sin~ -~ o time is
required for decomposition of the initiator to form
peroxy radicals to occur. Thus the formation of new
polymer chaing cccurs continuoualy during the polymer-
jization, resulting in a Gaussian digtribution of chain
lengths, with the average chain length being proportional
to the ratio of monoemer to initiator. The average polymen
chain length may be decreagsed by the addition of
inhibitors or chain transfer agents,

Inhibitors are compounds that react with the growing
polymer free radical to generate s new free radical that
ig not reactive enough to add to monomer, Thus not only
is the average chain length decreased, but an incomplets
congumption of monomer algo results, asg all the free
radicalg are rapidly mopped up, Examples of inhibitors
are phenols, gquinones and aromatic amines.
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Four isgomers are expected from the reaction of Remazol
Red KB with BADPEDA. Since the two tetramines are similar
in size, differences in ionic mobility of the ampholytic
dye imomers was expected to occur solely on the hasie of
nat gharge,

The ampholytic dye products were synthesized by
reacting the various ratlos of tetramines with Reuzzol
Red RBE in agqueocus solution at room temperature for 24 hr,
The ampholytic dye fractions were purified as describaed
in Section 2.2.3 of the Materials and Methods, and stored
ag agueous solutions at 4°C.

Estimation of the pI ragces of the ampholyilc dyvaesg v
EAGE

A rough idea of the pl ranges of the individual
ampholytic dye fractiong was obtained by PAGE in a 4.5%
polyacrylamide gel, with 15 mM HCl-erhanolamine, pH 9.5,
as the gel buffar (Figure 27). The ampholytic dyes were
fixad by placing the gel in a saturated solution of
pieric acid (Knisley and Rodkey, 1992) containing 10%
acetic acid and 2% glycsrol, fellowed by washing in
saturated pleric acld containing 2% glycerol. The
function of the acetle acid in the firet fixing step was
to acidify the gel sp that all the ampholytic dye
melecules possesged a ner pogitive charge, and so would
form an insoluble complex with the pileric acid. As
expected from the pK valuea of the Cetramines, the
amphelytic dye fractions containing BAPEDA are the most
basgic.
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(MCT) group and one vinyl sulfonate (V8} group. Moreover
Remazol Red RB contains three sulfonic acid groups’,
Therefore a 25x molar excess of polyamine was used in
order to ensure that the two reactive groups did not both
react with one polyamine molecule.

Two tetramines were used:

N, N* -big (3 -aminopropyl) ethylenediamina (BAPEDA)

This ip available as an isowerically pure substance.
Structure: BN~ [CH.] -NH- [CH.] ~NH« [CH_ ] .~NH,

pK valuesg* at 25°C: 5.6, B.3, 2.8, 10.5

Triethylenetebramine (TETA)

This iy available ag a mixture of structural isomers.
Structure 1: H,N- {CH.] . ~-NH- [CH, ] .~NE- [CH,] ,-NH,

pK values at 25°C: 3.3, 6.6, 9.1, 9.7

Structure 2 (Tris(2-aminnethyl)amine}: N-{{CH ] .-NH,}.
pXK values @t 25°C: «2, 7.9, 9.1, 10.0

Bergstedt and Widmark (1970} have found commercially
available TRTA to contain rthe above two isomers, as well
ag another five isomers containing piperazine ringe.
Hence the heterogeneity of the product could be varied by
alrering the ratios of BAPEDA and TETA', with the 100%
BAPEDA reaction product heing the least heterogeneous.

! Personal commuiication frowm Dr, U. Rei v of
DyStar, the dyestuff subsidiary company of Bayer and
Hoechat

g The pK values of BAPEDA, and the isomers of
TETA, werxe obtained from Smith and Martell (197%).

! The various tetramine ratios were desiguated in
the follawing manner: 100% BAFFDA - LOR fraction, 9S0%
BAPEDA/10Y% TETA - 9BIT fraction...etc...,to 100% TETA =
107 fraction.
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3.3.4 TEP of ampholytic dyes uging polyAMPS spacers

It wag suepected that ionic interactions would ocour
between the polyanionic polyAMPS gpacers and ampholytie
biomolegules such asg proteins, Proteins wnay possess
popitively-charged areas on their surface, even if their
net charge is negative. Thesge anaomalous interactions can
ba suppressed in ilon-exchange chiromatography by the use
of buffera of moderate lonic strength, but *his sgolution
would not work in ITP since the introduccion of
extranaous ione wust abseiutely be avoided, Hence I
decided to synthesize heterogeneous ampholytic dyes (as
gynthetic subsgtitutes for natural anpholytie bio-
moleculed) and subject them to TEP with polyAMES gpacers,
Bince the ampholytic dye specles were coloured, they
provided a simple method for monitoring the degree of
ionic interaction.

Svutheglg of ampholybic dves

Bagic ampholytic dyes were synthesized by reacting
the reastlve dye' Ramazol Red RE (Hoechst) with an excess
of polyamines. Since the exact structure of Remazol Red
RE ip a trade secret, rhe molecular massg was arbitcoarily
taken to be 1000 daltons, assuming the dye to be of a
related structure to other commercially available
reactive dyes of known structure, such as Cibacron
Brilliant Red 3B-A (995 Da}. It im, however, knewn f£rom
the literature (von der Elt:, 1982) that Remazol Red RB
containe two reactive groups - one monochlorotriazine

! The chemistry of the Remazol family of reactive
dyes ia given in Heyna (1962,1963) and von der Eloz
{1982) . Reviews of reactive dye chamistry are given hy
Ellintt and Yeuug (1979}, Stead (1987} and Smith (1993),
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Xylene cyanol FF e .

Azocarmine G Y e a

Bromophencl blue ” L 2

Orange @ ' )
il - ‘ﬁ‘

Figure 26 Comparison of the resolution obtained by TEP of
a mixture of dyes in 3.%9%, 5% and 7.5% polyacrylamide
gelg (left-nand. centre and right-hand lanea, respect-
ively). The sample dyes, and the conditions of electro-
phoresis are the pame «8 for rFigure 25, The 3.8% and 5%
polyacrylamide gels contained 4% crogslinker, and the
7.%% polyacrylamide gel contained 2.5% crogslinker. The
spacing between thu dye bands is decreased as the density
of the polyacrylamide gel is increased,
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Figura 25 TEP of a mixture of dyes (in order of
decreasing ionis mebility: SPADNS, orange G, hromophencl
blue, azocarmine ¢ and xylene cyanol FF) in a 3.B%7, 4\(C
polyacrylamide gal, The gel huffer was composed of a lu
M solution of polyAMPS-~-50 gpacer polywerns adjusted to pH
9.5 with ethanolamine (pK«9.5). The anclyte was conposed
of 3 M ethanolamine titrated to pH 9.5 with boric acid.
The catholyte (cerminating electrolyte) was composed of
3 M EACA (pK 10.80) titrated to pH 9.5 with etchanol-
amine, Thin filter paper strips scaked in the anolyte and
catholyte salutiong respectively were applied ta the
extremities of the TEP gel, upon which the electrodes
were laid, Solutiona (15 gl) of the sample dyes
(disgolved in 15 mM nif terminatring electrolyte)l were
applied to shallow wells on the gel surface. The gel was
runn at 200 V at roam remperature.
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on the contrary, an excellent resolution of the
gample dyes hag heen cbtained by TEP (see Figure 25). All
the zones are gharply forused; moxeover close observation
of the gel shows the presence of ar orange minor band
between the orange & and bromophenol blue zones, and a
pink minor band Letween the bromophenol blue and
azocarmine G zones, cauded by the presence of impurities
in the orange G and azocarmine G products. The sharpness
of the dye zones obtained in the TEP experiment are due
to the counteraction of diffusion by the electric field
strength gradient,

TEP was repeated in 5% and 7.5% polyacrylamide gels,
A comparison of the dye patterns obtained by TEP in the
3.5%, 5% and 7.5% polyacrylanide gels (left-hand, centre
and right-hand lanes, respectively, of Figure 26) ghows
a prograggive compression of the orange &, bromophenol
blue and azecarmiae G rands on increasing the dengity of
the polyacrylamide gel. The decreased sgpacing in the 5%
and 7.5% polyacrylamide gels indlcates that a depletion
in polyAMPS spacere of that range of apparent ionic
mobilities hag occurred. Thig is because the apparent
ionlc mobilities of the polyAMPE spacere has decreased
due to the increasged wmolecular sieving effect,
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Xylens cyanol FF

Azocarmine G ‘ % 3

Bromophenol blua
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SPADNS " e W ow W W ‘

Figura 24 Zone electrophorssis of a mixture of dyes (in
order of decreasing ilonlc wobility: SPADNS, orange G,
bromophenol blue, azocarmine G and xylene cyanol FF) in
a 3.5%T,4%C polyacrylamide gel. The gel huffer was
composed of 15 mM HCIL titrated to pH 9.5 with ethanol-
amine, The electrode etrips were soaked in a 1.5 M
golution of the same buffer, Sclutiona (15 ul} of the
gample dye mixture (dipsolved in gel buffer) were applied
to ghallow wellg on the gel purface. The gel wag run at
200 Vv at 10°C,
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TEP gel spacers. The TEP and zone electrophoresis gels
were both run at 200 V in 3,5% polyacrylamide gels, and
identically eized sample wells (0.8 mm x 0.4 mm} were
uged 20 that the degree of resolution obtained wag solely
dependent upon the electrophoretic procass.

The gel buffer for zone electrophoresgis was composed
of 15 mM HCL titrated to pH 9.8 with ethanolamine. The
glectrode buffers were composed of a 1.5 M solution of
the same buffer. The TEP gel buffer was composad of a 10
mM solution of polyAMPS spacer polymerg' adjusted to pH
9.5 with ethanolamine (pX=9.5). The anolyte was composed
of 3 M ethanclamineg titrated to pH 9.5 with boric acid.
The catholytes (terminating electrplyte) was compased of
1 M BEACA (pK=l0.80) titrated to pH 8.5 with ethanoli-
amine.

The resolution obtained by zone electrophoregis is
phown in Figure 24, The SPADNS and orangs G zones are
clearly resnlved, but the bromophenol hlua, azocarmine &
and xylene cyanol FF zones have not been resolved. Zone
gpreading, particularly of tche xylene cyanol FF zone, has
ocourred due to diffusion.

! It wag Eound that using a higher concentration
of polyAMPS regulted in deformaticon of the gel, This was
porsibly due to the mechanical stress caused by moleculayr
gifrving, or else due to entanglement of longer polyAMPS
gpecies with the gel fibreg, leading to immobile negative
chargga on the gel matrix, with cohseguent elegtro-
pemoeis,
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The intermediate molecular mass polyAMPS-30 and
polyAMPS-50 fractions are suitable spacers for performing
ITP in  low-percentage acrylamide gele; *he lower
molecular mase polyAMPS-100 gpacers being optimal for
geparations in high-percentage polyacrylamide gels. (None
of the other polyAMPS fractions provided an adequate
range of apparent ionic mobilities.) Thus the wvarious
porositiea of polyacrylamide gels each have a
corresponding optimal size range of polyAMPS spacers,

Testi ] cabild f polyAMPS for ITP -
geparation of dves

The suitability of the polyAMPS fractions for use as
spacers for isotachophcretic separations was then
evaluated by:

(1) seeing if an electric field strength gradient
wag generated in a telegcope electrophoresis (TEP)
gystem', ie. there was a focusing effect,

{(ii) Comparing the regolution obrained with that of
ordinary zone electrophoreaia.

Dyes were chogen as markers of resolving power since
the geparation process and the final resclution obtained
could be directly visualicerd, The fellowing sample dves
were used in order of decreasing ionic mobility: SPADNS,
crange @, bromophencl blue, azocarmine G and xylene
cyanol FF. The polyAMPS-60 fraction was chogen for the

' These and all subsequent ITP experiments were

pericvrmed using the TEP format. The Iisotachephoretic
gteady state is immediately attained in TEP, {Seection
1.2.3 of the intreduction.,) The TEP gels are also more
convenient to prepare since thetre are no twoe separate
leading electrolyte and spacer zoned, as in conventional
ITP.
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The polyaMPS fractions were graded for suitability
as ppacers for 1ITP according to the range of ionic
mobilities covered (Table 13}:

Tahle 13: Apparvent bpe rangesa of the various polyaMPS
fractlong

FolyAMES fraction)Estimated bpe| Poroslty of gel for which the
ranga* _ pulyAMPs fragtion would be
gultabls ag ITP Bpacsrs

PolyaMPs-7 .6 100 .:-:nnu A.h% - A% 1u.>Iya~ryiaznido'=
PolyAMIs 10 on 1hon L - RY polydctylamide
i".-:»}.yAM!’S--J.B o 1L $oh% - WY polyacyylaeide
PolyAMPE -30 o - 1a2he | 4,.0% 8% polyacrylamide
PoilyAMEs Bo %0 1901 ELY 18% polyacrylamide |
P lyAMDS - Lou at 20 la's 1hy polydacrylamide’
POlyAMPS - 200 oMby . NL'II.F'. .
;’ulyAMl‘S- ion R Ny
PolyAMbs S At | Nm.w

L o A —— RS

obtained frow Table 12,
Ranes 1 4 of Fianres 20 aud 21 show Uhe polyAMER 7.6, 10 and
ST fraekbons to b only siitable tor nge ag TP spacesrs for
sample Jons o medivie to bow fondo molridity.,
Lanes 4 anmd b o) Figwres 20 and 01 shiew Phe polyAMPS 00 and
ShiE Iractions to beosnibabde Tor ape o PP dpacers tor sample
Poged ord 0 Witk penzbpe o bopier mobid 1Y daes,

: Logtne b0t Plapgbes 20 and 24 shows the polpAMES 10D fract iqan o
Beoowtiitadedes pon dse s PPE o spaeerin tor sample bone oot 0 wide

fotuge ol Bogrbe mobi i bed,
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The astimated DNA base pair equivalent (bpe} ranges
of the polyAMPS fractions, determined by zone electro-
phoregis (Figures 18-23), are summarised in Table 12:

Table 12: Estimated bpe ranges of polyAMPS fractions

1 .
PolyANPS Agarone (%) Polyacrylamida {%)
fraction® 1 2 3.8 8 | a2 15

7.5 = 3000 L] | slun 21410
b3t w2hUn CR RN _ 2700 aR0 A 2100 ah{]
1% AR w bl .:.1.01_: 2T | - »'ta st}
41 BRE AU w100 =100 hi _ () 330
&0 <A ER R 1000 L »4 1) 22U
100 IO LRI e 00 w 400 w20 224
Al .w.-!m[: 44U w00 i <120 <85
0o «h{lD vaALh 100 100 5% 113! T
L) wdqil w A

Value refera to the ssmeentrat lop of thioniycolie aicid (mM) in
the polymeliz«tion Yeaction mixire,

It was noted that in all rhe gyea e polyAMES
fractions exhibited streaking patbares, moreover
precipitation of polyAMPS polymers ocourred in the
polyacrylamide gelr near the sample wells, This was taken
to be caused by eutanglement of the longer polyAMPS
polymere with the gel fibres.
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Figure 23 Zone electrophoresis of polyAMPS gp - -2rs in a
15%T, 2.5%C polyacrylamide gel, TBE buffer pH 8.7. The
procedure of slectrophoresis and staining of the polyAMPS
pulymers is as for Flgure 18, Dane 1: polyAMPS-10, lane
2: polyAMES-15, lane 3: polyAMPS-30, lane 4: polyAMPS-50,
lane 5: polyAMPS-100, lane 6: polyAMPS-"00, lane 7:
polyAMES~-300, lane B8: polyAMPS-500,
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TEP war conducted in 5% polyacrylamide gels. The gel
buffer was composed of a 10 mM solution of polyAMPS
gpacer polymers adjusted to pH 9.5 with ethanolamine,
Both the anolyte and the catholyte (terminacing electro-
lyte) were composed of 400 ml each of 100 mM EACA
titrated to pH 9.5 with ethanolamine. The extraemities of
the gel were connacted to the electrode buffer by filter
paper strips soaked in electrode Luffer. The game DNA
molecular mass markers were used ag for PAGE.

The polyAMPS-50 and -30 fractions were used at first
as spacers for TEP (left-hand and centre sections,
ragpactively, of Figure 34) ., Nine DNA hauds were resolved
by the polyAMPS-50 spacers {(ag opposed to 12 bands with
PAGE ag sghown in Figure 32). The larger DNA molecules
(1033, 21230, 1766 and 2176 Dbp mnmoleculey) ware not
resolved, and appeared together as a single band. These
results are corroborated by the apparent bpe range of the
polyAMPE-E0 fraction: 100 - 1000 (Table 13), eo that DNA
moleculer greater than 1000 bp in gize would not be
spaced.

The resolucion of the larger DNA molecules was
glightly bhetter with the polyAMPS-30 spacers - the 1033
bp DNL molecule was regolved this time, wilth the 1230,
1766 and 2176 bp ON. molecules migrating together as a
Bingle band. Once again, these results are corroborated
by the apparent bpe range of the polyAMPS-30 fraction:
100 - 1200 (Table 13}, so that DNA moleculeg greater than
1200 bp in size would not be spaced,

The results of the TEF experiments uging the
olyAMPS -850 and 30 fractions as spacerg geemed to
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Log(bp of DNA)

3.4
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2.4
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% 15 20 25 8 85 40 45 B0 65
Distance migrated (mm)

Figure 33 Plot of the logarithm of the size (in bp) of
each DNA molecule vergsus its migration distance, for the
PAGE experiment of Figure 33.
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Figure 32 Zone slectrophoresis of DNA on & horizontal 58T,
4%C polyacrylamide gel in TBE buffer (62.5 mM Tris, 52 mM
boric acid and 0.6 mM Na -EDTA, pH 8§.7). The filter paper
elactrode strips were soaked in a igX solution of the same
huffayr, Bosaringexr Mannheim molecular welght marker VI was
usad &8 sample DNA. The mixture contains 15 fragments with the
following number of hage paire (1 bape pair = 660 daltons):
2L76, 1768, 1230, 1033, 653, 517, 453, 394, (2x 298), (2x
434}, 320, (2x 15¢), but only 12 bands are resolved. Samples
{8 pl} of a 40 pg/ml golution of DNA {x 200 ng DNA per well)
in 18 r¥ of EACA-ethancolaming buffer, pH 9.5 wera loaded in
shallow walls on the polyacrylamide gel surface. The cample
buifer contained bromophencl hlue as a migration mavker. The
gels werm run at #00 V at room temperature until the
bromophenol blue was L om away f1om the filter paper glectrade
strip. The DNA bands were detected with the silver stajning
meathod of Sanguinettl et al. (1994).
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3.3.5 TEP of DNA using polyAMPS spacers

TEP of DNA wag attempted since DNA, like polyAMPS,
is a polyanion, and should not nnderge any ionic inter-
actions with polyAMPS polymers, In fact polyAMPS
polymers, being similar in structure to DNA, should be
ideal as spacers for the isotachophoretic separation of
DNA molecules, =wmince they should exhibit sinilar
electrophoretic behaviour, Ahs far aa I know, ITF has
never been used before for the separation of poly-
nucleotides,

PAGE of DNA molegular magg markerg

Separation of standard DNA meolecular mass markers by
PAGE was first performed in order to compare the
regolution of PAGE and TEP, Boehringer Mannheim moleculsr
masg marker VI was used ap sample DNA. On standard PAGE
in a 5% polyacrylamide gel in TBE bhuffer 12 bands were
resolved (Figure 32), The DNA bande werse datected with
the gilver staining method of Sanguinetti et al, (1994),
A plot of the logaricthm of the gize {in bp) of each DNA
molecule versus its migration distance is portrayed in
Figure 33,
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Figurae 31 TEP, in the pregence of urea, of the BT
ampholytic dya fraction in a S%T, 4%C polyacrylamide gel,
using polyAMpa-i5 (left) and polyAMPS-10 (right) spacers. The
gel huffer wag compoged of a 10 mM soluticn of polyhMPS gpacer
polymers sontaining 9.5 M urea, adjustad to pH 9.5 with
athanclaming {(pK=5.5). The anolyte and catholyte {terminating
alectrolyte) were both composed of 400 ml of 100 mM EACA
titrated to pH 9.5 with ethanclaming, Solutiong (20 xl) of the
187T fractlion were applied teo shallow wells on the gal
surface. Tha gels were run at 200 V at room Lemperaturs. The
ampholytic dyes were fized by planing the gel in a naturatad
solution of picric acid containing 10% acetie acid ard .\
glycerol, f£follewed by waslhing 3in saturated picric acid
gontaining 2% glycerol,
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he polyAMPS-15 and -10 fractiong were then tried in
an attumpt to get better spacing between the individual
ampholytic dye gpecies. The faster ampholytic dye species
were wall resolved, but digtortion of the bands of the
glower species was obtained {(results not shown). This
problem was not alleviated by increasing the concentra-
rion of the urea to 2.5 M (Figure 31), indicating that
the problem wag not due to interactiong between the
ampholytic dye molecules and the polyAMPS spacers, hut
due to distortione in the electric f£ield strength
gradient. It is most probable that such a distortien
would ba caused by entanglement of the longer polyAMPS
polymars in the polyactrylamide matrix, as noticed during
zone electrophoresis of the various polyAMPS fractions
{(Figures 18 to 23).

Nevertheless the faster ampholytic dye isocmere have
been wall rescolved, The introduction of polymeric spacarﬁ
possesging a lowar ionic charge would lower their ionic
mobility, and hence allow the use of polymeric spacer. of
shortar length., Thig phould svercome rhe entanglement
problem, and allow the resolution of slower-moving sample
iona. Most probably monocanionic polymeric gpacers would
be the hest solution. Moreover, the use of moncanionic
polymeris spacers would solve the problem of ionle
interactions with ampholytic sample ioug, such as
polypeptides.
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rigure 30 THEPF, in the presence of uxea, of the BT
amphalytic dys fraction in a S%T, 4%C polyacrylamide gel,
using polyaMps-50 (left) or polyRMES-10 (right) apacers. The
gsl buffer was composed of a 10 mM Bolution of polyAMPS spacer
polymers containing 8 M urea, adjusted to pH 9.5 with ethanel-
amine (pX«=9,%). The anolyte and cathalyte (terminating
slactrolyte) were hoth composad of 400 ml of 100 mM EACA
titrated to pH 9.% with atlianul -amine. Selutions (20 ul) of
the 387 fraction were applied to shallow wells on the gel
auriace. The gels were ruhl ar 200 V at room temperature. The
ampholytie dyer were fixed by placing the gel in a sarurarad
molution »of pieric acid containing 10% acetic acid and 24
glycerol, followed Ly washing in saturated picrie acid
containing &% glycerol.
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Figure 29 TEP of tha 3B7T ampholytic dy» fraction in a 34T,
430 polyacrylamide gel, using polyaMPS-50 (left) o polyAMPS-
30 (right) spacexs. The gel buffer wag composed of a 10 mM
solution of polyAMPS spacer polymers adjusted to pH 9.5 with
sthanglemine (pK=9.5), The anclyte and catholyte (terminating
eleactrolyce}! were both composed of 400 ml of 100 mM EACA
bitrated to pH 9.5 with athanclamine. Solutions (30 xl) of the
3B7T fracticn were applied to shallow *lg on the gel
surface. The gels weie 1un &bt 200 V at room remperalture. The
ampholytic dyes were £ixed by placing the gel in a paturated
golution of picoric acid containing 10% acetic acid and 2%
glycerel, follocwed by wasliing in satulated pileorie acid
containing 2% glycerol.
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TEP of the ampholviic dves ueing polyAMPS gpacery

Although the 5B5T to 2B8T ampholytic dye fractions
we.se judged to have an equally good spread of individual
ampholytic dye egpecies (Figure 28), the 3B7T ampholytic
dye fraction was chosen for the TEP experiments because
of its greater concentration - allowing high band
intensity vithout the ne=cessity of loa“.ng large volumes,
TEP wa~ conducted in 5% polyacrylz ude gels. The gel
buffer was compofed of & 10 mM wsolution of polyAMBS
spacer polymers adjusted to pH 9.5 with ethanolamine.
Both the anolyte and the catholyte (terminating electro-
lyte) were composed of 400 ml each of 100 mM EACA
titraced to pH 9.5 with ethanclamine.

The polyAMPS-50 and -30 fractione were tried at
firgt (Figure 29}, The resolution is lmproved with the
pPOLYAMPS-30 sgpacers, although hoth gelg show plight
pmearing of the ropholy-ic dye bands due to ignic
interactions with the polyAMPS spacers, These inter-
actions could be inhibited (Righetti et al., 1977) by the
inclusion of 8 M ures inte the gel mixture [(Figure 30),
with an increase in resolution, TEP with the polyAMPS-30
gpacers shows nearly as many bande aeg the pH 8-~10.5 IEF
gel (Figuve 28}, but these are not as easily disting-
uished as che bands are very close together, (The
phiotographe in Figure 30 do not show the bands with as
much clarity as the original gels.)
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Figursa 20 [FF of ampholytic dyes ina pll A 100 aracient . The gel
was  comprosed of O 1RET, A% polyaerylamide,  and contained 2%
Pliartmalyte pHos 105, 1 soabitol, # M otdea ad 4% DME, The
amphic byt 0 dye solut jons were foaded dipect 1y ol The sl surfaee,
Since the varions ampiolyt oo dye $oaet fotd variod in ooneenl pat don,
the volutnen Joadsd (00 50 0 weve aecordingly adinsted i L fort
tooobtaia an e quad boawd intepsicy of the ¢orfoud Tract ions, fowever,
the ARPT and 100 Lt doma ape wliglt Ly over booadeds The anoide aaud
catBoede comginted ot thing 111 er paper st s soaled din B M H PO o
NatH, respectively, apedy which were Padd e plhat o olect ponfos,
Fornimadieg war pertormed o0 Dy b anoanidt fal eodt g of Jun ¥, owith
the voltagn arwinally faevapoad Too a0t inad walbie of 12000 Vo Fonpding
was continued ot el Vo tor o tnrther o b Pl foctieed ampdieolyt ie
dyed Were Ciged by placlieg the ool in g st unaded stodnt ot ot picrinc
acid st arining 1% et 3 et and e glyieero b, Pob Dowed by wislvinng
Pnosatwrated piovhe erhbd oot ainieg 0 aniyeerod, T Fhaymalytes
werte s figed Iy The pierie weid, il appeoar e opeepe batidat, feiie
Te Tap, Y.owe b sk, Loawe droslefP, Tane 4 AV, bar Sy sRST, faree
e AWSG L Tane o AWPT, banee by R Datee vy PRWTT, Bk o DO, Thee
Areefe s b e bt roan,
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IEF of the ampholviic dves

IEF of the ampholytic dye fractiong was psriormed in
a pH 8-10.5 gradient (Figure 28} in order to determine
the number of the individual ampholytic dye mpecies of
gach fraction. It was found that the ampholytic dye
noleculas interacted strongly with carrier amphnlytea,
repulting in smearing (results not shown), Fortunately,
these interactions could be inhibited by including 8 M
urea and 30% dimethylformamide (DMF) in the ¢gel solution
(Righetti et al., 1977). The IEP gels were compased of
10%T, 4%C polyacrylamide, since DMF has an inhibitory
effect on polymerization,

The focused ampholytic dyes were fixed by placing
the gel in a saturated golution of picric aclid containing
10% acetic acid and 2% glycerol, followed by washing in
gaturated picric acid contailning 2% glycerol. The carrier
anpholytes were also precipitated by the picrie acid,
appearing as opaqgue bands (Knisley and Radkey, 1952).

The pH 8-10.5 IEF ghows the 10B amphelytic dye
fraction to pussess, ag expected, four major igomerpg with
pl values greater than 9,5, However, there are gmall
quantities of other less basic jigomers present, perhaps
due to reaction of both the MCT and V8 groups with one
BAPEDA molecule. The TETA-containing ampholytic dye
Fractiong contain at least 15 igomers oi pI values
betwesan 8 and 9.5. The SBST to 2ZRBRT ampholytic dye
fractioneg (lanes 5-8 of Flgure 28) seem to poasgess the
best spread of isomers.
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1

Figure 27 Estimacion of the pl range of tha smpholytic dye
fractions by PAGE in a 4.5%7, 4%C polyacrylamide gel, with 15
mM HCl-ethanolamine, pH $.5, as the gel buffer, Thin filter
papsr ptrips scaked in a 1.5 M soluklon ¢f the pame buffer
ware applied to the extremities of the gel, upon which the
plaginum electrodes were pilaced. 15 pl of the ampholytic dye
fractions wera loaded in narrow welle in the centra of the
gel. Lanes 1 and 12: bromophensl blue and Xylens cyauui FF
disgolved in gel buffer., Lane 2: L0B, Tane 3:; 8RBT, lane 4:
TBIT, lane 5: GB4'T', lane &: SBST, lane 7: 4BAT, lane 8: 3IRIT,
lane 9: 2BET, lane L0: 1BST, lane i1: 107, RElectrophoresis was
conducted at 100 V at 5°C until the bromophencl blue had
migratad 5 om. The ampholytic dyes were fixed by placing the
gel in a saturated solution of picrig acid containing 10%
acetic avid and 2% glycerel, followed by washing in saturated
pleric seid containing 2% glyecerol. The hromophenul blue
canno. be geen becduse it 18 in ity acidi¢ form {yellow) ., The
10B to 3IB7YT fractionsg {(lanes 1 bto 8) contain a significant
rroportion of ampholytic dye isomers with pl values greatey
than 9.5,
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Uging their experimental data, Bundgaard and
Johausen (1981) were able to predict kinetically the
half-lives of decompogition of N-Mannich bases of
morpholine and piperidine in neutral to basic aquenus
solutions as a function of the pX of the parent amide as
shown in Table 15. |

Tablg 315;: Predicted half-lives of dacomposition of N-Hannich Huses
of morpholing and piparidine in nsabral to basie aguecus solutions
(37°C) as & funcbtion of the pF of the parant NH-acidic ecompound
(fzom Bundgaard snd Johansan, 1981)

pX of parant [ ko
NH-ueldie . g
compound Morpholine N-Mannich bage | Pipsridine N«Mannich bawe
e —— St e i
i S Y4 min
14 1.7 h ' | Lol min
1 .0 min L
1 Lyt min teo o
Tt eyl & Cow d o
4o D e e

Acrylamide would be expucted to have a pX simlilar to
acetamide, ie. ca. 1%, B0 rthe half-life of N-(N'-
morphol intemethyl) acrylamide at 37°C would only be about
24 h. However, runnﬁng'an 126 gel at 5-10°C should
inerease the ¢,, ta abktut a week’ rendering the
percentage decumposition of the acrylamido buffer

4

In organic chemistry & general ruie of thumb s
that the rate of a reaction double® tus every 10C rise
in temperature, Hence decreasing the temperature firom
3I71C to 7¢C would increase the t,. by a factor of eight.
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11.2 for piperidine). It can also be meen that the rate
of hydrolysis .= increased with increasing acidity
{caused by electron-withdrawing subscituents) of the
amide {(Hundgaard and Johansen, 1980b):

amide DK (2500}

cetamide 15,1
Benzamide 14
Thiobenzamide 12.8
Trichloroacetanide 12.4
p-Toluenssul Eonamide i0.2

Loudon et al. (3981) were able to elucidate the
kinatic mechaniam of both the acidic and basgic hydrolysis
reactionsg. The mechanism of hydrolysis in basic solutlon
gesans to ba best described as an unimolecular solvolysis
with an amide anion as a leaving group as shown in Filgure
37.

Thip reaction mechaniam f£its the experimental
results obtained by Bundgaard and Johansen (1980a,h)
where hydrolysis is favoured by increased acidity of the
amide {(and hence increased ability to form an amide
anion}, and by inoreased basicity of the amine (and hence
facilicating the acceptance of a proton with subsequent
Tormation of an iwminium ion). In acidic solution the most
likely mechanism of hydrolysis appesrs to invelve
expulaion of an amide enol (imidic acid) as shown in
Figure 38,
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Table 14; Rates of the decompogitdon of varlous N-Mannileh bases in
agquacus solutdon {37°C} {Data from Bundyaard and Johangen 19%80a.b)

tiichloroacet amice

N tmeapheolinoretliyl)
Dunzamide:

0,400

o L

tonpound pK k, {x L0 min'} k, {x 104 min )
N (piperidijumel by ) Wl 0,50 NI
acetamnide
N-(piperidinomethy]) - e Chat . 004
betidatide
N ipipervidinomethyl!- 15 14 NS
nieot famide
N oipiper idinomet byl i 10 NI
thivhengamide:
N-i{piperidinomethyl) - (A 1500 ND

N-imorphod inomet byl
thichengamide

1, b

Noimorphod dnomethy )
trichlorcacetanlde

N tnor pliod jncinet iyl

P tobgergestl onamide
MR

1.4

G IHHY

T

NP Mot bt e mitiedd,

Retf o oottt for dec mpoatit jon o uttprot ontdat od Mattd ol basie,
ot e camgt At for e it Sot o prot onbit ed Matinded bagie,

It can be seen from the above data that the rate of
hydrolysis of the piperidine derivatives of benzamide,
thiobenzamide and trichloroacetamide is much higher than
that of the corresponding morpholine derivatives. Thus
the rate of hydrolysis is decreased hy decreasing the

bagicity of the amine

(pK of morpholine is 8.6 versus
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igozyme, but further bands of more acidic pI are also
visible. Focuging of crude L-amine acld oxidage from
Crotalus adamanteug venom (M, 135 000, 1" ‘aonymes with
major igozyme bands of pl 5,71 and 5,87 at 4°C!) were
used ag pI markers. The sample proteins (2 mg of protein
digsolved in 200 ul of 10 mM glutamie acid} produced
numerous faint bands.

Prohlems with instability of acrylamido bulfers

After I had already invested a considerable amount
of time and effort into che synthesis of aminomethylated
acrylamide derivatives, I came across papars that showed
that the Mannich bagesg of amides xre unstable in aguecus
soluticon and slowly decompope to the original amide,
formaldenyds and sscendary amine (McDonald and Beaver,
1979; Bundgaard, 1985). Pelton (1984), upon prolonged
dialysis of dimechylaminomethylated polyacrylamide

Jainst distilled water, obtained & quantitative removal
o7 the tertlary amins groups.

Bundgaard and Johansen (1980&,b) measured the
decompogition vates of various N-Mannich bapes in aguecus
solution, The pH-dependent lhydrolysis rate profiles
followed a gigmoidal curve with plateaus in the acidic
and alkaline regions with the inflexion point centred at
the pX of the Mannlch base; the rates of hydrolysis in
the alkaline region {ie, for the free Mannich hases)
being somewhat famter asg can be sesn in Table 14,

y pi wvalues obtained from Righetri and
Caravagglo (1976}, For the interest of the reader,
tire most comprehensive compilations of protein pl
and melecular mass values to date are Righettl and
Caravaggio (1976) and Righerti et al. (1%8la). An
pxtensive cvompilation of subunit weleculay maases
alone is given in Daimall and Klotz (197h),
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3.4 ISOELECTRIC FOCUSING IN IMMOBILISED pH GRADIENTS

3.4.1 Preparation of immobilised pH gradiexts ueing
the acrylamide buffer N-[bie(2-hydroxyethyl)-
aminemeth:rl] acrylanlde '

o1 : : ] btained

N-{big(2-hydroxyethyl)aminomethyl]acrylanmide
(BHEAMR] was not successfally purified. However it was
pogsible to determine the concentragcion of BHEAMA in the
crude product by titration. The reaction product was then
diluted with distilled water to give a 0.2 M molution of
BHEAMA, A pH 5.1 tco C,1 IPG gel was preparsd, um..ag 2-
acrylamido~2-mechyl -i-propanesulfonic acid (AMPS} as the
titrant, in the necessary ratics as decerminad by the
Henderson-Hasselbalch equation. Contaminanta present in
the BHEAMA salution, such as unreacted formaldehyde and
diethanolamine, did not atfect the IPE gince they were
removed from the IPG gel after polymerization by the
washing atep in distilled wat. -, Possible copolymerigzable
contaminants in the orude BHEAMA solution such as
unreacted acrylamide, and N hydroxymethylacrylamide, were
congidered to have a negligible effect on the IPE mince
they were uncharged,

Figure 136 shows that the iaveymes of bovine
erythrotcyte carbonic anbydrase’ are well resolved in the
pil 5.1 te 6.1 gqradient. The major band js the pl 5,9

‘ Bovine carbonic  anbydrase is  pro. o

miitiple jdozymes with pl values vanging from 5 Lo s 8
(Daniels and Landers, 1996), The major isonyme has a pi
of 5.9 (Righetti and hraviaggio, 1976,
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Monoionic¢ polymeric spacers are expected to lave
pimilar ionic mobilities ae shown by the following
homologous series of carboxylic acids:

Ccarboxylic acid Jonig mobilivy {x 10" _ comtvivg l)

Yormate -5l
Acatate -38
Propilonate ~34
Butancate -31
Pentanoate . =29
Hexanoate «27

Monoanionic polymers would be similar in structure
to ilonig surfactantm such as SDS, except they would beax
a hydrophilic "tailv, It seems logical bto base the
gynthesls of moncanionic spacerg for ITP on those of
surfaccants, such as the Triton' sgeries, which contain
poly{ethylene glycoll chains. Such spacers would bhe
gynthesized by reacting phenolsulfonic agids withk
ethylene oxide under olkaline conditions.

The introducstion »f monoanionic polymeric spacers
for ITP 18 exprcted to improve the poor results obtained
with DNA. The resolution obtained was alightly inferior
to that of PAGE. However, thig ig due to deficiencies in
the polyAMPS spacers leading to distortions in the
electric field strength gradient and ingufficient spacing
of the DNA, rathet than due to the teclinique iteelf, In
fact, it 1s expecrted that ITP of DNA molecules should
vield auperi.or i'esulrs te PAUGE, due to tha counteraction
of diffugion by the electric tield Btrengrh gradient.
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3.3.6 The problems occurxing with polyAMPS gpacers
and their possible golution

Certain detlciencies in the ug. of polyAMPS as polymeric
spacers were noted:
X. The longer polyAMPS gpecies became entangled in
the gel fibres, leading to smearing and precipi-
tatlon (Figures 18-23}. This had two degleterious
congegquences:
{1) Distorzion of tha electric field strength
gradient occurred, with subsequent logs of
regolution (Flgures 31 and 34},
{il) The polymer matrix was, in effect, given
a negative charge, leading to severe electro-
osmosig and resultant deformation of the gel,
However, this phenomenon could be prevented by
using low concentrations {10 mM) of polyAMPS
Epansrs,
II. In the absence of disagyregating agents such as
urea, ionic interactions occurred between the
polyAMES spacers and amphotexric sample specied,
leading to smearing and losg of resolution (Figure
29).

Fortunately all of the above problems may be solved
by the introduction of moncanionic polymeric spacers. The
problem of ionic interactions with amphoteric gample
ppecies would naturally neo longer occour, Moreover, these
polymeric spacers, having only a single charge, would
have to be very much ghorter than polyAMPS gpacers in
order to have similar net donic mobilities, Hence
entanglement of the polymeric ppacers in the gel fibres
ghould no longer be a problem.
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Log(bp of DNA}
3.4
: . : ~ Spacers
82 = | ¥ PolyAMPS-50
3;: " : - " PolyAMPS-30
- 4 PolyAMPS-15
28 A - v
1 SR
28 A M
e A LI §
2.4 A, R I
22 A " v
20 25 30 35 40 45 50 58
Distance migrated (mm)

Figure 35 Plet of the logarithm of the mize {(in bp) of
gach DNA nolecule versug its wmigration distance, for the
TEP experiment of Figure 35.
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indicate that the iarger DNA molecules should be resolved
by the use of slower polyAMPS spacers, leading to
increased spacing betwsen the slower-moving DNA
molecules, Thus TEP wasg tried wusi.g the polyAMPS-15
fraction as spacers (right-h.nd section of Flgure 34).
However, contrary to expectations, only the five fastest-
moving DNA molecules were resoived - the 453 bp te 2176
bp DNA molecules comigrated. According to the apparxent
bpe range of the polyAMPE-15 fraction (100 - 1500, Table
13), only DNA molecules greater than 1500 bp should not
have bheen spaced,

Apart from the anomaloup gpacing effect, it was
noticved that the DNA bands had a distorted appeacance -~
indicating sgome disturbance i1in the electric £field
strength gradient, as ocourred gimilarly for TEP of

“ampholytic dyes using polyaMPsS-~Ll5 and -10 gpacers. As
axplained hefore, this distortion is most probably caused
by entanglement of the longer polyAMPS pelymers (see
Figures 18 to 23}, so that the degree of resolution was
actually decreased,

A plot of the logarithm of the size (in bp) of each
DNA molecule versug its migration distance is portrayed
in Figure 35, A regular dietrilb: ion of the faster DNA
molecules is obtained for all the polyAMPS fractions;
however when a certain gize of DNA is reached (103., 1230
and 453 bp for the polyAMP8-50, -30 and -15 gpacers,
respectively) the DNA molecules are ne longer resolved,
and comigrate zg a single band.
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upon crystallization from hot acetone/2-propancl. These
crystals absorbed water from the atmosphere, but did not
deliquesce like o- (N-morpholinomethyl)aczylic acid. The
bygrosaopic nature of there two e~aminomethylated acrylic
acids may explain why none of the «o-aminomethylated
acryliic acid derivatives from the previous experiments in
agueous solutlon could be crystallized.

The pK, values of 10 mM solutilons of the pure g-(N-
mofpholinomethyl]acrylir: acid and o-[N-methyl-N-(2-
hydroxyethyl) aminomethyllacrylic acid derivatives were
datermined t¢ be 7.59 i 0.03 (23°C) and 92.22 % 0.08
(22°C) respectively, uping the method recommended by
Albert and Serjeant (1984},

Breparation of IPG gels uging o- (N-morpholinomethyl):
acgzrylic acid ag the inmobilized buffer

A pH 6.9-7.9 IPG gel was prepared using the DoctorpH
program (obtainabkle Erom Hoefer) to ¢alculate the ratios
of o~ {N-morpholinomethyl)acrylic acid (weak acid, pX +.6)
and strong hkasic titrant (in this case the pK 9.3
Tamobiline') required. Equine myoglobin (pI = 7.4 at
25°C) wag used as the marker, An excellent resolution of
nyoglobin and various contaminants (presumably myoglobin
degrsded in some way! wag obtained (Figure 46). Howsver,
lateral compression of the proLeins bande in the cathodal
half of the gradient was obtained. This was found bto be
due to distortion of the electric field by the sample
wellis being too deep, Anothexr pH 6.9-7.9 IPG wasg prepared
with longer, more ghallow rample wells. This resulted in
a2 better focusing patterr, although some diptortion of
the bands still ocourred (see Plgure 47), Comparison of
the two gelg show their focusinhg patterns to be ldentical
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During the course of my work a paper wag published
(Krawczyk, 1995) detalling the synthesis of the m-amine-
methylated acrylic acid derivatives »f varioua
dialkylamines such as diethylamine, dibutylamine and
dipentylamine, However, the reactions were performed in
the abmence of weter: paraformaldehyde was used ag the
gource of Formaldehyde, and absolute ethanol or dioxans
were Uesy ax Lie reaction solventse. Heating was necessary
for the reaction te ccour. (Presumably because of the uae
of organic solvents rather than water - my earlier
experimentg had shown the use of water as a solvent to
have a catalytic effect on the reactien.) All the o-
aninomethylated acrylic acid derivatives were cbtained as
olla which sslidified on standing., Recrystallization fxom
acetone gave the pure produckts.

I repeated the synthesia of the o-aminomethylated
acrylie acid derivatives ashown in Figure 44 using
Krawe :yk’s protocol, Only the oil of a- (N-morpholinn-
methyl)aczylic acid readily crystallized on standing.
The eruds solid was found te be extremely deliquesgent -
liguifying within minutes if left exposed to the
atmesphere, The pure product chtained after recrystalti-
zation from acetone was alsc deliguescent - a sample left
in an cpen container became liguid after a few days,

Alter standing at room temperature for several
weeks, the ©il of o-(N-methyl-N-({2-hydroxyethyl)amino-
methyl]lacrylic acid was found to have solidified. The
erude product wae succegsfully used am seed crystals for
a second synthesig. Small white crystals of o- [N-methyl-
N- (2-hydroxyethyl)aminomethyl]acrylic acid were obtained
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Figure 45 Tibtration curve of crude o- (N, N-dimethyl-
aminomethyl } acrylic acid. The o- (¥, N-dimethylamino-
methyl)acrylic acid was aynthesized by dissolving
0.25 mole of malonic agdd in 6% (w/v) dimethylamine
solution (dlmethylamine content: 0.25 mole}, followad
by the slow addition of 0.5 mole formaldahyds
{commercial 37% golution), with coaling in ice-water.
The reaction was conducted at room tewmperature, A 0.5
ml ganple of res~tion mixbture was diluted in 35 ml of
digtilled water, and titravted with 0.1 N NalH at
20%C, The cticratlon curve shows the produck to be
impure. The major contaminant is probably his (N, N-
dimethylaminomethyl)acetic acid, as obtained by
Pelletiar and Franz (L952),
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Flgure 44 Titration c¢urveg of various o-amino-
methylated acryile acgids., The o-aminomethylaced
acrylic agids were pynthesized by dissolving 0,25
mole of malonic acid and 0.25 mole of pecondary amine
in 50 ml of distilled water, followed by the slow
addition of 0,5 mole formaldehyde {commercial 37%
polution), with cooling in ice-water, The reaction
-was conducted at room Lemperature. A 0.5 ml sample of
reaction mixture was diluted in 35 ml of distilled
water, and tiktrated with 0.1 N Nao" at 20°C., The
titration curves amhow the presence of only one
buffering group in each reaction mixture, differing
in pK from tha original gsecondary amine, ie, the
products are essentially pure.
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The improved protocol was used to gynthesgise a range
of o-aminomethylated acrylic acids. Theilr titration
curves are shown in Figure 44, The titration curves of
the derivatives of morpheoline, diethanolamine, di-iso-
~ propanclamine, N-(methyl)ethanolamine and N-[ethyl}-
ethanolamine show them to be substantially pure {Flgure
44) ., The worpholine, N- {(methyl)ethanolamine and
diethanolamine derivatives are the most promising since
they can be used as hydrophilic alternatives to the
rather hydrophobic basic Immobiline buffers; Figure 44
shows their pK values to be approximately 7.6, 8.7 and
9.2 reagpectively.

However, it can be seen from the titration curve of
o= (N, N-dimethylaminomethyl)acrylice acgid (Figure 45) that
a major contaminant ig present with pK values of about
7.5 and 9.5, suggesting that it ig a diamineg*. In spite
of the high degree of purity of the other «-amino-
wethylated acrylic acid derivatives, none of them could
be successfully crystallized,

P - (N, N-Dimethylaninomethyl)acrylic acid is
expected to have a pK value similar to that of §-alanine;
at least 10.3 .



kegults and Discussion 162

Figure 43 The reaction of malonic acid, formaldehyde
and morpholine (molar ratio 1:2:1) to form a single
product of pX 7.6, showing the eatalytlc effect of
water ag a golvent. The walonic acid {0.25 mole) and
merpholine (0.25 mole) were digsolved in 50 wl of
distilled water, followed by the slow addition of 37%
formaldehyde wmolution (formaldehyde content: 0.8
mule) , wich cooling in ilce-water. The reaction was
conducted at room temperature. A 200 ul sample of
reaction nixture was diluted in 35 ml of distilled
water, and titrated with 0,1 N NaOH at 22¢¢. The
reaction ‘9 essentially complete after 1 hr, compared
to at least 50 hr for the raaction with no water
added {(Figure 40},
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Figure 41 Progress of the reaction at room
temperature between a 1l:L:1 [(by wvolume) mixture ol 1
N mnalonie acid, 2 N formaldehyde, and 1 N morpholine,
The reaction was followed spectrophotometrically by
the increase in UV abeorbance.

Figure 42 Reaction kinetica for the above reaction,
determined by increase in Aa,,,.
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Figure 40 Progress of the reaction between malenic
acid, formaldehyde and morpholine (melar ratio
1:2:1), showing the consuwmption of malonie acid (pK.
= 5.7) with time and the Jormation of & wsingle
produat. of pkK 7.6. The maloniz acid (0.25 mole) was
dissolvad directly 1in 37% formaldehyde Bsolubion
(formaldehyde content: 0.5 mecle), £followed by the
glow addition of morpholina (0.%5 mole), with cocling
in ice-water, The reaction was conducted at room
temperature, A 200 pl sample of reaction wuixture was
diluted in 35 ml of distilled water, and titrated
with 0.1 N NaOH at 22°C.
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In my £irst experiments I dissolved the malonic acid
directly in the 37% formaldehyde solution, followed by
the slow addition of wmorpholine, with cooling of the
flask in dce-water. The progress of Lthe reaction,
determined >y titrastion, is ghown in Figure 40. It can be
seen that the reaction at room temperature 1s quite slow,
requiring about 50 hr to reach completion. I decided to
monitor more closely the reaction rate by measuring the
increage in UV absorbance (due to the double bond present
in ¥~ (N-moyxpholinomethyl)acrylic acid'} of a 1:1:1
mizture of 1 M malouic acid, 2 M formaldehyde and 1 M
morpholine with the course of time., However, the reaction
now appeared to be substantially faster, as shown in
Figures 41 and 42,

It was reasoned that this increase in the reaction
rate must be due to the presence of water as a golvent.
The above reaction was repeated in the presence of water.
ft was found that the additcion of 50 ml water to the
reaction mixture significantly accelerated the reaction
(which became very exothermic with vigorous ralease of
C0,), #o that ir was substantially complete within 2-3
hours {(mae Piguve 43),.

" ! IUPAC name: 2~ (N-morpholinomethyl)propencic
acid,
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Figure 39 Reaction between malonic acid, formaldehyde and
dimethylamine in aquecus solution (Pelletier and Franz,
1982) .,
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3.4.2 Preparation of immobilized pH gradients by
incorporation of acrylic acid buffers into
polyacrylamide gels via copolymerization

Synthesis of g-amipomsthylated acgvliz = id derxivatives

While investigating the chemigtry of the Mannich
reaction, I came across a review article (Tramontini et
al., 1988) which stated that 1,3-dicarbonyl compounds
(such as cyancacetic acid (Adwian, 1971)) could react
with formaldehyde and secondary amines with the formation
of ¢-aminomethylated-w, #-unsaturated carbonyl compounds,
which could he polymarized to form ionic polymers, I
wondered whether malonic acid could alzo be used to
synthesize o-aminomethylated acrylic acids,

These compounds would be in effect zwitterionic
buffers, in which the zwitterionic state would correspond
to itp "unionized" form. Such bufferd counld act as weak
acida (pK, = DKu.) or weak bases (PK, = DPKatoxylie acta) +
Since the decvarboxylation-deamination step that pocurs
during the course of the reaction is irreversible, ths a-
aminemethylated acrylic acid derivatives would be
expected to be stable. A more detailed literature search
revealad that malonic acid has been used in this type of
Mannich reactlon for a long time (Mannich and Kather,
1820}, but only as a means of gyntheslzing bis-amine-
methylated acetic acide! It appears that the decarboxyl-
ation step is not always accompanied by deamination. For
example, Pelletier and Franz (1952) obtained a 28% yield
of bis (N, N-dimethylaminomethyl)acetic acld and a 35%
yield of o~ (N, N-dimethylaminomethyl)acrylic acld from the
Mannich reaction of malenic acid, rormaldehyde and
dimethylamine, as shown in Figure 39,
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negligible during the run itsalf (10 h maximum usually}.
In fact wmatisfactory focusing of carbonic enhydrase
isozymes wag obtained uging BHEAMA (Figure 36) whach is
a slightly stronger base than the morpholine compound (pX
of diethanolamine ig 8.8 versus 8.6 for morpholine) and
hence isg expected to be glightly more susceptible to
hydrolysis. However, it appears that acrylarido
derivatives of more basic amines will be too unstable to
use as IPG bhuffers as can be geen from the predicted
hydrolysis rates of piperidine derivatives.

This prediction ia unexpected since it appears to
contradict the results obtained by Bartolil et al. (1975)
who synthesised N-[N',N'-dialkylaminomethyl)acrylamides
for the preparation of anion-exchange regins. Although
the secondary amines used were strongly basic (pK ca.
10.5) the resulting anion-exchange resins seemed to be
guite stable. Moreover Pelton (1984) found that N-[N', N'-
dimethylaminomethyl] acrylamide required about two weeks
for complete hydrolysis of the Mannich base. The
apparently siow rate of hydrclysis is most probably due
to re-reaction of the formaldehyda-dimethylamine adducts
with free amlides in their vicinity. However, hydrolysis
durlng the course of an IPE run would result in a slow
irreverpible acidification of the pH gradient since the
gplit-off secondary amines would he rapidly removed
electrephoretically.

Since it seemed unlikely that thege N-Mannich base
derivatives of acrylamide would be as stable as the
commercially available Immobilines', it was decided to
search for alternative vinyl monomers to acrylamids,
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I decided to try malonic acid in a similar reaction.
I envisaged a scheme (set out in Figure 52} in which the
eyclic Cu'-tetramine-formaldehyde-malonic acid product
would decompose by the decarboxylation and decarboxyl-
ation-~deamination pathways to give a cyclic tetramino
carboxylic acid and a linear o-tetraminomethylated
acrylic acid respectively, These products could be
subgenuently easily separated fro . each other by gel'
filtration on Sephadex G-15. Unfortunately, I did not
take into account the fact that the electron pairs of the
nitroegen atoms of the terminal aming groupe will alaso
become "locked" kinwtically into coordination with the
Ci** ion once the cyelie structure .as been completed, and
hence rendered unreactive, and unable to underge the
deamination atep, so that only decarkoxylation of the
Mannich intermediate ceccurs upon acidification as shown
in Figure 53.' Thus :his approach had to ba abandoned.

Decarboxylation of gem-varboxylic acids occurs
spontaneously under acidic conditions due to the strong
elegtron-withdrawing effect of the undigsociated gem-
carboxylic acid groups (lawrence et a&l,, 1991). However
decarboxylation van also oceur under alkaline conditiona
with heating (Xin et al., lwszy,
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Attenpted gyntheses of polvamine derivatives.of acrvlic
acld

In my search for an acrylic acid derivative that
buffered over the range pH 4-10, it occurred to me that
polyamines were the logical chemicals to derivatize. I
decided to try N, N' ~big {3 -aminopropyl) piperazine and N, N’ -
big (3-amincopropyl) ethylenediamine as these were the only
polyamines that I could £ind that were avallable in a single
isomeric form. Unfortunately, a reainous mixture of
polyamino-polyacrylic acids was obtained, which was only
poluble in falrly strong acidic or basic solutions (ie. it
wag insoluble in its isoelectrie state).

I wondered if Lt was posmible to react polyamines in
such & way =0 as to get substitution at onuly one nitrogen
atom. This would cut down the number of plde-products
sriormously., I found an interesting paper hy Lawrence and
Q'Leary (1987) in which the authors formed cyclic Cu''-
tetramine complexes. The terminal amino gronps of these
complexes wer found to react apecifically in a Mannich
reaction with formaldehyde and H-acidic compounds such as
nitroethane and diethylmalonate, to produce cyclic
products, as phown in Figure 51, The specificity of the
reaction lies in the fagt that the electron palrxe of Lhe
nitrogen atoms of the interior aza groups are "locked" into
coordination with the Cu™ ion, and are hence rendered
unreactive, while the terminal amino groupe are frez to
"wiggle', mo that the electron pairg of the terminal
nitrogen atoms become available for reaction.
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Flgure 50 Focusing of bovine carbonle anhydrase Lsozymes on a
pH 5-7 IPG (bhasic pH axcrems 8,2 in reality, but tha pH 7-8.2
portion of the gel le very small) prepared with 20 mM N, N’ -big (2~
carboryprop-2-anyl)plperazine titrated manually with the
ghtrongly haslepk 9.3 Inmobiline . Filter paper elsctroda strips
sosked in distilled water ware applied, and prefocuning of the
gal performad at a maximum power of 8.5 W until the salt fronts
has migrated into the electrode stwips. Fresh filter papex
alectrods strips ware than appiied - the ancdic strip way acaked
in 10 mM glutamic acid sand the cathodic strip in 10 mM arginina.
Cerbonic anhydrase was applied in shallow wells on the gel
gurface ag 75 ul samples of approximately 10 mg/ml salutions in
20% glycarcl. The gel was run at 5°C and stained with Coomasaie
@-250 according to Redansr (1984}, The resolution was impaired
in the acidic region due Lo rupturing of the gel surfaca causad
by cverswealling during the washing of the gel indistilledwasar.
The anode i3 ab the bottom,
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9.3 Immobiline’ as the styong titrant. Bovine carbonic
anhydrage isozymes were successfully resgolved as shown in
Fligure 50, However the resolution was impaired by rupturing
of the surface of the IPG gel in the acidic portion of the pH
gradient, dua to excessive awalling during the washing step
in distilled water, (The overswelling was cauked by the
higher-than-normal liogal Jonic abrengthh on  the
polyacrylamide matrix, due to the presence of multivalent
BCPP ions.)

The inseclubility of BCPP in ifte free acid form,
aithough conducive to easy purification, made the
preapavacion of the acldic and basic solutlons - the
gradient maker a vary laborious task. This was due .o the
fact that the solutions had to be manually titrated to the
desired pH values with the pX 9.3 Immobiline’, aince the
dissociation constants could not be determined via
titration, because of overlapping of buffering rangss, The
problem of overswelling of the acidic region of the gel
during the washing step in digtilled water, with consequent
damage Lo the gel surface, might be overcome by the addition
of additives such ag glycerol which would reduce the water
potential,
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Synthesin of & dianjne derjvative of acrvlic acid

The difficulty in obtaining pure products from the
previcus reaction led me to investigate the syntheeis of
w-aminomethylated acyrylic agids of a gtrugtbure
fagilitating their purification. I remembered that the
cryatallizaticn of deuble zwittewionie buffera is
facilitated by their insolubility at their isceleciric
points (Good et al., 1966; Jermyn, 1967)., Hence the
Mannich reaction of wmalonie acid was tried for the
gynthesis of N, N -big(2-carboxyprop-2-enyl)piperazine'
(BCPP) 3

/-—-—-—

\ \u-cnr~ xCE,

/

I-I_.CuiCH_. -N
— OOH

HOQ

BCPF was very easy to aynthesize pince, being a
double zwitterion, it was not very seluble in its free
acld form, spontaneously crystallizing out of solution
{like PIPES, in the synthesis of Good et al., 1968), Thia
chemicul is bifunctional, and can act as a crossiinker as
wall as a4 buffer,

Unfortunately, it does rot buffer between pH 5 and
8 {see PFigure 13 in the Material and Methods) -~ it had
been hoped that the pX values of the carboxylic acids and
the nitrogen atoms would be reascuably spaced apart so as
to prov.de linear buffering over the pH range pH 4 to 9,
An acidic TPG over the pH range b to 7 was prepared usging

’ TUPAC name 3 2- {4~ (2-carboxyprop-2 -enyl) -
piperazinylmethyllpropencic acid,
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Figure 49 Foousing of myoglobhin from horsge heart on & pH 7.3-
7.5 IPG, preparsd uying a- {N~-morpholinomathyl)acrviic acid as
the buffer and the pK 9.3 Tmmobiline  as the titrant, in
concentrations caleulated using the DectorpH program. The same
proecadure for prefocuding and loading of the IPG gels was used
as for Flgure 48. Focusing was periormed ak 5°C overnight at
an indeial fisld strength of 1000 V. The naxt day the aleccric
field etrength wam gradually raised over tha course of seven
hours to a final value of 4900 V. Focusing was conkinusd ab
4900 V for a further %6 hr. The gel wag stained with Coomassie
Blue G-250 acgording to Reisner {1984}, The ma.j cr band is the
ayeglobin, Tha anode is at the bhottom,
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Flgura 48 Focusing of myoglobin from hovse hesrt on a pH 7.2~
7.6 IPG, prepared using o~ (N-morpholinomathyl)acrylic agid as
the buffer snd the pkK, 9.3 Immobiline &g the Citrank, in
concsntrations calouvlated uzing the DoctorpH praogram, Filter
paper elsctrode strips (distilled water) were applisd and
prefocusing of the gel performed at a maximum powsxr of 15 W
until the salt fronts had migrated into the electrods styips.
The mame elsctrode mtrips ware used for the regt of the
alectrafocuring provedure. ‘the sample protein (about 10 mg/ml
of equine myoglobin in 20% glycercl) wasg applied to shallow
wells {75 pl in each wall) on the surface of the gel, Foow..ng
wag performed at 5°C for 2 hr at an initial field strength of
1300 V, which wap gradually raised to a £inal value of 4500 V.
Focusing was pexrformed at 4500 V for a further 2 hr. The gel
was stained with Coomasgie Blue G-250 according to Reisner
{1984). The major band is the myoglobin, The anode is at the
bottom,
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Figure 47 PFocuging of myoglobin from horse heart on a pH
6.5-7.8 IPG, prepared uglng &- (N-morpholinomethyl)acrylic
acid as the buffer and the pX 9.3 Immobiline as the
titrant, in concentrations calculated using the DoctorpH
program, The procedure of electrefocusing and staining is
ag for Figure 48, with the difference that the myoglobin
sample was loaded on leng ghallow wells (1 mm deep} on
the gel surface., The major hand is the myoglobin, The
ancde ig at the hottom.
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Plgure 46 PFocuming of myoglobin (pI 7.4) from horsge heart on
& pHE 6.9-7.9 I8G, prepared using @~ (N-morpholinomethyl)-
acrylic acid ag the huffer and the pkK 9.3 Immobiline ag the
titrant, in concantrationg calculated using the DoctorpH
program. Pilter paper electrode strips {distilled water) were
applied and prafocusing of tha gel performed at a waximum
power of 15 W until the salt fronts had migrated into the
glectrode mtripy. PFresh electrode strips were then applied
(anode - 10 mM glutamic agid, cathode - 10 mM histidine). The
myeglobin sanple wag loaded on shallow wells {2 mm deesp) on
the gel suxrface as 100 ul samples of approximately 10 mg/ml
solutions in 20% glyesrol. Focusing was perfermed at 5°C for
2 hr at an initiasl field strength of 2000 V, which wasg
gradually raisged to a final wvalue of 5000 V. The gel was
gtained with Coomaggie Blue G-250 according to Reisner (1984),
The major band is the myoglobin, The ancode is at the hottom,

e ronosto et i e
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- an example of che excellent reproducibility of the IFG
technique.

An even narrower IPG (pH 7.2-7.6) was prepared with
the same chemicals, in order to gee whether resolution of
the main myoglobin band could be increased. This was
indesd the case - proteins with very closs pl values
focusing as wsingle bands on the pH 6.9-7.% IPG were
resolved in the pH 7,2-7.6 IPG {gee Figures 48).

Finally, a pH 7.3-7.5 IPG was prepared, An extremely
long focusing time was required in order to obtain sharp
bauids, Polypeptides differing by a little as 0,005 pB
unit were successfully resolved (see Figure 489). This is
an example of the possibdlities oX pH gradient
englneering that is one of the main advantages of the IPG
technigque.
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generated pH gradient nov to be distorted by the addition
of the proteln sample. Hence an ampholyte such as glycine
{pI = 6.1} is useless for imoelectric focusing as it
hardly possesseg any buffering capacity at ice pl (pI-pK
= 3.7},

The conductivity of fooused carrier ampholytea

Morsover & poor carrier ampholyte such as glycine
{pK; = 2.4, pK, » 5.8) will possesn a net charge of zero
from about pH 5 to 7, i.e. ir will not focus in a shaxp
zona at a pH corresponding Lo its pI {6.1) but in a broad
zone from pH & to 7. Such a distribution not only resulcs
in poor huffering of pH hut also in poor conductlivity of
the current, If carrier ampholytes were parfectly
gtationary once they reached their isoelectric polnts,
then the current would become erxtremely low, since only
water would he carrying the current (via hydronium and
hydroxyl ionsa).

However, as shown in Figure 54, a focused zone of a
carrier ampholste e in a dynamic atate, with the inwayd
electrophoretic migration of charged species balanced by
the outward diffusion of ampholyte specien posgessing a
net charge of zero. The charged foxms of the ampholyte
specles entering their iscelectxic zones either lose or
gain a proton to acquire a net overall charge of zero.
These neutral species bhecome ionized once more upon
diffusing into adjacent carrier anmpholyte zones of
slightly higher or lower pl (i.s. loge or gain a protan
respectively), hence continuing the cycle. Since all the
carrier ampholyte zones overlap, there ig a net movement
of protonsg throughout the whole ayetem which carries the
current. A good conductivity ie emsential for matisfact-
ory migration of proteints to their iscelectyic poinks.
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generated pH gradient not to be distorted by the addition
of the protein sample. Hence an anpholyte such as glycine
(pI =~ 6.1) is useless for isoelectric focusing as it
liardly possesges any huffering capacity at its pl (pI-pK
= 3,7},

The conductivity of focused carrier ampholytes

Moreover a poor ¢ rrier ampholyte such as glycine
(pK, = 2.4, pK, = 9.8) will pomsess a net charge of zero
from about pH 5 to 7, i.e. it will not focus in a sharp
zone at a pH corresponding to its pI (6.1) kut in a broad
gone from pH 5 te 7, Such & distribution not only resu . &
in poor buffering of pH but alsc in poor conductivity of
the current. If carrier ampholytes were perfectly
gtatlonary once they reached their lscelectric points,
then the current would become extremely low, since only
water would be carrying the current {via hydronium and
hydroxyl ilong).

However, as shown in Figure 54, a focused zone of a
carrier ampholyte is in a dynamle state, with the inward
electrophoretic migration of charged species balanced by
tne outward diffusion of ampholyte species possessing a
net charge of zero., The charged forms of the ampholyte
species entering their igoelectric zones eilther loge or
gain a proton to acqguire a net overall charge of Zzero.
These neutral species become ionized once more upon
diffuging into adjacent carrier ampholvte zones of
Blightly higher or laower pI (i.e. logse or gain a proton
regpectively), hence continuing the cycle. Singe all the
carrier ampholyte zones overlap, there ig a neft movement
of proteons chroughout the whole system which carries the
current. A good conductivity is essential for satisfacr-
ory migration of proteins to their iseelectric points,
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Tt must be stregsed that adjacent zones of focused
ampholytes always ovarlap, For example adjacent focused
zones of asparti. acid (pH = pI = 2.8) and glutamic acid
(pH = pI = 3,2} cannot be separated by & zone of pure
water (pH = 7) &g this would vioclate the law of pH
monoteny which states that the pH increames from the
~anode to the cathode when a solution of salts or
ampholycea is subjected to electrolysls (Rilbke, 19761,

Ine. concent of carxisr ampholytes

Ampholytes that provide even conductivity and pH gradient
gtability

Tae maln requirements of ampholytes suitable for
generating pH gradients for isoslectric focusing are:
{1} a good buffering capacity at their igoceleckric

pointse, and
(11} good sonductivity in thelr focuged states,

In other words, the ampholytes must bLe able to
"earry" the elactrical current apd the pH ({i.e, to
provide & gtable pH gradient), hence the term carrier
ampholyte {Rilbe, 1976&; Vesterbery, 1976; Righetti,
1983},

The buffering capacity of forused carrier ampholytes

in order for an ampholyte Lo pogeess a good
buffering capacity at its pI, its pl must lle within at
leagt 1.5 pH units of the pK of a buffering group;
preferably within 0,9 units at which there would still be
10% of the waximum buffering capaclty. & good buffering
capacity ig required in order for the carrier ampholyte-
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Histidine  Lysine  Arginine

pl=07
Ezecrmpkam::i;.mmm" mm“ﬁ;};vpknmﬁc
fvisport of lysine sransport of lpsine
(net charge +1) {nat churge -I)
tawervds centre towands cantrg
{Focusing) 6bamﬁngﬁ
Diffusion of lpsine <:_ — Diffusion of lysine
{(nat chargs 0) / y \- (net charge 0)
away from cenirg ey from: cenirg

Pigura 54 Illustration of a focused zone of lygine,
represented as a symerrical Gaussian peak about ite pI,
The electrophoretic inward wiloration of lysine is
balanced by the outward movement due to diffusion,
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higtidine molecules (net charge zere) move by diffusion
into the lymine zone, they will immediately Dbecome
negatively charged and will migrate back into their own
zone, Similarly if any lysine molecules (net charge zerc)
move by diffusion into the histidine zone, they will
immediately become positively charged and will migrate
barnk inte their own zone, This principle is displayed in
Figure "4, As can be peen, the shape'of the focusad
lysine zone will be in the form of a Gaussian distri-
bution about ity pl, with the inward electrophoretic
migration of lysine balanced by the outward diffusion of
the lysins molecules,

This concept c¢an ke aeaxtrapolated to a systenm
conprigsing a complex mixture of acidle, nsutral and basic
ampholyres. Electrolysis of thiz mixture will regult in
an anodal migratvion of the acildie ampholytes and a
cathodal wigration of the basic anpholytes, result.ng in
acidification and alkalization of the anodal and catrhodal
regions respectivaely. The most acidic and the moer oasic
ampholytes will collect at the electrodes, but all the
ather ampholytes will migrate until they reach an ambient
pH eagual Lo thelr pl values. Eventually all the ampho-
lytea will condense in bell-ahaped zones, overlapping
with adjacent zones of ampholytes of alightly higher or
lower pI. The pH of each ampholyte zone will be agual to
its pI. Thus an even distribution of pl values from, say,
3 to 11l will result in the formation of a linear pH
gradlent extending from pH 3 to 1l1.
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remain neutral, but the pH at the ancdal end will rapidly
fall to about 1 or 2, while the pH at the cathodal end
will rise to about 12 or 13. If a salt of a weak acid and
a weak page, such as Trig acetate, 18 subjected to
electrolysis, then the pH wvalues at the ancdal and
cathodal reglong will not be as extreme - about 3 and 11
regpectively.

If the constituentsa of the salt used are both
ampholytes, for examplsa aspartic acid and arginine, then
the pH values of the ancdal and cathodal regions will be
equal to tha pl values of agpartic acid (pl = 2,8) and
arginine (pr = 11.2) respectively. If lysine (pI = §.7}
is added to this smystem, the lysine molecules will
migrate towards the cathode., As the lysine molecules
approach the cathodes, they will encounter a progresaively
higher pH due to the buffering effect of arginine. As
goon a5 tle ambient pH rises te ive pl value {9.7), the
lysine molecules will possess a net charge of zera and
will hacome eleactrophoretically immoblle. If any lysine
moleculas (net charge zero) move by diffusion into the
arginina zone, thay will immediately become negatively
charged and will migrate back into thelr own =zone,
Simllarly 1f any arginine molacules {net charge zero)
move by diffugion into the lysine zone, they will
immediately become positively charged and will migrate
back in o thelr own zone.

The focusing of ampholy(as ju a RH gradisnt

Conslder what would happen if another, very weakly
bapic ampholyte, histidine (pI = 7.5) wae added to the
above gystem. It too would migrate towards the cathoda,
- but would condense in a zone of pH equal to its pI (7,5}
juat before the more basic lysine zone (pH 9.7), If any
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3, Hydrazides are unreactive towardse functional groups
prosent on proteins, guch as primary amines and
thiols,

4, Hydrazides resct gpecifically and guantitatively
with another functional group pregent on a
chromatographic matrix (aldehydes), to which the
functional groups present on the proteins would be
unreactive'. Aldehyde groups can be easily intro-
duced onto any polysaccharide chromatographic matrix
by oxidation with perlodic acid,

3.5.2 Background te IEF ~ the formation of a pH
gradient

If a salr solution such as sodium sulphste is
subjectad to elsctrolyals, the sodium lons will migrate
towards the anode and the sulphate icns will migrate
towards the anode, Due to the law of electronsutrality,
the total nunmbar of pesitiva charges and negative charges
in solution must be egual., Hence the ionization egquili-
brium of water will bhe ghifted by Le Chatelier’s
principle o as to neutralize the negative sulphate ions
at the anode (with hydronium ioms, H.0') and the pogitive
podium iong at the cathode (with hydroxyl iong, CH} . The
pH of the central part of the electrolysis chamber will

' If a wixture of proteins and hydrazide group-
containing carrier ampholytes are passed through such a
macrix at a pH below 5, the carrier ampholytes will
guantitatively bind to the matrix via hydrazone linkages.
The preoteing, however, will not bind since the adducts
formed between aldehyde yroups and amines or thiols are
stable only under neutral or basic conditions (Ogata and
Kawapaki, 1970).
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that guarantees'their guantitative removal' afterwards
from the proteins of interest. For this reason the FDA
has never permitted the preparvative purification of
pharmaceutical proteins using isoeleatric focusing in
carrier ampholyte-generated pH gradients., Carrier
ampholytes must often be added to analytical IPG'as to
overcoma problems such ag protein precipitation and poor
conductivity (see Appendix D). Hence, there is a pressing
need for carxier ampholytes that can be guantitatively
removed from proteins in some manner.

Up untll this time all ny efforts had been directed
to the search for alternative meonomers te tha acrylamido
buftfers required for the IPG technique, I realisged that
a modification to my idea of attaching buffering groups
to polysaccharide wmatrices might provide a potantial
golution ¢+ the problem of carrier ampholytes in IPG
technology. Carriasr ampholytes bearing hydrazide groups
could be specifically and quantitatively removed from
focuged proteins by passing a mixture of the focused
preotein with the contam.nating carrier ampholytes through
a chromatographic matrix bearing aldehyde groups.

Hydrazides seen to be the ideal functional group for
this kind of "affinity carrier ampholytes" because of
their physicochemical propertiss (Paulsgen and S3toye,
1970; Bmith, 1983):

1. Hydrazides are hydrophilie.
2, Hydrazides are stable over the pH range 2 to 12,

i Although carrier ampholytes can be
“quantitatively” removed firom proteins by technigues such
as gel filtration and slectrodialysis in buffers of high
ioni¢ strength (to diaruft ionic interactions), there ie
no guarantea thatr carrxier ampholytes (especially the
bagic species) are not still bound to the proteins of
interest via some type of hydrophobic interaction.
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Although these technical difficulties rendered the
chemlcal approach to the preparvation of IPG's wvery
problematic, I was loathe bo abandon the ldea due to ths
interesting concepts that had already been broughbt up.
Perhaps other areas of electrophoresis would benefit,
some of the deficiencies of current IPG technology which
raquire remedying are representad below: '

1. The preparation of TPG matrices is restricted to
polyacrylamide matrices: At presaht no other wvinyl
monomers cepable of forming hydrogels have heen tried for
IPG's. The recent introduction of hydrolysis-reslstant
acrylamide derivatives {see Section D.4 of Appendix D)
willl solve a lot of the remaining problems of polyacryl-
amide IPG's, and will probsbly cewment the position of
acrylamides as the monomers of choicve for this technigue.
The chemical attachment of buffering groups to gels does
not have the weproducibllity that copolymerization of
acrylamnido bufflers with acrylamide gives.

2. Carrier ampholytes are still required: The usge of
rreparative lgoelactric membrane slectrofoqusing (PriME)
allows for the large-gcale preparation of pure proteins
guitable for uge in pharmaceutical applications (Righetti
et &l., 1988b; Wenlsch et al.,, 1992; Righerti et al.,
1892, Daniels and Landers, 1996}, Infortunately, a Lot of
proteing cannot ba purlfied by this technique due to
insolubility problems. Carrier ampholytes cannet be added
to lmprove the eolubility of proteine at their
lgoslectric polnts since there ig no technlque available
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Among the favourable properties of hydrazides' are:

1. Hydragideg, like amides, are generally solids at
room temperature, allowing for purification wvia
erystailization, '

N Hydrazides are easily synthesized by reacting
hydrazine hydrate with anhydrides or esters at room
temperature.

3. Hydrazides are uncharged ahove pH 3, so the acidice

- and bagic hydrazide buffers can be titrated against
gach other.

4. Hydrazides react quantitatively and rapidly with
aldehydes above pH 3 to form stable hydrazone
linkages., The hydrazone linkages are uncharged
between pH 2 and 12, s¢o the iPG i unaffaected.

Hydrazides have already been used in biochemistry
for attaching biomolecules bearing aldehyde groups to
polymer supports in affinity chromatography. For example,
the sugar moleties of glycoproteins can be oxidized with
periodic acid to gilve free aldehyde groups, which can
then be govalently attached to polymer supports bearing
hydrazide groups (0'Shannessy and Wilchek, 188%0)}. Ton
exchange cellulose papers have been prepared by reacting
charged hydrazlde derivatives with  periocdate-oxidized
cellulose filter paper (Jermyn and Thomas, 1853),

The only problem with this approach i8 that the
degree of oxidation of the polysaccharide matrices would
be rather bhard to contrcl, 8o that the concentration of
aldehyde groups would vary gquite a lot between batches.
This would obviously adversely affect the reproducibility
of the IPG'g cobtained,

‘ The chemistry of hydrazides has been reviewed by
Pavlpen and Stoye (1970) and Smith (1983},
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3.5 SYNTHRESIS OF IMMOBILIZABLE CARRIER AMPHOLYTES
SPECIFLCALLY DESIGNED FOR USE IN IMMOBILIZED pH
GRADIENTS

2.5.1 The evoluticn of the concept of lmmokilizable
carrier ampholytes

Backaxound

I wondered whether it would be possible to generate
IPG's in a system in which buffering groups were directly
attached to a polymer matrix by a chemical reaction, such
as uped in the £ield of affinity chromatoegraply, instead
of by & copolymerization reaction. Ideally such a system
would make use of matrix-activating chemicals that were
nen-toxie, non-modsture gensitive and inexpensive.

Aldehyde groups can be esaslly introduced onto poly-
gaccharide matxicesr by oxidation with periedic acid
(Dyer, 1956)., However, the Schiff * se linkages formed
upon reaction of these alighatil: hyde yroups with
amines are acld-labile. & searcn wae wuie for functional
groupd that would react with aliphatic aldehydes to form
stable, non-chromophoric products, Hydrazides peemed b0
be the functional group of choice for attaching buffering
groupe to oxidized polysascharide matrices wvia their
aldehyde grovy. .
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Figure 53 Reault of attempted synthegis of 14-aminn-2-
carboxy-4,8,1ll-triazacetradec-l-ane,
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bir{3-garboxyacryvicyl;ydrazine caused it to hydrolvee Lo
maleic acid and MAMH, which however spontan:: wly
underwent a thermally induced cyclization {eve. in
acue xus golution) wvia an inrernal condensatinn to maleic
hydrazide, However, I hoped that the Mirhael reaction of
MAMH with PEHA would be fast enough Eo avoid the
necesnity of heating the reaction mixture; especially
gince 1,2-bis(3-carboxyacryloyl)hydrazine had been
previcusly shown to react readily with amines {(Liu et
al., 1974b}.

Before attempting the synthesis of hydrazide group-
containing carrvier ampholytes on & preparative scale, I
decided to measure the rate ot reaction at room temper-
ature of MAMH with polyamines in methanol and in water.
It was found that a red-shift in the UV absorbance
spectrum of MAMH ccourred upon transition from a water to
a methanol environment' (A, of MAMH in methanol = 320
nm}, ag shown in Figure 58,

The rate of reaction of MAMH with TEPA at room
temperature was unfortunately found to be very low for
both the water and methanol solvents - the reaction had
still not reached completjon after $00 hr (see Figures
59-61). Hence ‘t appeared that heating of the reaction
mixture was unavcidable .sor the practical large-scale
preparation of hydruside~containing carrier amphelytes -
I hoped however that the thermal cyclizetion of MAMH
would be slower than the Michael reaction with PEHA.

' According to Mashima and lkeda (1572) Lhe degree
of hydrogen bonding of the hydravide group with the
golvent affects the electrvon-donating effect hy the
electron paira of the hydrazine on the 1 electrons of the
double bond, and hence leading to o shift in the UV
abacrbante apecttum.
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The removal of the various protective groups leaves
a carbazic acid derivative R-NH-NHCOOH, which iz immed-
iately hydrolyded in agueous solution to a hydrazide and
CO,. However the carbazate anion is relatively stable in
agueous solutiona at low temperature and high alkalinity
(Frahn and Mills, 15964; Caplow, 1568).,

I noticed that the evolution of CO. upon acidifi-
cation of solutions of carbazate salts in ordganic
aolvents was very slow, due to the fact that there were
few water molegules present to react with the garbazie
acid foxmed. It ocourred to me that, provided the
react .on mixture was kept ool and as anhydrous as
possible, the synthesis of the carbazic derivative of
MAME (HOOC-CH=CH-CONHNH-COOH) could be accomplished by
the direct reaction of maleiv anhydride with carbazic
acid, since the synthetic reaction would be much faster
than the hydrolysis reaction of carbazic acid. The
carbazie acid derivative of MAMH could in turn be
hydrolysed to MAMH {HOOC-CH=CH-CONHNH ) and €0, by the
acddition of water, The pr-~4duct obtained by this reaction
was found to be indeed MAMH, as shown from the 'H and ''C
NMR spectra (gee p.80}, This novel and simple method for
the synthesis of mone N-substituted hydrazides seems not
to have heen used before,

The Michael reaction of malelc aclid monohydrazide with
polyamines

Feuer et al. {1958} discovered that reacting maleic
anhydride and hydrazine at room temperature gave 1,2-bia
(3-carboxyacryloyl)hydrazine, Howevet, heating maleie
anhydride and hydrazine, or hearing 1,2 bis(3-carboxy-
acryloyl)hydrazire, gave maleic hydrazide (1,2-dihydro-
3,6-pyridazinedione . It was reanoned Liat heating 1,2
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Flgure 57 Different methode of protecting of ohe of the
nitrogen atome of hydrazine 30 as to get acylation of
only one nitrogen by maleic anhydride.
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The synthesis of maleic acid monohydrazide

A comprehensive search of Beilstein and Chemical
Abgtracts revealed no publighed syntheses of maleic acld
monohydrazide’ (MAMH) . The normal products of the react-
ion between malelc anhydride and hydrazine are 1,2-
dimaleic aeid hydrazine (Feuer et al., 1958):

HOOC - CH=CH~CO~HN-NH- CO«CH=CH~COOH

and maleic hydrazide (1,2—dihydro-3,s-pyridazinadione)
{pp., 130-131 of Flett and Gardner, 1i952; PFeuer et al.,
1958}

.th
O-Cg QCIO

-

The reactlion of malelic anhydride with hydrazine is
complicated by the fact that acylation of both the
nitrogens of hydrazine can oeccur. Therefora it is
necessary to protect one of the nitrogens in some way, as
damonstrated in Figure 57. Protection of one of the
hydrazine nitrogensa can be achieved uging the rtert-
butylozxycarbonyl, banzyloxycarbonyl or 9~£luorenylmethyl -
oxycarbonyl groups which are the principal means used of
protecting amine groups in peptide synthesis (Gordon et
al,, 1980},

! A waynthesis of MAMH Dby the vreaction of
hydrazine hydrate with the monovmethyl ester of malaic
acid was published hy Barnett and Morrils (1946) . However,
repetition of their prutocol showed the true product of
thig 1reacrion to be methyl 3-carboxy-3-hydrazino-
propanoate.
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Flgure 56 Attempted synthesis of carrier ampholytes
bearing hydrazide groups by reacting polyamines such as
PEHA with maleic acid monohydragide,
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3.5.5 The gynthesis of carrier ampholytes bearing
hydrazida groups

ihe reaction. of PEHA with waleic acid monohvdrazide

Synthetic approach

The Michael reaction is the addition ¢of nucleophilic
raagents to a double bond that has besn polarized by a
neighbouring electron-withdrawing group, e.¢. oo, 8-
unsaturated carbonyl compounds esuch as acrylates and
acrylonitriles (Friedman and Wall, 1866; Shenhav et al.,
197Q0), N-Alkylation of amines by a Michael-type addicion
with maleic acid alse cccurs, but prolonged heating is
necegsary, as the symmetrical arrangement of the
carboxylic acid groups on elther side of tihe double bond
renders the double bond relatively unpolarized and hence
net wvery reactive (van Weptyrenen et o1,, 18%0). The
polarity {(and hence reactivity) ¥ maele acid can be
increased by converting one of the garhoxylic acide ta an
ester or an amide (Zilkha and Bachi, 1958)., The Michael
reacticon of amines with devivatives of maleamic acid
(HOOC~CHwCH~CIONH,) has been used for the synthesis of
pubstituted asparagines (Liwechitz et al,, 19%6; Zilkha
and Bachi, 1959; Liu et al,, 1974&). I wondered hether
the hydrazide countexpart ci naler.de acid, malele acid
monchydrazide {HOOC-CH=CI-CONINM' ), would react gimilarly
with polyamines such .. PHHA as a facile means of
syntheslzing carrier ampholytes bearing hydrazide groups,
ag portr cd in Figure 56,
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A logical angwer to this last problem is to
gynthesize carrier ampholytes wmodified in some way that
allows their facile removal from small pelypeptldes. The
chvious approach is to incerease the amize of the carriex
ampholytes, Righetti and Hjertén in 1981 synthesized high
melecular mas, carrier ampholytes {50-%0 kDa) by reacting
polyethylenimine (40-60 kba) with a linzar gradient of
acrylic acid in a flow-through system, The giant carrier
arpholytes appesared to interact only weakly and
revergibly with polypeptides, and proved useful in the
preparative fractionation of model peptides, allowing
recoverias up to 85% with no contamination of the
racovered peptides. However these 1. 7th molecular mass
species had a severe drawback: they tended to aggregate
by ionie interactions (multipeint attachment) giving
heaavy precipitates, especially among acidic and alkaline
compountls .

Carrier ampholytes bearing speclal functional groups
which interact quanticatively with a derivatizad
chromatographic matrizx seem to be a more promisi
appreach, This would allow faclle purifivation of
polypeptidas of any molecular mags from coitaminating
carrier ampholytes via a kind of affinity ¢hromatography.
Bydrazides, as sxplained previously, seen to Fulfill all
the necegsary criteria,
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3.5.4 The synthesis af csrrier ampholytes
gpacifically desgigned for use in immobllized
pH gradients '

Varioug technigues !ave been used to separate the
carrier ampholytes £from the focused proteins after
preparative isoelectric focusing (Righettd, 1983}, Since
garrier ampholytes have a N, below 1000, it ie possible
to meparate them from proteina via technigques such as gel
filtration and electrodialysie, provided that the huffer
uaed is of a high ionic strength (0.1 - 0.5 M) in order
to digrupt. weak complexes which might form hetween
carrler ampholytes and proteins by electrostatic
interactions. Carrier ampholytes are soluble in
concentrated gsolutions of ammonium +wulphate (a8 high as
100% maturated) at which most proteins precipitate, hence
allowiny their  removal. Hydrophobie interaction
chromatography and mixed-bed ion exchange chromatography
have alaw been sucressfully uszed.

However, none of the above technicues work fovr
small polypeptidea (M, ¢ 1500) which include many
important biomolecules auch as growth factors, hormones
such as oxytocin, enderphing, neuropeptides and enzyme
inhibitors, This is because carrier ampholytes and small
polypeptides have yuite similar physicochemical proper-
ties, both in terms of net charge and mass, making them
almost impossible to separate from each otlLe:,
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rigure 55 Synthenis of carrisr ampholytes by reaction of
a polyamine with acrylic acid to produce a highly
heterogeneous mixture of pelyamine-polycarboxylic acid
huffnurs of varving pIl,
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Table l6: Disscciation «onstants for polyamines (Erom
Smith and Markell, 1975}

Amine P, K, PK, PE, Py Tenmp
{°C)
Bthylenediamine | 7.1 1} 9,9 25
Diethylene~ 4,2 19.117 9.8 25
txlamine
Triethylene- 3.3 1 6.6 | 9.1 | 9.7 285
| tetramine
Tatrasthylene - 3.0 1 4.7 (8.1} 89.1 9.7 25
pentamine
L ]

The dissociation corstants given in Table 16 are for
the linear isomeric Fforme of the polyamines, Obviourly
other lsomeric forms wlll have slightly different values,
Vesterbery deternined via titration that pentasthylene-
hexamine (PEHA) has the more even distribution of pX
values over the pH range 3 to 10 than tetrsechylene-
pantamine (TEPA). This is impoxtant ag it engures carrier
amphelytes possessing good buffering capacity and
conductivity at thedr iscelectric points (pI-pX < 1.5).
Moraover, PEHA pogsesses more imomeric forms than TEPA -
analyals of commercial polyaming preparations (Bergstedt
and Wldmark, 1970} has ghown 20 igomeric forms of PEHA to
be present (out of a possible 23) compared to only 12 for
TEPA, This is important Dbecauge it increares the

“hsterogeneity of the final carrier ampholyte product.
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(iv) minimal degree of interaction with proteins,
ie. no formation of stable cowmplexesn

(v} low UV absorbance (for preparative column
lecelectric focusing)

(vi) low molecular wmass, facilicating subsequent

geparation via gel filltration or electro-
dialysis from focused p: Jtein of interest.

anpholytes

An ingenidus Bynthesis of carrier ampholytes meeting
the above criteria was developed by Vesterberg in the
1960’8 {Vesterbsrg, 1%69) and was pubsequently elaborated
by LKB into their Amphnline' range of carrier ampholytes
{Haglund, 1875; Vesterberg, 1976; Righetti, 1383).
Vesterberg noticed that polyamines containing four or
more amine groups have pK values distributed throughout
the pH range 3 to 10, as shown in Table 16, By coupling
te thege polyamines one or more regidues containing a
carborylic acid group, many ampholytes with different plI
values can be obtalned, After much experimentation, it
was found that reacting acdrylic acid with polyamines
uging & 1:2 ratic of carboxylic acid groups to amine
groups would give a highly hetexodeneoup mixture of
carrier ampholytes with pl valuesg from 3 to 10,

Subsequent published protocols for the synthewls of
carrier ampholyted have usually just been glight
modilifications of the above concept (Vinogradev et al.,
1973 Righetti et al., 1875; Juet, 1%80; Bivion and
Rodkey, 1981; Just, 1983; Righetti, 1983). The protocol
for the synthesim of carrier amphclyives for IEY is
digplayed diagrammarically in Pigure 5%,
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The necesgity for carrier ampholytes with closely-gpaced
pI values

In order for the conductivity acrvoss the asystem to
be sven, there must be & goord deal of overlapping between
adjacen: focused carrier ampholyte zones, ie. the carrier
ampholytes muet have closely-spaced pl values, It may be
added here that water may alepo we considered as an
ampholyte, although an extremely poor cae, with a pl of
7. Thug in order to prevent the formation of a zone of
pure water at pHE 7 (which would have an extremely low
conductivity compared to the rest of the gystem, leading
to a local increase in electric ELileld strength with
gubgequent overheating), it is essantial to have good
carrier ampholytes present with pI valuea as close to 7
ag possible.

3.5.3 The pynthasls of carrier ampholytes in general

ampholytes

The required preoperties of carrier ampholytes
guitable for iscelectric fucuasing of proteine may he
summarized thus:

(1) good buffering and current-carrying capacity
at the pl, i.e. (pl-px) < 1.5,

(ii) highly heterogeneous mixture of carrier
ampholytes reguired with clogely spaceld pl
values,

{iii) carrier ampholytes must be hydrophilic and

mist  posgess high  solubility at their
igoelectric pointa,
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4,1.2 Conolueiong

The general rules given by Willlamg and Reisfeld
(1964) aw. inadequate for the demign of new discontinuous
buffer aystems - it is necegeary ¢ calculate the
nacessary ionic parameters from first principles, using
the isotachophoretic sgteady state equations. However,
theoretical papers digcupsing these steady state
equatione are generslly too detailed to be readily
agsimilated by non-exp-rts in the field of ITP (Everaerts
and Routsg, 1972; Jovin 1873a,b, ; Schafer-Nielsen et al.,
1980). Although aome authors have described computer
programg Ffor the desien of isocvachophoretic systems
(Schafer-Nielgen et al., 1980), to my knowledge copies ol
thesa programg have never been published,

I have thersfore, for the benefit of the reader,
given in Appendix B a comprehensive treatment of the
iaotachophcretic pheady atate aguations, preceded in
Appendix A by a general dntvoduction to the basic
egquations of electrophoresis, The steady state agquations
are applied in Appendix € te the analysis of the
Ornstein-Davis and Tamura-Ui digeontinuous buffer
gystems. These applied equations can be made ume of for
the design, from firgt pringiples, of new discontinuous
buffer aystems.
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Chapter 4 ~ Conclusions

4.1 'THE DESIGN OF NEW DYSCONTINUOUS BUFFER SYS.AMS

4.1.1 Recapitulation

The stacking effect in diacontinuous electrophoresis
is baged on isotachophoretic principles, in which the
sample dlong are focused in a moving boundary ILormed
betwaen & leading ion of high electrophoretic mohility,
and a termunating ion of low electrophoretic mobility,
The net ionic mokllity of the terminating ilon ig dictated
by ite net ionic charge, and hence by the pH of the
terminating zone, The ionic parameters of the terminacing
zZone are get by those of the leading zone, by a realatclon-
ship known as the Kohlrausch ragulating Eunction
{(Ornsteln, 19564). In ordir Lo calculate the exact ionic
paranmters, the equations governing the mass balance of
the buffering counterion, and the electroneatrality
squatione muat also be taken into account (Fveraerts and
Routs, 1971; Evevaerts ot al,, 1973; Jovin 18734, b,
Schater-Nielsen et al,, 1980).

An anionic¢ alkaline discontinuous buffer system
depigned by Tamura and VUi (1872) using a general
guideline given by Williams and Reisfeld (1964) diAd not
succead in stacking rat and fruit bat LDH-5 ipozymes,
even though the stacking pH was high enough to ensure
that the LDH-5 isozymes possessed a net negacive charge,
Caleulation of the io:ic¢ parametess in the terminating
zone uging igetachophioretic steady state egquationg showed
that the ionic mobility of the glyrine terminating ion to
be too high.
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Poggible alternative routes to the synthesis of
"affinity" carrier ampholytes

Ag no simple and inexpensive wethods of protecting
- the hydrazide groups could be found, it was decided to
abandon the synthagis of hydrazide-containing carrier
ampholytes, thus bringing to an end my research work in
the field of immobilized pH gradienta. It la possible
that alternative Zunctional groupe may be found in future
inveatigations whicl allow for the gynthesig of "affinity
carrier ampholytes®, '

An altarnative, yet more elegant approach may be the
gynthesis of suparparamagnetically-labellesd carrier
ampholytesa, Thege could be instaniaussugly and guantica-
tively meparated from peptides after foguming by placing
the mixture in a magnetic f£ield. Moreover these
superparamagnetic carrier ampholytes could be recovered
and reused indefinitely, making them extremaly cost-
affactive in the long term, even if they are initially
expenalve to synthesize.
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Figure 63 Reaction of MMBH with PENA in methanol at
room temperature by following the decrease in A,,.
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Figure 64 Couparison of the rates of reaction of MAMH
and MABH with a polyamine at room Ccemperature in
methanol.
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The reaction of MABNH with PEHA

Before attempting the large scale synthesis of
hydrazide-containing cairier ampuolytes, the rate of
reaction of MARBH with PEHA in methanol at room
temperature was investigated. A reaction did indeed
oceur, but at a very sglow rate - notably slower Lhan the
rate of reaction of MAME with TEPA (see Figures 63 and
64} . This may have be due to stervic hinderance causged by
the benzylhydrazone groups which made it difficulr for
additional molecules of MABM to react with the polysmine.
However, thls was not considered a problem ag extended
hesting of the reaction mixture was now possible due to
the protection of the hydrazide groups.

Attempted synthesis of hydrazide-containing carrier
amphelytes

MABH and PEHA {1:2 vatio of carboxylic acid groups
to amine groups) were refluxed in methanol for 20 hr.
Unfortunately, subsequant debeanzylation of the hydrazidas
groups could not be effected by the Pd-formate reagent,
even on prolonged reaction,
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Figura 62 Attempted synthesie of carrier ampliolytes
bearing Lydrazide groups by reacting polyamines such as
PEHA with MABH. (The hydraside group ig protected in the
form of its benzyl hydrazona.)
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blocking groups are generalily used to protect hydrazides
as are ured for amines (Gordon et al., 1980).

Hydrazide groups react rapidly and quantitatively
with benzaldehyde to form the corresponding benzyl
hydrazones., These in turt can be reduced tc'give Nt -
henzylhydrazides., It occuried to wme that the same
catalycic transfer hydrogenaticon with Pd-formate could be
used to effect consecutively both the reduction of the
benzyl hydrazones to their corregponding N -benzylhydra-
zidea, and the subsequent debenzylation of the N'-henzyl-
hydrazides to their corresponding hydrazides, Hence, it
was reckoned that hydrazide-containing carrier ampholytes
could be gimply and elegantly synthasized by reacting the
pre-gynthesized benzyl hydrazone derivative of MAMH
(maleic acid benzylidene hydrazide) with PEHA, followed
by catalytic transfer hydrogesnolysias (Figure 62).

The aynthesig of maleic acid benzylidene hydrazide

Benzylhydrazone was facllely synthesized by the
reaction of benzaldehyde with an exeess of hydrazine
hydrate aceording to the method of Proes and Sterrhall
{1870) . The reaction of Dbenzylhydrazone with maleic
anhydride in chloroform gave a quantitative vyield of
maleic acid benzylidene hydrazide (MAEH), MABH was Eound
to be inmoluble in water and in most organic solvents in
it free acid form (Snyder et al., 1938), but disasclved
in acueous and alcoholic =olutions that had been
previnously alkalized, eg. by the addition of polyamines.
Thia was fortunate ae it allowed for the reaction u. MABE
with PEHA in methanol, the preferred solvent for
catalytic transfer hydrogenolysis (Adger et al,, 1987;
Ram and Spicer, 1947).



Regults and Dirncugslion 207

Thig cyelizabion reaction is surprising considering
that Feuer et al. (1951) were unable to prepare the
cyelic form of succinic hydrazide upon prolonged reaction
of hydrazine hydrate with equimolar amounts of succinic
anhydride, diethyl succinate or succinimide. Hence aome
means of protection of the hydrazide group was considered
necessary, since there seemed to be no other way of
avoiding the cyeclization side reaction,

The . e pemn  witd lei d 3 14
hydrazide '

The gearck for & asaimple and economical me&ns of
protecting the hydrazide groups

Hydrazides may ba protected with the protecting
groupe customarily uged in peptide eynthesiz for the
protection of amines (Corden et al,, 1980). Unfortunately
these protection methods require the use of expenaive
reagents, which would render the synthesis of hydrazide-
containing carrier ampholytes far too costly. Therefore
a gearch wag made for a aimple and inexpensive means of
protecting the hydrazide group of MAMH.

A commen method of protect.on of amines is in the
form of their N-benzyl derivatives, Debenzylation is
effected by hydrogenolysis, eg, via catalyti~e tranafer
hydrogenolysais using formate as the H4-donor and palladium
a8 the ratalyst (ElAmin et al.. 1975; Anwer and Spatola,
1980; Adger et al., 1987; Pam and Spiceyr, 1987}, However,
a meticulous search of the chemical literature failed to
show examples of aydrazides protected in thia way.
Nevertheless, 1 decided to attempt it saince the same
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Attempted synthesis of hydrazide.containing carz.cr
ampholytes

The reaction between MAMH and PEHA (1:2 ratio of
carboxylic acid groupe to amine groups) i'. watex at 60°C
was followed by diluting an aliquot of the reaction
mixture in methanol aad measuring the decrease in
sbsorbance at 320nm. The abgorbance at 320 nm wae found
to decrease very rapidly until it reached 20% of its
original wvalue, at which it then stayed constant over
time. This indicated that ro.ughly 80% of the MAMH
underwent a Michael reaction with PEHA - the rest
undergoing cyclization te maleic hydrazide, which also
abgorbs gtrongly at 320 nm', However, the final pH of the
reaction mixture wasg found to be over 9, whereas a
neutral to slightly acidic pH was expected’. The only
probable reason ie that condensation of the carboxylic
acld and hydrazide groupe of the carrier ampholyte
molecules occurred to give cyclic suceinic hydrazides:

R-N R~
CH-CH, - CONHNE, ' c-c§:
OnC ul}

/ cmmens
Ay-N

nooc

' Maleic hydrazide is a weak acid with a pX of 5.6%,
The fres acid has an A, at 300 om, and the ionized form
has an A, at 340 nm (Miller and White, 1988},

* Apart from the 1:2 ratio of carboxylic acid groups
to amino groups which lower the pH of the reaction
mizture below 8 (acidity of MAMH expected to be gimilar
to that of maleamic acid, which has a pK of 2.6 -
Dalhlgren and Simmerman, 1965), the reaction of MAMH with
PEEA would lead to a further «decrease in the pH of the
reaction mixture, This is becausge the electron-
withdrawing pioperties of the hydrazide groups would
lower the basicity of the PEHA amine groups.
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Figure 61 Compariscn of the rates of reaction of maleic
acid monohydrazide with TEPA at room Cempsratura in
mathanol and water,
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Figure 59 Reaction of malele acid wonohydrazide with
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weasuring the decrease in A,,.
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Linear velocity of ionic constituent i, Signed
¢quantity, of the same sign asg charge of I
lem gty ,

Linear velocity of ionic subgpecies 17, Signed
gquantity, of the same sign as charge of I,
(em &'ty

Net linsar velogity of lonic constituent i,
repregenting the average of the individual
linear velocities of the various subspecies of
4. Blgned guantity, of the game gign as the
charge of I (cms'?).

Potential difference (V).

Charge or valency of ionic gubspecies i,

Maximum charge orx valency of lonic subspecies
i.

Vigcogity of a golution {centipolse, c¢P),
Conductivity or sgpecific conductance (S.om'),

Molar conductivity (S:em’mol !} or equivalent
conductiviry (8 em’r eguiv '},

Reglscivity or Bpecific reaistance (Q'om}.
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Faraday constant where P = eN, (9.65 x 10°
Cmolt),

Arbitrary ionic gpecies which may exist in
golution ag an ensewble of saubspecies of
various valency,

Subepecies of ionic constituent I of wvalenoy
z.

Length (om).

Ionic mobility of ionic consgtitcuent i. Signed
quantity, given the same sign as the charge of
I (e?-ylegiy,

Ionic mobility of ionic subspecies 14, Signed
quantity, given the same sign as the charge of
i, (ew vt gt),

Net or affective ionic mopility of donic
constltuent I, representing the average of the
individual ionic mobilitjes of the various
gubgpecies of i. Signed quantity, of same sign

as charge of i tem® v iag!l),

Number of different kinds of ionic species in
gsolution.

Avogadro’s number (6.02 x 10° mol ‘),
Electrie charge ().,
Registance (R).

Time (B).
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Appendix A - Introduction to the physical
chemistry of electrophoresig’

Ligt of symbola
A Cross~gectional area (cm).

c, Concentration of the ionized fraction of ionic
gongtituent i (molrcom'},

C;.; Concentration of the ionic subspeciss i of
valency z (molrem™).

gtotal Total concentration of ionie constituent I
{mol:em’) .

e Charge of an electron (1,60 x 10 C),

E Electric f£ileld strength (V:rem?).

7 Foxce (N}.

£ Frictional coefficient.

1 An in-~depth discussion of the physical chemistry
of electrophoresis may be found in Longsworth (1955a&) and
Rilbe (1883}. However, nearly all che review articles
dealing with the physical theory of electrophoresls, and of
ITP in particular, are quite advahced and presums the
reader to be already familiar with the equations governing
ion motion in electrlc fields. Thus it has seemad a good
ldea to me to include a chaprer on tha basic theory of
glectrophoresis as an introduction to the following chapter
cn the physical chemilstry of ITP. The core of the material
in this chapter has been extracted from Atkine (i990), but
hag been substantially augmented with additions from other
gources to improve the intelligibility of the conceptsr

nvolved,
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An alternative, yet more elegant approach may be the
synthesig of superparamagnetically-labelled carxrier
ampholytes. These could be insgtantaneously and guantita-
tively suparated from peptides after focueing by placing
the mixture in a magnetic £fleld. Moreover these
guperparamagnetic carrier ampholytes could be recovered
and reused indefinitely, wmaking them extremely cost-
effective in the long term, even if they were expensive
to gynthegize.
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protein/carrier ampholyte mixture through a chromato-
graphic matrix bearing aldehyde groups.

Carrier ampholytes are normally synthesized via the
Michael reaction of polyamines such as PEHA with aarylic
acid. The Michael reaction of aminss can alsc be
performed with derivatives of maleamic¢ acid (HOOC-CH=CH-
CONE.} (Liwschitz et al,, 1956; Zilkha and Bachi, 1959;
Liu et al., 1974a). I wondered whether the hydrazide
counterpart of maleami: acld, maleic acid monchydrazide
(HOOC-CHeCH-CONHNG,) , would react  similarly wlth
polyamines such as PRUA ap a facile means of synthesising
carrier ampholytes bearing hydrazide groups., However
cyclization of maleic acid monchydrazide to 1,2-dihydrc-
3,6-pyridazinedione was found tg occur durlag the carrier
ampholyte syntheslzs. A simple and inexpensive means of
protecting the hydrazide group of maleic acid
monohydrazide was searched for, but one could not be
found that worked,

4.4.2 Concluslon

It im possible that alternative functicnal groups
may be found in future investigations which allow for the
synthesis of "affinity carrier ampholytes” ., However it is
difficult te find functlonal groups that interact
gpecifically with another functional groups and none
other. This task is complicated by the plethora of
different functional groups present in proteine - apart
from the normal functional groups that are present on
amino acid gidechains - carboxylic acids, amider, amines,
hydroxyls, phenols, indoles and thiols - post-transla-
tional modifications of polypeptides alsc increoducos
groups such asg phosphates and carbohydrate moieties.
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hydrophilic, as well as being stable in the presence of
alkali, {The amide group of the baegic Imrobilines is
pusceptible to alkaline hydrolysis.) The a-aminomethyl-
ated acrylic acids can also be used in the acidic pH
range, due to the buffering effect of their carboxylic
acld groups,

However, o-andinomethylated acrylic acids cannot be
usaed in wide-range IPG'm (eg. pH 3-10}, since, in order
to obtain a linear wH gradient, the concentration of sach
immobilized buffer must be independently optimized with
the help of computer programs such as DoctorpH. The
concentrations of the two buffaring groups of g-amino-
methylated agryllc acids must necesgsarily always be the
game, and cannot e independently optimized as is
posgible for monoprotic immohilized buffers, However, it
could be possible to form linear wide-range IPG's with
the upe of a gingle polyprotkic immobilized buffer,
Problems might be sxperienced, though, with overswelling
of the IPG gels, due to the high local ionle strength, as
did occur with BCPP.

4.4 ANITEMPTED SYNTHESIS OF CARRIER AMPHOLYTEE BEARING
HYDRAZIDE GROUERS

4.4,1 Recapltulation

It was noted that carrier ampholytes were often
required to be present in IPG’'s to improve the conducti-
vity of the system, and maintain the solubility of poly-
peptides. The synthesis of carrier ampholytes bearing
hydyazide groups was proposed as these oould be
gpecifically and gquantitatively removed from facused
proteins after electrofocuming by passing the
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they are zwitterioaic, they act in effect as weak acids
buffering in the neutral to alkaline pH reglons.

Since g-aminomethylated acrylic acids are amino
acids, thay are polids at room temperatura, Hence it was
gxpected that thelr purification would bhe simple,
Howevalr, only two campounds wers successfully
cryptallized - o~ {N-morpholinomethyl)acrylic acid (pk, =
7,89 & 0.03 at 23°C) and o-[N-methyl-N-(2-hydroxy-
ethyl) aminomethyl] acrylic acid (pK, = 9.22 4 0.08 at
22¢C) ., o-(N-morpholinomethyl)acrylic acid wae success-
fully uged to focus eguine myoglobin (pl = 7.4 ag 25°C).

Acrylice acid derivatives of di- and tetramines

An attempt was made to synthesize wcrylic acid
derivatives of di- and tetramines, in order to uobtain
compounds that buffered aver the pH 3~-10 region., N, N'-
Bis{2-carboxyprop-2-enyl)plperazine (BCPP) was facilely
gyntheslzed by the reaction of piperazine with
formaldehyde and malonic acid, It shows a sginusoidal
huffering profile over the pH range 3 to 10. The
gynthesgig ~f acrylic¢ acid derlvatives of the tetramlnes
N N -hig(3-aminopropyl}ethylenediamine and 1,4-bigtd-
aminopropyl)piperazine war attempted in an effort to get
a linsar huffering profile. However these efforts were
unguccaggful ,

Conclurlon

¢-Aminomethylated acrylic acids can be succesafully
used to prepare IBG’'s in the neutral to alkaline portion
of the pH gradient. They have a2 number of advantages over
the bhasic Immobiline’ in that they are much more
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Conclugion

It appears that BHEAMA is stable enough to be uped
as an acrylamido buffer for IPE runs, However, the slow
hydiolysis of N-aminomethylated acrylamides in watexr
means that agquecus solutions of these compounds cannot be
gtored. It may possible, though, that theiy stability
would be improved if stored as methanol or ethanol
gsolutions. Moreovor their synthemis is simple, and the
stock chemicals required are inexpensive,

8o it can be concluded that N-aminomethylated
acrylamides are potentially useful for the preparation of
IPG's, However, the wmany problems experienced during the
attempted puriflcation of BHEAMA and other acrylamido
buffers persuaded me to drop these chemicals for the time
being and to pursue a more promising avenue of research.

4,3,2 The syothesis of o-aninomekhylated acrylic
acids and thelr wuse in immobllized pH
gradients

Recapitulation

Acrylie acid derivatives of monoamines

A number of o-aminomethylated acrylic acids were
facllely syntliegized by the Mannich rveaction of malonic
acid, formaldehyde and secondary amines, These compounds
are much more stable than the corresponding acrylamido
derivatives since the reaction is ilrreversible, Since
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4,3 'THE SYNTHRSIS OF NOVEL ACRYLAMIDO AND ACRYLIC ACID
BUFFERS FOR ISOELECTRIC FOCUSING IN IMMOBILISHD pH
GRADIENTS

4.3.1 The synthesis N-aminomethylated acrylamides
and their use in immobilised pH gradients

N-Aminomethylated acrylamides such as N-~[bis(2-
hydreoxyethyl)aminomethyl]l acrylamide (BHEAMA) can be
facilely syntheaized by the Mamnich reaction of
acrylamide, formaldehyde and a seccondary amine. BHEAMA
has a pK of 5.6, making it ideal to f£ill the gap in
buffering power between the pX 4.6 and 6.2 Immobilines’,

Howaver, the Mannich reaction of formaldehyde and
gacondary amlnes with amides i reversible (Bundgaard and
Johansen, 1980a,bk), and studiea by Pelton (1984) have
shown that a quantitative removal of the attached amine
groups of N-dimethylaminomethylated polyacrylamide is
achisved upon prolonged dialysis against distilled water.,
Using the experimental data of Bundgaard and Johansen
(1981), it is expected thakt the half-life of BHEAMA at
37°C would only be about 24 h. Howaver, since IEF-IPG is
normally conducted at B5-10°C, it appeare that the
percentage decomposition of BHEAMA should be negligible
during & normal IFG run. In fact satiafactory focusing of
carboriic anhydrase isgozymes was obtained using BHEAMA ag
the immobilized huffer,
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However it is expected that all of the above
problems may be solved by the introduction of monoanionic
polymeric spacers. The problem of ionic interactions with
amphoteric samwple species would naturally no longar
occur. Moreover, these polymeric spacers, having only a
gingle charge, would have to be very much shorter than
pPolyAMPS spacers in order to have similar net ionic
mobilities, Hence entanglement of the polymeric spacers
in the gel fibres should no longer be a problem.

ITP of nugleig acidg

These polyanionic spacers seem ldeally suited to the
geparation of the linear polyanionig apecies, in parti-
cular, nucleic acide. It szems probable that this has
been the filrst time that DNA has been andlyzed by ITP.
However, the resolution obtained was slightly inferior to
that obtained hy PAGE, due to the compression of the DNA
bande, This was most likely causerd by an insufficient
gpacing of the DNA in those regiong, and not due to the
technique itgelf. In fact, it is expected that ITP of DNA
molecules should yield superior results to PAGE, due Lo
the counteraction of diffusion by the electric field
gtrength gradient. The development of monoanionic
polymeric spacers will probably help in this regard,
gince distortions of the electria field strength gradient
should no longer occur. This work could have important
ramifications in techniques such as DNA sequencing.
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4,2,2 Corncdlugions

Ag far as it is known to the author, this work is
the £irst example of the application of polymevic species
for use as spacers in ITP. The advantage of polymeric
gpacers lies in the fact that differences in ionic
mobility are governed solely by the molecular masses of
the gpacers, and not by the pH of the wmilieu, ie. ITP
gpacerg. Hence spacer mixtures can be formulated to give
the optimum range of ilonic mobilities for any particular
concentration of polyacrylamide, These ionic mobilities
are intrinsgic to the polymerie spacers, and ars not
affected by the pH at which the isotachophoretic experi-
ment is conducted,

golytion

The longer polyAMPS species became entangled in the
gel fibres during electrophoresis, causing distortion of
the electric field strength gradient, as well as leading
to pevere electroosmosls and regultant deformation of the
gel, Poxr this reason only low concentratlons (10 mM} n
the polyaMPS spacers could be used, so that the isotachao
phoretic system was poarly buffered. Moreover ionic
interactiong occurred betweenu the polyAMPS spacers aund
amphoteric sample species, leading to smearing and loss
of resolution,



Conclusions 2i5

4.2 NOVEL POLYMERIC SPACERS FOR ISOTACHOPFHORETIC
SEPARATIONS

4.2.1 Recapitulation

Carrier ampholytes have rertain deficiencies which make

them non-optimal spacers for isotachophoresis:

(i) thelr ionic mobilities change with ambient pH,

{11} they exert a buffering effect of their own,
affecting the pH within the isotachoplioretic stack.

It wag reasoned that the use of anionic polymers of
a unifeorm distribution of molecular mags as gpacera for
isotachophoresis would eliminate these problems. Polymers
of 2-acrylamido-2-propane-l-sulfonic acid (polyAMPS) of
various size ranges wene synthesized for this purpose.

TEP of dyes conducted with polyAMPS spacers gave a
superior resclution to zone electrophoresis, since the
elegtric field strength gradient generated within the
isgotachophoretic sgystem counteracted the effect of
diffusion. However TEP of DNA gave inferior results due
to band compression. TEP of ampholyti¢ species was
problematic due to ionic interactions with the polyAMPS
gpacerd.

It was found that low concentrations of the polyAMPS
gpacers had to be usged, or else deformation of the
polyacrylamide gel occurred, Smearing and precipitation
of the longer polyAMPS dpecies wag noted un analysis by
zon: electrophoresis,
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Concentration of the ionized Fform of the
leading and tezrminating congtituents,
respectively (mol:zm’'l.

Coneentration of ar ionized subspecies of
valency z of the leading and terminating
constituents, respestively (molrcm’).

Concentration of hydroxyl ione OH" in the
leading and terminating zones, respect-
ively (mol.cm ),

Toktal concentratlon of the buffering
counterion congtlituent in the leading and
terminating zones, regpectively
{mol-ecm ') . -

Total concentration of the leading and
terminaking conetituents, respectively
{mol'em™’) ,

Blectric field strength (V:oom''}),

Faraday congtant where F = ay, (9.65 x 10*
Crmol ),

Unionized fraction of an arbitrary ionle
spaciesa.

An arbitrary ionlc subspeciss of charge
zl

BElectric current (A},

Ionic mebkility of an ionized subapecies
of valency z of the buffering counterion,
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Appendix B -~ Derivation of the isotacho-
phoretical steady state equations’

Ligt of symbols

Chitr £ Cuery Concentration of the jonized form of the
buffering countarion constituent in the
leading and terminating zones, respect-
ively (mol'em ™),

Coitr,x £ Currr,s Concentration of arn '‘onized subspacies of
valancy z of the buffering counterion
constituent in the leading and termin-
acing zones, respectively (mol:iem'),

Cuis) / Cuers Concentration of hydronium ilons H,QO* in
the leading and terminating zones,
regpectively (mol-em'’).

o, Concentration of the lonized fraction of
an arbltrary lonic species I (molrem').

! Theoretigal Ltreatmente of the steady state
boundaries existing in ITP may be found in Oxnstein (1964),
Evaraerts and Routs (1971), Jovin (1973a}l and Everasrtm et
al. {1873)., I have found the paper of BEveraerts and Routa
(3571) to be the mogt luegid in lts treatmant of the various
equations, Therefore 1 have based thip chapter on their
papar, but have altered aome of their egquations which
falled to take into ascount the signed nature of gquantities
puch as the ionie charge, 3donle wmebilicy and linear
velocity of lone. Moreover I have filled in gaps in their
paper whare they neglented t¢o show the complete derivatiz-
atlon of certaln equationa. The notatloit has also been
aiterad in a manner which I hope makes the eguations
clearer,
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Since
K eN, (A~28)

whera # ie the Faraday constant, equation (A-27) can he
rewritten as:

1l Ab; E z,0, ,v, - (A=29)

Substituting eguation (A7) regults in:

l= A}‘Efzizmi m . {A-30)

[¥-Rakt ¥
ivihooel

whare m, , 18 the lonic mohility of an lonic aubspecies
{*, Hence a definition for the condugtivity of an
glectrolyte solution may be cbtained by inserting
gquation (A-30) inte equation (A-17) to give:

.
ke ES Y 2o, (A-31)

i1 el

Likewise equation {A-31) may be ingerted into
squation (A-20)} to provide a definition for the molar
conductivicy of an electrolyte solution:

. 1--2 3 z,m,, (A=32)
-1

a1
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interval At ig equal to the number of charges in the
volume: _

t’i‘zladlt (1&'2'&)

Therefore the hotal number of charges AR carried by
all the various lonic subepecies of the ionic constituent
i passing through « given point of crogs-sectional area
Ain a time intexval At is equal to the number of chargesg
in the wvolume: '

Aﬁtiiv-': {a-25)

i1l &+l

The numerical concentratisn of charge within this
volume iy given by scquation {A-22). Hence AQ ocan be
determined by multiplying equations (A-22) {(numsrical
voncentration of Q) and (A-25) {(volume containing aQ):

o2
AQ = AeNAEN Y 2,0, v, , {a-28)

=l 2wl
Substituting equation (A-26) into (A-23) gives:

L&
1= AeN, Y, }_“1 z;% V., (An27}
i
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A.3 'THE RELATIONSHIP PETWEEN THE ICNIC MOBILITIES OF
IONS AND THE CONDUCTIVITIES OF SOLUTIONS

The melar concentration of charge ¢ in an
electrolyte golution is equal to:

I

e; 2 20,y (a-21)

where 2z, ig the charge of an iniividual ionic subspecies
i din splution, The actual numericel concentratlion of
charga Q can be found by insgertcing aAvogadro’s nunber N,:

i

N3 oz, (A-22)

=1 =)

The elaectxic current I e defined as the nat amount
of charge @ that pasgsss a given point per unit time:

7o _ﬁ.% (a~22)

The number of charges carried by an ilon i of valency
z (1Y) passing through a gilven point of cross-srctional
area A in a time interval At is equal to the number of
iona i that have migrated a distance d in that time
interval At, and hence ta the number of charges in the
volume di, Since d = v At, where v, . i the veiocity of
the lonie subapecies i”, the number of charges carrvied by
the ionic subspeciss I’ paseing a given point in a time
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Hence the total wmelar conductivity A of an
electrolyte is the sum of the molar conductivities A, of
the individual ionic species I (dncluding A, and X, )¢

A= Ell (A~219)

If an individval ionic species i happens to be o
wealr electrolyte posgesring ong or more protolytic groups
with a pX value wichin two pH unite of the pH of e
electrolyte, then & number of subspecies of I of var .us
valancy z will be simultaneoualy present in melution. In
this case the total molar conductivity will be sxpressed
asy

T
As=sg/ 2:‘2 Oz (A-20)

i

where ¢, , ls the molar concentratien of a particular
ionic subspecies 14, and Z ls the maximum degree of
ienization.
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whexe « is exprepgsged’ in § cm’, Substituting (A-1) and
{8~14) into (A~16) raesults in:

Ko (a-17}

Since the conductivity of a solution depends on the
number of iong present, it 1z logical to introduce a
quantity krown as the molar conductivity A, which is
defined as:

i
A=x/Y e (A-18)

7]

whera A ig expressed® in $'om'mol’?, and 2 is the total
number of different ionic species in solution. There is
always more than one kind of lonic species I in solution,
gince the law of elactroneutrality <emands that the
number of positive and negative charges in solution be
agqual

41 4 [H07 w [d"] + [OH)

! The unite of x are Q*em?*, which was often
written in the past as mho' cm ', Howsver the reciprocal of
tne ohm has now heen officially degignated as the giemans,
S8, 8o that the unilts of « are S gm?,

* If ¢ is expressed Iin equlvalents per cm', A s
defined as the equivalent conductivity, and is expressed in
&' o’ equiv't,
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A.2 THE CONDUCTIVITY OF AN ELECTROLYTE

The resigtance of a conductor ig defined by Ohm’'s law:

Vv
ranm A"' 14
R== { )

where R is expressed in ohms (Q). The resistance of a
gconductor inoreases ag the c¢ross-gectional area A
decreages and a8 the length I increasges, In order to
eliminate this effect of pshape, and to obtain a
resistance which i characteristic of a given conducgtor,
& quantity known asg the resistivity, or sgpecific
resiptance p, ig defined. Thip is the resistance of a
gection of & conductor which im 1 ew’ in crosa-gsectional
araa and 1 om in lengkh. It is related to the agtual
regigtance by the formula:

p B ——— ‘3'15)

where p i expressed in (+om, The conductivity, or
gpeclfic conductance x, of a conductor ig defined as the
reciprocal of the resistivicy:

K= {A=16)
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m, = (i: &y, pily, 5) / af*d (A-10)

z2ad

Equation {A~10) can be rewritten in the form:

2
ﬁl = [cjrﬁmx.lu * Eci.a'm}‘..a} / cfﬂtel (A—ll)
&v)

where ¢, , ‘and m, , are the concentration and ilonic
mobllity respectively of the unionized subspecies of 1.

Since m;, is expected to be zere, egquation (A-1l) can be
gimplified to: '

Mmi = (ﬁ C‘!‘mi.z) / cfa&lj (B.-J..‘Z)

aml

Subastituting equation (a-12) into (A«8) provides an

expresaion for the net velocilty Vv, of the ionic
congtictuent i

-

- E

Vi m o 3 0y gl (A~13)
(o 21
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Viz ® M B {(A~7)

Since we are interested in the overall velocity v of
the ienic gpecies I and not the individ:..1 veleocities of
the subspecies, we introducs a term known as the net or
effective ionic mobility m:

V;, = m;E {n-8)

{(A~9}

where M, 1ls the average of the all the individual -onic
mobilities m; , of all the ionic subspecies 4%, and Z is
the maximum degres of lonization. Since:

Lotal =
e * E P
Hag

where ¢! 4ig the total concentration of the icnic
constituent i, egquation (A-9) can be simplified to:
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v, = %8l {A-4)

By substituting the Stoke’'s formula for the
confficient of friction of a sphere of radius r (in this
case the radius of the ion plus its hydration shell) in
a solvent of vigcogity 7, we can wrices

- ..E!f... N A-5
Vl (GTFT].T)L" ( )

The term z,&/6rpr is a constant for any Llondce
gpecier i moving in a esolvent of viecogity 7. Hence it
can be replaced hy a coefficlent of propurtionality known
as the ionic mobility m:

v, = mE {A-6)

where m is expresged in cm® V'@, Since, by convention,
the electric current I ig defined as the fliow of positive
charge towarde the cathode, v, and m, arxe signed
quantities, of the same sign as the charge of the ionic
species J.

If i happens to be A weak electrolyte possessging one
or more protolytic groups, then a number of subspecies of
i of variouzg valency z will he simultaneously prasent in
golution in rapid eqguilibrium. In this case each
individual ionic subspeeies 1 of charge 2z and ionic
mobility m, . will migrate with a linear velocity v, .
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A.1 THE MOTION OF IONS IN AN ELECTRIC FIELD

When two electrodes a distance L apart are at a
potential difference Vv, the ion in the soluticn batween
them experiences a uniform electrlc field & (V'em?) of
magnitude:

v
AR -1
E= T {(a~1)

In such a field an ilonic species i of charge ze
{where & ls the charge of an electron) A.periences a
force # of magnitude:

F = 288 (A-2)

A cation will aceelerate towards the negative
electrode (cathode) and an anion will accelerate towards
the positive electrode {anpde)., However as an ion moves
through the golvent it sxperiences a frictional vetarding
force J7 that is proportional Lo ity electrophoretic
velocity v, (ocm 8):

# = £y, (A-3)

where £ ls the frictional coefficient. The two forces act
in opposite directlens, and the lon will reach a maximum
constant velocity when the accelerating force J is
balanced by the viscous drag 7/, The net force is zero
when
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In the older literature the icnization censtants of
bases refer to the equilibrium

B+ HOwBH + OH

with tha ionization constant, K., given by

[BH*] [OF")

Be = ==

Today the uee of K, is avoided because it does not
touch on the heart of the matter, namely: an acid
produces hydrogen ilous and a bage receives thewm. Thup
both acida and baper are best related in termd of a
pingle guantity, thelr affinity for the hydrogen ion.
Such & relationehly requires the use of the acidic
congtant K, for both acids and bapes,

B.5.2 Equilibria aquations for acids

Imagine a weakly acldic, polyprotic ionic spaciee i.
In eo.ution i will exist, depending on the pH, in a
numher of subspecies of various degrees of ionization,
all in rapid equilibrium with each other. The equilibrium
reaction of the first lonization reaction is:

e ey

and the dissociation constant K, is:
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B,5 THE BOUILIBRIA EQUATIONS

B.5.1 Note on the modern usaga of acidic
diggociatioen constanks to descwibe the
iondzation of both agidas and basas!

- The Brensted-Lowry theory is the most useful and
widely accepted descriy ioh of the ionization of both
acids and bases. Its underlying concept is the definition
of an acid as any substance that can ionize teo give a
gsolvated hydrogen ion {ie, a proten stabilized by
interscetion with 4“he solvent). Convergely a base ig
gubstance which can accapt a hydrogen ion. Brensted was
the firet to show the advantage of having the ienization
of both bazes {(le. conjugate acids) eaxpressad on tphe aame
pcale. For acida the ionization process iam

HA + H._:ﬂv&h't(l* * A

and the jlonization conatant, X,, is given by

. LHO'] 1A ]
Ko * =173

For baseg the ionization im

BH® + HO w0+ B

and the lonization constant, K,, is given bv

L Lol ial
‘TR

: From Albert and Serjeant (1984),
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z 2
tatal ral tal 21 Chim M e totai ?::' Chirs,#ln, 2
wth tural | sutal, #- LTl X
C}.(Jﬂ cbful.'l [ Al it b 7 € v--a—zu—o——-—a---

Oy, iy, Z Ci ey,

-2

™M~

-
)

-

{(B=~22)

This la the extended form of the mass balance
equation of the buffering counterion b in the isotacho-
phoretlc steady state.

B.4 THE ELECTRONEUTRALITY EQUATIONS

The law of electroneutralicy states that the overall
charge of an electrolyte solution is zero. Tharefore the
alectroneutrality equationg for the laading and
terminating zonms are:

r o
Cowers Fop * Coees Ty )_? ¥ T E; Cpztzy 8y ® 0
:I ::I

{B.23)

i .
Contn o ¥ Cpim g * E Cp & 2 Cpyxen 2 2 0
KLY e

(B-24)
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{ < Z
bt tar n " - -
V‘rf*,,,i,‘," - V:.“f-;:.}“ = 1:,1.21 Crpps, B 2 .&:“Et Cpier, My, 2
{B-20)

From equation (B~i0) v, = v, so:

ot ad totul i - Y] .
Vol Oty = Coigy ) % 3?2 Crirt, 2, - br,E Cherd, oMy, v
S -1

E’I‘E Crery ol o HLE iy, e, =
ttad it} £ 2 -1

AR o - » e ——
BT L) ™ v

From agquation (B-10) v, = v,, BO:

. E?‘E ":-vr:.xmb. E E;,E Crin .:'mh »
- Ol ™ L - al
VT V;.

(B-21)

Ingerting equation (B«1l) reamults in:
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The total mass transport of b into the rerminating zone
is therefore:

7
Er Y Corss. oWy o = v, (B-17)
et

If the zone of terminating ions t was followed by
another zone of terminating ione t*, yhere m > m,, then
at the isotachophoretic steady state the total mass
transport of b ions out of the rerminating zone into the
cerminat g+ zone would be:

1
] Feat
krz Crtwn, 2, = VeOro i (8-18)
Ei

The concentration of the buffering counterion b
within a 2z« 1@ im constant in che isotachophoretic atoady
state. Tharefore the amount of b that is transported inte
the terminating zone iz egual to amount that leave: the
zone. Therefors:

’ - P
' - A 1 - LA T
h-‘-E ey, M V. hagy krz e, oMy Ve™rin
o @

(8-19}

BEquation (B-18) may be rearranged to:
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This is the extendsd form of the Kohlraugch
regulating functien which gives a relation between the
ion concentration in the leading and terminating zone
{Orngtain, 1964; Karol and Karecl, 1978).

B.3 THE BALANCE OF MASBS

Let us consider the total mass balance of the
buffering countericn b in the terminating zone, If the
boundary bhetween the leading and terminating zonea is
moving forward with a speed v,, this is egquivalent to b
iens moving inte the terminating zone with a speed -v',
If the total goncantration of the buffaring counterion in
the leading zone ie c},}¥, then the mass transport of b
{in mol cm< e’} into the terminating zone due to this
movemant is:

e

-y, of i {B~15)
Furthermore there is an electrophoretle transport of b
ionm (in mol:em-:e '}, which is equal to:

2
Ef.z; Crirs, #llly, _ (B-26)
a«

SBingce, by convention, electric current is defined
a8 the flow of pesitive charge towawds the cathode, the
velocity of as ion is a aigned quantity - positive for
rations and negatrive for aniona. since the movement of the
b lone is in the opposite direction to that of the 1 and t
iong, its velocity is of an oppesite sign,
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B L4
Vi ® i E Ci oM,z
(2] 2=1

Combining equaticns (B~10) and (B~1l} gives:

El o E W
I. T
el 2w Sl e B oy 2 S
c;nﬁa! év-:{ . ’ r_,:.:mf ; '

Egquation (B-12) may be rearranged to glve:

2
o lutal z 2 Crrfly
.—‘:‘——-n— J-.‘—'—L—.mm—
cj’.o.‘.af EI z

2 282

21

- 244

(B-11}

{(B-12)

{B~13)

substituting squation (B-9) into eguation (B-13) results

in:

z 2 z
pfual 2 Coeily s Qo Bop@op + TyrpyMpdy ? 2 0y, My g4y Z: Q12 W, 2 ¥
- o . ¥l ¥l

tutal x 7 Fa
=g : . -
2} €l s CopnMglon * Cyndlyly * 3 2y (&, * 3 Cp ainly, 2
e . ey el .

(B=14)
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Bk, = By {B-7)

Substitution of equation (B-3) into (B-7) results in:

By (Copers MonZon * Chory MyZy + Zi WWLONT I Z; Cp, 201 llp, 2 Zp) ®
= *a

By { Coyery MouZon * Cpomliyly + Z} Co oy, 2 2Zp Es Cp, 217y W, 2 2}

(B-8}
Equation (B-8) may be rearranged ag:

2 %
E, CoyepsMonZag + Cgepy Blydy + 2 Crelly, 2 1 E Cp,mtr D, Ep
. 2 21
Z, Z z
ConenPopZog * Cypnligy + : O oMl g%y ): Cpozim My, e Zp
£ B=]

{B-2)

In an lgotachophoretic system all zonesg will migrate at
the same speed:

The net Linear velocity V. of an arbitrary ionic
species I is defined’ as: '

! Derived in Appendix A as equation (A-13).
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z

no
K= F; Y20, (8-2)

=1

where Z is the maximum valency cof an ionic subspecies.
Therefore the conductivity of the leading zone will be:

z z _
Ky, = PlCogu MopBoy * CueyMyZy * 3, €1 oMy, , 21 * E: Cp, 2t2a Mp, 2 Zp)
. 2] bl

{B-3)

Ohm's law' givesd:
1, = Bk, A {B-4)
Iy = Eppd {%=5)

whare 4 i8 the crogg-sectional area of the conductor,
Substitut_ing equations (B-4) and (B-5) into (B-1) gives:

ﬁ‘J‘KLA - ETK»:!A (B"s}

Since the oroap-mectional area of the conductor is
agsumed to he constant:

! Derived in Appendix A as equation {(A-17).
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Equilibrium equations., The acidic and Dbasic
equllibria determine the degres of dimsociation and hence
the partial lon concentrstlons of the constituent lonle
gpecies,

Moreover, in orxder to simplify the caloulations it
is agesumed that:

(L) The concentrations of the constituent ionie
gpecies are low enough that no activity coefficiente have
to be included (ie, < 20 mM),

(i1} An identical tempesrature is wailntained in the
leading and terminating zones, @0 that the dionde
mobilities of those congtituent ionic species common to
both zones remain constant, '

B.2 THE BALANCE OF ELECTRIC CURRENT

The current in the leading zone is equal to the currefit
in the terminating zone:

If: = J?‘ {B-l)

The conductivity «* of a solution of an arbitrary
ionie mpecies I is a function of the concentrations of
ite constituent ilonic subspecies ¢, their individual
ionic mobilivies m and their individual charges z,, such
that

! Derived in Appendix A as equation (A-3L.).
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B.1l PHYSICOCHEMICAL PRINCI?LES OF ITP

Let ug consider an elsctrolyte system composed of
two zones - a leading zone containing an ion 1, and a
terminating zone containing an ion t, where my>m,, and a
common bufifering countexion b,

The concentration of 1 and the pH of the leading
zone ar¢ preset, When a potential difference 1s applied
across the system, the concentrations of ¢t and b in the
terminating zone will adjust to the concentrationg of 1
and b in the leading zons, in guch a way that they will
create 5 voltage gradient large enough to give the
terminacing zone the same speed as the leading zone, In
order to caleulate the concentrations off t and b in the
terminaking zone, one makes use of the £ollowing
elactrophoretic principles:

The balance of elactric cdurrent. Sinde each part of
the aysatem are walectrically in series, the electric
current ls conatant thrbughout the gystem, agssuming that
the croma-gectional arma through which the current passes
remalns conetant, The current in the leading =zone is
therefore the same ag the current in the terminating
zone,

The balance of mass., The . w“ration of the
huffering counterion b within one :ca. .. constant in the
ateady scate, This means that the amount of b transported
inte a zone is equal to the amount thac moves out the
Zone,

The elact - s=utrality pringiple. The amounts of
positive and e .ve charges are equal il rhe game zone,
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leading and terminating conatituents,
respectively. Signed quantity, given the
pame eBign ag the charge of the constit-
uent (em®virgi),

Tonic mobility of arbitrary ionic species
Jd. Bigned quantity, given the same sign
ag the charge of i (cm®™ V1 g},

Linear wvelocity of ionic spegies i.
Signed gquantity, of the same gign as
charge of I (em g},

Net linear velocity of ionic epecies i,
repregsenting the average of the indivi-
dual Jlinear wvelocities of the wvarlous
gubspecies of 1. Signed gquantity, of the
game glgn as the charge of I (cm al).

Charge or valency of the ionjzed form of
the bufifering counterion, leading and
terminating constituents, respectively.

Charge or valency of an arbitrary ionie
gpacies i,

Maximum charge or valency ©. an arblbrary
lonic specles i,

Conductivity or specific conductance
{(8-cm?},
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C.2 ADAPTATION OF THE ITP EQUATIONS FOR THE C.LCULATION
O THE TIONIC PARAMETERS 1IN Y(HE LEADING AND
THERMINATING ZONES

If the total molar concentration of the leading ion,
¢, in rhe leading zone, and the pH of the leading
zone, ars sat by the experimenter, then all the other
physicochemical parameters of the leading and texminating
zoned can be calculated from the fundamental ITP
eguatione,

Tha calculatione of the various ionie¢ parameters are
ordered as follows:

1. Calgulation of ¢, 8. Calculation of pH,.

2. Calculation of ¢,,.. 9, Calculation of m,,

3. Caleulation of &Y. 10. Calculation of «, and «,.
4. Calculation of o™, 11, Calculation of I, and I,.
5. Calculation of of M.

6, Calculation of ¢,

7. Caleulation of ¢, ..

1. Caloulation of o,
The sguilibrium squation (€-7) mav be rewritten in

a form which allows the foy the calculation of ¢ From
ot and pH,:

“: - (‘1;.!.‘.|f _ '-'";) ‘lnll‘”‘ SN
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Bgquilibria equabtions’

N (R R T R (c-7)
L (oI R WE o (c-8)
N B AR TG 1 R {(c-9

It may be noted that the gimplified esguations (C=7)
and (G-8) are simply rearrvangements of ithe Henderson-
Hasselbalch equation for acids:

o
JFotald
!

PH + pK, * 1°§ut {C-10}

- {'1‘

and that the simplified equation (C«8) is simply a
rearrangemant of the Hendergon-Hasgelbalch eguation for
bases:

PSR L o

pi = K.+ log,, il 5 (€-13)

o ]
LA

! Bquationg {C~-7) and (C»8) are derived from
equation (B-36) of Appendix B, and equation (C-9) is
devived from egquation (B-4€) of Aprendix B. These equatious
&ssume that the cancentrarions of the jonic constituent
are expresged in mol-dm ' M) and not moleem - (kM)
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Blectroneubrality scguations’

2+ Oy 2, = 0 (C-3)

t"."_, z.-_ + r'l,(':'j zt- =0 {C“Q}

Bquation (C-3) may be simplified as follows:

&) F &y = 0

n 2y 8 Cpypy Zp

Since z,,the charge of Cl°, is -1, and 2,, the charge of
Teig*, im +1:

P; {'11 . -‘F!‘UJ ("'l)

Tharafore:

;. Opy {C-5)

In a similar tamshion equation (C-4) is simplified to:

PRI (C=8)

! Bquations (C~3) and (C+4) derived from egquationa

(B-23) and (B-24), respectively, of Appeixiix B.

S

e W N ol e R o T i i M

At L
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¢.1 MODIFICATION OF THE FUNDAMENTAL EQUATIONS OF ITE FOR
DISCONTINUOUS ELECTROPHORESIS SYSTEMS

In the discontinuous electrophoresie system of
Ornstein and Davis, chloride is the leading lon, glycine
the terminating ion, and Tris is the buffering counter-
ion. The compeomition of the various buffers is:

Stacking gel buffer: 60 mM HCl - 82.% mM Tris, pH 6.8
Regolving gel buffer: 60 mM HCL - 375 mM Trie, pH 8.8
Blectrode buffer: 192 mM glycine - 25 mV Tris, pH 8.3

Since the pH of the electroplioresis buffers lie
~hetween pH 4 and pH 10, the concentrations of H.O* lons
and OH' ions are negligible, and can be ignored.
Moreover, since all the constituent ions are monovelent,
the lsotachophoretic eguations are greatly simplified,
and take the form;

Kohlesusaoh regulating funcotioen’

Tt gl - "
¢ o Ctfe C 3+ Oy M Ky,

(C-1)
(‘;ﬂfﬂ’ t.’,‘;m, c,m, ;ff - C‘f"?‘m";:fﬂ

Meagx baisnoe squecion of huffering counterion’

rorat toarat torat, Cpipy My
Lpan

Sorar, S s
fren = Tpan "0 -7 temlo D [(Ce3)

o B iy

v )

) Derived from esquation (B-14) of Appendix B.
Derived irom equalion (B«22} of Appendix N,
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gign as charge of constitueat jonic
gpecies (cm™V'rg’),

Net or effective ionic mobility of the
cerminating ilon {glycine), representing
tha average of the individual ionic
mobilities of the wvaricus charged and
uncharged subspeciass nf glycine. Signed
guantity, of same sign as charge of che
glycine terminating ion (cm*Vi+a '),

Charge or «valency of the ouflering
counterion (Tris or AMPD), leading ion
(chioride) and terminacing ion {glyeine),
respectively (owm'*V ' g},

Conduc:ivity or specilic conductance of
leading or terminating zones, raspect-
ively (S:'em '),
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- Practical application of the

igotachoporetical steady state equations to
diggontinucous electrophoresis

Ligt of symbols

Chis / Coert

- N

rotal tolat
= el -1

gletal Jgtitad
I o
m, /m, /[,

Concantration of the ifonized fraction of
the bhuffering counterion constituent
{Trig or AMPD) in the leading and te:min-
ating zones, respectivaly (meol:dm'‘).

Concantration of the ionized fraction of
the leading ilonic conscituent (chloride)
and the terminating ionic constituent
{glycine), respartively (mol'dm'},

Total concentration of the buffering
counterion constituent (Tris or AMP™) in
the leading and terminating zones, rasp-
ectivaly (mel+dm ).

Tatal concantration of the leading ionic
constituent (chloride) and the termin-
ating lenic conatituent {giycine),
respectively {(mol-dm ,,

lendie . renn @ of the leading or termin-
ating roas :, respectively (mol.dm‘),

sheolute lonic mobility of the buffering
counterion (Tris or AMPIN, leading ion
{chloride) and terminating ion (glycine),
redapactively. Signed quantity, of same

o et ki R R R e
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Equation (B-42) may be reexpressed as:

h,rl‘ll 2 r" II ﬂﬂ'

s £ (8-43)
T 10 "o

L
-

which ig more pimply written ag:

e,z = te]" EC:,: 11'_6%‘.‘: (B-44)

The varisble ¢, can be reespressed by substltuting
equation (B-34) lnta sguation (B-44) to give:

o
ol 107PH -
G ® :qﬁ,qw““ (8-45)

Equation (B~45) can be further pimplified to:

# o
R B THEAED I 11 108 (B-46)

where all the concentratinng are expressed in mol.om'.



Appendix B 255

O I (B~39)
b K, K,

If this procegs ias continued to i, the subspecies
of i to the highest degree of protonation 3, then
aquation (B~39) becomes:

F
e ® o o 1 ] Ko (B~40)
-l

Substituting aquation {B~292}) into eguation {B-40) resulls
in:

T e (B-41)

Inssrting equation (B-31l) allnws aeguation (B-41) to be
rewrltten as:

tﬂ:-iflf 2 l.',‘r-'l_) f:‘)}‘
~ - e 2.k - (5-42}

[] 20
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B.5.3 Bouillibria equations for bases

Imagine a weakly basic, polyprotic icnic species i.
In aolution 4 will exist, depending on the pH, in a
number of subspecies of varioug deygrees of protonation,
ull in vapid equilibrium with each other. The equilibrium
reaction of the firet icnizatlon reaction is:

ALY &

and the dissociation congvant XK, is:

Kl . C‘:.u nﬁ‘
{".".*1
RIS ""“'""‘"‘r‘i; & (B=27)
1
In a pimilar fashion:
n
r"l.--' - l-;; FH (3-33)

Substituting (B-37) into (B-38) gives:
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oy (apel E‘” ) .H.I_Q.;.._. (B-33)
H

Iff the concentrations of the ionic congtituents are
expregsed in mol'dm’' (M) instead of mol:cm’ (kM), Cthen
Cy CRN be resxprassed as:

Cp % 100K (B~34)

Substituting equation (B~34) into (B~33) gives:

1 PK;, -
e, ™ (el Er'h_) H ’;’0 - (B~35)

L]

Bquation (B-35) can be further simplifisd' to:

O, W (n:uml - 2 ‘"f,gJ .lI iorpu K, (B=36)
EX ol

where all the concentrations are expressed in mol:-om’,

Since av/a’ « a*" for a - 0 and x ¢ R and y € &.
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egquation (B-28) begomes:

252

o . (B~30)
Lz f,‘,f e
Since:
Ky,p = 20 Pr (B-31)
squation (B-30) may be rewritten as:
mrai
2"*«' 2 (8-32)

Eu} K, .
||10 :
f'.';? #1

Bquation (B-32) may be resxpressed as:

hlﬂll )
Z ‘ﬂjf’ -

e, £l 1p7FKer
- L

1 e

1

which is more simply written as:
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L oo K

Cx

{B-25)

In a similar fashion:

Eim & (B-~26)

]

cja'&

Substivuting (B-~25) into (B-26). gives:

AP AT (B-27)

1% this process ig continued to i, the subspecies
of £ to the highest degree of ionjzation Z, rhen equation
(B=27) becomes:

Ciz ™ ff‘;-‘unff_,-,ﬂ / ef (B-27}

Since:

£
C';'l.r.d.f =0t 2 O (B~29)
1

. -l

LU

.
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lonig paxsmerers of leading and terminating. copes during

The following ionic parameters were calculated for
the separating phase of digcontinuous eledtrophoresis,
using the eguations in sectien €.2. The total molar
concencration of the chloride leading ion i3 0.06¢ M, and
the pH of the leading zone (pH,) is 8.8,

Lo Chinwe= 0,060 M 8. pH. * 9.5
2' cﬂi'-i’l:‘ - 0'060 M 9. I_"-a!_‘.-'ms - -11.9 % 10 "
em Yy ilog!

iooele,, = 0,375 M

4. ¢t = 0.046 M 10, «, = g.29m8 em’

| ' & » 1.57m8em’

8, ¢4, ¥, = 0.371 M

6. ¢enm = 0,015 M i, I, = 0.060 M
I. » 0.015 M

7 Coimirr = 0,018 M

Compogition of the leadipng zone:
0.060 M HC1 - 0,375 M Tris, pH 8.8

Composition of the terminating zone:
0.046 M glycine - 0,361 M Trig, pH 9.4%

When the chlciide-glycine gteady astate moving
boundary crosses the srationary pH boundary hetween the
stacking aud separating gels, the compesition of the
leading electrolyte is chauged from 0.060 M HClL - 0.063
M Tiis, pH 6.8 tou 0.060 M HCl - 0.375 M Tris, pH 8.8,
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concentration of the chloride leading ion is 0.060 M, and
the pH of the leading zone (pH,) is 6.8,

1. C~Il“.‘;l|.,.‘ 01050 M a- pH; - 5.9
2. Cripen: = 0,060 M 9. Mo n -4.,7 2 10"

em'sViep
I, oL, o« 0,063 M :

4, clirl, = 0.046 M 10, «, x  6.29mSem
X, . 0.61 mS-em
5. C';',‘::;,;. L 0-049 M

B. Copeene = 0.006 M 1. 1, . 0,060 M
I, " 0.008 M
7. C;-”,“T; L 01006 M

Compogition of the leading xzone:
0.060 M BC1 -« N.063 M Tris, pH 6,8

Composition of the rterminating zone:
D.046 M glycine - 0,049 M Tris, pH 8.9

Blactrode burfer:
£.192 M glyeine - 0,025 M Trig, pH 8.3

Although the iniltial composition of the terminating
zone (electrode hutfer) ia 0.1%2 M glyeine - 0,025 M
Tria, pH 8.3, onve electrpphoresis ja commeliced the
conrentrations of glyrnine and Tria in the termiaating
sone become regulated againet the concentrations of
chloride and Tris in the lsading =opne, s#a that the
composition of the terminating zone becomts 0,046 M
glycine - 0,049 M Tris, pH 8.9, The net mobility of the
glycine terminating ionm ig 4.7 « (0" om-7'*g ",
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€.3 PRACTICAL CALCULATION OF THE ICKIC PARAMETERS COF TER
ORNSTRIN«DAVIN AND TAMORA-UI SYSTEMA

The following physicochemical dat& were obtained ftrom
Hirckawa et al. (1986}:

Takle 17: Ienic sharacteristics of constituent ions

e '
PT———— f“m wbtiicy w

Chiersde (2} Fuily
Postit e
Glygine (&) L i LR ]
Tein (b ", o -
AMID i) TS

and Smith and

- Values from Martell and sSmith (1974)
Martell (197%),
v Unite in % 10°*

em 'V 'pt,

2.3.1 ornstein-Davis wystem

lonic parametsrs of Jsading and terminating zooes during
atacking phass

The followine ionic parameters vere calculated for
the stacking phase of discontinuous nlectrophoraits,

using the equatiors in secrion ©.2, The _utai wolar

) The composition of the Ornstein-Davia systom ip
qivon in Blavkshoar (1984, The rumpan;tznu of the Tamusa.
Ui aystem is qiven iu Tamura and Ui (1972,
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7. Caleulation of o,

The electronsutzality egquation {C-8) shows ¢ . - o,.

8. GCaloulation of pH,

The value of pH, may be calculated from ¢ '* and ¢ using
the Henderson-Hasselbalch equation {0-17).

§. Caloulaticn of f,

The fornula’ for the net mobility of an arbitrary ionic
species 1 is:

Roe (e e (G=28)
[ X3

“iep surh as glycine, equalion

'“*36)!
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Bquation (G=23) may be rearranged into the form of the
quadrat ic sguation Ax’ + bx + ¢ = 0:

F PR ety R NE'T -
Crir, W Ayt L, Jo, v o R
tog, - - . pX. - pK;
[
T Tt $an al .
cpntle, T e et e o e, a0 . fpN R
o
(‘-":;’;-]"r': rat “,.;;;:1: N L I R L PR 1n{pl‘, rky
Therefare:
{“,:;';1""( :.-u.‘ ; “..':;‘;;t.' - ‘,'--ru‘”,’ ¢ {; - lﬂg’\l, J"i’,,l,r‘; .
r—

{C=33)

The value of ¢ (s therofore found by the formula:

1 1 LTy} LA ¥4 LI LU TF LY o ¥
A : {(-",."_v-’ LA A y F I | y{(",'.' ¥ o4t * ) 4&-‘,.,-,'"'»‘; + (: - 1n # LD
<, o R P R TR T e 23 ket T ..-o-«l‘ T s ;l mw:-:-; e e
St LR Y )
o
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L T
PH, = LK, + ]_ogwM {C-L8)
Chen

Combining equaticns (C-17) and (C-18) gives:

toral
[ - ¢ <
LK S X » pK, + 109:-;-"‘"‘?:}";"‘;"""‘“""
i it L.

(C-19)

Rearranging equatibn {C-19) results in:

tatal
Crin " Cpn o
1agi°m - 109]“‘1’:’7‘;]—-‘-—“ 'pr - pk’f
i btn o, -

{C-20)

It can be geex from the elsctroneutrality squation (C-6)
that c,.,, = ¢,. Thersfors egquation (C«20) becomes:

Lotxl
Cpiry - < )
log,, f - 10g, e PR, - PRy
: ) -,

(C-21)
Equation (C~21) way be simplified' to:

1.'.-:'.1! R ,:-".‘f I :
(it <) (.L _ &} » pK, ~ px, (CQ=22)

log,,
o

! Since log (M/N) « logM - logN for M . 0, M .04,
A > Dn
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trral ratal o

tutal | Chir My
Crery ™ Chiag ey b

oty

266

el Cpypy M

oy

total] eatal torad, O Al toral, Crilhy.
Lo - o) Lk - Py 3
BT il ' (‘.‘,\m. f',mi

, ; ok bii Y m

) Cﬁf'{j‘l - ﬂ;&f;ﬂ - a:. ad | AN CINM, b

¥ m,

Therefiore:
3 total

tata . torad , My,
Chim ™ Chegy Had, Tk .

4

m,
(."Jh!hll ' ?n-]...

(C-16)
i

6. Calenlation of ¢,

The Henderson-Hamselhaleh equation (0-10) relates pH, to

P, o and o™

- !
PH, » pK, lﬂglu r‘:m“ iy

Likewinae the Henderson-Hasselbalch
relates pH, to pK,, o ;. and ¢

equation

{c-17)

{€-11)
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ey ! o Seme o mpE i)

cjotal o omy ¢l e myiy)

e ™ om mya, v my

C,Ir.ar.al my Mz, v Mp 2y

Thersfore:

u'.
pirel o piotal n, m&; 2,
my Mz, v+ M,

(C~14)

Since z; and z,, the chargea of CL° and glycine”
reppac.ively, are -1, and z,, tne charge of Trie® is +1,
equacion (C-14) can be further gimplified to:

1) it m -
‘A_‘:.ul - o} el | _%-...L..ﬂl (¢=18)
n, m - m

5, Calculsbion of gl

The bufifering counterion mase balance equation
(equation (C-2)) ig used to cvalculate the value of o'y

from oL 17, ot and e!f'*', The alectroneurrality ecquations
(G-5) and (G-€) van be used to simplify equation (C-2):
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titttd -
Chips Cotby =3y 108 P

Cp it

treal
Cuiry -1 =1 / mo!p&}, - pH)

Crans

Ertkal
.EEE— =1 + {1 / 10'1’3'3\ "I‘HJ.’}
Chig

Therefore:

CEoitl w ey, ¢ (g /0P 2 {C~13)

4, Caloulation oi sfored

One can ure the Kohlrausch regulating function
{equation {C-1)) to calculate ' from c}'*. The
electronentralicy equations (C¢-5) and (C-6) can ba umed
to simplify equation (C~1):

Fal
o jornl o Gyl © My Cpopy My 2y

fotal Sy O My O iy,
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Foat gl
(f";l o l"!)

e WA U

1

- pEy

Loetal
[ ‘ .
! -1 +1/10 ipH, - pd

'y

n;'nral

a1+ (17 ln‘f‘ﬂ:. 'rﬁ'ﬂ)

&y

Tharefore:

L,fram

{C-12}

-

1}

" _{’: {1 / 10“’-"’r. '{'xﬂ}

2. Caloulation of o,

It can be seen from the electroneutrality sguation (CG=5)
that ¢, = ¢;.

3, Caloulation of offis?

The equilibrium equation (C€-9) may be sewritten in
a form which allows for the calculation of ! [rom ¢,
and pH,:

Tl . ToL Pl A
Che Coniey™ o gt rbet o



