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Abstract
The ('1('('(11(' fi.o ld Htn'nqlh and pH gradients

~jen01"lt f'd in iHDtdC;10ph01'pt i c systems may be iaed for the
Sepal',lt ion of biornoh·cu1 e a , Poly (2 acrylamido 2 -methyl-l-
p ropaneau l f oni C aci ti) pol ymel:s of cl uni form d.i at r abut Lon

of molecular n~ss were synthesized and used as spacers in
isotachophoresis in order to qeneri1t.e 1inear electric

field strength gradients 1n which biomolecules could be
focused. These novel spacers are designed to operate
within sieving media, and hence are useful for the

separation of nucleic acids.

A novel weakly basic aClylamido buffer, N-[bis(2-

hydro:x.yethyl) arni nome t hy l lacrylamide (pK, = 5.6), sui table
for the pr epa re t ion of immobilized pH gr::l.dients, was

synthesized by ~eans of the Mannich reaction of
acrylamide, formaldehyde and diethanolamine. It exerts a
buffering effect in the considerablf pH gap between the
pK. 4.6 and 6.2 Immobilines' I and was shown t o make
possible thG use ot ultranarrow .immobilized pH gradients
centred around pH 5.6. However, th t s acrylamido buffer is
expected to undergo sl ow hydrolysis in aqueous scl.ut Lcn ,
limiting its uae f uLneas , Hence more stable alternatives
were investigated.

A range of

buffering in the
(~ arni nomet.hy l e t ed

neutral and baslc
acrylic acids,

pH ranges, we re
synthesized fly the Mannich reaction of malonic acid,
formald(:'Llyde and a BE'('ond,uy am.inc, These compounds are
much mon_" stabl,,' th.m 111(' cc-r re spoudf.nq ac ry.l ami de
de r ivat ive a . A pH 7.3 '7. t) [PG prepa red using Cl'- (N-

mOlpllolillomethyl),lcryli(' il('id (pIt, 'l.G) as tile
immobil.it::c:d buf[('l WdH ,lble to 1'E?so]v" myoglobin
r~U!lt'lH\illallt~3 di f ff'r.lnq by ,hI 1 it l le .IS O. OOt, pH uni t ,

j j i
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II wi 11 appe a l' •
urstem if; the sank' (.In all Ht~cti()lH; of t.he conduct i.nq
mat.e r ia l i11'e el ect r i ca l Ly ill sPljfHn, then t he field
at renqt h E muut r ise dup to Ohm'sLaw " 1 0: Ell. This
causes an increase ill the net velocity of the i: ions,
acce l e ret Iuq them until t hey cat ch up with the Lons ,
The concent rat 10118 of i and k' in \ J~ termi nat ing
electrolyte will ad [u.st to the concentrations of f add
J.:+ in the leading electrolyte, in such a way that they
will create a voltage grc1dient large enough to give the
terminating acne the same speed as the leading zone.

Thus the concentrations of the rand k+ ions in the
t e rminat Lnq elF'(~trolyt~ (and hence the pH of: the t.errni n-
ating electrolyte) are l'e!'gul.Hed by the ionic composition
at the leadinq e l act ro l yte . A stable moving boundary 1::

formed between the i and i cones , with ("1. atepwiat'
iucreeae in Fleld at reuoru dud a arepws a« aecreeoe ill
concenr rar ro i "Joing from the .1 ions to the i ions. A
attepwiae incl'eaae ill pH also OCCUl'R at the boundary of
t he and i: i01W. This i s dUE' to the fact that t.ne
1")ld:::atioll of thp common ba s i r: butt.el'ing couut e rIon k'
must dec reaae uo as to maim a ir: f'll~ct roneut tal i t y in view
of t.ne Lowe r concent r'at ion of the i ious , This process
if> pcrtrayed d iaqrammar ica l l y ill FiqUl'~:>fl :! and 3.

If <'t :!OlW uf <1 thin! i.on , r1, of an ionic mob i lity
Lnt e rmed i.at e to t hono of Ilw i and i ions , is introduced
betwef~ll t11P j and j cone.n , t 1\("'11 t h» d ionn will act c"U1

"te rmi nat inq i011::" with ll>Bpt'(~t r u tll ... j l onn , .uid <"IS

"le.ading Lonu" with l'0t1Pf·~'t to Ill!'.i iOlH1, ,w shown ill

FLqu r""B 4 .nid f).
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1.2 STEADY STATE MOVING BOUNDARIES

1.2.1 Historical background

The eLect ropho ret ic phenomenon, employed by Ornstein
and Davis in 191j·l for pr'e r.ocus inq of protein samples ill

discontinuous electrophm"c,o>sir; (the s t acki nq effect), was
diEicovered as Harly as 1897 by Kohlrausch, a Ge1"man
physical chemist. Kohlrausch observed that, on ndgration
in an applied I~lectric field, the boundary bet ....."~en a
solution of ionu of fHlbHt;mcl" of hiCjh mobility, and a

solution of iOllS of substance i of low mobility and the
same sign af charqe , would be nharp ly maa.nt a.i ned .
Kohlrausch de r ived a "l-egulatinq function" defining the
conditione requirr,'d few the fOl:matioli and maintenance of
steady state moving bOlllldarlea.

formation of steady moving

lm;lgine .'t avst em componed of two <'\dj f'lct"t:t
t~ler:tl'olyten x', tlnadillq plf'c~tr(llyte) and ).:., t r e rmi n
at inq plf!ctt'olyte) whex'p rhe Lon ic mobili~y of t he j

ions i f,1 hi gher than t hl'lt or t hI"! ilona, and k' iEl the
common haa ic butb'IIUCJ counr eri on . 01lC(~ ,1 potent ia I
ditfel'ellC(" ifl appllPd rh» i jnm: of 111'111mobility ,tlld i

ions of low mobility w il l s tart micr;r'H inq in the s came

Tl!~· tlllHll'l of HI "ddy '~t.tll· mov in.] boundar it'll w.1t!
rna in , Y df'Vp 1ops-d b)t LOll<P1Wtll t )l (LOll\Jllwo It 11 1q I) q d,
Hjplmplltllcl min Chnlml)twh, l'l!C\. A d.,taih·d th.'olt'l ir'a l
detn'! ipt ion nf till' «quut iOll:: dt'H"l iliinq l hL' lon ir
{~Dmpm:it iun of ::tl<ildy ::I,ltl' mov in« bO\ll1Cl,\l'if'll in qiw1ll in
l\PIlPwi Ix B.



111 t l'ndtwt i l )11

A ma j o i ,l(iv.uH't, ill ::nllp Hlt"('tl'UIJllol'f"niu WdS the
Int roduc ti on of: st.nrll qe.! as an e l ecrrophore t ic medium
(snut h tes , 1 ()r,f.,) n~!lu1tillCj ill a spect.acu.Lar' gain in
l'esolutic1ll ::0 25 ae rum c'ompOlleIlUl could be r'e so l ved as
OPPoHed to 6 - '7 by prev i.oun methods, Obviously a new
pr f nc Lpl e was at work , and SmHhif?!B himself rea l ised that
it was molecular s iev inq , a principle that gained immense
importance t hrouqh the int roduct Lon of synt her Lc poly-
ac ry Lamdde gels by Raymond and Weintraub in 1959.
Polyacrylamide gel is formed by the free rad.ical ~induced
polymeri~aticm of acrylamide with the cross-linking agent
met11ylel1e·N(N'-bisacrylam~ de. The pore size in polyacryl-
amide gels is dependent on the concentration ot aeryl,
amide us~d, fC'Jr F)Xample, a 2,S'J gel IS eves molecules of
a molecular mass ot 10 to 10· daltons, a 7' gel sieves
molecules of d mot ecut ar mass of 10' to 10 dal t ons , and
a 30' gl?l sieves mo l ecu l ea of a molecular mass of 2 x 10'

to 2 x 10' daltons.

The c.lreatEH.lt fact (13;' 1imit ing resolut ion in
polyacrylamide gel electrophoresis is diffusion. which
causes protein bands to spread wi 1::11 t: i.me d1..u;ingthe
electro~noretic run. Tn limit the loss of resolution, the
protein samples loaded onto the ge~f! had to be small and
highly ccncent rar ed , This pl'oblpm WnS over-come by the
Inr.roducr.Lon af "disc electrophoresis" ill 1964 by
Ornstein and uav in in which d iac.ont Lnui t iaa i1'.1 the gel
buUeru ('(-msed tho:t t nrrnat Lon or st eady at ar e mov inq
boundar ias by which the aamp l e prot e ins became
ccncent rat ed into ~:!xtremely thin Htarting aones . High
n~solut ion Vli'W r.hus ach ieved in very bTL"!:!' runs , with the
i'ldci.ed advaut f[qE~ t IVI!

1oc~dl'(i . TIm t llf~my
ci i lilt... p rot' e il! uamp 1f~~: cou 1d be

bdlillcl t hf~ s t f""'elY tH at t> movi nq
bounda r ieu empl()yf~d. in d incont inuoun tdectlo!,b()'l'et"li~l it'{
f'drlDOl'dtml ill t.he tollnwillq HP{'t inn ,
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QS;yclQJ,)nl~lH ....1,)t. ILkQ~;trvJ,2hc.,U:~JjjJ.l....ill.:L.mL ...~lnalYj;j_G.ftl._t.Q.Q.i-_iu
Qi.QcJl~mi&1Ll,'Y

Elect ropno ret iC ana l.ys is of p rot e Ln mixtures in free
so Lut io.i started with 'I'Lae li ua in 1937. In this
technique, named moving bounaary e l ect.r'cpho re s Ls", the
mixture of proteins was applied in a U~shaped cell filled
with a buffer solutio11, at the end of which electrodes
were immersed. Under the influence of the applied
voltage I the prot eins wcul d migratc;! i;lt different
ve l oc i t Ie s towards the anode or cat.node depend Iuq on
their cha.rqe . ~,l though the individual protein zones could
never be cotllpletely separated from each other I the
boundaz ias formed between the mixed protein zones could
be detected using Schlieren optics, as shown in !-'igure 1.
Using this technique I Tisel1\,8 was able to ~eparate blood
serum into about 5 or 6 f:ra(~tiOl1s, He received the Nobel
prize in Chemistry for this work in 1948.

Durinq tl.e ElSOI S, zone t:lectrophoresis was
introduced ~ so called bacau sa the sample ~rll1st i t uenr a
could be l.~esolved into individual :Ol1eS. Although this
W.,IS t r'ue fo:!:' small mol ecu l.es such as ammo acids I ouLy 61.

minimal increase in the reao.lur Ion of pl~oteins was
obtained over moving boundary elect r'ophor'ea i s . In these
early expe riment s in zone elect ropho resI S I support i.nq
media such as ce l LuLoue paper or cellulose acetate strips
were used. The mw of support-ing medi.a sol ved the problem
of ('ollvpr't i011 current ~1Ci'lU~H"c1 by t emp€'rature f 1uct uat i.ons
which are it prob l om in ~~lp("tnlphol·t d~; nonduc ted in fn.:'~"
solntioll.
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,7' f v

where f is the tr i ct ioua l coefficient'.

The two forces (let ill appositr' directions, and the
Lons reach a temu na I speed, the iir i It apeed, when the
acce l erat i119 force .Y is bal anced by the viscous drag .1' .
The net force is zero when:

(1-4)

The ratio of OIl
be replaced with a
mobilitY'111 (in cm"V

is a constant for any ion, and may
quantity defined as the iOllic

lSi) :

\' " mP

The frictional coef t ic i.ent is a function of the
hydrodynamic si ae of ?\ rnoLecu l e , lllCn~asil1(..J the mo.lecu l ar
size increases the t r ict Loual coe t f ic ient, Shape a l ao
plays a role in lal'gt~ molecu l ea li)<e nucleic acids and
proteins, of whd ch the length to width rat ios call vary
widely. 'rherei:or", th,' iou ic mobi1tty ot a molecu Ie i1', it

t.uncti on of Hi;."!P, ~;llt1pe and dlill'lJ~'.

In tht· (lld"l l i t e-iatu rt- t.lu- i\lll~(, mobility bl
of t.an n'~pl'esel1ted .-1:: ;1 01' u.
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When twn electrodes a d i s t ance L (ill em) apart are
at a potential difference V (in volts) I the iona in the
so l ut 1011 between them expe r ience a uniform electric field
of magnitude (in V'cm '):

FP. ec
t.

(1-1)

In such a t leld all ion of charqe Q experiences a
force .1of magni tude:

.7 " I,)R (1-2)

A cat ion responds by accel et'at ing cowards the
negative electrode (cat.hode ) and all c?mioll responds by
acce lere t ing t owards
However as the 1ml

the positive €::lectrodf? (anode).
moves through the solvent it

expe r iance s a triet ional r'et a rd inq force ,1' that is
p'ropo rr.Lcna I to it's ve l.oc i t y , v (ill cm's'):

.7' '" \!

This relationship may he l',,'wdttE"ll as:

A more ill depth trvatrnent (11 f·lt·C·tl'ophol'eti,· tl1t'!ol'Y
i tl (J iven ill Appe-nd iX A.
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My i 11\Pl'eut was aI GO f~t Irnul at I'~d in t he use ot pH

gl ad i.erit.s fell: the sepaxat ion uf proteins. r soe tect.r Lc
f'ccu s in-j ill immobilized pH gradient s (IEF- IPGl caught my
eye, due to the stability of the pH gradients generated
by this t.er-lin.i.que , aa well RE' rhe prospect of pH gradient
engineering. Since the acrylamido buffers required for
IEF-IPG are quite expensive, an opportunity preaent ed
itself for research into alternative, cheaper acrylic-
based buffers.

Use of electrophores:l.s in bioohemistry:

Electrophoresis is the most powerful and frequently
used anaJytical technique in the study of charged macro-
molecules. It ut ilises differerr.es in chat'ge and
molecular mass for resolut ion of proteins. Techniques
such as denaturing gel e l act r'ophor-e s is, using detergents
such as sodium dodecyl sulfate, and pore gradient gel
eJ ect rophc rea i.s depend solely 011 mcf ecuj.ar mass
differences to effect a sepa~ation. Isoelectric tocusing
ut il izes solely differences in e l act ric charge, namely,
differences in pI. Of the two approaches, isoelectric
focusing has genbrally the greater resolving power for
the analysis of proteins.

Some n~vi~w~l of t lw chc'vt>lopment 01 elect 1'0
phoreui s as an ana l.yt ic..l1 t onl 111 biochemi sr.i-y have been
wr i t ten by Ril be (1qH·~) and Vr·ntel'benr (1989, 1993),
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Chapter 1 - Introduction

1.1 GENERAL BACKGROUND

1.1.1 Aim of project

The project as odgillally int~nded was to evaluate
the resolving power of polyacrylamide gel electrophoresis
(PAGE) in ncn-denar.ur Lnq buffet's for t.he ana.lyc i s or
lactate dehydrogenase (LDH) i socymes :E1omrat and fruit
bat ttssuer. with a view to comparing their patterns and
correlat ing these with metabol ic act ivi ty. The failure of
the r...DH-5 isozyme to enter the gels during discontinuous
electrophoresis provoked my interest ill the phys i.cc-
chemical mechan i sms behind the at ack i.nq process. I 80011

became deeply interested in the concepts involved behind
the electrophoretic focusing of proteins 1n voltage
gradients. Eventually t.he focus of my Ph.D project
reversed - from using electrophoresis to study protein
patterns, I used protein patterns as a means of
evaluat ing the r'eao l villg power of electrophoret tc

ThE~ atack inq of proteins in discontinuous
ell""!ctt'ophC)l·[·H3iHif; caused 1)'1 thc"! genel'at ion of voltage
qradi(~llt'::l acrouu d movinq boundai-y betwAell two ionic
species (l!hlol'idt::, .uid qlycille an ions in the oruat e In
Davi s system). Th i.s t)llYBic()chf'mic<"ll phenomenon is the
underlying principle of ,H't iou of i.aot achophor'e s is (ITPl.
Siu('p 1'1'1) to ddt 1" h c-w 111.1 (H'lli""Vt·~d II wLdf.>npl't'ad \WH ill
biochemistry tu}' 111(-, "llrdynin 01 biomolt-'('ult"n, ill :;pit~·
of it (1 pot enr ia l l y qncd n"[3ul vi nl} PClWt'l', I l'ecoglli fled t IIp
oppo rt nutty tUl' 1" ':. 1 \ ·Ht~iu'cll in i't 1 itt I e known tLe Ld,
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MABH Mdlc·j(, ,wid bPI1ZyLldC'1H' hydrazide

MA1<IH Maleic acid monolrydr-az ide

M.::JT MOl1ochlo:rotri,lzine

NAn ~i-Nicotinamide adenine dinucleot ide

NMR Nuclear magnet ic resonance

PAGE Polyacrylamide gel electrophoresis

PEHA Pentaethylenehexamine'

PIPES l,4-Piperazinebis(2-ethanesulfonic acid)

polyAMPS Poly (2 -acry lami cto-j;-methyl--l-propanesul f cnd c
acid)

PrtME Preparative isoelectric membrane elect ro-
focusing

SDS Sodium dodecyl sulfate

SOS ..PAGE Sodium dodecy l sulfate --polyacrylamide gel
electrophoresis

SPADNS 2-(4 Sulfophenylazo) l,8-dihydroxy-3,6-
napht hal ened i sul fon i.c acid
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1..3 • 2 'l'he perfOrlllance f,)f c~l.l:riar ampholyte spacer!'l

Tilt, n ~wlut i.on of ('ompl,"x prot ~~ill mixtu ren by l1'P
using {~i'\J.Ti("'!l' ampho lyre space rn hiU; of tell been very
unsatisf?lctory. Tllis problem is caused by the fact that
some time is required f or all i sotachophor e t Lc atack to
reach the s teady stilt!'> (see Fiqut'ro 8). In or-de r to
prov ide a sufficient spac inq effect the carder
ampholytes must be used in large excess, and very often
the isotachophoret ic at eady state if1 not reached by the
end of the el ect ropho rat ic run , resulting i!l poor
re so l ut t on of the sample prot e ins in polyacrylnmide gel
ITP (Chrambach er dl., 1972; Griffith e t al., 1973;
Gl'iffith and C'atsimpoolas, 1974; Baumann and Chrambach,
1976). Neve r t hel e s s , excellent resolutions have been
obtained by, fOl: example, Acevedo (lq8~l) who obtained
over 30 bands upon subj act j 11g human serum to 1'P in
aqar'oae gels. (The qood r eso Lut ion may have been due to
the high vo I t i-lgfHl uaed . up to UOo V,)

Another approach has b(~ell the use of t e Lescope
elect rophor-aa Ls (TE..~). In TEP fill elect ric field st r enqt h
gradient if! still qfmerl'"\teci, a l.be i t less steep tl1.,.'\ll in 1'"1

pure ITP svs t em (Sc'lafp); N,I.,d~H."ll and sveudsen,
1980,1981). Howev,,>!, TEl' ;yrltems havE> the import anr
advantaqs in that r.he sr eady at at e (ie. the to rma..Lon of

I
,,.
0'

ach ieved (see~ E<'iqun' lj) I no t 1 .it tid(·t ionat ion of tlie

sample p rot e i.ns in an pIpet r1(' field st ienqt u gl'<'ldient
t.ake s plrH'P from t h- VI'l'}' utiH'\ uf elect ropho res is,
l':)clCiillq to irnp rov- ..ci l'I'p(Jiut ion \!\('I'Vt'Cl(), l'lf{q; HI ill ....Jdl'd

and eh;1 r 1ion=t . t l) () ()) •
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Figura 10 Steaay state
cot1tainil'g tWCl ions, a
have been compleL~ly
visually distinguish~d,

cond.i r ions for n sample:'
and 1)'. Al though their cones
aepar-at ed , they cannot be
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FigurGl 11 'I'll!" t'f1"('1 Ilj t h» .utd i.t it)!l 01.1 t,P,1('I'l iou
a (If inte rmed i.at e iunic' moh i l i t.y Ill.! dlld V.
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tilt' ~;I"pWit;" iIH'J".\Hi' ill f if'le:! Htll'llqtll t rom oiu- zone to
the next . AEl r hiu tllC'lPdtH' ill tiF'ld at re nqth is generaUy
accompan iod by d HI iqht illCl'ecWe ill temperature, thermo,
ooupl e s c,w a I so br> \Ulpd t u ds=t pct t h~' boundari ee :t rom
O1h:"> ;::0111-' t ) t Ill' next.

In o rde r to distinguish pror e i.n zones by
conventional st s ins , it is necessary for t:hl=! protein
aones to be physically separated from each ot he r , This
can be achieved in ITP by using "spacersll, ie. charged
molecules, such as amino acids, having ionic mobilities
intermediate to t.hoae of tlw pr ote ins of interest, as
shown di~lgl:'ammat ically in Figures 1 (J and 11. By using
lal~ge concent rat Lons of spacers ill pr'opcrt.Lon to the
sample pxot e ins , the spacer ;:on~ becomes long enough for
the protain zones to be distinguished.

Highly heterogeneous mixtures of spacels of varying
ionic mobi lity are required for the resolution of complex
mixtures of proteins. The onl y chemicals meet.inq this
requirement nt' present are the ca r r iar' smpho.lytes used
for isoelectric focusing (Svendsen and Rose, 1970; Routs,
19'73 i AcevF:!do, 1989). Tll!" ca r r i e r ampho l yt e spuce r'a
migl.'i'ltt· behind t he 1;><'\di11'1plt""trolytP (eg. ('1 ) ill order
of dec,re?lSing ac id it y I no t har il pH gradient, as well as
an elect ric f r e l d sr nmgtll ql'(,ldient, lS formed wi thin the
isatachopharetic stack.
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I:<'C>1' exumpl e , .l aampl e i.on lagqinq behind its own
zone will enter c1 rAgion of higher e l.ec+r i.c field
str€-ngth which will cause the protein to accelerate back
into its own zone (see equation (1-5)). Conversely, 1f a
samp l e protein diffuses ahead of its own zone , it will
enter a region of lower elect ric field sr renqt.h which
will cause it to slow down and be caught up by its own
:::011e. The pH gradient exist i11g across zone boundaries has
the identical zOl1e'bharpening effect.

Hence, it would bE~ expected that the theoret ieal
superiority of ITl? over' convent ional forms of e lect ro-
phoresis would lead to its widespread use for the
analysis of proteins. However this has not been the case,
for reasons discussed in the following section.

1.3 ISOTACHOPHORESIS1

1,3.1 Tha nead for spacer ions in ITP.

The use of rTP in agarose or polyacrylamide gels for
the analysis of protein samples is complicated by the
fact that the zones eU'S cent iguous, and cannot be
distinguished by convent ional protein stC'l.ins. In
capillary !Tl? (Evel'aertn t't aL, 1973; Evel'aerte and
Verheggeu, 1983), generally used for the analysis of
mixtures of emall charned molecules, this i~ not a
problAm since the boundar-Lea bet','1een the sample aones ran
be detected by mi cro c induct iv.l ty met ers which measure

Gsnerc':ll )_'(",viewfl:Hrlq1\md (1970), 1<al.'ol and I{C\);'ol
(1978). Theoretical i~spp('t"n: MiUtlll and EWHitel'ts (1970);
Everaert sand Rout s ( 1fJ71 ), E'J!>'1.'<HH't II t't ("11. ( 1tJ71) ,
3chafer Nielsen e r cd. (l'HHJI. Pn~pc1l'atiw~ aspect s .
SVendl'l811 and Rmw (l(l'IOl, Holl oway -uid tIi'Htf~l'l:1by tllJ8.1).
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f3ilH'l", ill t lie plectl'opllu}t>\ ir: flP\UP uf F'igul:'E.! 9,

each :301lf' doen not miqlatr:' rHl fant a s Lt.a particular
l ead i.nq zone , the e Lerit de field at renqth err-adient that
deve lops will be shed 1(lW(·~r t hall t hit t wh iell deve lops in
the ITF' synt em of FiqUl'P H. Howove r th iS syst em does have
an advantage in that the ~3teady state is immediately
at t a ined upon commencement of e l ect.rophcr ee i s , ie. the
format Lon of d i sc rete zone s I aIbei t mixed. These zones
will grow at different r'at en during electrophoresis in a
fashioll not unlike the individual tubes in a sliding
telescope that is being eXf:,:'11dedi hence the term
teleacope el ect.ropnoren i c' (TEP) has been co inad by
Schafer-Nielsen and Svendsen (1980,1981) to describe

these modified isotachoplloresis sy~tems.

1.2.4 The theoretical sup~riority of isotacho~
phoratic syst~s over zona alectrophoresis

'L'he gr(~atest
electrophoresis is
the sample zones.

cause of poor reao .ut Lon in zone
the pt'ogressive diffusion w it h time of
In discontinuous elect:rophoresis the

pre·concentri'\tion ot the sample proteins into extremely
thin starting zones diminishes, but does not so l.ve , the
deleterious eUect at tiif fus ion . Howev =1:', ill ITP and
modified l.sotachophoretic tlystems sucl; as Tr~p, the
bounda r ien between aone s do not d it t us» w i t h t .me due to
the pr ...·fH:!llCe of tilt'! eleen'ic tit'·l'; :1,nmqtll "1ild pH
gnlctient s that ~x; En" .l{!t:uf.S ~!Ollt·bounda r i...,s.

The t erm r~'Jt~:I(,Op~' tl1t·,'1tn1J..;lt'lt·~;ic, a l.r.houql:
trIvi a l , hau beell ..idopted by orlie r worken in thE> field of
Hlec:tl:()ph(Jl'''~sh; to detlC'lila;' thin part icu Lar mod if iC'dt Lon of
ITP. HPllCf:' thi~l t »rm will .t l no he uned w It hi.n t lie t ext 01
this t he a.i a Whf-'1'PV"l r h in tt'lclmi'lUt\ 11,u: br·ell t>mplnyt'd.
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Fiqun' q nllllWn d UI-'t up n itn iLu' I (I l11r. {llle descr ibed
to r the l'l'P ~;yst('tn in Fiqul'P 8, pxo'pt that ill this case
the aampl e Lona d and LJ have been added to the leading
electrolytf~ bafo rr.. t he onuet of electt'ophoreElls. Thus the
leadinq electrolyte is, in effect, composed of a mixed
U + d,' + Ln zone , of ,'1. net ionic mobil ity equalling the
average of the ionic mobilities of the constituent ions.

Upon commencement of e l.e-ct rophot-es t s in this system
thp a' and b- ions in the leading electrolyte will, by
virtue of their lower net ionic mobility, be overtaken
the faster leading iOllS j alld thus be left behind the
leading electrol yt e bOUlld2U;·Y.III doing so, they form a
permanent mixed (a' + /;)') zone , of. a net ionic mobility
equal to the average of the ionic mobi1i ties of the
constituent a and b Lone .

During the course of elect rophoxee i s , more s and b'

ions join the mixed (d and L1') ccne , wlwre tbey ech ieve
a steady state nat mobil i ty aimi Lar r o t: J~:~ "''' he r ,,{ and
b' ions ill this zone. Thus, in this ayat sm, thf~ migration
velocity at: thF! (rf and b) zone must be Lowe r than that
of the leading el act rolyt e boundary , since otherwise they
will accumulate to infinite concenr rat i.on just behind the
boundary. LiJ<ewi se the velocity of the b- zone must be
lower than that of the (n and b) cone , i,e , we have i

"

III the ITt' . rtup ahown in Picrur~· 8, the veloci t ll-:>tl
of the judi vi dual ::cmml an' t~qudl:

(1-8)
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FiguX'1l 9 A modification of iootacllophoresis in which
the leading ion r is cout aminat ed with two aampl e ions
ct' and b, where a' has a higher ionic mobil i ty than b.
Hence the leadinq electrolyte is coripoaed of t he mi.xed
zone (1' + .;'I' 'I' b'l, of a net ion ic mobility equalling
the average of the ionic mobilities of the constit~ent
ions. As the leading Lou j" migrat.es in the app l ied
electric field, it leaves behind the slower moving a
and b' ions I resul t ing in the f ormat ian of a permanent
mixed zone (d + b I, wIlen' the net ionic mobil itv of
the cone equals the <werage of the Ion i c mobilities of
the constituent a and 1) ions. In <"I similar fashioll the
(\1" ian l eav=s behind the slower movinq b Ion, result ing
in the formation of a pure aone of 1,' I ons . These conen
grow ill r1 t e l eacop ic t aah ion dtrr inq the C'o\ll:'fh' of
eleGt'l'upilc)l;'esis helle.., t h i s rnod i f ica t ion of
isotachnphareuis has bf:"~ell named t el encop» t"leC'tl(J
pllol'eaia hy Sch?fer Ni.el aen and svendsen (1980,1981).
Although the elect! ic' f ie l d ~Hrellgth gradient is
nha Ll owe r ill telt>ncupt! ..'l~'\C't.rophQt'esis than ill
iaor achophor.rs is , it hiu: th.· ddvr'Ullclt:P' that I'lll''' st.eady
,;tate b) imm,"'didtflll' -u t a iru-d , if'. 1111" t ormarion of
eli fWl'I"t F! ~Dlll!l:.

16
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I!:ll1ctrk
,flt?1tl
m\1l1gl11

(J"CllI )

i a ... b ,i
ElolCrl'opllOll1tic miUI'llliOIl

Eltlctri<:
jf!1/d
<;tmllgth
(r,t-1ft )

ZVlld

Transient st'ate

.ii

EI;r~tH~
jft,Jd
S/I'I!Il,l{lh

il"C"" }

Steady state

Figure a 1sot' achophor'e s is at two samph. ions r;'l an'i Li ,
where ",I' has a 11ig11t31'ionic mobility t han b. As the
leading ion j' migrates in the applied electric field,
a Btepwise electric field gra~ient develops across the
boundaries of adj acent zones 80 that all the zones
migrate at an equal velocity. The (d + b') mixed zone
gradually becomes separated into two distinct :one8.
Howeve:I:', whi.l e it exists, the (d + b') mixed zone
behaves as a unique cone , tJf a n(~t Lm ic mobility
equa l I ins the ave raqe of the ionic mobi li tie. of the
conat Lt.uerrt a and LJ' ions.
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1.::L3 The forn\ation of multiple steady state moving
boundaz i.es

The same pri nc i.p l e works t o r mul t iple sample Lon
systems as fat' single aampl e Ion systems - the ions form
discrete zones ill o rde r of: their Lon i c mobilities, with
stepwise gradients of: increasing pH and el~ctric field
strength, and decl'E>"'sing ccncent ration, from the 1€lading
to the t e.rmi.nat iuq Lons . lYJultiple ion dis' l1':inuous
elect rophoretic uyat ems al'e g811erally refer ed to as
Lsot achopnores Ls' (ITP) or dLrpl acement electrophoresis.
Hence, in isotachophoretic at eady state systems, the
ionic composition of the J eading zone detel'mines the
ionic compositions of all tile following :::011es, according
to the principles 01 the Kohlrausch regulating function.

However, a certain amount; of time is required for an
isotachophoretic system to reach the steady state,
particularly if the samp l.e ions diff~l.· only slightly ill
their ionic mobilities, Figure 8 shows the gradual
format ion of steady state moving boundaries du r i.nq the
Lsot achopho re.t! c aepa rat Lon of two aamp l e ions '''1' and b ,
where at" has a highr'r ionic mobility than U. The mixed
:::011e of a< and b gl'C\dual1y becomes separ'at ed into two
distinct zones. Howeve r , while it ex i at s , the (,i + b)

mixed zoue blClhav(ClG en; r1 uu ique Z011(" , of a net Lonic
mobility equalling the aVB:r('lqe of: the ionic mobilities of
the constituent ~1 and h ions, If the l ead i.nq electrolyte
were cont ami.natad with r( dud b I oua , t hen the (,-( I- l:J)

mixed :!011(,' would eX! nt pf"rmiU1f:'llt 1~..as pOl't rayed ill Fiqul't-'
g,

From rli- Ol'f"-.}': l\\!'illlillq "11<11\\1'UpHt'd", llinct· .il.I
the ;wner; miqnltt' ill <ttl t<·qued vplucity.
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Figure 6 The start ing ccnd i t.i ons : C'l. dilute zone of
sample ien a" has been introduced betweel1 the leading
and terminating Lons , rand r, respectivElly.

Illj < lllll < lllj

j

Figure 7 Sdmp 1. (. nt ,tel\. inq f:'~t t I}('t: t ll~' ['(>llCt'lll 1\11 i011
of the sample iOll, .i • hap bl::'E"n n~quldtt~ct ,:w['ol'tiill(T to
the cmH~t>lltt'iH ion nj tlu- In.tdinq iOll i .

.1 ~
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'l'hi- pn'(~('dil1q p i iI1Ciplf!(: an' px:pl'emH)d by the
Kollll'clUtH~ll l'pquldt inq f uncr .i on

lr_1~• ~1L._3:!
ta , 1l1~ m

where C is the molar concentration, 11/ is the ionic
mobility, and J is the leading ion, i is the terminatill:;
ion, and k is the common buffering eount.er icn. C is
regulated by c, with the ratio of concentrations
directly proportional to the ratio of the ionic
mobilities of j and i.

Figure 5 shows that the concentration of the sample
ions is automatically regulated by the Kohlrausch
regulating function to that of the leading ions,
irrespecth a of the origillal concencxat Lon of the sample
ions. Thus, if the concentration of the leading ions is
relat ively high compared r o the o:t'igJ..llalconcent rat Lon of
sample ions, a ):'emal'kableccncent cation effect will
resul t , as port rayed diagl'ammat ::'callyin Figures 6 and 7.
This is the pri.ncIpl.eof the stacking ",Uect in diacont ...
inuous electroph01~F!RiG (oruat.e in , 1964). ThE:~concent.ra
t Lon of the sample p ror eLns into very thin st ar t ing zones
increases the re1301 vine; powei of this t echnd que over that
of cOllventicnlal zone electrophoresis.

Derivpd rHl f'qlkttioll (C"lS) i.n Apr)~"lldj,~ ('.
Appendix C' deve Lops t lw rundameut a I L"ttw; i cns 0[' i,t",l(iy
state"! moving bounda r i.e s , .utd app: it':; i ll"m to Ill"
ca lcuLertion ot the ionic pi'll'am~'tf~n;01 [IH dint'D!!! inuouu
e l ect.r-ophor-ea i s aysr.emu of (Jl'mHf~ill and n'I"iu \1:.11,.1), dlld
Tamura and Ui (1l1'72).
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m,<lll<m .
• r<o 1 a J

Concentration
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11
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ElucttupllM't1tic migmtiolt .- ...

Figure 4 The starting conditions: a zone of
intermediate ion a" has been introduced betwean the
leading and terminating ions, j" and j", respectively.

m. -< III < m.
i n J

'------>----------------
Figure 5 Steady at.at.e : the coucent L'iH Ions of d and
t.ha terrnt.nct.Lnq ion >i h;:WE' been n~qult'1ted acco rd inq
to the concent rat.Lon of tht:. l!:'adi.llq ion f.
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.Ii., I,)Hl; )o~I,()ll, 1'11\'\; i<ltlldq.ldld, 1')1"1), ,lltd .i lt.houqh
it if~ H!OW ('w'llqll til .r l l cw Holt int.H'toty focusing,
dl'compoH i t j on \ 1 t N (d id I k Y I dm inome.t hy 1 ) aery 1arnide
~101\ltiollf~ du ri nc, :1(OI,1'F' lujr.':l thew out .IS va li d
add i t Ions tot 11(' 1mmobiI 1W.' r.rnqc .

It j, unlikely that ac ry l amide or its derivatives
will ':ose their plr:1ce as t be monomers of choice fur the
preparati.on of gel rtt~di~l for e Lect r-ophor-es ia , due 1:0

their hyd rcph t I Lci t y and ease of pol ymer iaat i.on , The maLn
pronLem of acry l amtdes has always been the i r sensitivity
towards alkaline hydro l yeU (r.loAt e l.ect rcpbo re t ie
separations take place at a pH of 2.5 or ~bove), so that
polyacrylamide gel matrices cannot be reused. Reusable
pc l yac ry l amide matrices would be highly desirable for
t echni quea such DNA sequencing and PrlME.

Recently, a hydrophilic ac rv l amide derivative, N·

ac iy Ioy l arninop ropeno l (AAP) , whi'~'h is ext rerno l y resistant
to rl1kaline hydrolysis, has been synthesized (Sjmo'

Al f cnao e t e l , I 19%d, h). Tht· sr ruct ure of MP is shown
below: :

en ell CONtI I'll, ell, en ell

'I'll" dl'·tnl:lIt,' l'·ll: ..j II,,' 111'11i It·:'':I!.O!<'t· pj N
,t\'lyluyJ'I'1I111f)lH"I'<IW,j 1 .i l k.r Li ui : h\'dI1dY:li:l 1:1 di:I\'ll:HH,d
ill APf"'ll'iix lr, :,,"'t; 'II 1',-1,
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in pK va luou m.lY l x- !·x.l 1"l~)()I,\tC'd to pp·dir'l t hr' pK values
flx.pC'C'tpd in tl!onp llypotlwt i c.i l b.Hlic Immob ill ne buffers
in which tllp .uui n« 'tl(1upn ale flPpar,tted from the amide
qnmps by 01, \, ullP ('.\11n11 ,tt 011\. 'l'he. N· (rnorpho l i.no-
rnet.hy l l ac r-yl amt do -ornpound ahou l d dc\:twlly prove quite

uae t u.l, HllK'(, iu; PXpf.·ctNi pK WlLtW, 1:).4, t i l.Ls in the
cons i de rab l e lJdp betwE'en the pK 4.6 and 6.2 Lmmob Ll i neu".

It BO happens that t.he ae N· aminomethylated
acrylamldo buffers are e<"lcilysynthesized in a one-pot
Mannich type reaction involving ac ry lami de , fo.rmaldehyde
and a secondary aminc (SebiIle, 1~}69; Bartoli e t ai.,
BUS) :

lI.oeylllm:l.cl. £orm&ldRyd. ..oonda.ry•min.

• CU, ..eM C'I)NH CH, NR'R

N-(d:l.alkylll.l1\:!.nom.thyl)-llorylll.l1\:l.d•

Cli, .eli CONH .. eli O

N-Am:)'Ilometl1ylated PQ1Y<lcrY..Lamide9 huve been in
producticn for some time by chemical companies such as
American CYil.ni\mid, Dow Chemica I Company and Hoechat ,
Their major uses are ~9 polyplectrolyte flocculants in
waste-water tre~tment, and as binders to increase paper
sr.r-enqt h (Scllil1et' .rnd StWtl, 19S6; Ti.~\11";ntilu et lItl.,
1988). Unfort un.ue lv , t.he .un inorne thy l at ion rvacr ion 18

r'eve r s tb l e (8tmdJ,\<1rd and ,]oll,uHHm, 1980, 1981; Loudon e t

, A M,UllliC'h j(',wtiotl Illvu!\f's t.Iie conderiaati on of ,'\
mo l e cu l e with ,til ,\C'ldi(' llydtoqPll with.\ll a lde-hyde (usua.l ly
forrniddf!h),d(') ,\lid d ~H·(·owi.uy .ua in«, 1('f1Ult inq in .Ill amino,
mc·thyl.ttf;·d end product. !-">ll1Hlddlyd(, l.\pidly c'(mdt'n~H"f,t with
f.~f~Nmd,:\ly dm',Jl('H t n tOI III lilly I" 1,.'\ 1\'1' ityciloxynl(.tllyl
d11l1WHl (Ol i rm u r um I"W' 1: ,\"id ,',tt .tly~~f·d tf',lct lOWl); it h4
thlc'Ht' ~tJt'('l!'lI Whl'~1! "'.1<'1 Wi! h t 1:. N .«'ldi,· '·,.IT1IpoulldH. TIl€'
mN~hanlfHll cd !I\I , ,t'V('I:lI' 11',\,'1 lUll ill '·XI'!.lllIed III Sect Inn

~.4,1 lit thc- H!'fllt!l:! .ui.! lli:h'II:~:Il<'ll, 1\!'Vl!'W~1 "t till' M,llUll('h
1(',1('! ion : 'I'ldlll(llll ill! !'}H\ ,ud 'l'l,ltll('llt 1111 .ui.t fllH',,\(\! in i
(1'):;0).
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o i t 11(':;(' (' 11'('\ ','ll w: j hd r dW i llq '11 ( 11lpH. 'I'll in phenomenon can

be I'IP('ll i 11 T, III 1(' .::

32

~A~l!l!l2 # mffsct of electronic and ,lIIteriC factors on th61 pK
va uss of the Immobilins range of acryl~ido buffer.

pK Struotur.

/---\
ca ,,<'H CONi! ell N\ 0

',,_

i+:'.
N 0
\, I

3 7.0

CH .e)1 ('ONH [CrU

7.'17 CH ",('H Cot:H eH N (C)1,)

8.::' Cft • Cl{ CONH (C'H. I. N «'H , I
N 1.; ,f'lm",tllyl<\mino)t., hi" t.",! j'j,lnll,It"

1~--------~~----..----.......--------....------..--..,----~HYl?othet 1{'",l lmmobil illt" .\(,1 ,,'l.,m;,<,{o buUtot',

9.3 ('Ii •C'll ('ONti rell 1 IH C!U

If th(, number (Jf Cilrbol1 <,tomtl flep..u'(\tinct the arnine
q roupa from 111(' am i d .. {,HOIlP~cl l.t dP('lf;,'iHlt~d t rom three to

two, • ,et'(' rr-au l t.a ,\ dt·(·lPd~lf.' cd O.!~ UInta of t.he r ". ()f
t he bas iC' 1mmobIIi w" I till!' t () the r- l (.'ct ron wit hdrawi119
p rope r t i e a of t he .mu d.. ql"llp. It m.lY brA ,tlHCl noti ced

that t.n« pK <)t t hi' mo rpho l ino d"1 iv.u lVp~l <Ill' qr(".'\t 1'/
1oWf·!t,d ('I )mpt It'd t <) 1 hI' d lim'! hy 1.m. llll' dt'l I Vd t 1Vt'H due I,;

I:ttl'tl(~ If·,UI(.'11II, IIlll,'j', 1"111'1 III '. 1111<1 tttnh'tlll'(', til"

PH't'lfl,\t"d tl'llll ,,1 Ill" 1111 I '''lI'll ,\1,'111 1:111\<'11 ,·()I1:lidt·l.lbly

Ht 1.1l11Pd ,11)<1 ! 11l'1"! 'f" 1':1:1 ",I;llly f"IIlIl'd. I'IH·:lt· ~llllft;l



III t. t ndw' t i 011

1.4.2 Can the cOlmnercial lnunobilina chemicals b$
improved up 011 ?

~ H,Qt_ J;;~ ... .t2.ii~,JJ~Ci.llt; J1QL Jily.tU.c,;irmill __u12u.fJ.f;P';:L.l2Y
l.lnl1J.Qb Uim:§

There are gap8 in the pH range that are not
sufficiently butf e red by tlw lmmobi l i.ne range (see Table
11. This can be a proh.l.ern When el eot ),:'Ol:OCUB in9 in nar-row
pH gradients. as the deficiency in buffering power must
be compenaat ed 1"1' by incl'E>asing the concentration of
!mmobilines. The result inc.J increase ill charge densit.~r'
can lead to excena ive swell illg of the 11'(1gel during the
washing and staill111lJ st epa , Other ac rv t amido b\.lffers have
been synthesized which provide buffering power 1:1 the
gaps heweell the pK 6.2 and 7.0 Immabi1ines' (Chia:ri et
al., 1990"" 1991.-1,1..1), and b'?tween the pI< 7.0 and 8,S
ImmobililleE> IChiCl:ri et ,u11., 1990d,bl, However, no

monopr ot L~ Clr!rylamido l::lUUet' has yP.t been synthesized
t hat but f ers ill t 11"" 'lap bet wef~ll t h~ pK 4.6 and b.;;:
Immobi Unes, whi ell is i-\ rat her implll.'tant range fOl'

proteins (Chiarl and Righett 1. 1992).

Deijigil ~L. ds:.r.Y..lsam.ld~;L~i.W l.:l~1t.w lJ..ic.1L.!;lJ.lU.su.:, _.i.ll_JJl.~L~
L.2_.J:...Q.. JL~z. J.:rul5ll:

TIlt> i.>afliC'i t j' of clll .uuin» lI1-null in ciecl'emHKi by the
pr~sencf.' of electnm wit hcilflW 1HlJ qr'oups , sucn ,'LS hydroxyl
md atnide qr'oupa , ill it s v i ciu.l t y . ProtoUc-lticm of the
,Ul'iw' with Ill .. lI'!lult illq q.du of .i po:lit iVf' ('lh'u'Cft~ itl
l!l'lWr' 1Hw.iPt,·d 1ll0l1' dill iru l.t dw· to t h» ,dll·.Hiy ,q Iqht 1'1'
pou i t iv» 1)01(11 i~,\t iou (If t hr- .unino l"nwt·d by t 11(· v ir-Ln it.y
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Four .uid i t ion.i l ,[(·tyl,ll1lJth ,ir·riVativeH must be

ut i Li zr-d 101< I hI' p r o.Iuc-t ion of pH 2.r, 11 IPG qplt. (Ch iari
and Hi'<jlll'tti, 1992): 2 dC'lyldnlido ~~methyl 1 propane-
sulfonic ac i.d, a f~t nmq .ic id r <1crylamidoqlycolic acid, an
acidic buf tel' with a pK of. ]., (id<jIle:. t. i et e l . f 1988c);

N r 3 - (d i et hy l amino lpropy 11 de l'yl arnide J <~ basic buffet' wi th
apKof 10.3 (nelfl et 81.,1987; Sossi et a1., 1994b);
and 3 -acryt arnidcpropyt rt.r imet tryl ) ammonium hydroxide, a
strong base, Although they are not included in the
Immobiline' buffer ranqe , they can be purchased
individually from ot he r chemi.ca I suppliers such as Fluka.

'1'his technology has recently been developed by Prof.
l?it::r-Giorgio Righetti of the University of Milan, in
c~11aboration with eiba-Geigy, to allow the large-scale
purificat.hm of valuable prot e Ins , This tE'chnology, known
as l?l~IME' (Preparative t aoe Lectr Ic Membrane Electro-
f)cusingl, was only made available to the biotechnology
industry in 19$13, and is being marketed by Hoefer, a
Californian company specialising in separation science.
The c:hemistl:y of the !mmobiline' compcunds and of the
physical chemistry of lPG's in general is described in
more det a i 1 in App(·ndix D.

Hf'frQ(W'c':I (Ill I'/1MI-:: }>',t11Pt'j ,.( .s i «, l!)W!;
Inql.lf·tti I'e.. ;fl., l')H'J; W"ll'lI'! ,·t .1/" l'.nn; h'i,tllt·tti t'(
,11., I'.lHHb; W"lliHdl t't ,11.,1')').:; I\lcrll!'ltl I't .11., l:l~):;;
Chi a ri ctt .i l . l')~H(', t iui l r- l » .llld L.\Ildt'lll (l(PH.I,
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s iuve t.h« but f r-ri nq qroupH ,ln' cov.i l entl y bonded to
the dcryLlmiriE' mar rlx ,wd lH'IlC'I' immoh iLi zod , .. t..",

resultillq pllql.\di(·nt in indo t in ite ly stdbl<:, unlike the
gradi(>llts 9f>lK>rdted by (,.HTit'l ampho l yt e-s . The IEF ntep

in 2D electrophores19 is now nearly always performed with
immobil i zed pH c;radient s (1PG' s) due to ita high degree
of reproducibilIty (Rlghettl et ai., 1983; G6rg eC al.,
1988; Rigr.etti, 1~90; SHlhd et .-11., 1992; G6rg, 1993;
Rabi110ud e t e1l., 1$194),

;abl. 11 Immobilin&' rang& of acr?l~ido buffers

Nl!Il'l'IOi

C~i. "en CONII en coon

('H "en CQUH [en 1 COOl{ <\ct'yl<llmh.loP);'oJ;)iQnic: acid
(dll1C'ont inuectl

eH. ~CH CONH [err 1, COOli 4 Acrylamidobutyric acid

6.2 CH ·('li CoNH [eM I

7.0 ell cl'}! corm !C'll 1

S.5 N«('H \en. ('I{ ('ON!! {CH:

('II ,('II ('('Ill! !{'1I 1 N ({'It )



.28

1.4 ISO:mL:mCTRIC i.'O~trSING IN IMMOBILIZED pli GRADIENTS

1.4.1 Background
technology

to immobilized pli gradient

In 1982, a Swedish biochemical company, LKB (now
part of the Pharmacia Biotechnology AS group), introduced
a navel technique hy which proteins could be el ect r'o-
focused in a pH gradient of unpr'ecedent ed stability and
reproducibility (Bjellqvist e t .;-11., 19b2; Righetti er
al., 1988d; Righetti, 1990) 0 Their ing~nious concept
involved the synthesis of acrylamide derivatives which
bear acidic and bas i.c hut f er inq gJ.:'oups of varying 1'1\
values (see Table 1). Copolymeri:!ation of these acryl-
amide derivatives (commercially known as Immobilines')
with acrylamide and methylene-N,N' -bisacrylamide results
in gels suitable for electrophoresis bearing covalently
bonded buftering groups. The ratlos of the acidic and
basic ac ry l ami.do buffe:n:, ca 1cu l at ad using the I-Iendersoll-
I-Iasselbrtlch equat Lon , can 1')E' varied so that the renulr ing
gel (a type of mixed-bed i.on exchanqe r) buffers in any
region of the pH rang~o The concentrations alld ratios of
the aery; :'lnlirl.obuffers can he var ied gl\"l.d1.kllly dowr, the
Lenqt h of t'he gel by us inq a gnldiel11:' "li'tl-::erto pour the
gf,·l, qiviuCJ pH qrad ienr a uui.r ab l e for isoe l ect r Lc
focusing (IEF).

computer prcqt-arnn (',"ut be \tsf"d 1"0 c-i l cut at.e the

acry Lamldo but t e ru n·quil.'pd, <'1.8 well ."Hl their
conconr i'ati ons , to g!mel'dtp any pH qtadiellt in the 1\~m3e
:2 1;~ (lHc:rhf':>tti, ltjl·)O; ('plr'lltdllt) t'l' s i .: lqqli 'ronani and
):(iqhs-t r i , I 'ltJl; ):(i<JIlt.! ! i .uid 'I'onau i , 1'1'J 1). 1-:Vf'11 pH
grt.'tdi'::!!lt H t:o;.;t ~~lldll\q ()V~·I u111y tllW pH un i t ur It,,~;s call bt,

pn~piu'f'r:l, al Luw inq lH:H11ut lUll \It Pl'U\ t;·ilW hav inq "
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It i s t'llVi~.ld(Jf;'(l that !)l'nblemu may IlP expe r ienced

wi t h t.he use of polyAMI'S and l"f!laU~d pol.yan ions as
spacers for the Lsot achophcr'et ic separation of amphol yt.Lc
b i.omot ecu l.e s , due to ionic interactions. Therefore it
seems that po l yan ion ic space rs wi 1.1 be restricted to t.he
separation of negatively charged bi oruoLecu.l e s such as
DNA. F,:>r the separ at Lon of amphol yt ic biomolecules such
as pror.e Ins , the synthesis at monoani.on i c polymeric
spacers would be logical. However, since ITP has never, to
my knowledge, been applied to the separation of nucleic
aci.ds, I restricted myself to the synthesis of polyAMPS
spacers. Apart from its novelty, this work may have
pr'act ical appl icat ions in araas such as DNA sequencing.

1.3.5 F~om isotaohopho~asis to isoalact~io foousing

A1though ITP has been used in the past for the
separation on a charge basia of ampholytic biomolecules
such as prot.ems , d rsoe l ect ric focusing (IEF) is normally
tre method of cho ice , My Lnt e re st in !EF was stimulated
dL.ring the course of my reseal~('h ill rhe field of !TP,
since pH gradient s are generated i11 isotachophol:'et Lc
stacks, especially if c~i'l.rrier f''Upholyres are used as
spacers, My interest was part icula.rl y drawn to t11e
recent 11'" introduced technique of rEF in immobili:::ed pH
gradients (IEF- IPG) , rEF· lOG has many advanr.aqes over the
t r'add r dona l carrier ampholyte generated pH gradients
the pH gradients an" pe rmauent ly stable, and can be
ellgillee:n~d to encompaaa (my pH ianqe 1 ''ltween pH 2, S and
11, However the chemicals J;'equi.n.:!dt cr this t echn Lque are
expens i.ve , and r saw that tlH~n" W,"Hl scope f or the
synt lH?H i Ll of cll!';.tpf~r ,11 t' f'lth'l' iVl-'H .



illdt~pt:'lldent ot pH, rhei i ltd dhll(JF!n must st.ay constant
ave r t he pH 1"111qe ~ to 10, ip. they mus t be S t 1:"011g ac ids
o r baae s , SincE' ionic mobility is a factor of charge and
mol eC\llal' mass, it: t oll.ows r har the ionic mobil lt y of the
space r s must then depend no Ie ly on differences ill
molecular mass.

However, this introduces the possibility that the
ionic mobLli.t.Les 0[: t he spacers may be affected by the
degree of mct ecur ar sieving exerted by the gel media. It.
has been customary ill the past to perform ITl' in n011-

restrict ive gel media wi th separr ..ion mainly on the basis
of net chs rqe . limitinq ITP to the aepar at.i on at non-
denatured proteins. However there seems to be no logical
reason why separation on the basis of molecular sieving
should not be allowed to occur , In faC'!t, for macro"
molecules possesHing a constant eharge/mass ratio but
differing in molecular mass, such as nucleic acids and
SDS-denacuzed polypept ides, molecular sieving is required
for separation.

Hence, it is likely that molecular sieving of the
spacers would be \mavoidflble if ITl? were attempted in
rest r Lct ive geal media. Therefore it seems logical to
desir~ll apacer-s in which ionic mobil Ir.y diffel'ences would
occur all the baa is of molecular sieving itself. The
a impl e at way to do this is to synthesize charged po Iymeza
at: varying lengths, by th!::' cont r'o l l ed polymerization of
.rn acidic vinyl ds- r ivat ive . For r hia pu rpoae net e roqen
eous mixtureD of polyI2-acrylamido-2-methyl l-propane-!-
sulfonic add) (polyAMPH) of various mol ecut ar mass
ranqas have bepll ayntheu.i aed . Tlw lliqller mo.locul a r mass
polyAMPS r.io l er-u l f'El .tn ..' su i t a111E~ I~pa(~en: f 01' ptH'~ o1'lni 11'1
I't'P in Low PtH"·."llt',lqe ,wl'yl<tmic.it· qels,' tne lowel'
moIecu l a: mas s }lulyAMPS t;P'H'f~l'!l bpillq opt inktl 101'

uepdl.tI inn:: ill hi'll! P"l("'nt,tqt' }hllYd(·ryLlmid .. 'loin.
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HOWflVf'l', ca rr i.e r ampholyt Pfl have a nurnber 01 def ic ienc ies
which af t ecr r.he l i: su it.ab i.Li ty as spacers:

(i ) TIleil' iOllie mobility if] pH-dependent. The ionic
mobil i ty of car r ier ampho lyt.e s increases ar. the pH is
ra ised since their nat negative charg_E?increases. This
means that the pH at which rfJ? is conducted cannot be
changed without altering the llet ionic mobilities of the
carrier ampholyte spacers. For example, if the pH of the
isotachophoretic separation is raised, in order to keep
the ionic mobilities of the spacers constant. the use of
more basic carrier ampholytes is necessitated. This makes
ITl? more time consuming, and less reproducible.

(ii) nu:y pO!WeW::; a bu:ftel'ing power of their own.
The formation of a wide pH gradient within an Lsccacbc-
phoretic stack is undesirable since it introduces another
variable: the net charge of the sample proteins is
altered, and hence their ionic mobilitiec.

It seems that: no at tempt has been uade as yet to
synthesize spa~ers for ITJ? that are free of these defic-
iencies. The characteristics of ideal Hpacers for ITl? may
be summarised as follows.

(i) The spacers: mu::;t be composed of. a highly net ero-
qeneouo popular ion of mo l ecul ea of wu:ying ionso mobi l i ty
- ill order to allow t'he resolution ')1: complex samples.

(ii) The apecero muet Dot poaceeo ~ bufiel'ing power
ot: their own in or'der that the pH is strict 1y
determined by the buffering count.ar-i on .

(Hi) Tile JOllie tnobi l i ry of rue apncere muar be
ilJdepelldeJlt of tile pH ' in order that the pH elf the
Laot.achophor'er a c aepar'ar i.on may be n.l tered for the
pu rpcae a of opt irui zat i011 uf t'etWlut ion without necer sI t
ating chanq inq I-he space r :;Pt"Cif~l:;.

'rhe last cond ition iH the hnnh-·:;t to meet strictly.
In o rdo r fell t lu- ion ic mobil it i"f1 of t lH' npi\('(>n~ to bf'
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"cA.scadtC> 8t,H'lduLjli, if'. conv=nti ouaI 1'1'P uui nq it mi.xt.u re

of lOami no acids/:::.-Ji t t e r i.on ic butt I'l'!-l wit 11 pK t , values:
ranqinq from (1.4

COUll t e 1<i 011 • The

I,D 11. ~, with Tl<is as the buffering
pH gradient wi thin the resul t ing

Lsot achophor-et Lc s t ack spanned t.hu rt:mge 5.S to 8.5.
Altllollgh BSA, pnycoaryt.nr i.n , ferritin and haemoglobin
were all separated from each other, the resolution was
generally poor.

Acevedo (1991), using as spacers a mixture of 23
amino acids and zwitterionic buffers with pl{. values
ranging from 6.1 to 10.8, could only obtain about 15
bands fl~om human p l asma samples in polyacrylamide gel
ITJ?, compared with at least. 30 using carrier ampholytes
as spacers (Acevedo, 1989). S iIll: iar experiments pe:l:formed
on a preparati VB scale have shown amino acid spacers to
be useful only for the separation of protein mixtures
into their subgroups (Kopwillem at a1., 1976; Bier er
a1., 1977; Johansson at al., 1987; Acevedo, 1993). Henel
it appears tnar a highly heterogeneous mixture of spacers
of varying don i c mobility is I1f ~sf',ary for the resolution
of complex protein mixture.s.

1.3.4 ~roblems ocourring in the use of carrier
ampholytes as 9pacers for ITP

At the pr esent time car r ie r amphol yt es have been the
only source of heter oqenecus space r s to};' use ill I'rP.

I Tllf:' acidic d.i.asoc LarLon r'onstant pJ\', is used. to
deucri.he the Lon i zat i.on of both acidic and baui,c prot.ol yr l r-
species, tm: reasons exp La.Lued in Sl-;!ct Lon B. t,. 1 of Appendix
B. Fol' pu rpoaen of ~dmpli('it'y tlw tf'l'm pJ{ wi i1 be used from
hencef ort.h within the r ext of t.li is tl1v'Bi~i it being r aken
Io r qrant.ed to at and for r u» pI,:, vu l uo of tht> p roro l yti.r:
UrJf~C -Len I



1.3.3 The attempted use of discrete mixtures of
spacer buffers for the generation of moving
electric fi~ld strength/pH gradients

It 1S ve ry doubtful whether the zOY.ss of individual
carrier amphoLyt e species of closely- spaced pI values are
ever completc::ly reflolved in practice. Thus the electric
field otrength and pH gradients generated by carrier
ampholyte spacers are linear rather than stepwir.e. Hence
it is correct to view Irrp as a technique in which samp.Le
ions are f ocuaed in moviJ1q elect ric f i.al.d strength/pH
gradients' as opposed to ~tatiolla.l:'Y pH gradients as
generated in IEF.

A quest ion that can be asked is whether it. is
possible to generate linear pH/elect:l:'i-:: field '::It:r';:l1':3'th
gradients with a limited number of spacers. Carrier
empho.l yt es are very expensive, and lot would be
advantageous if other potent ial spacers such as amino
acids could be uaed, especially ill preparar ive
apr;lications.

Attempts have been made by Chramb'lch and eoworkE:-!rs
(Nguyen c..t al., 1977, Nguyen and Cl1l'ambarh, 1978) to
generate linear pH/electric tield strengtn gt'adients
within an isotachophoretic stack using what they called

I If a single b1..1f.tering count.e r ion is used, there will
not be a large difference in pH across the isotachophoretic
arack , and the resolut Lon of the prot e i.na , on the bas i s of
the i r net ionic mobilities, will be lcu'gely accomplished by
means of the el aot r i.e field at r'enqr h gn'ldient \Bringal::d And
char Ll onet, 19C10). It a mt xt uie of bl1ffel'ing count.e r iona i s
used so chat; t.he re is all even hur f e r inq power ove r a few pH
units, there will be i1 lmge ditfE!1'ellC'E~ ill pH across the
iaot achopho i-nt ic at ack , and thf' ieuol ut i.on 01: the protei n
wilJ bn larqely accomplished by t hs: pH qr'ad i.ent , 011 (.1ltc:>
baa i s 01 t.ho i r p I va Lm-n (Ac('vl·do l'lH(J,'')ql,Il)(l~),



;,,;0, ,igdn-nll:' ':1('1 fl (Boplu'iw:Wl' Mannlwim Aqal'cme !VIP), and
L5L 8%, 12%, and 15%' polyacrylamide gels, in TEE
buffer (62.5 mlVlTl'is, 52 mM boric ac i.d and 0 ... mM Na;-
EDTA, pH 8.7). The e l.erit rode strip!:3 were composed of
filter paper strips soaked in 16x TEE buffer, and a,plied
to the extremities of the gel, upon which were laid the
platinum electrodes. The polyAMPS samples were composed
of 30 n~ solutions of polyAMPS polymers in TBE buffer,
containing bromophenol blue and .xylene cyano l FF as
migration markers. EJ.ectrophc,resis was conducted at 200
V at room temperature, and terminated when the
br'omophenc), blue was 1 cm away from ':he filter pape r
electrode stlip. The pol.yAMPS polymers were stained by
immersing the gels in a 0.5\ SOl ..it ion of mechy l ene blue,
a cationic dye which has proved suitable for the staining
of other p!?lyanions in the past such af3 RNA (Peacock and
Dingman, 1967).

The lengths .of the pAMPSpolymers could be expressed
in terms of the number of base pairs of those DNA
molecules of equal ionic mobility i the standard size
ranges of DNAseparated by the above gels obtained fron'
the 1996 F~C EioJ..lroduct8 Catalogue. It was noted that in
all the gels, the polyAMPS fractions exhibited st1'eaking
patterns; moreover precipitation of polyAMPS polymers
cccuz red in the polyacrylamide gel S near the sample
wells, This was taken be caused by entanglement of the
longer polyAMPS po l.ymer'a wi tIl the gel :f.: i1n'e8.

ThE' ~ S% po l yaClylamidf' '1Pl conr a iued 4\
met.hv l Fmr. N,N' l:df~a('lylitmldu Cl'()Sfllln],I'::'l', and the 8%T to
1 t,\T l)uj }',H 'lyJ.ami.dt:· cw I:; ('uIlt ,i ined ;.;. t,'l. c roas l Lnke r ,



Tl1l~ pol ymer Lzat Lon mixtur'eu W(~l'r:~ composed of 5 ml
aliquots ill glass test tubes of 3.0 M (62.1%) AMPS, 300

mM (1%) hydrogen peroxide, 10 J,.tM (0.0003%) FeSOI and 10

mM(0.2%) ascorbic acid, containing increasing concentr-
ations of thioglycolic acid from zero mM(control) to 500

mM. Ascorbic acid was added last to start the re3.ction.
'rhe reaction mixtures were allowed to pc lyme rd ae at room
temperature for 2 hr. (The pof.yrue r Lzat ion reaction was
exothermic and the test-tubes became quite hot to the
touch.) The more fluid polyAMPS solutions were diluted to
1.5 Mwith distilled water and tested for suitability as
spacers for 'rEP.

2.2.2 Characterization of polyAMPS poJ.:ymers

ml ;lratiol1 of. gelfJ

FlatbE;d polyacrylamide gels (0.5-1 mm thic]",) were
prepared by pouring the i:tc:t:ylamic'e so l.ut ions into molding
cassettes, one side of which was a glass plate treated
with a (J. 5% solution of 3· (tl'imethoxysilyl) propyl
meuhacrvt at e in acetone, and the other side a glass plate
treated Witd neat ch l or'ct rimethylsilane. The gt:l s were
run in a horizontal format, with samples loaded directly
in shallow wells on the gel surface.

EQtim~~iou Of the I1lQ~ec\,l~';u' 1]';lSijeS QL.li<.Q.1JCAM.fS PQ~~~
l;ty__gll~Q ~ropl)m~l,Li.u

The moLacu.Ler tldsses of the iJo1yAMPSpolymers W~t'e

not d i recr ly measured but illllt t",ld expl't"£1S(->dill te rms or
"DNAbaue pair equiV'alplltu" (bp» va Lues ) , The polyAMPS
po lyme ru WfH'P nubjPcted to ;'tllW Alec\ l'ophol'I"H1i~, ill 1\ And



Matel i.alt: end met.liodc ..14

I-IOOH 2. 110·

2+Fe F 3+e

Dehydroascorbic
actd

..Ascorbic
acld

Figure 12 Mechanism of free radical
production by Fenton's t'eagent.



2.2 I SO'!'ACHOPHORlllS IS

2.2.:1. Synthfilsis of polyAMPS polymers of a 1.miform
distribution of molecular mass

Poly(2-acrylamidc 2-methyl-l-propanesulfonic acid)
(polyAMFS) polymers of a uniform distribution of
molecular mass were aynt hes i zed by the addition of chain
transfer agents such as thioglycolic acid (me rcept oace t Lc
acid) to the pclymerizcltion reaction mixture. PolyAMPS
was chosen instead of polyacrylic acid since pr?lyAMPSis
100% ionized over pH 3 and hence the net ionic mobility
of the polyAMPS molecules is dependent solely upon the
pore size of the polyacrylamide gels, and not upon the
buffer pH. It was noted that polymerization of a t:iO:f;

solution of AMPSresulted' "', the formation of a firm gel.
Hence the decl:.Tase j,n ave raqe chain length of polyAMPS
caused by the additi en of incre<1sing concent r at Lons of
thioglycolic acid could be qualitatively measured by the
decrease in viscosHy of the polyAMPS solution.

fQlYm~riz~tiQn 9' AMPS

A free iad ica I ini t. i.at ion ayst.em was required that
=ou l d operate unde r st ronql y .\,'idic conditions. Hence the
hydr oqen peroxide,FeSOI ascorbic acid ays t : ' known as
F(mton'~l t'eagr>llt (Uri, 19':;2; Hl.td;she,lr, 1984) was chosen
(FiIJUl'L' 12).



COHCE"ntl'i1.t.iOll of p·nitl'opll(m()l with g(:;!l lengt.h by
densitometric rueaaurement at 40r, nm,

2.1.2 ~AGE of LDH isozy.mes using the alkaline
discontinuous buffer system of Tamura and ui

~ositiQn Qf gela

Polyacrylamide gels (O.S mm thick) were prepared
using the discontinuous bufter system of.Tamura and Ui
(1972) :

Stacking gel: 3.75%T,4\C polyacrylamide
60 mM HCl . 66 mM AMPD bufter, pH 7.8

Resolving gel: 7.S\T,4%C polyacrylamide
60 n~ Hel ~ 361 n~ AMPD buffer, pH 9.5

Electrode buffer': 77 n~ glycine . 13 mM Tris, pH 8.8

The same procedures for the preparation of the rat
and fruit bat tissue samples, electrophorEsis, and
specif ic staining of the LDH Lsocymes '"ereperformed as
for the Ornstein-Davis gels (Section 2.1.11.



1 i.aoz yme . Tllt~ homoqeiiat en wen·! t.heu t.i-anst'e r red to
Eppendo rf t ube s , and C'Plltl'lfuqed f or 10 minutes. Th >

supernatanr s (20 ILl) were loaded d irect.Ly into the sample
wel.'~;.Th" "Jels wen" run Itt 1:i00 V ill a cold room (lOCe)

unti' th' xylene cyanol FF band waG 1 em from the end of
thE'gel.

,!:.tRW staining

After the electrophoretic run, the LDH bands were
stainedl using a sligl1t modification of the nd t roblue
tetrazolium method of Romero-Saravia ee al. (1988). The
gels were immersed in a 0.5 M Trls buffer solution, pH
8.5, containing 100 mM L-(+)lactate, 1 mM NAD, 0.1 mM
phenaz Lne methosulfate and 0.1 roM ni troblue tetrazol i.um,
The phenazine methosulfate was added last as it is not
stable in solution. The staining solution was then
Lncubated at 37°C in the dark for 30 mfnut es , followed by
washing in distilled water until the yeJlow background
had disappeared.

PAGE was repeated using the same buffer system and
procedure in linear 4-20% polyacrylamide gradient gels.
The grad'Lent gr-::ls(0.5 mm thick, WE~re pr epar'ed using
convent Lona.I two chambe r gradient malcei-s . The linearity
of the gradient was ver i.f isd by incorpc)rating p-
nLt ropheno l in the 20% ac ry l.amide solution to a final
concentre.t Lon of 0.01%, and r.hen checking the chanqe ill

FUl t he lntt-'n'fH of th~" l"~ac:iel', corupxeheus l ve
comp t Lat.t ona of !;p€'c'ifi(' nta inn ita eucyme s <,11'(' \ji.Vi:">ll ill
Heel) and Gabriel (PJH·1) and (liibl'ipl and Gel'(1ten (llJ(J.n.



2.1 NON-DENATURING D!SCONTINUOUS ELECTROPHORESIS OF LDH
ISOZ¥ME:S

2.1.1. 1?AGE of L:Oli:isozymes using the discontinuous
buffer system of Ornstein and Davis

CompQsition of g§~fJ

Polyacrylamide S'els (0.5 mm thick) were prepared
using the discontinuous buffer system of ornstein and
Pavis (Pavis ,1964; Blackshear, 198·t):

Stacking gel: 3.75%'1',4%Cpolyacrylamide)
60 mM HCl - 62.5 mM Tris buffer, pH 6.8

Resal ting gel: 5%T,4S,C polyacrylamide
60 mM HCl - 375 mM Tris buffer, pH 8.8

Electrode buffer: 192 mMglycine: - 25 mM'l'ris, pH 8.3

The rat and fruit bat tissue samples (100-200 mg)
were homogenized in 4 volumes of stacking gel buffer
containing 20% glycerol, and a Li t t l.e bromophenol blue
and xylene cyanol FF as migration markers. Xylene cyanol
FF was found to migrate slightly fas::er than the ral- LDH·

------------------..----%T :::Total concentration of acrylamide and methylene·
1'1,1'1' -bisacrylamide maaaur ed ill grams pel;' lOa ml
solutioll.

'i.e - PrDportion of c rcas l inke r (methylene -N, N'
b i.sacry l.arni.de ) measu red in qr;.=tmtl cl'mlslillJ\:t~l' per IOU
gl'ams of tot al monomer species.
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Chapter 2 - Materials and methods

Spectra.

Ul.traviolet IVY) :,pectra
All measurements af W abaoz'bance values wece pezf orrned
using a Shimadzu UV-160A sgectrophotometer.

Nuclear rna':rnetic zeacnance (NMR) spectra
'lhe IH NMR and l'e (proton-decoupled) NMRspectra were
obtained at 2 DC, MHz and 50 MHz respectively I using a
Bruker AC200 i.1st:rumer.t. D.C was the so Lvenc tor all
det -rtni.nat Lona , (He:nce sroups such as ~COOI-!'·NH;.and -OH
did not 3ive "HNMRsj.gnals due to rapid exchange of the
pro~ons with deuterium from the solvent.) The residual
HDO signal (6 4.7) was used as the internal standard for
IH spectra, and F30dium 3~ (trimethylsilyl) -l·propane-
fJulfonate was USE'd as the internal standard fo.c 1 'e
spectra.

Elect;ropl10res:i.s

POI,,:d:t' packs

An I.JKB337:1.D power pack was used fo.!:' normal e l ect rc-
phoretic applicationa up to 1200 V. An LKB 22P7
Macl"odri ve rj power pack was used for '~soelectric focusing
in immobiLzed pH 9l:\3.dient.s 1,P tC:J 5000 V.

Electrophoresis units
Disconti'.luOU8 e l.ect rcphcxea ia 'Has pe rforrned in the
vertical format on home-made electrophoreoi8 units.
Isoeh~cl:ric t ocus mq and Laot.acnopho re s Ls WE~n" conduct.ed

in the horizontal [annat on a ~ioRad Model 1405 electro-
pho res.t s col L. "ooli nq WiH1 I·fipcted by oonne c ti nq the
elf:ctrophol'(lni~1 ('pil Ii) ,1 !'('Ll'jcg'!'atc'd wdtC'r har.h .
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pol.ypept ides of .my molecu Lar mass [rom contaminating
ca rr i.er .unpho l yte s v i « ,( kind of at f ini ty chromatography.
I have at tempted the synthesis of carrier ampholytes
bearing hydrazide ql'OUpS, winch can be specifically and
quantitatively removed from focused protbjns by passing
a mixture of the focused protein with the contaminating
can'ier ampholytes through a chromatographic matrix
bearing aldehyde groups. Aldehyde groups can be easily
introduced onto any poLyaacche ride chromatographic mat.rix
by oxidation with periodic acid (Dyer,1956).

Unfortunately this work has been fraught with
technical problems which I was not able to resolve within
the time-fl'ame of the Ph.D. However thaa concept, which
promises to be a concrete advance in IPG technology, is
certainly worthy of further effort.
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from focused proteins. I For t.hi a rr-a aon the FDAhas never
permitted the preparative purification of pharmaceutical
pz-ot.e ins using isoelectric focusing in carrier ampho lyt e-
generated pH gradients.

Unfol'tunately I many pharmaceutically- Lmpor tant;
protei~s cannot be purified by the use of lPG's due to
insolLbility problems caused by the low ionic strength.
In analytical lPG's carrier ampholytes must 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
quantitativeJy removed from proteins in some manner.

Cal riel' ampholytes bearing special functional groups
which interact quantitatively with a deri vat.Lzed
cl1'1"'omatographic
approach. This

matrix
would

seem
allow

to be a more promising
facile purification of

1 Since carrier ampholyte.s have a M, below 1000, it is
possible co separate them h'om proteins via techniques such
as gel fil tration and electrodialysis, provided that the
buffer used is of a high ionic strength (J.l - 0.5 M) in
order to disrupt weak complexes which might form between
carrier ampholytes and proteins by electrost.atic inter-
actions. Howevex , carrier ampholytes bound by hydrophobic
interactior:s (in particular the basic carrier ampholytes)
would not be removed. Thu problem would be exacerbated for
small polypept ides (M, <: 1500) which include many i.mportant
biomolecules such as growth factors I hormones (such as
oxytocin) I endorphins, neuropeptides and enzyme inhibitors.
This is because carrier ampholytes and small polypeptides
have quite simil a r physicochemical propert.ies I both in
terms of net charge and mass, making them almost impossible
to separate from each other.

The addition of ear r i.e.r ampholytes improves the
solubility of proteins at their isoelectric points.
Moreovel:: carrier ampho l.yt.e s shield the basic Immob iLi.ne s
from hydrophobic int.e ractLona with hydrophobic pr-ot o ina
(such as membr-ane bound n'ceptol proteins) which can lead
to smearing or prc'c'ipitation (1{,1billoud e t al., 1987;
Fawcett and C'hl"tlllb;H~h, 1~H8; Fawcett t't ."II. I 1988).
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the amine group, eCJ. 2-(NmorpholiIlo}ethanesulfonic acid
(MES)has a pK .: of 6.15:

0/-. \TU+-CH,-CH .. SO,-
\ __ /v" • •

pK = 6.15.: ------>
1--\
o\__ /-CHo-CH"-SOj' +

acidiczwitterionic

I have synthesized a series of a-aminomethylat€:)d
acrylic acid deri vati ves ( hy means of a Mannich-type
reaction, involving malonic acid, formaldehyde and a
secondary amine (Pelletier and Franz, 1952; Krawczyk,
1995). These zwitterionic acrylic acid buffers can be
successfully copolymerized with ~crylamide to form LPG

gels. Since they buffer in the pH range 7-10, they may be
useful as hydrophilic alternatives to the basic
Immobilines', which in their free base forms are quite
hydrophobic leading snmetimes to precipitation or
smearing of sample proteins v:i.ahydrophobic :t.nteractions.

1.4.4 Can IPG technology be improved upon in other
aspects?

When immobilized pH gradient technology was first
introduced one of the main advantages claimed for the
technique was that proteins could be pur i f ied without the
problem of the subsequent". removal of contaminating
carrier. ampholytes (Bjellqvist et a1., 1982). This is of
especial importance for preparative purpcses , since there
is no technique present ly ava iLabl e that quarantees the
quantitative removal of contaminating carrier ampholytes
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Hence it seems reasonable that the next generation
of acrylamido buffers for lPG's will be derivatives of
AAP:

I [eH;] X' •• ··COOH / -NR1Rc
CH.=CR-CON. \

CH,..CH;.-CH;-on

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

1.4.3 Developme.nt of buffers that are derivatives of
vinyl monomers other than acrylamide

Hydrophilic acrylic ester derivatives have already
been tried for the preparation of gels for electro-
phoresis (Zewert and Harrington, 1992) but have not been
Lntroduced commercialJ.y. This may be due to the fact that
acrylic esters are even more sensitive to alkaline
hyd:.olysis than acrylamides. Derivatives of acrylic acid
would be very stable, but one would only be able to
prepare zwitterionic buf f exa since a carboxylic acid
group would always be present, Zwitterionic buffers (Good
at: al.,
1980) I

1966; Go~d and Izawa,
which are some of

1972 j Ferguson at al.,
the most ('r '10nly-used

biological buffers, act in Llf't ilS weak ac.ids , with pK.
values ranging rrom about 6 to 10, dependmq on the pK of
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Reaction protocol

Paraformaldehyde (7.5 g, 0.25 mol of HCHO)and 26.3
9 (0.25 mol) of diethanolamine were dissolved in 200 ml
of cl1lnroform and stirred Ctt room temperature until the
paxaf ormeLdehyde had dissolved. Then 17. a 9 (0.25 mol) of
acrylamide and 0.3 9 of hyd roqu i.ncne (pnl.yme r i aat i.on
inhibitor) we1:e added and the resulting solution reUuxed
for 5 to 6 hours (ci.t.orororm boils at 50°C et the
altitude oi JohannesbUl',r; l~aising the reaction t emper-
ature to 60° or 65°C by substituting the chloroform with
methanol (S~bille, 1969) or carbon tetrachloride (Bartoli
e r al., 1975), respectively, was found to result in
considerable po.l ymer Laat ion , in:'sspective of the quantity
of inhibitor present) .

After filtering throuqh wnatman No. 1 paper f the
chloroform was evaporated off llJ vacuo and the resul tinS"
vi scous pale yellow oi 1 dri ed over anhydrous K, CO .

Act 1vated chazcoa l was addad t o bind the hydroqu Lnonez
benzoquinone present, t o l Lowect by centr i.fuqa t ion to
remove the activated charcoat , At t empt s to purity the
acry.l arni.do butter Vid par t i r ion chromat oqr aphy on silica
gel were unsueceae rut . The concent.rer Lon of BHEAMAin th~
crude o i1 was determined by t i '::rat ion (pI\' of BHEAMA
determined to be approximately S.6) I and the oil diluted
with 11 propauo l flO iUl to qiv1' it O.~! Msolution of BHEAMA.
Thifl sol ut ion WiW uaod tor t ll"~p rep.u at ion of ana l yt ieft 1
LPG qelu.



meanc of ,1 llrC'dttllq tnant I.o untiI tllf' palrd(ll'maldF~hyde had
dissolved. Thell was added O.:.:r, 111018 of ac ry Lamide 117.8
g) and o.~-o,s g of po l ymer i zat Lon inhibitor. The
reactioll mixt ure was rsf Luxed ten' .~ to 4 hour-a, f ol Lowed
by remova l of tlv' (','1lboll t.e t )_'achloride by rotary
evapo.:'atioll to leave the crude Clcrylamido derivative as
a viscous yellow oil,

At f i r st hydroquinone was used as a po l ymezicat.Lon
inhibitor, but was later replaced with 4-methoxyphellol.
This was neeessi tated by the fact that benzoquinone
formed by the oxidation of hydroquinone by C (in spite
of the N. atmosphere) was rapidly decomposed under the
alkaline conditions of the raaction (Bovey and Kolthoff,
1948) to intensely red*coloured degradation products.

~'ntl:uiej,s of N- [N' , N'..~bie(,-hy.dro;:;yetoyll amiUQmetllylJ -
aq;y l ilm1doe

The synthesis of N-[N' ,N'-bis(2-hydroxyethyllamino-
methyl] acrylamide (BHEAMAl differs t rorn that of other
sacondavy aminr>s ill that the f ormaLdehyde and diethallol·
amine react to f0rm the cyclic carbinolamine ether N
hyril.:o:x:yp.thyloxazolidinl? (F'e1:'llal1de~ dud aur te r , 1963):

• '1," 'l! \ '11 Ni 'l!
i
'II 'il

I'.t

The N-hydroxyptllyloxn~:olid.ill\.· then l't'dc't ~~with ac ryl amide
to form (BHEAMA):



gel B Wl-'n~ run at nlCll11t f'mp"'l'i'lt UP" <11 r.on s t ant vol taqe

(8.5 W), with all initial vo l taq= of 200 V, and a final
vol tage of ~""O V. ElectTophoresis waS terminated when the
bromophenol b lue Wi-W 1 em irom t he t~lectI'ode wi ck. The
DNA banda were s t a inod as de s cri.bed in the previous
section.

TEP of the DNAwas performed at first using the
polyAMPS-50 and -30 f r act.Lons as spacers. The polyAMPS-15
fraction was then tried in an attempt to get increased
spac inq between. the DNAb.:mds. However aome distortion of
the DNAbands occurred, most likely due to distortions in
the electric field st.renqt h gradient caused by
entanglement of the longer polyAMPS po Lymer-s, (Cl.

Section 2.2.2.)

2.3 !SOELECTRIC FOCUSING IN XMMOEILrZEO pH GRADIENTS

2.3.1 preparation of immobilized pH grad:i.entsusing
novel acrylamido buffers synthesized in a
Mannich reaction

The protocol uaed wan b,wt-'d 011 that of Bartoli et
al. (1975). Basically, Ll1 a round-bottomed ilas].;: equipped
with ."1 r'ef Lux-condense r , a rnaqnatLc ati xr e r and a
thermometer', and unde r it N. at-mcsphe re , wel'f:~ added
between 200 and 250 ml of «arbon tet l'i'tC'hlOl'ide, 1 o which

was added 7.5 g of piu';ltol'maldf~l1yde ((c'f:{uivalent to 0.25
mo l.« of fOl'maldellydt') i,llri IJ.. :r) moho of ,\ ~H'('otldcllYam i.ne .

TIt!" n:'dc't i011 mixt ui t' 'oJdl1 HI i l'l't'd .uid 'ff·llt.1 v w.umed by
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prior tot he de vel opLnq s r ep in order to minimise
the removal of formaldehyde by the Cannizzaro
reaction:

ow CH,OH -l- COOH- - - - - ,>

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

S. 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 polyAMl?S polymers trapped within the
polyacrylamide gel cause the gel to act as a caticm
exchanger.

TFl? was ~onducted in S%T,4%C polyacrylamide gels.
The gel buf .i:arwas composed of a 10 mM solution of
polyAMl?S spacer polymers adjusted to pH 9.5 with
ethanolamine. Both the anolyte and the catholyte
(terminating electrolyte) were composed of ·100 ml each of
100 mM EACA titrated t o pH 9.5 with ethanolamine. The
extremities of the gel were connected to the electrode
buffer by filter paper strips soaked in electrode buffer.

Boehringer lVJal'.uheimmclecu Lar mass marker VI was
used as sample DNA. 5 pI aarnp las of'a .:10 I(g/ml solution
of DNA ('" 200 ng DNA per well) in .L 5 mM of EACA-
ethanolamine buffer, pH 9.5 were loaded in Shallow wells
on the po l.yacr-yl.ami c'e (1e1 surface . Tht3 samp.l.e buffet'
contained br'omophencl bl ue as a migl'CHion marke r , The
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DNA mol acu l es , n inc« t.hey ahoul.d r.:>xhibit similar

elect ropho re« ic behavimu·.

PAGEof was conducted in 5%T,4%Cpol ya. ry l an ide gels
using TBE buffer (62.5 roM Tris, 52 ffil"v! boric .ic id and O. E

roM Na,-EDTA, pH 8.7). The electrode strips were composed
of filt.er paper strips soaked in 16::< TBE buffer, and
applied to the extremities of the gel, upon which were
laid the platinum electrodes. Boehringer Mannheim
molecular mass ma rke r VI was used as sample DNA, The
mi::<ture contains 15 fragm~nts with the following number
of base pairs (1 base pair - 660 da1tons): 2176, 1766,
1230, 1033, '553, 517, 4133, 394, ax 298, 2::<234, 220, ax
154.

Samples (5 Ml) of a -10 ~(g/ml solution of DNA (= 200
ng DNApel- well) in 15 roM of EACA-ethal'l.O~amine buffer I pH
9.5 were loaded in shallow wells on the po1yacryla~ide
gel surface. The sample buffer contained bromophenol blue
as a migrat a on marker. T;,,?!gels were run at 200 V at room
temperature until the; mopheno l blue was 1 em away it'om
the filter paper elet (ode strip.

The DNAbands were det ected by a modification of the
silver staining method of Salls-ruilletti et «l , (1994):

1. Fixation of the gels for 15 min in 10' ethanol/a.S'
acet ic acid.

~~. Impregnation of the geh1 fen: 1'5 mill ill <'1 0.2%
ao Iut.Lon of AgNO ill tixillt.J solution.

3. W;:whillg of t he gels fOl' :2 min in d.i.atil Led water.
4. DAvelopment of the 'fAls fm' S 13min ill n NitO):! and

0.1\ tOl'nkll ciF-'hydp. 'I'h» 1orrnal dl~hydl" Wdn added j us t



to slra l l ow wpI1H on the 9':,,1 fHU'i,lce. The gels were run at
room t.ernpe ra tur'e at. constant voltage (8.t) W), with an
initial voltage of 200 V, and a tinal voltage of 350 V.
The ampholyti c dyes Were fixed by t irut placing the gel
in a saturated solution of picric acid containjng 10%

acer ic acid am; 2% glycerol, t oj Lowed by washing in
saturated picric acid containing 2% glycerol.

TEP of the 3B7T ampholytic dye fraction was
performed at first using the polyAMl?S~50 and ~30
fractions as spacers. Slight smearing of the ampholytic
dye bands occurred due to ionic interactions with the
polyAMPS spacers. Fortunately these interactions could be
inhibited by the inclusion of 8 M urea into the gel
mixture. The polyAMl?S~lS and ~J,O fractions were then
tried in an attempt to get better spacing oetween the
individual ampholytic dye species. The faster ampholytic
dye species were well resolved, but sev~re distortion of
the bands of the Gl0Wel' species wae obtained. This
problem was not alleviated by increasing the
concentration of the urea to 9.5 M - indicating that the
problem was not due to interactions between the
ampholyt ic dye molecules and the polyAMl?S spaeer s, but
due to distortions in th~ electric field strength
gradient caused by entaIlI:]lemelltof the longel~ po lyAMPS
polymers (see Section 2.2.2),

TEP of DNA using polyAMPS spacers

TEl? of DNA was attempted since DNA, 1iJ.:.epolyAMl?S,
is a po Ivan ion , and ahnu Ld not undergo any ionic
i:lteractiotlswith polyAMPS po lyrnera . Moreover polyAMPS
polymers, being oimilar ill atruct.ure to DNA, should be
idea l aLl spacar-s t Dr rhp isot achopho ret it' aepa rat ion of
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Lnter'actedst ronq ly with CA.1Tiel'ampho lyt.es, resulting in
smearing, Fortunately, these illt.eractions could be
inhibited by including 8 M urea dnd 30% dimethylformamide
(DMF) ill the gel so2.ution, The rEF gels were composed of
0%1', -1 kC polyacrylamide, since DMF acts as a po.ryme r-

ization inhibitor. The gels contained 2\ Pharmalytes, 10%
sorbitol, 8 M urea and 30% DMF.

The ampholytic dye solutions were loaded directly 011

t.herEf'gel sur race (up to 60 ~(l),The anode and cat hode
consisted of thin filter paper strips soaked in 0 5 M
a.cetic acid or 1 M NaOM, respectively, upon which were
laid the platinum electrodes. Focusing was p3rformed at.
SoC at an initia:;'voltage of 200 V, with the voltage
gradually increased to a final value of 1200 V. Focusing
was contirrued at 1200 V for 16 hr, followed by 3500 V for
a further :2 nr . The focused ampholytic dyes were fixed by
placing the gel in a saturat.ed solution of picric acid
containing 10% acetic acid and 2% glycerol, followed by
washing in saturated picriC acid containing 2% glycerol.

m_Q.t... ~he 3B7I-All1PhQ.lY.tj,cdYe ~ractiQll using ];1QJ,yAM1:S
apacer~

The 3B7T ampholytic dye fraction wes used for the
Lso-j.acnopho ret Lc expe riment a since it walljudged to have
the b~st spread of isomeric subspecies. 'rEP was conducted
in 5%1',4%C polyacrylamide gels, T11e gel buffer was
composed of a 10 mM c:101utionof polyAMPS spacer polymers
adjusted to pH 9,5 with etht"U1olamillP.Both the ano lyt e
and thE::<cat.ho lyr e (tE''1milliH'inq electl"ol::rf» were composed
of 400 ml each of 100 mM EAC'A titrated to pH 9,5 with
ethanolamine. The extlemities of the gel were connected
to th~' (·d("ctl·od(~bu t rer by ti lte r pape r atri.pssoaked in
f,:l!':'tl'ocip butt s-r , TIlt, ~T'IB nol utLon (.:0 Ill) Wi18 app l i ed
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A rough idea of the pI range of the individual
ampholytic dye fract.ionswas obtained by PAGE in a 4. 5%T,
4%C polyacrylamide gel, with 15 mM HCI-ethanolamine, pH
9.5, as the gel buffer. Thin filter paper strips soaked
in a 1.5 M solution of the same buffer were applied to
the ext.remities of the gel, upon which the platinum
electrodes were placed , 15 I.d of the amphoLyt i.c dye
tractions 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·
esis was conducted at 100 V at SoC until the bromophenol
blue had migrated 5 cm.

The ampholytic dyes were fixed by first placing the
gel in a saturated solution of picric acid containing 10%
acetic acid and 2% glycerol, followed by washing in
saturated picriC acid containing 2% glycerol. The
ampholytic dye molecules appl::aredas red zones against a
deep yellow background. The function of the acetic acid
in the first fixing step was to acidify the gel so that
all the ampholytic dye molecules possessed a net posit ive
charge, and so would form an insoluble complex with the
picric acid. The fixation step also rendered the
bromophenol blue dye undetectabJ e, as it is coloured
yellow ill its acidic form.

IEF of tllAampllolytic dye fractions ill a pH 8-10.5
gradient was performed ill order t-o der ermtne the number
of the individuaJ ampllOlytic dye species of each
fraction. It WrW found r hat thp amphot yt lc- dye molecules
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At t (>1' react ing at room t.erupe r'at.u re tor 24 11r, the
reaction products were diluted by the addition of 20 ml
of distilled water, and t:ransfer:t:'edto 500 ml conical
flasks. The ampholytic dye product was precipitated by
the addition of 100 ml at ch of ;;;-propano.l, dichloro-
methane and tetrachloroethylene. The t Lasks were pl.aced
in the refrigerator overnight to ensure complete
precipitation. The solvent was then removed by dec~lt-
ation. This precipitation step purified the ampholyt Lc
dye product from unreacted tetramine, and organic
contaminants in the dye powder such as dodecylbenzene, a
dedusting agent.

The precipitate was then waahed with 150 ml, of
methanol to remove the ampholyt:1C dye product from
contaminating inorganic salts. The methanol sol~tion was
filtered through Whatman No. 1 filter paper, and the
ampholytic dye product repreciritated by the addition of
100 ml each of t"?trachloroethylene, benzene and diiso-
propyl ether. The flasks were placed in tller~frigerator
overnight to ensure complete pr'ec.i.pi.t at.Lon. 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 pape r. Most of the ampholyt i.cdye
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 9.5,
indicating that the average pI values of the ampholytic
dyes lay in this range. The various ampholytic dye
solutions were stored at 4°C.



prepared by d i s so lvinq 1 g of dye ' in ~) ml of distilled
water, f o l l r.wed by addition to 25 mmole aliquots of
t etrauu ne of varying composition in tesL-tubes. T1:'.e
solutions were mixed br inversion and allowed t.o rAact
for 24 111' dt ro,pm temperat.ure. The compcs Lt z on of the
various tetramine fractions is given in Table 3.

Table 3; Composition of the tetramine fractions reacted
wi th ReInazol :t<.edRB -
Composition of tet:ramine Trivial BAPEDA TETA

natne
25 mmole total

.
100% BAl?EDA 1013 4.4 g none

90% BAl?EDA/10% TETA 9B1T 3.9 g 0.4 g

80% BAPEDA/20% TETA 8B2T 3.5 g 0.7 g

70% BAPEDA/.30% TETA '7B3T 3.1 g 1.1 g

60% BAPEDA/40% TETA 6B4T 2.6 g 1.5 g

50% BAPEDA/50% TETA 51351' 2.2 g 1.8 g

40% BAPEDA/60% TETA 4B6T 1.7 g 2.2 g

30% BAPEDA/70% TETA 3B7T 1.3 g 2.6 g

20% BAPEDA/80% TETA 2B8T 0.9 g 2.9 g

10% BAPEDA/90% TETA lB9T o . ,,1 g 3.3 s
100% TETA 101' none 3.7 g

Commercially produced r'eacri ve dyes always
contain sodium ch l ori.de and phusphat.e buffel' salts, as well
as dedustlnq agents such as dod!'::lcylben:::elle (Stead, 1987),
80 t he re in actuatLy Jt:~~;~l than 1 mmol « of Rp<-lctiVA Red KH
pl'e~,ent .
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2.2.3 Interaction of ampholytic moleoules with
polyAMPS polymers

Synthesis of ",mpholytic dyes

Basic, ampholytic dyes were synthesized by reacting
Remazol Re~ RB (Hoechst) with an excess of palyamines.
Since the exact structure of Remazol Red Rr is a trade
secret, the molecular mass was arbitrarily taken to be
1000 daltons, assuming the dye to be of a related
structure to other commercially availabl~ rea~tive dyes
of known structure. It is, however, known from the
literature (von der Eltz, 1982) that Remazol Red RB
contains two reactive groups ~ one monochlorotriazine
(MeT) group and one vinyl sulfonate (VS) gro'Ltp. 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 available N, N' -bis (3-

aminopropyl) ethylenediamine (BAPEDA)which was available
as em isomerically pure apec i es , and triethylenetetramine
(l'ETA) which was available as a mixture of structural
isomers. Hence the heterogeneity of the product could be
varied by a I t.e ring the rat Loa of BAPEDAand TErrA. The use
of BAPEDAalone was expected to yield four differ.ent
ampholytic dye spedes of differing pI values.

ASSLtmingthe mo'l.ecu lar mews at Remazol Red RB to be
1000 dal tens, 1 mmol aamp lc.s at Rernazo I Red HB wexe
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The polyAMPS polymers from t he 50 lTh\1 thioglycolic
acid polymerizCJ.tionreaction (polyAMPS·SO) were selected
to test the ability of the polyAMPS polymers to generate
an e~ectric field strength gradient in a TEP system. Dyes
were chosen as markers of resolving power. (Sample dyes
in order of decreasing ionic mobility: SPADNS, orange G,
bromophenol blue, azocarmine G and xylene cyanol FF.) The
gel buffer was composed of a 10 roM solution of polyAMPS-
50 spacer polymers adjusted to pH 9.5 with ethanolamine
(pK=9 .5). The ailoJyte was composed of 3 M ethanolamine
titrated to pH 9.5 with boric acid. The catholyte was
composed of :3 M EACA (pI(""10.8) titrated to pH 9 ..5 wit.h
ethanolamine. Thin filter paper strips soake., .. the
ano l.yte and catholyte solutions respectively were applied
to the extremities of the TEP gel, upon which the
electrodes were laid. Solutions (15 ~l) of the sample
dyes (dissolved in 15 mM of terminating electrolyte) were
applied to shallow wells on the gel surface. The gels
(3.5%, 5%" and 7% polyacrylamide) were run at 200 V at
room temperature.

Zone electrophol'esis of the same dyes in Ct 3.5%

polyacrylamide gel. was performed to compare resolution.
The gel buffer was composed of 15 mM HCI titrated to pH
9.5 with ethanolamine. The electrode strips were soaked
in a 1.5 M solution of the same buffer. Solutions (15 Ml)
('It the sample dyes (dissolved in gel buffer) w,-,reappl ied
to shallow wells on the gel surface. The gel was run at
200 V at lOoe.



'1'11(> p rotocio l lUI t11(' pn'p<11,lIioll uf tlw IPG gels is
set out ill 'I'ab l r- 'I:

Tab*e 7: Protocol for the preparation of 4.5%T,4%C pH
7. 3 ~'I .5 IPG gels

Component Acidic dense Basic light
pH 7.3 pH 7.5

(f.tl) (f.tl)

Dieti lled water 10000 10000-
0.2 M Q!- (N·l'1orphol.ino· 8:50 810
methyl) acrylic acid in water

0.2 M Immobiline pK 9.3 in n- 310 390
propanol
Cileck pH* 7.25-7.35 7.45-7.55

30%'I',4%C Ac ry l ami de Zmet lry l er-e • 3000 3000
N,N'-bi~ar.rylamide
Glycerol 400(1 -- -Distilled water co -> :20000 ->20000

-
cool in icl"!

TEMED 10 10

'i O!t Ammo":'liumpe r au l f at.e 20 20

* Since the pH va l ue-n c'f t hr- ac id ic dud baa i c: extremes of the

ll?G "we so c l oue , ad juat me-nt with '1'1'10 iu \Ill11!"cesa"lT.
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dl atI Ll ed wat e r t ol l.owed by t u rt.he r washe s D -: 2 11r in
d i at i.ll ed wat.er ) . 't'l1P q(>l wan t hen air dried to its
ot'igillr11 we iqnt. , !"iltt~r peipe r elect.l::ode strips (distilled
water) wen;! applied and pz'efocus i.nq of •he ge I performed
at a maximumpower of 15 W unt i1 the sal t fronts (seen as
refractive lillt!S 01' thin ridges) had migrated into the
electrode strips. The same electrode strips were used for
the rest of the electrofocusing procedure. The sample
protein (about 10 mg/ml of aqu im myoglobin in 20\
glycerol) was applied to shallow wells (75 ~1 in each
well) on the surface ot t.he gel. Focusing was performed
at SoC for 2 hr at an initial field strength of 1300 V,
which was gradually raised to a final value of 4500 v.
Focusil'9 was performed at 4500 V fOl' a further 2 hr. The
gel was st.e ined with Coomassie Blue G~250 in diltl:'e
perchloric acid according to Reisner (1984).

C:t~ '1IJ·morpholinomethyl) acrylic acid was used as the
weaJ< at.. 1 die buffering component and the pi, 9. 3

Immoniline' as the strong basic titrant. The concent r-
ations of the above chernd ce l s l:.'equired for the prepar-
ation of a pH 7.'3·7.5 TPG was ca l cul ar ed using the
DoctarpH progl:am.

8.6 roM a- (N·mOl:.'phol Lncrnet.hy l )aCl:.'yl.·~··
acid.
3.1 mM tmmobLl ine 9,3.

8 ..1mMit \N·morphol iHornet liyl ) aCl:yl ic
acid .
.~ • q nU'vl l.mmob.i I ill.' q. ~ •
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The p rot ocol 1'01' t hl'>pn"parat ion ot rhe I PG qe l s i 0
set out in Table G:

Ta~le 61 ProtoQol for the preparation of 4.S%T,4%C pH
7.2-7.6 !PG gels

Component Acidic dense Basic light
pH 7.2 pH 7.6

(141) (p.l)

Diet i1led water 10000 10000-,
0.2 M 0'. (N·morpl101ino- 1840 1290
methyllacrylic acid in wat.er

0.2 M Immobiline pI( 9.3 ill 1J~ 570 710
pzopano'l

Check pH 7.15-7.25 7,SS-7.6t,-
1 M Tris 150 .
Check pH 7.8 7.6

30\T,4\C Acrylamid~/met:hylene- 3000 ~OOO
N,N'-bisacrylamide
Glycerol ·1000 -

--
Distilled water to - 20000 ·20000. -Cool in ice

TEMED 10 10
40\ AmmOlli\ln1pe r su l t ar e 20 :J 0

TIH' lIle} 'ltd w,w pou r.-d with .t rwu nh.uube r q~'ctdimlt
make r fllld l e f t to po lymar iae at i.oom tt'mpf'!',ltul'P fo r .~
hr. TIlle. '1"\ wan f1()dk ..d OVf>l'lliql1t ill ;:0(1 H)O ml of



distilled wat.e r , followed by tunhF:'l' wd~;hef\ 0 X 2 111:'in
distilled water). The qel was then ail' d r Led to its
original w(~ight. Filter paper electrode at iLps (distilled
ware r') were applied and pref ocus Lnq of the gel performed
at a maximumpower of 1 S W unr i 1 the saLt front s (seen as
refract i ve 1i11e8 or thin ridges) had migl"ated into the
electrode strips. Fresh electrode strips were then
applied (anode ~ 10 mM glutamic acid, cathode - 10 mM
histidine). The sample protein (about 10 m-:r/m1 of equ i.na
myoglobin ill distilled water) was applied to shallow
wells 1100 Ml in each well) on che surface of the gel.
Focusing was performt!d at '5°C for 2 nr at an ini t ial
field at. rength of 2000 V, which Wc:1S gradual..!.y raised to
a final vah,e of 5000 V. The gel W..lS stained with
Coomassie Blue G~2SC in dilute perchloric acid acc..:ordin~:r
to Reisner 119B4).

Preparation of a pH 7.2·7,6 IPG gel

Ci-IN-morpholinomethyl)acrylic acid was used as the
\'iea)~ acidic buffel"i119 component and the pI, 9.3
!fl.1mobiline· as che strom] basic titrant. The concent r
ations of the above chemicals required for the prepar
atLon of a pI-' '7 • .2' '7.6 1l?G wan (~alc\t.l.ated using the
DoctorpH program.

mM 0' (N-mol'pholiltoml~tl1y.l)
aery 1ic ,'tt' id .
S. '7 mM Immobl1ine ' 9.3.

L!.() mM
rH'l'Y 1i(' rlr'i (1.
'7 • 1 mM 1mmob i. I i 111' q. ~ .



Tllt' pl'nt flt'll! 101 tlu- Pl'PPdl'dt i.on uf t IIp LPG qFdr: is
lIpl (1\1till 1\lb Lt. t):

~!iL~J Protocol for the prt'llparation of 4.5%'1',4%C pH

6.9-7.9 Il?G gels
COmpOnt'lll. Acid:l.c dense Basic light

pH 6.9 pH 7.9
(J.l.l.) (J.l.l)

'h '!dwater
II '
10.2 t-' U' ~ (N -rnorpho l i '.0
methyl) crylic acid lU water

10noo 10000
UIG 1160

0.:': M r!'l~rli.':)!')i1 itV~ pK Cj .: ~ i11 11

propeno ;
240 840

Check pH
1 M '1'1:'ia

~-------------------------------~I------------+-----------11C'la..'~dcpH

30\T,4\C Acrylamide/methylene
N,N' bisacrylamide

Distill~d water to

7.85·7.95

Cool ill ice

TEMED

200

8.0 8.0

40\ Ammonium per sultate

~ooo 3000

·1000

. ;zaooa . <WOOD

10

Th» IPG qf>l W,tH pou rr-d wit 11 ,'l t W(l ('.\(l\l\tH·l ,]l'adh'mt
makf'~l< and l e ft to P(J!ytnt.! i~~t' .it iuom t.%}lt·l',\tun' 1.>1 .:

Ill. 'I'll., '1"1~: w.u: l:llol].;.·d \l'\,'.'1'111<1111 ill .;00 Hln 1\\1 o t
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P~a1:a.t.:toJ1_QLJQQ g~-'!L!;L l.WJJ1SL_<L..l1LlJlQrJ;2holin.QmetJn~,lL::.
~1.Yl i.g .. <1£1.9:

Pn:parat ion of a pH ti. 9·7.9 IPG gel

0'- (N-morpholinomethyllacrylic acid was used as the
weak acidic buf t er inq component and the pI( 9.3
Immobiline' as the strong basic titrant. The
concentrations of the above chemicals required for the
preparation of a pH 6.9-7.9 IPG was calculated using the
Doct orpH program'.

);)H 6,2 sol'-1tiQU: U.l mM Ct- (N~morpho1il1omethyl) .
ac ry l Lc acid.
2.4 roM Immobiline' 9.3.

11. 6 mM (1- (N-morpholil1omethyl)
acry l Lc acid,
8.5 mMImmobiline' 9.3,

1 An~lytical IEF·IPG is normally conducted in gels 0.5
mmthick, Howevar the use of such thin gels often leads to
the format ion of air bubbles du r i.nq the pouring of the
immobi1ized pH (]radiellt n , Hence IPG q" 1 s of :.; mmthJ ckne as
were used for this and all subsequent experiments in or'de r
ensure smoot II and repr oduc Ib l e pouri nq , ObvioURly the
Lue iee aed t.h i.ckneas necessitated Lonqe r wat1hil1g times of
the' IPG gels in dist ilLed watl " - mult iple washes over at
I eaat 24 111' W(i>l'(~ found 11("!CflflSiU"i.

'I'll€' D()(~torpH }ll'{)tj!'dtn w,·w obt ai ned r rom r·loeh'r.
'l'r.Ls p roqr'am not only ca l.cul at e s the l'c:ttios 0[" r he acidic
and basic buf f e rs n~quil'!"d, but also the concent rat ious
n'quir'f'!d to maintain <til f!VPlllnlt'tpl'illq P\)Wf~l' t.Irrouqhout tllt'
IPG gf-!l. Lil1(~ill', exponent ia l and si qmo l d.i l qn'tdiPllt f1 Cflll bt'
c:alculdtpd,



0:. [N-1!lt'thyl -N (2 h~'droxy(>thy 1) dminomethyJ J ec ry li c acid

After standing at room temperature for sove re.l
weeks, t he oil of 0: IN methyl. N· (2 hydroxyethyl) amino-
methyl]acrylic acid was found to have solidified. The
crude product was successfully used as seed crystals for
a second synthesis. Small white crystals of CK-[N-methyl-
N- (2-hydroxyethyl) aminomethyl] acrylic acid were obtained
upon crystallization from hot acetone/2-propanol. These
crystals absorbed water from the atmosphere, but did not
de l Lqneace like CK- (N-morpholinomethyl) acrylic acid.
Melting point : 105-10EioC. Formula: C,H1,NO. (15.9.1$1 Da).
The pK. value of a 10mM solution was determined to be
9.22 :J: 0.08 at 22 tlC using the method of Albert and
Serjeant (1984).

lH NMR. (D.~O,~OO MHz) 03.24 (brs, 3H, ND'-CH,), 3.7-4.1

(rn, GH, DO-CH;CH.-ND'-CH.-), 5.82 (s, HI, =CH), 6.21 (s,
1H, ...CH).

130 NMR. (D..O, 50 MHz) 0 39.4 (ND·-CH.), 55.1

(DO-CH.~H.:-ND·) I 57.1 (ND·-~H.:-C=), 59.2 (DO-~H.CH.-ND·),
130.5 (~"'CH.) I 134.6 (C""~H.:), 172.3 (-COO).

None of the other O:'aminomethylated acrylic acid
derivatives were successfully crystallized.
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Imp;rovI?'dprotocul JOt' tlwHynthm-lis of 0' aminomethylated
~:y_~'tcidH

The protocol used .i s E~ssent ially that of Krawczyk
(1995). To a stirred mixture of malonic acid (10,4 g, 0.1
Inol) and parafnrmaldehyde (6.6 9, 0.22 mol) in 150 m1 of
absolute ethanol was added 0.1 mol of the appropriate
secondary amine. Upon heating a vigorous evolution of CO~
commenced. The suspension was heated under reflux for :2-3
hr until no mere CO.'bubbles were evolved. The resulting
solution was evaporated unde r reduced pressure to give a11
oily residue.

~- (N-morpholinomethyl) i;lcrylic acid

Only the oil of ~-(N~morpholinomethyl)acrylic acid
readily crystallized on standing. The white, de.7.iquescent
solid of ~- (N-morpholinomethyl)acr! ~ic acid was recryst-
allized from hot acetone to give hygroscopic small white
crystals. (Slow evaporation of the acetone solution
yi.elded needle-shaped crystals.) Melting po inc : 105·
101S0C.Formula: CJ1;,NO, (171.20 Da). The pI( value of a 10
mM solution was determined to be 7.59 ± 0.03 at 23°C
using the method of Albert and Serjeant (1984).

t:a: NMR. (D..O, 200 MHz) (;
C(CH;,CH.)..ND'), 3,99 (br a , 6H,

Ill, -cm , 6,30 (8, HI, ~CH).

3,39 (t , 4H, J _. 7.1,
O(CH.CH.:) .:ND'-CH..~), 5.90 (s ,

llc NMR. (0.0, SO MHz) b S3,9 (O(CH,QHJ .:ND'), 61.9

(ND' £;:H. :,,),66,4 (O(QH,CH.),ND'), In,'! (£l"eH.), 136.8
(C"'QI-I,l f 1'Jb ( COO),
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.s'peC'tl'OpllOtometl'ic inou i t.ori nq of reaction

The pl.'ogressof the reaction may also b8 measured by
following the increase in UV absorption due to the
carbon carbon double bond of the ev-aminomethyl.ated
acryl ic acid product. This also provided some information
on the kinetics of the reaction. Equal volumes of 1 M
malonic acid, :2 M formaldehyde and 1 M morpholine were
mixed and the resulting solution allowed to stand at room
temperature. The progress of the reaction was followed by
periodically measuring the chang"" in the UV spectrum of
che solution using a Shimadzu UV-160A spectrophotometer .

.s'yntll!!:sis of ecry l i«: acid buffers: effect ot: water

Secondary amine (0.3 mol) was 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.:2g, 0.3 mol) was added 'o'litbcooling in
ice-water. Formaldehyde solution (48.7 g of a 37%
solution, 0.6 mol) was then slowly added with stirring
Mnd cooling in ice-water. The addition had to be slow
since the react.ion was very exothermic. A vigorous
eVOlution of CO, ensued during the course of the
reacr.Lon, this slowed down and was substantially over
after 2-3 h1' reaction at room temperature. ve.rious
secondary amine derivat ivee were synthesized and their pl(
values roughly determined by titration.
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V until the BaH fronts (Been as Lf-:!fractiv8lines or thin
rLdqe.s) had m i.qr'at.ed into the electrode strips I

necessitat Lnq frequent replacing of r.he electrode strips
with fresh strips, Bovine carbonic anhydrase and crude L~

amino acid oxidase (Crotaltw adal11anteus venom) were
applied to small rectangles of Whatman No, 1 paper near
the anode. Focusing was performed at SoC at 1500 V for 2
hr, then 2500 Vovernight, followed by 4500 V for 2 hr.
The gels were stained with Coomassie Blue G-2S0 in dilute
perchloric acid according to Reisner (19841.

2.3.2 Preparation of immobilized pH gradients using
acrylic acid buffers

First syntheses of ~crYlic acid buffers

Basic protocol

The protocol used was based on t hat of Pelletier and
Franz (1952). Basically, malonic acid was dissolved in
37\ tt)rmaldehyde solution (1:2 molar equivalents of
malonic acid to formaldehyde). Then, with stirring and
cooling in ice-water, one molar equivalent of morpholine
was slowly added. The reaction is moderately exothermic,
Viith simul tanaous CO, release as qui te a pronounced
effervescence, which slowly decreased with time. 'l'he
progress of the react ion was mon 1tored by removing an
aliquot and titl"1ting it to determine the shift in pI\'
values.
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'I'abJ.S! 11 Protocol for the preparation of 5%TI 4%CpH 5.1-
6.1 Il?G gels

Component Acidic dense Basic light
pH 5.1 pH 6.1
(~1) (~l)

Distilled water 3000 3000

0.2 M 13HEAMA 1500 1500

0.2 M AMPS 1180 320

Distilled watet" to -:> 7500 -;,:.. 7500

pH adj uet en to 8 with 1 M Tris
30%T,4%C Acrylamide!methylene- 2500 2500

N,N'-bisncrylamide

Glycerol 3000 -
Distilled water to ... :".11 15000 - ·15000

Cool :n ice

TEMEr;, G 6

40% Ammoniumpe ruu l r at e 1S 15

ThF: IPG gels were poured with a tW:rChclln1.',~. lient
maker and left to polymer i za at room temperat ui e for 3
hr. They were washed in 100 mMascorbic ac io , pH 1.5, for
1 hour t o reduce any pot enr ial amine oxides caused by
persuHat.e oxidation of the te rr iary anuue of: r he basic
acryl ami.do but r e r . Tht-l c.rell1 wel'€,! ,..::>xt.:!1f11vely washed in
distilled war ar (8x~n 11\1. .. J then ail' dried to the i r
oriqi na I w~dCJht-D. F'iltt,t pa}lf'l' e l ncr rode st r Ips wI're

10 tnM qluLUl\lc' ,wid, crlthodl"l 10 mM
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The formulation of the gels was based on the
protocols given in Righetti (1990) for the prepara~ion of
1 pH unit-wide gradients, using 2-acrylamido-2-
methylpropane-l-sulfollic acLd (AMPS) as the strong acidic
titralltI in ratios determined by means of the Henderson··
Hasselbalch equation so as to give lPG's of 5.1 to 6.1.
Unfortunately the IPG could not be accurately calculated
(for example, with the help of the DoctorpH program,
obtainable from Hoe:.fer)since the acrylamido buffer used
was not pure.

pH 5.1 solution: 20 mM 13HEAMA, tertiary amine group
79% ionised at this pH (pK - 5,~),
so 15.8 mM AMPS titrant required.

pH (5.l sgJ.utiQ.U..L 20 roM 13HEAMA, tertiary amine group
21% ionised at this pH, so 4.:2 mM
AMPS titrant rlquired.

The protocol for tlla preparation of the lPG gelp i~
set out in Table 4:



lOt) ml 01 dint i 11('d Wd11'1 t ,) rr-movr- any coptaminatinr-r
hyd r.u ..i11(' llydl dt ('.

FiWc·l't cl'tlsilf'd maleic anhyd r ide (9.8 gl 0.1 me1) was
added to the ch Io rof orrn ao l ut ion . An immediate pz ec ip i «

tate of maleic acid benzylidene hydrazide (MASH) was
obtained as a pale yellow solid, insoluble in almost all
orga.nic solvents in its free acid form. The MASH was
vacuum-filtered, and washed with chloroform and with
diethyl ethel". The product obtained is identical to that
obtained by Snyder e t al. (1938), The IH and liC NMR

spectla were not determined due to the insolubiJ.ity of
the compound in its free acid form.

Rea~tion kinetics of Mbijij with polyamin~s

A solution of MASH (0.1 mM) in methanol was a'lowed
to react at room temperature with a s1 ight excess of
pent aet.hy Leuehexarrnne (PEHA). The rate of cemaumpt i on of
MASH Wi'l.S measured by following the decrease .in absorbance
at 310 nm.

lltt;~mpteg syotl1~ei9 of. ca:-ri t' ampoolvtes b;:aring
!Jygrazide 9t01.1'01\2

Reacti on of PBHA ,wd MllBH

PEHA (4.0 y, 0.011 mol) wan disRolved in about 60 ml
of met.hano l , to which W,\H adds-d 11 . .3 q MABH (0.05 mol),

He as to qive d l.: I rdt lO of .unine (fIOUpH to c,uboxyllc
ac i d groups. 'I'll" )(',\('1 ion f l,wk W,H~ f l\:~lllpd wit 11ni t roqan
,mel heate-d 0\1 (,0"(' (l)()j I ill'l }.(lillt \)1 nu-t li.uiol dt the

altitud(, ill .j·,I!,u:.ll!·:1blll'l) Ill) ;::; Ill. Al iqllotn \11 thp



Attc-mpt(:'d flynl!1f'HUl ur Cdll'lr'r ampholytes Refiring

1.1~1:'. idE' Ql'DUPH

PEHA (7.0 9, f).OJ mol) was dlssolved in about 15 ml
of degassed diat i Ll ed wute r , t o which was added 11.7 9
MAMH (0.09 mol). The volume was made up with degassed
distilled water to 30 ml to give a 1 M solution of PEHA.
The reaction flask was flushed with nitrogen and allowed
to react at 7roc. Aliquots of the reaction mixture were
taken at l:egular Lnt.e rva I s , d i I uted in methanol, and
their absornance values read at 320 nm to determine the
rate of com ..umption of MAMH. When the reaction was judged
complete, the reet.ct ion mixture was cooled, transferred to
a dark glass bottle, and stored at 4QC.

2.4.3 Attempted synthesis of hydra.zide-containing
oarrier ampholytes by reaoting maleio aoid
benzylidene hydrazide and PE}~

Benzylhydrazone was synthesized according to the
method of PrOAU and Sternhal1 (1970). Benzaldehyde (10 9,
0.1 mol) is added vt·ry slowly to a vigorously~stil'red
so l ut ion of 20 9 of hydr,l.7.in€' hydr'ate (0.·1 mol). The
clear hydraz ine hydr.rt e bpC,-Ht1f' cloudy white during the
add i t ion due to t l!f' format ion 01: bem!yl hvdr'azone , Some
benza l dehyde .tz ine (01 bl'i'1111 yf'llow I:'w1.1d) WetS a l ao
formed, Aft£'r t.Iie .\ddit ion of Dr·llz.llddtydr· w.rs complete,
the cloudy so 1III inil W.tA ('<\ Ipf u I ly d"('<lllt (.l{ I rom r h€~
ccnt arni n.rt tnq D('ll;~dhh·bydp '\~',illf'l .llld th,' bl'll;-.yl hydra-
cone (·xtr.lC't(·d w i t h x IOU tn I ,of ch l.o i t orm. 'l'h«
combill('d dl101(Ji<Qnl IdYl'lf1 wl'rp t hr-n l'XII.IC\C·d witil.~ x



filtpn'u, .uid W.IHh(·d with;>' p ropano l .uid dlethyl ~ther to
givE' l\ white' non llY'1I'(lf1l'opic powder. Meltinq point: 103-
10'10C', 1"01'1111.11.:\: 1100(' CH:C11 CONlINE, (C)I.N,O, 130.11 Da).

l:a NMR (lJU, 200 MHz) b ',,91 (d , 1H, J 12.1 Hz,
DOOC-eH,,), 6.43 (.1, lH, J 12.1 HZ, ",CH·CONDND,.).

13C :t-."MR W,O, 50 MHz) b 122.7 (DOOC-s.;:H",) I 141. G

("'QH~CONDND,), 168,4 (CONDND,), 17':',3 (cOOD).

The iIi and I 'c NMR spectra Lderit ify MAMH as an CiI/3-
unsaturated carboxylic acid derivative, as can be
observed by comparison with the NtliR spectra of the
isopropyl ester of N,N~diethylm::tleamic acid (Matsumoto et
!l.1'1 1991) ((I-I.C) .CI-!-OOC-CH=CI,r~CON(CH.CH.) ,.) :

la; NMR (CDC1" 400 MHz) {; 5.95 (dt J .. 12 H<:I ROOC-CH .. ) I

6. S4 (d , J .. 12 Hz, .,CI-I-CONR;)

130 l'lMR (CDC1" 15 MHz) {I 123. '3 (ROOC-Q=), 137. 7 ("'~-

CONR ..), 164 {C-O}, 166.0 (C"'O)

A sol ut ion of o .» tnM MAMH and <1 InM tetraethylene-
pent ami ne (TEPA) in methanol was aLl.owed to react at room
temperature I and the rat e of consumpt ion of: MAMH measured
by the decrei\se in abaor'barice at, ~20 nm,

The no rma l pr-oduct s of t ne te~~C't ion of maleic
anhydr ide wi th hyd ra zLn-- hydrate a r'e l,2-bia(3-
oe rboxyacr-yl oy.l }hydld~iw" d )h-l Iu,., 801 id with c"\ melting
po int of 181; 1R7"(' (F'!'tlt'r I.·t a1., 191,8) or 179 UHlOC (Lilt
et a.l. I 19'141'1), .uid 1,,~ d ihydro .~,C; py r iduz i.ne-d l.otte (maleic
hydrazide), <\ whit'· :1\>1 lei wit h .t mo.lt inC! point of 2Sl6PC
(Millc·t and WIlit!', l')l,(j).



synt he s ize-d by )Pdctill'l .:111 (y,P llllfld,tu!"aLf'd acid such as
acr-y l ic a c id , .uid a po l yam i.no L3\1ch a:4 per t.aet.hy l ena-
hexarui ne (PEHA), us inq a 1::2 rat io of ca rboxy l ic acid
groups to a.mine ql'OUpH (Vcstcl'berg, 1969). More recent
pr'ot oco l s are merely $II i9ht modi f i cat ions o i the above
reaction (Vinogradov, 1973; Righetti et a1., 1975; Binion
and Rodk.ey, 1981). The synthesis of -:arrier ampholytes
beal'ing hydrazide groups was attempted by reacting an
a,~-unsaturated aci~ containing a hydrazide group (which
Mayor may not be protected in some way) with PEHA, using
a 1:2 ratio of carboxylic acid groups to amine groups.

2.4.2 Attempted synthesis of hydrazide-bearing
carrier ampholytes by reacting maleic acid
monohydrazide and PEHA

Carbon diox.ide was bubbled for 30 min through a
solution of 25.9 g hydrt\zine hydrate (0.5 mol) in 300 ml
2-propanol, with cooling and stil:"ring, to form the
carbazate salt of hydrazine. Finely-crushed maleic
anhydride (49.0 q, 0.5 mol) was then gradually added with
vigol-ous at i:tring and cool in9 in ice' water. A bright
yellow solid (the carbazic acid derivative of maleic acid
monohyd:razide) f crtned , which was Immed iat e l y vacuum-
filtered. The yellow solid was redissolved in th~ minimum
.'1mount of warm diat HIed watt'!' (SaaC). Carbon d tox ide was
v iqoxous Iy evo l ved , Hc)\ :2 propanol was added unt 11 <':1

thick ~lurry of maleic ,-wid monohydrazi.de (MAMH) crystals
(rClEH;·tt~ 11k(:' r!tHltP1S 01 flm,\l i t l~..mspa rent needles) was
obt.a i ned , The· y i.r- l d of ('lynt.dn W,~Hincn',wed hy a Ll ow inq
the solution tu ('uut :llowly to roorn t,-,mpPl\ltUt'l.', !o11owed
Ly flu't l!t'r (Uo 1 i llq I \ > ·1 \>('. 'I'lu- MA:,:l1 ('1 y~\1 .i l H Wf'l-t' vacuum



tr iaz atetr'adec 1 e118). III ot.he i words, deamin<1tion had
not OCClllT~'dwi t 11 t hp rit'c'a:rbox)-'lat ion s tep as normally
happens ill the M2umicll reaction of malonic a c id .
Extract ion of t he reaction rni.xt.ute wi th cupt ar ron (a Cu'1_
chelating agent) in chloroform showed the proportion of
free Cu;' in solution to be relatively small.

The reaction mixture was then neutralized with NaOH
and loaded onto a Sephadex G-1S column (equilibrated in
distilled water), in order to separate the linear
tetramine derivative 14 ·amil1o~.2*carboxy-.l, a/l1-triaza~
tetradeC-l-el'le (if any) from the contaminating macro-
eyel i~ 10- carboxy-L, 4 18 ,12. t at raaaacycj.opent.adecene (the
macr ccyclLc compound would be easily separated as it
would not be able to diffuse into the geJ pores of
Sephadex G 15 for sterie reasons and hence w~11d remain
in the void volume). However only the blue macrocyclic
10-carboxy- 1, 4,8,12 - ret raaaacycf.opent.adecane compound was
eluted fl'om the col UUlU together wit:h minor contaminant S I

none ot which contained an acrylic ~cid group as
determined by their UV spectra,

2.4 SYN'rH:mSIS OF CARRIER A'Ml?HOL'!i'TES BEARING HYDRAZIDE
GROUl?S

2.4.1 General approach to the syn~nesis of c~rriar
ampholytes bearing hydrazide groups

A. .lghly het.e roqeueoua tuixt.u re of polyarui no
po.l.ycerboxyl.i c acids posae as i.nq good buffering capacity
and conductivity at t he i r if.lOelectLic po int.s ' may be

1 The ller.~~SS?lrl' prope rt.i l'.'!t3 tot' a ('iUTi t,'l' amphoIyt f'
(Rilbe, 197[i).



d iami no 4,7 dlrl2ddpcallt'-'l to ~.r,CJ (O.02mo) of CuCl,.2H,O
in W ml of warel'. The Cuel ao l ur iUll, which was a pale
turquoise colour (1\"" SD7 nm) , be came a deep indigo
colour (1\",,<, 534 nm) upon add i t ion of the tetramine'.
Malonic acid (2.1 9, 0.02 moll and formaldehyde (3.5 9 of
a 37% solutioll, just over 0.04 mol) were added and the
reaction mixture left to react overnight at room
temperature. The solution became an even darker indigo
colour. (If a smaller volume of water, say 10 ml , was
used as the reaction solvent, then a purple precipitate
would form - indicating that the md.crocyc1ic product is
only moderately soluble in water) .

No evolution of CO" was observed at all during the
course of the reaction. However, upon acidification of
the reaction mixture with Brl, vigorous evolution of CO,
occurxed , Obviously the cyclic condensation product of
l,lO-diamino-4,7-diazadecane, formaldr:hyde and malonic
acid had, upon acidification with HCl, been cunverted
into 10, 10-dical~boxy-l, 4,8,12 - tet:r:aazacyr::ll~f -nt artecene ,
with spontaneous decomposition of one 'Jf t,he carboxy
groups to CO"

It was noted during the acidification step with HCl
r.har very little decolori:::ation of the reaction mixture
cccurred , indicae ing that most at the product war. a Cu:
cyclic tetramine derivative instead of the expected eu -
linear tetramine derivative (14~ .Ih ~10'~ ·.~arboxy-4, R,11-

1 This is due to coo rd Lnat.Lon of the CLl" Lon by the
electron pa .r8 the Louz. nitrogen atoms of the 1Lnea r
t et remi ne , wit' ,he format ion of a mac rocyc l ic at ruct.u re .
Addition of HC'1will decol or Lae the solution, due to rhe
disruption of the ell" t etrami.ne complex. However, if the
tetl.~amin("'!is CYClic, t heu the Cll' Lon will be too tightly
coordinat ed for br'eakdown of the romp] ex t (l oeC'\11. Hence
this phenomenon (~c111 be ufwd aB a met hod I'll det ermine
whet he r a lillPt'll' tet ram in« h,w be('otne ('yr'li:-'l'!d 01' not ,
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the wash i.uq at.epa (due to the h Lqh char'qe density of.the
gel) result 111g ill damaqe to t ne surface of the acidic
portion of the gel. Filter paper electrode strips soaked
in dist i lled war ar wel.·eapplied and prefocusillg of the
gel performed at a maxi®lm power of 8.5 W until the salt
fronts (seen as refractive lines or thin ridges) had
migrated into the electrode strips. Fre~h electrode
strips were app lLed (anode ~ 10 mM glutamic acid, cathode
~ 10 mM arginine) a'1dthe sample proteins (about 10 mg/ml
bovine carbonic anb.:drase ill 20% glycerol) loaded onto
shallow wells on the surface of the gel (75 Ml in each
well). Focusing was performed at SoC for 75 min at an
initial voltage of 840 V which was gradually raised to a
final voltage of 4700 V. The gel was stained with
Coomassie Blue G-2S0 in dilute perchloric acid according
to Reisne~ (1984).

Attel®tel:.1 nutDf#f;1jis.....Q.i san ~. tenaminometllY-lated acry~
&U.d.."deriYs1t iye

The attempted synthesis of 14-amino<2-c:trboxy-
4,a,11-triazatetradec-l-ene:

was a mo'iificaLioll of i'l protoco l q iven by Law:l::ellceand
0' Leary (1987) tor the nYlltheBis of the macroeyc lic
tetramine 10 10 dicarboxylethyl'1,4,B,l~-tetraa~acyclo-
pent adacane ,

The mac rocyc 1 ie' r ioppe r t e>t rami11r'" complex WdS

prepar-ed by add inq LI) q (0.02 mol) of the r et ramme
N, N' hi n (~ amt nopr opy l ) fIt hyh'llPrl iarni ne (tuPAC name I, 10



~ble 8; Protocol for the preparation of 6%'1''',4%CpH
4.9-8.2 IPG gels

Component Acidic dense Basic light
p.H 4.9 pH 8.2

(}.tl) (}.tl)

Distill.;d water 10000 10000
Be}?}? ISO mgl' 150 mgt
0.2 M Immobiline pI( 9.3 in 11- 1500 4000
propanol
Check pH 4.9 8.2

ACl~ylamide 1.2 gl 1.2 gl
-

Glycerol 4000 .

DiEitilled water to ." 20000 ·;.20000
I

Cool ill i.ce

TEMED 10 IS'
40\ Ammonium persu1fate 20 30"

'1'11(-:1IPG gel Wets pour-ed with a r wo chamber g"·,,tiiellt

makar and lett to po Iymer.i ze ,1t zoo.n temperature fOl' 3
hz, 'I'llEl qel Wr-1fJ fHlr1kl~d ove rn iqht ill ~;OO' HlO ml or
distilled water, fc.Jl1owed by furt her washe s ('~ x ;;; lu')
dud then dll'tided to itt: oriq i.u.t l wf'iqllt. Ex('!!!wivf}
nWf·iliwJ of tllt· "{'idle' po rt ion {)1 lilt' 1PC: OC'C'\tlT,'d du r inq
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Since BCPP is a bifunctional acrylic acid deriv-
ative, it can acr as a crosslinker, and so it is not
necessary to ~dd methylene-N,N'-bisacrylamide. Since the
buffering regions of the more weakly basic piperazine
nitrogen and the carboxylic ac id groups overlap (as seen
in Figure 13), it ".8 not possible to dat armi ne the pI<
values of t.hese '.p:.oups b" titration. Henel it was
necessary manuar i.y to titrate the "acidic c.ense" and
IIbasic light" solutions (each containing 20 mMBCPP) to
the desired pH values with the strongly basic pK 9. '3

Immobiline' titrant (0.2 M in n-prcpanoj ) . This was a
slow process as BCP!? dissolves only very slowly in water .

The titrutir:m curve ~f BC!?!? (Figure 13) shows it to
buffer linearly between pH 3 and 5, and between pH Band
10. A pH 4.9-8.2 IPG was prepared for the resolution of
carbonic anhydrase isozymes However, since the titration
curve rises steeply over pH 6, the pH 6 8 part of the IPG
forms only a small pl'cportion of the length of the IPG
gel, so that in actual fact the carbonic anhydrase
isozymes were resolved on c-l pH r;. 7 IPG gel.

The protocol for the preparation of the pH 4.9-8.2
I!?G gels is set out ill Table 8:
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Figure 13 Titration curve of N,N'-bis(2-carboxyprop
2-enyl)piperazine (Be)?p), BCPP'8H,O (0,57 9 '" 2.5
mmole) was dissolved in 50 ml of 0.1 N NaOH, giving
a SO mM solution (pH 11..:1), It was necessary to
dissolve BCl?P ill an alka l Lne solution an BCPP is
insoluble in its fl.'ee acid t crm , The solution was
titrated with 2.B ml of .1 N HC'l (::!.8mmole acid) at
25°("



The white p r-eo.i.p i t n t.e w,w t.hc-u tiltf·ted and t'ec~rystal~
lized from t ho minimum amount of hot Watpl' to yi~ld
crystals .i n the [(J1'111 of t iny 1'osette like clusters of
needles. The yield from the reaction itself was high, but
a lot of product was lost in the recrystallization step.
Drying a known mass of crystals at Boac f~r 3 hr followed
by l:eweighing determined the product to be in the form of
an octahydrate. Nelting point of annyd roua compound: 22a~

22~OC with decomposition. Formula of anhydrous compound:

C1•.H1HN,O,1(254.29 Da) .

lrr NMR (D.,O, 200 MHz) 6 .3 .45 (s , Sri, ·ND'(CH..Cl:L) ,ND'-) ,
3.91 (s, 4H, 2 x ND'-CR-C=), 5.88 (s, 4H, 2 x =CH) I 6.30
(s, 4H, 2 x =CH).

llC NMR (0 ..0,50 MHz) (; 48,9 (~ND·(~H.:~H.,);ND·-), 58.7
(ND'~~H..-C==), 131.S (~=CH. l . 134.1 (C=~H.,), 172.2 (-COO).

A 50 111Msolution of the sodium salt of N,N'-bis(2-
carbo:x:yprop-2 -enyl )piperazine (BCPP) was prepared (pH
11.4) and titrated with 1 N HC1. The titration curve is
shown in Figure 13.
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The 11'0 qe'! w:w poured with a two chamber t3l:'i1dipnt
maker and loft to polymerize at ro~n temperature for 2
hr . The gel was soaked ove rn i.qut in 200··300 ml of
distilled water, followed by further wiwhes (3 x 2 hr in
distilled water). The gel was then air dried to its
original we ioht , Fi Lt er paper electrode strips (distilled
water) were applied and pre focus inq of the gel performed
at a maximumpower of 17 Wuntil the salt fronts (~~~n as
refractive lines or thin ridges) had migrated into the
electrode strips. The same electrode at r i.ps were used for
the rest of the e lect rof ocue inq procedure. The sample
protein (about 10 mg/ml of equ.i ne myoglobin in 20%

glycerol) was applied to shallow wells (75 J..!l in each
well) on the surface of the gel. Focusing was pez forrned
at SoC overnight at an initial field strength of 1000 V.

The next day the electric field strength was gradually
raised OVer the course of seven hours to a fil1i;ll value of
4900 V. Focusing was continued at 4900 V fOl' a further 56

hr M this excessive ienqt h of t.i.me of focusing was found
necessary as the proteins took a very long time to reach
theiI isoelectric points due to the extreme shallowness
of the pH gradient (0.02 pH unit/em). The gel was stained
with Coomassie Blue G~250 in dilute perchloric acid
according to Reisner (1984).

Malonic acid (20.8 c:j, 0.7. mol) WaS dissolved in 50

ml of rlistilled water, and 19.4 g of piperazine hexa-
hydrate (0.1 mol) WdS added with (':)01in9 in jee-water.
Then 33 g Qf 37* forrna Ldehyde solution (0.4 mol' was
slowly added with HtitT.iW:f .uid coolinq in .icc' water. A

very vigorous r~'vollltion of CO. t lu-n Pl1su('ci, with the
concurr ent to rmatLon uf d white· !Jl'l'cipitdj('. Th(' 1(:'dct.iOll
mixture was Lr-ft tu IT',let OVf>Uliqht at ioorn tl'mpPl"lttlre.
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Ule l e.rdi nq l-d(~ct ro lyte . Thc' cill(~ulat Lon of: the concen-

t rat ion of buf f er inq count uri 011 in the terminat. ing
elect ro l yt e can become quite complicated, involving
equations of mass balance and electronButrality
(Ornstein, 1964; .rov i.n , 1973.1,1), c). It is probably this
fact that deterred 'I'amura and Ui from designing their
discont illUOUSbuffer systems f r om f irs!" principles.

The tJ.mdamental....Ph:ie~cQch('.roicQ.l e~n.l~l;iQP~nrnillt.f r,he
~t~cJsing-m:9~Wi2

Electrophoresi<4 systl:!ms lllv01ving the formation of
the steady state moving boundaries, such as chat b~tween
the leading ion (chlorit'iel and the termin:'lt:ing ion
(glycine) that causes the stackin~ effect in discontin·
uous el~ctropllore"is, fall under t.ne technique of
isotachuphoresis (ITP). Therefore it was necessary to
study the equat ions governing the Lsccachopnorec Lc steady
state' in order ~o understand the stachl~g process. An
in-depth disc1.lssion of the hmddmenta' equat Lcns
governing the formation and maancenar.ce of lteady state
moving boundaries i s preaent.sd ill Appen:'iix B-. In
Appendix C I have app l ied these equat Lcns to tll'~
chloride -glycine syst em ill ddsconr l.nuous electl'o£')horesis.
These equatiolls al'e set (Jut below, for UFlF.' with the
cruer e tu-navi s <system. However by simply replacing Tl:'is
with AMPD the ident Lca.I equat i.ona can :be used for thc
'I'r:lmura-Ui ayst om as wl:,>l1. It is assumed t hvt the pH of
the oystem is below 10, so that the concent ret ion of OH'

Theoretical tl'Pc1tn,,)ntf~ of
bounda rie s e x l s t: lag ill' TP may bp
(19(;41, F;Vt!riM'!ttf~ and Rout a (1'1'11),
Everaf'~n B t'~ (d. (197 J I •

Ille steady state
r ound ill 0l'1H3tein
,JoV111 (J \]7 ~."I) and

'I'hi s i~l pl'p('(~d!'d by it ql'l\t~ral iut roduct i.or. to
t l:',Oty ut t.~1f~ct l'O}Jllll "l! in ill Aplk'nd ix .\.
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3.2.3 Il"lva...t:.J.t111CiOn of t:ha physicocl1.emical mechanism
of tha .'J,·-:cking process

The neeQ t~ Qe;;igll disQQlltjJ1UQUGelectrQphorret.ic B.:t.f~tems
!.r.~_.l;a;:itlCipl es

It was ct ear that the rat and fruit bat LDH-S

isozymes were slill not stacking, even though they were
certainly negatively charged due to increased pH of the
discontinuous huffer system. It was at this point: that I

decided to begin a systematic study of the phys Lco-
chemical mechanisms governing the stackil'lg process a n
discontinuous elecu-ophoresis, in an effort 1.:0 solve this
problem.

Up to this time I j"ad used the discontinuous
e l ect ropnores i.a of Ornstein and Davis without really
understanding how the stacking process worked a
deficiency that is probably widespread among uaexs of the
technique in thp. biological sciences. The ]"ey to the
understanding of the stacldIlCJ process lies in the
l\ohlrausch regulating function (Ornstein, 1964), which
relates the concent rar ion and el ecr r i c field strength
gradients across at eady at at e moving boundaries to the
t1i.fference in ionic mob i l i t.y of the hH:lding and
terminating dons . These steady f,,·ate movillg boundar i ea
have all.'eady been d i.acus sed in Sect ion 1.2 of the
Tnt roducr ion.

t he buff e ri.nq
count er Lon in the t e rmi nat i11g "~h·('t1'01 yt E' 1. s ,;lh10

l-egulated ill the ~H.etldy at "t eoI flo t hat tilt:> t ota l janie
compon i t. 1on (dud 111"1\('(' pH) () f t lip t f·rm i11;'\\, incr ":'1 t~Ct 1'0
lyt e in predete rm ined by t IH~ t Dull l.on i r- c'omposit ion of
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Figu:t's 16 LPH isozymes separated on a 7.5\ polyacrylamide
gel, using the discontinuous buffer system of Tamura and
Ui (l972). Lanes 1 and ~: :rat skeletal muscle, lanes ')
and 4: rat heart, lanes 5 and 6: rat liver, lanes 7 and
8: rat k:1ney, lanes 9 and 10: fruit bat bra In, lanes '1
and 12: fruit bat heart, lanes 13 and 14: fn.lit bat
liver, Lanes tr, and 16: t ru Lt bat kidney. The tiSBU~~

samples were homoqenized ill tour volumes of stacking gel
buffet' cont a in tnq ;.:01. qlYCtH'ol. ElectJ:ophoresis was
conducted in a cold room (10ll(,) at 1)00 V, until t.l e
xyl sne cvano t FF dye ma rke r WiUl 1 em from t ho bottom of
the gel. The I.DH i.soayme bands wen~ detected using i:

modification 01 the llitl·oblw· tr~tl'il;:olium ar aLn of
~(Jmer(l ~)<Hi'lVid et ,11. (I CJHH).
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aampl.e pr ot ei na iU'€, left boh i nd the chloride glycine
moving bOUlld?L'J.:Y ?LS a thin ata rt.Lnq zone in a region of
conat ant pH and e1ectric field nt,ranqth, and now migrate
as in ordinary zone electrophoresis.

The deaig)") of enionsc di;:;contintlous electrophoretic

systems

1. ChooDe a pH for the aeper« t ing gel. The pH of the
separating gel rises by about half a pH unit from the
original pH as the leading ions become replaced with
terminating i01"lS.

2. Choose as the terminating ion a weak acid or
amino acid with a pI( up to 01."=! pH UJJit Jdghe:t' than that
of the separating gel. 'I'huf' at the actual running pH of
t.he separating gel the tel'minating ions will have a net
charge of at l~ast 0.5, a~d their net ioniC mobility will
be higher than those of any of the sample proteins.

3. Set the pH of the stacking gel 2 to 3 pH units
less than the pK of the tel1ninat:illg 101:1. In this way the
terminating ions will have a net charge of 0.001 to 0.01,
and so their net ionic mobility will be lower than those
of any of the sample proteins.

4. cnooae as n but te« n bene wi th a pI< up to one pH
tlni t lefJs t~lal:ithe pH of the sep.:u'at illg gel. III this way
the stacking gel alsa possesses a buffering capacity.

:;. Make tl'le pH ot the' electl'(')de butfel equal to tl1e
pI( of the bufte!'. Tht~ 1J1-Iof the electrode buff~l: is not
critical J "W making i.t up this way minimi:::es the pH
changes caused by t.he pr'oducts of e l ee t i o.lys Ls .

Although the rules of Will.iams and Reisfeld appeal'
vel'}' Loq ica l , the Tamura-tTi di acontinuoua buffet' sys t em
did nut nuc('Pf~d ill !·...tHll'! iwr t lu- I~nH I, in(J:~ymf' (Fiqlll.'f'

16) •
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TI~ ...J;uj.u£~2_....tlli:l..t_nmlliXii.3lli.'LlIi..J.W_er.LilLs;i~f.?ignillg th~ir
~Quti.u~);>\,),tfer_gy~m

Tamura and Ui designed their discontinuous buffer
system along the principles given by Williams and
Reisfeld (1964) in their paper entitled "Disc electro-
phores i s in polyacrylamide geJ s: extension to new
conditions of pH and buffer.lI. In order to :::let out their
principles, r will give a bl'ie:!: resume of theit- paper.

The beei c mechanism of discontinuous electl.~ophoresis

The stacking and separating gels contain a leading
ion (chloride) of higher ionic mobility than any of the
sample proteins. The electrode buffer conca ma a t armi n-
aCing, or trailing, ion (glycine) of lower net ionic
mobility of any of the sample proteins. When a potential
difference is applied to the system, the chloride ions
run away from the gLycine Lons, leaving ban ind a zone of
lower conductivity, and t.herefore mcreased electric
field strength. In this electric field strength gradient
the glycine ions are accelerated to keep up wi t11 the
chloride ions. A steady state moving boundary is created
which migr.:ttes down the gel, :rapidly oVEn~taking the
sample proteins. Since the sample prot eLna possess ic.mic
mobilities intermediate to the chloride and glycine ions,
th~y are sandwi chad between the chloride and glycine
zones to form a very thin zone.

At the pH d i anonr i.nui t y betweell the s r ack inq and
separat i.nq gels, the df~gn~e of Loui aat i.on ot the glycinE'
ions will be i11:,:reased so that thei l' net ionic mobil it '/
now hacomas qn"at e r t hall anv of the aampl.e proteins, but
still less of ('OUl'rW t nan that of r.h» oh l (11 idl' iOlHJ. The
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3.2.2 ThQ search for more alkaline discontinuous
buffer systf!lns

It occurred to me that the rat and f¥uit bat LDH-S
isozymes were net migrat ing 111to the gel because they
were still positively charged at the stacki~g pH, and
that a mare basic discontinuous buffer system was
necessary in crder to detect the LDH-5 isozymes. A
literature aearch revealed the existence of a basic non-
denaturing discontinuous buffer system (Tamura and U1,
1972) using 2 -amino~2 -methyl" 1, 3~prQpanp.diol (AMPD) as
opposed to Tria as the buffer (pK a.a versus 8.1
respeC"tivelyl. The composition! of the Tamura-Ui buffer
syste 1~ Ls compared below with th..:\t of Ornsteill and Davia:

"'W

Stacking g$l buff~r
1.11 111M !li'l 'I. ItIM /\MIl' i,ll I,M

11M I) Y . i 1)1 .: ' q}.'1 ;·1 i Ill·' , '

In Tamu:t'r\and Ui. (l'l'P) the concentration ot
AMl?D ill the sUlcldng gel is at.ar ed to be 59 mM! svnce the
concenr.rat Ion of tIel is 60 mM, this would give the
atackinc.l gel buffer a pH of about 3 ' obv tcus l.y an er ror .
MareavF.-l: in tha i r pape r t he concuutr-at I on of AMl?Din the
separating gel butte. in ur at ed r o be 262 mM. which would
live the aep.rr.at inH '::Tel bur:t'er C1 pH of 9.3 illstead ot

< tj. I have fHlb~ll it ur ed t hf,' COlT(:~ct COllCt-'llt tnt iOIlS of
< 'PO required 'll, mM AMP!> and {Ill mM AtvjPD tor' thE'
~; .ick i11"1and nepa 1\''1t i11<j qf'l bu tf ,> nl 1'f-'~tJPf>Ct iVf' 1 'it •
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12345 (378

Figure 15 Fl'ui t bat LDR I aoaymea reset ved by a 1i.near 4-
;>0\ polyacrylamide gJ::adient gel, us.ing t.h~ buffer system
of Davis (1964) according to the tormulFltio11 given in
Blackshear (1984), Lanes 1 and 2: liver, lanes 3 and 4:
heart, lanes 5 and 6: kidne/, lanes 7 and 8: hrain, The
t i ssue r:amples were hcmoqeui.aed in raUl:: volumes of
st.acking gel buffet' containing 2G\ glycerol. Ele\,.. 'O~

phoresis was COl1.ciUCt.E'd ill a cold room (lObe) Cit SOD V,
unt i 1 the xylellF' eyauo l FF dye mcu:ker Wi-HI 1 em from the
bottom uf the tJfd, 'rhl:" LDH iaozyme banda Wt:.re de t ec t.ed
using it mod i f l cat i on of 111'" n i t i-ohl u •. > letl?I~()Jium at a in

ot Romet'(l Sar'i'W ia t't «l , (111HB).
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Figure 14 LDR isozymes resolved on a 5% polyac:tylamide
gel, i.lsing the buffer system of Davis (1964) according to
the formulation given in Blackshear (1984), Lanes 1 and
2: rat skeletal muscle, lanes 3 \1.1 < 4: rat nsarr , lan~s
Sand 6: rat liver, lanes 7 and 8: rat kidney, lanes ~
and 10: fruit bat brain, lanes 11 and 12: fruit bat
heart, lanes 13 and 1·1: fruit bat liver, lanes 15 and 16:
fruit bat kidn"'l' The tissue aampl.es WP,l'e homoqend ced in

four volumes of stacking qe l buft'el' containing 20\
gly~erol. Electrophore-1is was conducted ill a cold room
(100(,) at 500 V, unt i 1 the xylene eYe-11101FF dye marker
was 1 em from thp hor rotu of t h. qe I. Tl'''' LDH i.aoayme
banda wpre det act ed us inq a rnod.LtLcat l on of t he n i t rob l ue
t er.r'az olium stain of Rome r.o Scu',l\iLl t~t <il. (1988).
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Lonqe r be h(imoqpll('(1tHl, .ind ('dcll LUll .i nozyrne wi Ll ex i.at as
a number of. ,l110ZYIl1C'f1, v.i ryi nq a li qhr.Ly in amino acid
composition.

Sinr!€' the 13 subun t is more acidic than the A
subuni t, LDH~1 migrates the fastest and LDH-5 the slowest
in PAGE using alkal ine buffers. The discor.tinuous buffer
system of Davis (1964) Ls normally used. The t iasuea of
interest are homogenized in four to nine volumes of
stacking gel buffer containing 20% glycerol, centrifuged
for 10 min, and loaded di~ectly onto the gel. The tOR
isozyme bands are detected by mean~ of a specific stain
employing tetrazolium salt.s (Romero-Saravia e t, al., 1968)
(see p , 41).

Non-g~matu.-:~ng PAGE Of LPI-! ~&?o?i'lmesusing the glscont-
inuQye bu!f~r S'lst~m Qf Qrnetein snd payis

The LOB ieczyrne s from various nit and fruit bat
tissues were analyzed by non-denaturing PAGE using the
discontinuous buffer system of Ornstein and Davis (Davis,
1964; Ornstein, 1964; Blackshear, 1984). Although a
satisfactory resolution was obtained, the LDR-S isozyme
of both the rat and fruit bat failed to migrate into the
~el (Figure 14).

Under the misconception that the failux'e to see LOH-
fl was due to its very slow migrat ion, ! decided to run
the LDH isozymeEl on gl'ddil'l1t gels, 80 t hat I could
prolong the time of e l.ect rophcr'ee La without the risl', of
the LDH-l i.aozyrnea nuq rnt inq out of the bottom of the
gel. IJine<lt' 4 ~!O* pol y,lcryL.tll1i.dc (jl'ddhmt gf'lf. were
pt'ep<u(~d for t lu- IH'jl,HdLiol' 01 r,'\t LDll isczytne s , An
Irnpr'cvemern in r nr- 1 ru i t b;lt {,lJHall oaymo f,Hlh"b.'lnding
p(;\tt:et'lH1 WiW adlir,vf·d, huwl,vL') tlw LDII I, iaoz ymes stII l
could 110t bl' HI i-n (l,'j'lllt/' II,).



Ret: (11 t G c'l.llci d i acuou ion 86

3.2 THE DIRECTION OF M~ RESEARCH PROJECT INTO THE FIELD
OF ISOTACHOPHORESIS

During my B.Sc CHons1 year my proj ect involved the
purification of lactate dehydrogenase (LDB) from the
fruit bat Rousettus aegyptiacus and the investigation of
its kinetics. At the start of my postgraduate studies} I

thought that it would be a good idea to clarify first a
problem that ! had experienced in the analysis of the
fruit bat LDH isozymes by PAGE in discontinuous buffers}
ie. the failure of the LDH-S isozyme to migrate into the
gel. Being forced to study the physicochemical mechanism
behind discolltimtouB electrophoresis in an effort to
solve this problem, ! became fascinated by the ingenuity
of. the technique, so much so that I redirected my Ph.D
project into the realm of electrophoresi~.

3.2.1 Problemls encountered. in the analysis of LPR
isozymes by PAGE using the discontinuous
buffer system of Ornstein and Pavis

LDH
144 kDa.
and B.

is a tetramer, having a total n~lecular mass of
The subunits may be of twn types, designated A
Hence there are five possible tetrameric

al'rangememts ~ B4, AB, AB" A.B and AI' which are named
LDH·l to LDH-5 respectively, Since the A and E subunits
are coded for by dH:fe.t'ent gelles, the di.at.ri.bution of l.JDH
isozymes prt.~sellt ill a ti~H.lUe .is cont ro Ll ed by tilt" i.ati o
of A and B SUbUlliLJ pr'oduned , rhe i r combi.nntion into the
vari.ous ret ramers bl"'illq l'i~ndom.If both alle Le s 01' R

subun it gen(-1 ("in~ expl't"flEH"'d, the subun i t types may Ill)
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Chapter 3 - Results and discussion

3.1 GENERAL OVERVIEW: THE TRANSITION FROM DISCONTINUOUS
ELECTROPHORESIS TO ISOTACHOPHORESIS AND ISOELECTRIC
FOCt1SIN(~

At the start of my M.SC. proj ect I my cas) c was to
investigate whether the specialised metabolism of the
fruit bat Rousettus aegyptiacus was reflected in changes
in the activity of key enzymes involved in glycolysis,
for example, lactate dehydr.ogenase (LOR). This involved
the use of polyacrylamide g~'!l electrophoresis (PAGE) in
non-derlaturing buffers for the analysis of LOR isozymes
from rat and fruit ba.t t:issu~~p''litha vh~w to comparing
their patterns and correlating the:s~ with metabolic
activity. The problems that I experienc~d in the failure
of the LOR-S isozymes to enter the polyacrylamide gels
stimulated my interest in the phya i.caL chemistry involved
behind the stacking process in discontinuous electro-
phoresis. The stacld11g effect i.::lcaused by the generation
of electric field strength gradients acros~ steady state
moving boundaries, by which the sample proteins become
focused into thin lay.::rs.This improves resolution since
the degree of 1:.andspreading caused by diffusion is
minimized.

The above electrophoretic phenomenon is also the
principle behind the technique of displacement electro-
phoresis/ or isotachophoresis (!T!?), in which multiple
moving ionic boundaries are used to generate wide
electric field strength gradients in which proteins can
be focused. I found the phys icochemi.cal pr.i.nci plea behind
!T!? to be extremely .inten~st i11g, and my t.hoi.qht.a turned
co the poas Ib Ll i t y of doing prcwt ira l l<~.;f>,uch in t.he
f i=l d uf ITP. ITl> ill polyacl'yl,mlid("! qed n hau bean a



reacr i on mi xt.ure W(,le' tukr-n at n'qul,H intc) v.il a , diluted

in met.hano l , .md t ho i r dlmod:hll1Ce vu l ue a read at 310 nm
to det ermine tho l\ltP of corisumpt ion of MABH. When the
reaction was judged compl e.te , re f lux inq was stopped, and
catalytic trunat e r hydr'oqeno Lya is of the benzyl hydr's.one
group~ was atlempted.

Att~mpt::ed deprocectis.on of the hydrazide groups by
cata1yt::ictransfer hydrogenolysis

Simultaneous r~duction of the benzyl hydrazone
groups to N'-benzylhydrazides, "nd Jebenzylation of the
N'Mbenzylhydrazides to hyorazide.=, was atl:empted by
catalytic transfer hydrogenolysis using a palladium
catalyst and th~ formate ion as the H-donor (Adger et
«l , , 1987; Ram and Spicer, 1987). P::1.11adiumon
polyethylemimine beads (Pd·PEI) was used as the r::atalyst
(Coleman and Royer, 1980), Pd-PEI (2 g) and f~rmic acid
(0.2 mol #If. 4 molar equivalents of benzyl hydrazone
groups) were added to the reaction mixture, which was
then stirred for 100 hr at room temperature. The ~d-PEI
was then removed by filtration, and the methanol removed
by l'otar~' evapcr atdon to yield a viscous oi 1, The oil was
found to be insoluble in water, indicating that the
debenzylation step was unsuccessful.
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3.3.2 Synthesis of heterogeneous mixtures of
polyAMPS a8 polymerid spaders for ITP

Synthe~is of polyAM)?S polymers of vatY..ins...l.smsr.t.h.e.

'1_"heprincipal stages of free radical-induced vinyl
polyn1erization are:

1. Cbain initiation

Peroxide!persulfate &-0-0-& ~ &-0.

+ R- 0-CH:t-9:a:.
X

2. Chain propagation

+ &.0.CH2·9H-CH2-9H~
X X

3. Termination

A. Combi na t i Ol1
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aepa rati on mainly on the ba s is of net. charqe - limiting
rTF to the sFparation of non denatured proteins. However
there seems to be no logical reason why separation on thr:
basis of molecular sieving should not be allowed to
occur. In fact, molecular sieving is required for the
separation of macromolecules possessing a constant
charge/mass ratio but differi.ng in molecu"..armass, such
as nucleic acids and 8DS-denatured polypeptides.

Since it is liJ.i:.elythat molecular sieving of the
spacers would be unavoidable if ITP were attempted in
restrictive gel media, it aeemed logical to design
spacers in which ionic mobility differences would occur
on the basis of molecular sieving. Thus it was reasoned
that a heterogeneous mixture of anionic polymers of an
even spread of molecular masses would have the desired
characteristics.2-Acrylamido-2-methyl-l-propanesulfollic
acid (AMPS) was chosen since its polymet·s are fully
dissociated above pH 2l. Heterogeneous mtxt ures of
polyAMPS cf various molecular mass ranges were
synthesized and evaluated for their suitability as
spare~s for isotachophoretic separations.

Poly (acrylic acid) is a much waake r acid than
its monomer (pI(,-'1.25) because of electronic interactions
between the carboxylic ac i.d groups, which cu:e only
separated by two carbon atoms. Hel)"e.::\0.01 M solution of
poly (acrylic ac i.ct) ill water wi 11 a have all appazent pK
(pK') of 6.17 (Mille:!l,19(4).



3.3 ISOTACHOPHORgSIS ~ THE Sl~THESIS AND APPLICATION OF
NOVEL POLYMERIC SPACERS

3.3.1 Need for alternative spacers to carrier
ampholytes

As discussed in Section 1.3.4 in the Introduction,
carrier ampholytes have a number of deficiencies which
affect theil: suitability as spacers, most importantly
being the fact that theil'ionic mobilities vary with pH.
The pH at which the isotachophoretic separation is
conducted must often be varied in order to optimise the
resolution of the sample proteins. Thus the ionic
mobilities of the spacer ions should be independent of pH
in order to avoid continuous recalibrations being
necesf3ary. To quote from Bringard and Charlionet (1990):
"Co1'lce-rning the nature of the apecers, we have shown that
Amphol ine 5 * 7 oz Pharmalyte 6. 7 -7. 7 are not ideal,
because their el ect xopboret.i C lnobill ty depe:ll1dson pH.
Higl1ly diversified spacels of nonamphoteric ns cure and
wi th adequa te mobill ties fox: the analysia of proteins
would certainly be welcome."

This requirement means that the net charges ot the
spacer ions must stay constant over the pH range 3 to 10,
ie. they must be stl'ong acids (assuming that an anionic
separation is occur rinql . Since ionic mobi Li.t.yis a
fact~r of charge and molecular mass, it follows that the
ionic mobili ty of the space rs must then depend solely all
differencer ih ~~lecular mass. However, thin introduces
the possibility that the Loni.crnobi Li t ies of the apacezs
mrty be 2:1ftectad by the deg:t'ee ot mo.lecu.Lar sieving
p'xerted by the gel media. rt: has been customary in the
past to perforrn IT!.' ill non- rest rice ive gel media with
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enthusiasm tor the technique, and I decided to redirect
my research project into this field.

ITP has racely been used for the separation of
proteins in polyacrylamide at' agarose gel... (Acevedo
l!:JB9,1991). This is surprising since, in theory,
isotachophoretic systems should have a higher resolving
power over conv~ntional electrophoretic systems, since
the bcunda'r iea between zones do not diffuse with time due
to the sharpening effect of the elsC!tric field strength
and pH gradients across the zone boundaries.

Perhaps the main reason why ITP has not become more
widespread in its use in biochemistry is that all the ion
zones are contiguous. Hence protein zones cannot be
distinguished by ccnvene rcnat stains unless they are
physically separated from each other by means of spacer
ions, ie. charged molecules, such as amino acids, having
ionic mobilities intermediate to those of the proteins of
interest. Highly heterogeneous mixtures of spacers of
varying ionic mobility ¥trereq1.liJ.:·t:dfOl'the resolution of
complex mixtures of proteins. The only chemicals meetit~g
this requirement at present are the can·ier ampholytes
used for isoelectric focusing (Svendsen and Rose, 1970;
Routs, 1973: Acevedo, 1989).

However, carrier ampho lyt es have a numbe r of
deficiencies which affect their suitability as spacers,
in pal~ticular, the variation of their ionic mobilities
with pH. This means that the pH at which ITP is conducted
cannot be changed without having to chanqe the carrier
ampholyte spacers as well in order to J\.Jepthe ionic
mobilities of the spacers constant. This m~kes ITP more
t~me consuming, and leS8 reprodu~ible. Thua there was
scope for me to do nove-l ref3ealch z.nthis fieJd.
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is -9.1 x 10 ' em' VI. S I - probably much h iqher than that
of the LDH- 5 Laoaymea", In fact it is surprising I

considering the relatively high net ionic mobility of the
glycine terminating ions I that any of the other LDH
Lsoayme s stacked at:all.

It is clear that: the Talnura-Ul buffer syst.em will
only stack p~oteins of a relatively high ionic mobility.
It seems that the rules given by i'lilliamsand RF'isfeld
are inadequate for the design of new dd.acont.anuous buffer
systems .. it is necessary to calculate the necessary
ionic pi=l.rametersfrom firt;;itprinciples, using the
isotachophoretic steady state equations.

3.2.5 Fr~m discontinuous
isotachophoresis

electrophoresis to

The isotachophoretio Rteady state equations derived
in Appenctices 13 and C allow the design of new discontin-
uous eJectrophoretic buffer systems. A mo.ce aH::aline
buffer system that successfully stacked LDH-S would have
allowed.me to continue my research into the metabolism of
the fruit bat Rousettus aegyptiacus. However, the
understandir~g that I had acquired of the principles
involved in isotachopl1ort,lticprocesses had enkindled my

The ionic mobilitiet1 of the following proteins
at pH 10,45 were dat armi.ned by Baumann and Chrambach
(1976) :
Ovalbumin (pI 4.7) 12.5
Bovine serum albumin (pI 4.9) 12.3
Equine ferri t Ln (pI 4.5) 8 . 3
Human haemoC]lobin (pI 7.·1) 7. S

x 10 '
x 10 t,

x 10 '.
x 10 '.

cnr': V I, S 1

em' V I. S I

cm: VI, s I

enr'V1's1

Ccns i.darinq that the rat and fruit bat LDH· 5 Lscaymes
have pI values of at least B.9, it is likely that their
net ionic mob i li ties would be low due their low net
negative charges at pH 9. ~ (stacking pH).
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8t."lcking

\lthough the original composition of the terminating
ele':l.'olyte (electrodE: bufteri is 77 mMglycine ~ 13 mM
AMP"i, pH 8.8, once electrophoresis is commenced the
concentrations of glycine and AMPDin the terminating
zone are adjusted by the Kohlrausch regulating function
to 45 mM glycine - S2 mM AMI?D,pH 9.3. Hence sample
proteins of a pI of 9.3 or greater will not be stacked.
Nor will proteins possessing a net ionic mobility of less
than ~9.1 x lO t, c."\1." V i , S I - the net mobili ty of glycine
at pH 9.3.

Separation

The separ.;lcing gel buffer is composed of 60 mM HCl -
361 roM AMI?D,pH 9.5. Once the chloride~glycine boundary

rG!acl1es the separating gel, the composition of the
leading electrolyte becomes that of the separating gel
buffer. The composition of the te':!:'minat:ing el~~ctrolyte
hence becomes readjusted by the I~ohlrausch regulating
function to 4S mMglycine - 346 mMAMPD,pH 9.9. The net
mobility of glycine at the readjusted pH of 9.5 is -21.6
>< 10 t, cnr': V " S 1. The chloride-glycine moving boundary
moves on ahead, while the sample proteins are now left in
a homogeneous 45 mM glyci11e - 346 mMAMPDbuffer, pH 9.9.

Discu::u:1iOll of the aystem with n:?upect to LDH-5

It is n'Jw apparent why the rat and truit bat LDR·S
d soaymcs wel.~enot at acked by the Tamltra~Ui discontinuous
buffer sys~em. At the regulated pH in the terminating
zone (pH 9.3), t he net ionic mobility of the glycine Lons
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tii scues iou of the trytit eu: w i til reapect: to LDH- 5

IL is clear that the pH of the stacking buffer was
deliberately set at pH 6.8 by Ornstein in order that the
regulated pH in the terminating zone (pH 8.9) would be
nearly one pH unit below the pI( vaJue of glycine (pI( =
9.8), thus ensuring that the net ionic mobility of the
glycine molecules would be lower than that of any of the
sample protei11s. Likewise, the pH value of the separating
buffer was deliberately set at pH 8.8, in order that at
the regulated pH in the terminating zone (pH 9.5), the
net ionic mobility of the glycir.e molecules would be
higher than that of any of the sample proteins.

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

Calc;ulatiOl1ot 1;heioniC;C;QIDli2osition_Qfthe leBeling and
termina1;~ng e~ectrQlyt:ee in the 'l'aU1t!n:a~Ui;1yst;em

Starting conditions

In the Tamura-Ui discontinuous bttffer system,
chloride ia the leading ion, glycine is the terminating
ion, and AMl?D is the common buffering ccunter'Lon . The
leading electrolyte (stacking gel buffer) is c:omposed of
60 roM HCl 66 mM AMl?D, pH 7.8. The terminating
electrolyte (electrode buffel~) is composed of 77 mM
glycine - 13 n~ AMPD, pH 8.8.
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I. St~ti.. 'j"I1Hl!I~lill(.d'.'lrn
11'1. uulJUllvset JI piS 3

~, St;lddng"" Tl'nHlfl,'lhJ)f3

.k·dlvlvlt· !Id)UlIt.d k' vH
9i1

l. Trnllin3t1nl! ~Icctrolyj~
pH )'CfllljlUlleu IU !1.5-
,,,!til!,", 1.(\ \,.huul \" 'Ilh.l<ll'l

I. Sr,p3falion - M~%lInll
M$~lI\pl' U\ ·16l1\J',! glyrlM
,~47mM 'rns buO.,.!,H? ~

I
I
I

Figure 17 The mechanism of operation of the Ornstein~
Davis discontinuous buffer system.

Starting conditions: The sample proteins are
introduced between a leading electrolyte (stacking gel
buffer) = 60 roM HCL - 63 roM Tris, pH 6.B, and a
terminating electrolyte (electrode buffer), initially
set at 192 mM glycine - 25 n~ Tris, pH 8.3.

Stacking: The sample proteins are stacked between
the leading electx:olyte (stacldl1ggel buffer) = 60 roM
HeL - 63 roM Tris, pH 6.8, and the adjusted terminati~g
electrolyte = 46 roM glycine ~ 49 n~ Tris, pH 9.0.

Boundar:y passes sample proteins: When the
chloride-glycinate boundary reaches the separating gel
buffer, the composition of the leading electrolyte is
changed to 60 n~ HCl ..361 n~ Tris, pH 8.8, and the
terminating electrolyte is hence rea,djusted to 46 roM
glycine - 347 roM Tris, pH 9.5. The sample proteins are
lett behind the cnloride-glycinate boundary.

Sepal ation of Dample proteirw: Normal zone
electrophoresis of the sample proteins now occurs in 46
n~ glycine - 347 n~ Tris buffer, ):JH9.S.
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to 46 mM glycine 49 mM Tris, pH 8.9 (Figure 17, step
2). Hence sample proteins of a pI of 8.9 or greater will
not be stacked. Nor will proteins possessing a net ionic
mobd Li ty' of less than -4.7 x 10 '. em":V 1. S 1 - the net
mobility of glycine at pH 8.9.

Separation

The separating gel buffer is composed of 60 mMHel -
37; roM Tris, pH 8.8. Once the chloride-glycine boundary

reaches the aepaxat.Lnq gel, the composition of the
leading electrolyte b~comes that of the separating gel
buffer. The composition of the terminating electrolyte
hence becomes readjusted by the Kohlrausch regulating
function to 46 mMglycine - 361 roM 'rris, pH 9.5 (Figure
17, step 3). The nclt mobility of glycine at the
readjusted pH of 9.5 is -11.9 x 10 '. em":VI, S l. Hence the
glycine ions cver't.ake the sample proteins, which are
slowed down in the separating gel due to molecular
sieving. The chloride-glycine moving boundary moves on
ahead, while the sample proteins are now left in a
homoqenecus 46 roM glycine .. 361 mMTris buffer, pH 9.5
(Figul'e 17, step 4). Seraration of the sample proteins
now occurs 011 the basis of size and charge as in normal
zone electrophoresis, except that the resolution is
better because of the sample proteins have been
concentrated into very narrow zones.

The ionic mobility of an Lon i.s a s iqned
quantity, given the same sign as the charge of the ion.
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3.2.4 Use of the isotachophore.tic steady state
t::.quationsto calculate the change in ionic
compositions during discontinuous electro-
phoresis

CalculatiQXL..9.t th!:! ionic compos; t i.9.n of the leading and,
~J.lating electrolytes in the Ornstein-pavis system

Starting concii tiione

In the ornstein-Davis discontinuous buffer system
(Ornsteinl 1964) 1 chloride is the leading ionl glycine is
the terminating Lon , and Tris is the common buffering
counter ion . The leading electrolyte (stacking gel buffc'r)
is composed of 60 mMHel - 63 roM Tris, pH 6.8. The
terminating electrolyte (eler.trode buffer) ~s composed of
192 nl'VJ glycine - 25 mMTris, pH 8.3 (Figure 17, step 1) .

Stacking

On starting of el.act xopnoxes i.s , the sample proteins
become concent rat ed behind the ch.l.orLde zone according to
the Kohlrausch regulating function. By the time the
chloride-sample proteins-glycine moving boundary reaches
the separat:i 11.ggel, the sample proteins will have become
concentrated into a very narrow zone.

Although the original composition of the terminating
electrolyte (electrode buffer) is 192 mMglycine - 25 roM

Tris, pH 8.3, once electrophoresis is commenced the
concerrt rat.Lons of glycine and Tris in the terminating
zone are adjusted by the Kohlrausch regulating function
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Combined el eat roneuri:el i ty/equilibl'i um equations of

glycinel

(3 -4)

If one presets the concentration of chloride in, and
the pH of, the stacking buffer (leading electrolyte) I

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 equation:

The net mobility of the glycine ions in the terminating
electrolyte is found by:

(3 - 6)

Derived ill Appendix C as equation (CM24:).
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ions is negligible. Hence, according to the electro-
neutrality principle:

(3 -1)

Chloride, being a strong acid, is fully ionized, 80

[el] t ..:ltl\l = (Cl] i"lll~ftd' T11e fundamental steady state
equations for the Ornstein-Davis discontinuous buffer
system are:

Kohlrausch regulating tiuaction'

( 1 ] (""1] . ' ~,m7'tis - melg v t;0'.-.)::: l 1t)'~1
, LU • ca In m in

('1 Tr j" - gl\'

(~- 2)

where m is the absolute ionic mobility of the ion,

Mass balan~e equation of buffering counterion~

[ 7'ris Tt"rml = r 'l'r i S [.<,,1(/] + r gl v] , ,!flTI 1::: - r ('11. ' mOrt it·
.. 1:<)/,11 ... 1.011'11 '01.111 m I (Jr.ll m

lliv {'j

Derived in Appendix C as equation (C-15) 0

Derived in Appendix C as equation (C-16),
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Figu:r:e 22 Zone electrophoresir. of polyAMPS spacers in a
12%T, 2.5%C polyacrflamid~ gel, TBE buf~er pH 8.7. The
procedure of electrophoresis and staining of the polyAMPS
polymers is as for Figure 18. Lane 1: polyAMPS.,10, lane
2: polyAMPS~15, lane ~: polyAMJ?S-30, lane 4: polyAMPS 50,
lane s: polyAMPS ~100 I lane G: p~"lyAMPS·200, lane "7:

polyAMPS·300, lane 8: polyA.MPS,SOO.
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Figure 21 Zone electrophoresis of polyAMPS spacers in a
B%T, 2.5%C polyacrylamide gel, TBE buffer pH 8.7. The
procedure of electrophoresis and staining of the polyAMPS
polymers is as for Figure 18. Lane 1: polyAMl?S~'l.S, lane
2: polyAMPS 10, lane "l,: polyAMPS, rs , lane 4: polyAMPS-30,
lane 5: polyAMPS-SO, lane 6: polyAMPS-100, lane 7:
polyAMPS,.200, lane 8: polyAMPS- WO.
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Figure 20 Zone elec!:l'ophoresis of polyAMl?S spacers in a
3. S\T I 4%C polyac!rylamide gel, TEE buffer pH 8.7. The
procedure of electrophoresis and staining of the ;;>olyAMl?S
polymers is as for Figure 18. Lane 1: polyAMl?S~7.5, lane
2: polyAMl?S-10, lane 3: polyAMFS-1S, lane -1: polyAMl?S-30,
lane 5: polyAMl?S-i:50, lane 6: polyAMl?S 100, lane ./:
polyAMl?S 200, l ane 8: polyAMPS 300.
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Figura 19 Zone electrophol~sis of polyAMPS spacers Ln a
2% o::lgarose gel, TEE buffer pH 8.7. The procedure of
elect.ropharesis and st.aining of the polyAMPS polymers is
as for Figure 18. Lane 1: polyAMPS~7.5, lane 2: polyAMPS-
10, lane 3: po1yAMPS ·15, 1"111e 4:: polyAMPS 30, lane 5:
polyAMPS 50, lane 6: polyAMPS-l(JO, lane 7: polyAMl?S-200,
lane H polyAMPS-300.
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1 3 82 4 5 6 7

Figure 18 Zone Alectrophoresis of polyAMPS spacers in a
1% agarose gel, TEE buffer pH 8.7. The filter paper
electrode stl'ips were aoaked -1 n 10 '111of 16x TEE (62.5 roM
Tris, 52 roM boric acid and 0.6 mMNa:-EDTA) buffer, pH
8.7. Each \'11911contained 20 /).1 of a 30 n1Msolution of
po1yAMPS spacers in TEE buffer containing bromophenol
bl ue and xylene cyanol as markers , The samplp.s Nere run
at 300~400 V at room temperature until the bromophenol
blue band was 1 em from the anode st rip. The poJ.yAMPS
spacers Nere stained in a 0.05\ solution of methylene
blue. The bromophenol blue and xylene eya1101 bands
diffused out of the gel during staining. Lall,e 1:
polyAMPS~'7.S, lane 2: polyAMl?:3-LO, lane 3: polyAMl?S-15,
lane 4: polyAMl?S-30, lane 5: polyAMPS-50, lane 6:
polyAMPS-100, lane 7: polyAMPS-200, lane 8: polyAMl?S-300.
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I~le b*! mfficiant range of separation of linear DNA
molecules by c~arosa and polyacrylamide gels in TBm buffer

Xyl"ne oyan!)l
Il'li'

Oy. oomigrlltion valu,,'WCfioient range of 8eparll-
tiou of lin.ar PNA' liIromQphcanol

blu.

" , ""\ .;\\1.·\1 d~lt'" 1 dl)t"1 1'· 011'11 bp ";;11 hI' '. ~?IH\ bp

1\ \\t·'1 ,11'" 1',\111 1" 1,1' ·lIJH }-l}' .j 11\11 b)

1 .~"\ \(l,,\lllJ4 ..... ~I)q I, i) i I I ~ hI' ~:ht r 1'1' ., 1,ljll hi'

1 .... \ ;;1\1.1-41 or .. ~;ilp ,I hI' ~':(I It )'1' 1 Rfiit b1'

,:\ ",H1,1.,nu,.. liltl I,ill) )'1' 'In hI' R '~,(I hI'

a. r",\ p<'11 i'A('t-;,'l .«rna de- lUU l'J> lllil )'1' 4fd,I hi'

'" 1,,,ly,,,') yl,mnd .. R II ',I-iiI bp hi, bp ~;I)/) 1>1'

11\ 1'01 '1'-."lylA11Iid .. hP -1,)(1 bl> .J' bl' l,hll hI'

1;\ Po'i'",'l.,.tol\mtrl .. ~" ;'110 j,p ':\i 1>1' '!II hp

1"\ polY""'1 rl"mld .. .. 1'1 1'. bl' J"I) hI'

~(I\ l'\' 1i~"t'lyl ~h~1 tif'" 111 1II11 1,1' It' )'l' .)1, hI'

Aq.q",,,· '1"1 ·1.1',( 1"11<·,··111 ill'!"l ~"tllnh'·im 11'1.\1·",," MI'. 1"lY'\"I'}'t.\t!\i.j"
'I" 1 ,i.\1.1 t I "'It I'M,' )< i ,I) ".\'1," ,I • '.It.d "'111" 1 '. '", ,

Iq.u ..,," '1'" ,\,l\,\ 11"11\ I'M,'j,i ,1'1,,,\\\,,\,, ,',\1 .t i ',Ill" )."1/,, lql,1 il' 11I,\!

I '1 ;; •••d'~"·'\· r,f: "n,i 'IT'" ,I(! l'Ill!" "'" ,1+11 "''','I, Wlll' 'h H,"II -I j. .. ","11\
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1'.. l},.\'·IY)·lmi,j·· '1'·) ,1,11,\ 1)"m I'M,' l'i .. I'1 ,,111,'1" ,·.\I,\i "Ill" 1""',

Hence the bpe varues of the polyAMl?Sspacara could
be estimated by subjecting them to zone electrophoresis
in agarose and polyacrylamide gels of various porosities
(Figures 18 co 23), using bromophenol blue and xylene
cyanol FF as migration markers. The polyAMPS fractions
containing 7.5 mMthioglycolic acid (polyAMl?S·7.S) to 500
mMthioglyool ic acid (polyAMPS·Sao) were l;'\.U1 since these
tractions wert:~fluid snouqh to pipette.
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3.3.3 Evaluation of polyAl>Sl?Spolym~rs as spacers for
ITl?

~racterization Q~ the polybMJ?S polymers by zon~
electrQj)hores~s

In order to determine precisely the molecular mass
ranges of each of the polyAMPSfract.ions, gel filtration
upon Sephadex G-1S or G- 25, calibrated with anionic
polymers such as polyacrylir.: acid of known molecular
masses I would be necessary. However, in the ("ase of
spacers for isotachophoretic separations, it is not the
molecular masses of thE: spacars , but their apparent ionic
mobilities1, tl1at are important. As the ionic mobilities
of the polyAMPS spacers are dependellt upon the degree of
gel sieving, zone electrophoresis in agarose and
polyacrylamide gels of vaI'ious porosities was used as a
facile method of charact.erizing the various polyAMPS
fractions.

Since DNAis also a polyanionic polymer whose ionic
mobility is dependent upon the degree of morecurar
sieving, it Wi=! "3 decided that a convend.ent; method of
categorizing the polyAMP.c:spacers was by expressing their
apparent ionic mobilities in t erms of ilONAbase pair
equivalent.ell (bpe values). The molecular mass ranges of
linear DNA separat.ed by gels of vcll~yil1g porosity are
listed in Table 11.

------------ ---
I The absolute ionic mobil I ties of molecules are the

ionic: i,lobilities of the mol acu l ....s in free solution.
Hm'lever, since the charge/mass tdt ias of the polyAMPS
molecules (like DNA and RNA) are identical no matter
their individual lengths, the individual polyAMPSspecies
can only be discriminated in gel media exerting a sieving
effect. Hellce it is man" useful to measure t he i r
"apparent ionic mobil i t ias " in gel media of varying
P01'r)8 i ty .
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Table lOt Effect of thioglycolic acid concentration on
viscosity of polyAMPS solution
Concentration of Viscosity, and !!laDGof I!lubsequ!!lntdissolution in
thioglycolic twatart of resulting polyAMI?S poJ.ymers
acid

(roM)

(I

(, '('Ilt I,d)

0.1
0.1",

o. ~
n.4
H."'

l.I."
(I. 'I',
1 • U

1.;>,

1.',
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As can be seen, thiol compounds are incredibly
active chain transfer agents, and the addi tLon of very
small amount s to a polymerization reaction can
dra8tically reduce thr, average chain length. Hence I

decided to aynche sd ze. po1yAMl?Spolymers of a uniform
distribution of molecular mass by the addition of various
amounts of t11io1 chain transfer agents such as
thioglycolic acid (mRrcaptoacetic acid) to the
polymerization reaction mixture. It was noted that the
free radical-induced polymerization of a 60%- (3 M)
solution of AMPSl resulted in the formation of a firm
gel. Hence the decrease in average chain length of
polyAMPS caused by the addition of increasing
concentrations of thioglycolie acid to a 3 Msolution of
AMPScould be qualitatively measured by the decrease in
viscosity of the polyAlVlPSso'ution, as detailed in Table
1l).

The poJ.yAMPSsolutions resulting from the "/.5 mMto
500 roM thioglycolic acid reactions were fluid enough to
permit pipetting, and so these fractions were subjected
to further testing. The effect of thioglycolic acid
concentration on the reSUlting average chain hmgths was
gauged by subj E>cting the polyAMl?S tractions 1.:.0 zone
:ale!"""I cpno res t s on agarose and polyacrylamide gels.

1 The hydrogen peroxide-FeSO~-ascorbic acid system
(Uri, 1950; Blackshear, 1984) commonly known as Fenton's
reagent was used since the normal persulfate-TBMED or
ribof1 ;:win free :radical iIlit Lat or systems do not work at
Lov pH.
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The solvent molecules in which the polymerization
reaction is conducted may act as chain transfer agents,
lAading to lower averr.ge chain length than would be
expected ':::romthe initiator to monomer ratio. (Water I

however I is unreactive.) The chain transfer constants for
poly(methyl methacrylate) radicals with varL\.;",sulvents
is given below in Table 9.

Table 9: Chain transfer constants for poly (methyl
methacrylate) radicals with various solvents (from Kine
and Novale, 1981)

Solvent Chain transfer constant x 105

at 60°C at 80°C

benzene 0.4 0.8
chlorobenzene 0.74 2.1
isobutanol 1.0 2.3

-
toluene 2.6 5.3
chl.or'of crm -1.5 11.3
isopropanol 5.8 19.1

3-pentanone 8.3 17.3
,-

carbon tetrachloride 9.3 24.2

2-mercaptoethanol 66 000
thiophenol 270 000
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Inhibition

+ Inhibitor

+ Inhibi tor- (tlm''''cl(·t ive )

Chain tra~sfer 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
(Barson, 1989). since one reaction chain is replaced by
another, the rate of polymerization is u11affected, and
complete consumption of the monomers occurs.

Chain transfer

+

+

+ New chain

Chain transfer agents thus compete with the monomer
for the growing radicals. The ratio of rate constants for
chain transfer and for normal chain propagation,
k\I"""I''1/kp''l.,'1l\'''l~''h''II' is called the transfer oonecenr, it is
a measure of how effective the chain transfer agent is at
lowering the molecular mass of the polymer.
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B. Diapropo:t'tiollation

R-O- (CH2-Cf) n-CH2-9H2
X X

+

R-O- (C:B:2-9H) n-CH=fH
X X

The r:hainpropagation step is generally much faster
than the chain initiation step, sin'" ~....c time is
required for decomposition of the initiator to form
pezoxy radicals to occur. Thus the formation of new
polymer chains occurs continuously during the polymer-
ization, resulting in a Gaussian distribution of chain
lengths, !tilththe average chain length being proportional
co the ratio of monomer to initiator. The average polymer
chain length may be decreased by the addition of
itlhibi tors or chain transfer agents.

1nhi1:;itors are compounds that react with the growing
polymer free radical to generate a new free radical that
is not reactive enough to add to monomer. Thus not only
is the average chain length decreased, but an incomplete
consumption of monomer also results, as all the free
radicals are rapidly mopped up. Examples of inhibitors
are phenols, quinones and aromatic amines.
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Four isomers are expected from the reactiml of Remazol
Red RB with BAPEDA. Since the two tetramines are similar
in size, differences in ionic mobility of the ampholytic
dye i~omers was expected to occur solely on the basis of
11?t: charge.

The ampholytic dye products were synthesized by
react i.ngthe various ratios of tetramines with Remazol
Red RJ?in aqueous solution at room temperature for 24 hr.
The ampl101ytic dye fractions were purified as describ~d
in Sect Lon :2.:2,3 of the Materials and Methods, and stored
as aqueous solutions at 4°C.

EstimaL;ion of the pI :nmgee at the ampnolytic clyee by
~

A l~ough idea of the pI ranges of the individual
ampholytic dye fractions was obtained by PAGE in a 4.5%
polyacrylamide gel, with 15 roM HC1~ethanolamine, pH 9.5,
as the gel buffer (Figure 27), The ampholytic dyes were
fixed by plac.i.ngthe 9'el in a saturated solution of
picric acid (Knisley and Rodkey, 1992) containing 10%
acetic acid and 2~ glycerol, tollowed by washing in
saturated picric acid containing 2% glycerol. The
function of the acetic acjd in the first fixing step was
to i;\cidifythe gel so that all the ampholytic dye
molecules possessed a net positive Lharge, and so would
form an insoluble complex with the picric acid. As
expected from the pI< values of the tE"tl'amint?sI the
ampholytic dye fractiolll:3containing BAPEDJ-I.are the most
basic.
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(MeT) group and one vinyl sulfonate (V8) group. Moreover
Remazol Red RB contains three sulfonic add groupsl.
Therefore a 2Sx molar excess of polyamine was used in
order to ensure that the two react i ve groups did not both
react with one polyamine molecule.

Two tetramines were used:

N,N'-bis(3-aminopropyl)ethylenediamine (BAPEDA)
'l'llis is available as an isomericdlly pure sucacence .
Structure: H;N*(CHJ ,-NH- [CH.,].: -NH* [CUJ ,~NH;,

pK values~ at 25°C: 5.6, B.3, 9.B, 10.5

Tri.ethylenetel::ram:J.ne(TETA)
This i~ available as a mixture of st.ructural isomers.
St.ruct.ure 1: H.,N-[Cr·u ~-NH-[CHJ .:~NH-[CH,.J ;-NH;!
pK values at 25°C: 3.3, 6.6, 9.1, 9.7

Structure 2 (Tris(2-aminoethyl)amil1.e): N~((C'H J.-NH,,),

pK values: t 25°C: ~2, 7.9, 9.1, 10.0

Bergstedt and Widmark (1970) have found commercially
ava:i.lable TF.TAto contain the above two isomers, as ~Iell
as another five isomel.'s containing piperazine nngs.
Hence the heterogeneity of the product could be var i.ed by
altering the ratios ot SAPEDAand TETA', with the 100\
BAPEDAreaction product being the least heterogeneous.

--------------------
Pel~somll communication from Dr. U. Rei" t' of

DyStar, the dyeElt.uff subsidiary company of Bayer and
Hoecl'lst.

The pJ( va Iuas of BAPEDA, and the isomers of
TETA, were obtained h~om Smi th and Mat'Lell (1975).

The various terramtne ratios were designated in
the following manuel': 100\ B)lPI·~nA'" lOB fl.'act i.on , 90\
BAPEDA/IO\ TETA qH1T f rac t.Lon ... etc .... to 100\ TETA '"
lOT fraction.
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3.3.4 TEP of ampholytic dyes using polyAMPS space~s

It was suspected that ionic interactions would occur
between the polyan:ionic polyAMl?S spacers and ampholytic
biomolecules such as proteins. Proteins may possess
positively-charged areas on their surface, even if their
net; charge is negative. These anomalous interactions can
be suppressed in ion-exchange chromatography by the use
of buffers of moderate ionic strengtl1, but "'his solution
would not work in ITl? since the Lnt roduct i.on of
extraneous :i.ons must absolutely be avo ided. Hence I

decided to synthesize heterogeneous ampholytic dyes (as
synthetic substitutes for natural ampholytic bLo-
molecules) and subj sec them to TEl?with polyAMl?Sspacers.
Since the amp110lytic dye species were coloured, rhey
provideJ a simple met hod for monitoring the degree of
ionic interaction.

BaSic ampholyt.ic dyes were synthesized by reacting
the reactive dye1 Remazol Red RB (Hoer.:hst) with an excess
of polyamines. Since the exact structure of Remazol fted
RE is a trade secret, the molecular mass was arbit:arily
taken to be 1000 daltons, assuming the dye to be of a
related structure to other commercially available
reactive dyes of known srruct.ure , such as Cibacrol1
Eril1iant ~ed 3B-A (995 Da). It is, however, known from
the literature (VOll del' Eltz, 198:2) that Remazol Red HE
contains two reactive g:ro1.1ps . one monochl.oxct r iaz i.na

------.-~-
The chemistry at the RemC'tzolfclmily of reactive

dyes is given in H~~YHa (llJ62,1963) and von del.' Elt:.::
(1982). Reviews of r eact ive dye chemi at.ry a re given by
Ell iot.t; and Yeullg (197c)), Stead (l..987) and Smith (1993).
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Xylene cyanol FF

:ar01l\opb.t;lnol bl'le

Orange G

-......'.'.Azocarmine G

SJ?ADNS

F:l.gure 26 Comparison of the resolution obt.ained by TEl?of
a mixtu~e of dyea in 3.S\, 5\ and 7.5\ polyacrylamide
gels (left-hand centre and right-hand lanes, respect-
ively) 0 The samplp. dyes, and the conditions of electro-
phoresis are the same CIS for: JHgure 2ts. The 3. S\ and S\
polyacrylamide gels contained <1\ croas l i.nker , and the
7.5\ polyacrylamide gel cont a ined 2. S\ crOSSlil"lJ<er. The
spacing betweel1 thu dye bands iEl dec:reased as the density
of the pclyacrylamide gel is increased.
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llrOXl'-.'phenol blua

·In.ng$ G
•. 9A.ONS •• • • 1111 £II'

,igure 25 TEP of a mixture of dyes lin order of
decreasing iOl'll.:' mnbility: SPADNS,orange G, bromop11el'lol
blue, a%ocal"mine G and xylene cyano l FF) in a :?,. 5\T, 4\('

polyacrylamide gal. The gel buffelA was composed of a 1\1

roM solution of polyAMl?S~SOspacer pOl'i'h\el~f1adjusted to pH
9.5 with ethanolamine (pI( ..9. S) • The anolyte was composed
of 3 M ethanolamine titrated to pH 9,S with boric acid.
The cQtholyte (terminating electrolyte) was composed of
3 M EACA (pI( 10.80) t i t r at ed t.o pH 9.5 with et.hano l.-
amine. Thin filter paper strips soaked in the al101yte :1210.

catholyte solution~ reapect ively wete applied t o the
extremities of the TEP gel, upon which the elect1.~odes
wel~e laid. sorut Ione (Fl {Ill of the sample dyes
(dissolved ill 15 mM of t e rmi.nat i.nq e l ectro l yt.e) were
applied to Shallow wells 011 t.he CJt~lsu rf ace , The gel was
run at 200 V at room r emper'atur'e ,
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On the cont t'(1.):'Y, an excel Lent retlClll.lt Lon of: the
sample dyes has been obtained by TEP (see Figure 25) . All
the aonas are sharply focused; moreover close observation
of the gel shows the presence of ar orange minor band
between the orange G and bromophenol blue zones, and a
pink minor band ketween the bromophenol blue and
azocarmine G zones, caused by the presence of impurities
in the orange G and azocarmine G products. T11e sharpness
of the dye zones obtained in the TEl? experiment are due
to the counteraction of diffusion by the electric field
strength gradient.

TEl?was repeated in 5\ and 7.5\ polyacrylamide gels.
A comparison of the dye patterns obtained by TEl? in the
3.5\, 5% and 7.S% polyacrylamide gels (left-hand , centre
and right-hand lanes, respectively, of Figure 26) shows
a progressive compression of the orange G, bromophenol
blue and aaccarmi ne G nanda on increasing t11edensity of
the polyacrylamide gel. The decreased spacing il1 the 5\
and 7.5' pol~acrylamide gels indicates that a depletion
in polyAMPS spacers of that range of apparent ionic
mobilities has occurred. This is because the apparent
ionic mobilities of the polyAMl?S spacers has deCl"eased
due to the increi'l.sedmolecular oieving effer-t.
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Xylene cyanol FF
Azocarmine G
Bromophenol blue
Orange G

Sl?AtlNS .-

Figure 24 Zone electrophoresis of a mixture of dyes (in
order of decreasing ionic mobility: SJ?ADNS,orange G,
bromophenol blue, azocarmine G and xyl.ene cyanol FF) in
a :3. S%T,4%C polyacrylamide gel. The gel buffer was
composed of lS roM rICl titrated to pH 9.5 with ethanol-
amine. The electrode strips were soaked in a 1.5 M
solution of t.he same buffer. Solutions (15 MIl of the
sample dye mixture (dissolved in gel buffer) were applied
to shallow wells on the gel surface. The gel was run at
200 V at 10°C.

I
)
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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 sized sample wells (0.8 !TIm x 0.4 mm) were
used so that the degree of resolution obtained was solely
dependent upon the electrophoretic process.

The gel buffer for zone electrophoresis was composed
of lS mM HCl titrated to pH 9.5 with ethanolamine. The
electrode buffers were composed of a 1.5 M so l.ut.Lor, of
the same buffer. The TEl=>gel buffer was composed of a 10
mM solution of polyAMPS spacer polymers) adjusted to pH
9.5 with ethanolamine (pJ(.9.S).The anolyte was composed
of 3 M ethanolamine titrated to pH 9.5 with boric acid.
The catllolyte (terminating electrolyte) was composed of
3 M EACA (pK=lO.80) titrated to pH 9.5 with ethanol ~
amine.

The resolution obtained by zone electrophoresis is
shown Ln Figure 24. The SPADNS and orange G zones are
clearly resolved, but the bromophenol blue, azocarmine G
and xylene cyanol FF zones have not been resolved. Zone
spreading, particularly of the xylene cyanol FF zone, has
occurred due to diffusion.

It. was :foundthat usino a higher concentration
of po1yAMPS resul ted in deformation of the gel. Th,iswas
possibly due to the mechanical stress caused by moleCUlar
sir=:ving,or else due to entanglement of longer polyAMPS
species wi th the gel fibres, leading to immobile negative
charges an the gel matrix, with consequent electro~
osmosis.
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Thl~ Lnre rmediat.e molecular mass polyAMPS-30 and
polyAMPS-50 fractions are suitable spacers for performing
ITP in low-percentage acrylamide gels; ~he lower
molecular mass polyAMPS-100 apace ra being optimal for
separations in high-percentage polyacrylamide gels. (None
of the other polyAMPS fractions provided an adequate
range of apparent ionic mobilities.) 'rhus the various
porosities of polyacrylamide gels each have a
corresponding optimal size range of polyAMPS spacers.

Ie~ting the ~u~tability of polyAMPS as ~pacers for *11' ~
~~pakation at dyes

The suitability of the polyAMPSfractions for use as
spacers for isotachopholetic separations was then
evaluated by:

(i) Seeing if an electric field strength gradient
was generated in a telescope elect~ophoresis (IEP)
system), ie. there was a focusing effect,

(ii) Comparing the resolution obta.lned with that of
ordinary zone electrophoresis.

DYE:.3were chosen as markers of resol ving powex since
the separation process and the final l'E~solutio11 obtained
could be directly visuali~erl. The following sample dyes
were used in order of decreasing ionic mobility: SPADNS,
orange G, bromophenol blue, azocazrru ne G and xy'l ene
cyanol FF. Th(; polyAMPS":10 fraction was chosen tor r.he

These and al.l subsequent rTp experiments wel:e
performed using the TEP format. '1'he :i sotachophoretic
steady at at e j a Lmmediat.e Ly attained in TEP. (Section
1.2.3 of the l nt.roducti.onv ) The TEP qels are a l so more
convenient tc) propa re sine!" thE>tE! are no two separate
leading el(~c·trolyt:c and SPdC('l' zone a , ,'\8 ill conventional
TTP.
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The polyAMPS fractions were graded
as space rs for J.TP according to the
mobilities covered (Table 13):

for suitability
rang~ of ionic

Table 13: Apparent bpe ranges of the various polyAMPS
fractions

PolyAMPS fraction Estimatad bpa
ranga'

Porosity of gal for whioh the
polyAMPS fraction would be

suitabJ.e as IT!?spacers

Po 1yAMi's 't .». 1(If I ~:() () {j fl. Pc,lywTyldmidf'

Pu 1yAM!:, 111 1(111 1 C,liti ~ r • ' '
1. ,'{ IH pulyc!('lyJamidt,

)', 1yAMI'S 1', i un 1',( I \1

PolyAMPS' 30 10n

1111i(l

'l% pulY,IJ'lyldlilidt'

) t".,. . .\,

1','1; P"lYdi'lyl,utlld,'

r't>1yAMl'f 200---,------------4-----------4---------------------------~1
I' '!yAMl'h i • '/ (I

Nt'llt'

ubI '1 ined i l' 'ill Telb 1" i z •

I.,m":'l , "t l"iqlll":; ;;i) ,{!hi ;'1 :11t, '1'1 ill!' 1"'iyJlNll'S 'I.'" III ,\ltd
1', t l.ll'! 1·'IlI: I" 1'1'"Illy ;,Ilit Ibl. t"l Il~t, iiI< tTl' HP,I"t'l H j')l

,{,Hlll' I,· i"llH ,t lIlt·d i1)111 I, low i ..n 1 ' lll"ld 1i\v .
Law';; 4 dUri', '1 Fiqlll "I: .'(1 .ui.I .. 1 :'ll"W I il,' l',dyAMI'S ~(! ,Old

',(1 j Id"! i"IlH ,,, h' ;:1))' dl,jl' I,ll Il:'\' IH ITt "1"1""1:' 1"1 t~'ltnI>l,'

!"II:: ,It .( wid, Idll'l' 'I )"lli' 1Ii"I,) 1il it'li.

I,.ttl'· , "t }.'i'I'11 ";, .r.: Illil.' l :,j" 'W:' 111,· 1'"lyAM!'S 1(III l1d('1 1"11 t"

h !il.d!I" 1"1 11::, ,;: IT) i:' 1,','1;: 1,'1 ::,1\111>1, 1 "ll:' "I I wi,l ..
I mq" ,,1 j, .n l.: !ii, ,l'i J iIi 1'1:.
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The est.imated DNAbase pair equivalent (bpe) ranges
of the polyAMI?S fractions, determined by zone electro-
phoresis (Figures 18-23), aIe summarised in Table 12:

Table 12; Estimated bpe ranges of polyAMPS fraotions

PolyAMl?S Agarose (%) Polyacrylamide (%)

fraction' lS1 2 3.5 8 12

7.5 ••~non .;~ 0(;0 don ~1(1(1

10 ~.2~ion " 'l ',< I(I :.1{1(; .RO ~1(10 :.(;0

1', ,_)L)tl{l .1',(\(1 ·1(\1\ .'/(1 '7i1 >r,l)

I'I • . .-;U{IU .,1.:(111 ·11)0 .IJC! .41) ,.,3 U

50 ".won • 1()II(I ·lO()o '11 ~.!{~ .. 4 u ,2U

1(10 • '}DiI • lUll e 'lOll ., ~Cln .;'.(10 ,20

.:0(1 ,",PC lUll •• ;0[1 •. ~:~(1 (I .,12{) d,:)

lOU .',00 .' ~~ I"~ ') 1U(I . 10(1 • 1 (10 " 'In

',(10 I • -11\ " ~(l

Va hu- It'iI'IH tl' !It.' I'(llll"'ll!l,d i,'ll ,'1 tlliuqly,'"lir' ,wid (lnM) in
till' l'ldymt')i;f"jt.i()!l ),'d,'1 inn ml xt u rr- •

It was noted that ill all 1"-:.:::: Sl~,'J l,e polyAMPS
fractions exhibited streaking prt! t.;l. ,)~, moreover
precipi t a t i.on of polyAMPS polymr>rB occur red in the
polyacrylamide gels near the sampllclwells. Tins was taken
to be caused by entanglement of the longer polyAMl?S
J:)olymers with the gel fibres.
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1 2 3 4 5 6 7 8
_'LId A)Q

Figure 23 Zone electrophoresis of polyAMl?S S1 ' 'ars in a
lS%T, :2. S%C polyacrylamide gel, TBE buffer pH a . 7. 'rhe
procedure of electrophoresis and staining of the polyAMPS
polymers is as for Figure 18. Lane 1: polyAMPS-10, lane
2: polyAMl?S-lS, lane 3: polyAMPS-30, lane 4: polyAMl?S-SO,
lane 5: polyAMPS-100, lane 6: polyAMPS-:'OO, lane 7:
polyAMl?8-300, lane 8: polyAMPS-500.



Results and discusGj~n 143

TS~ of D.NAmoleculru:_mae&i ma,lsers vsing J;jolYA!'..'oS spacers

TEP was conducted in 5%polyacrylamide gels. The gel
buffer was compoaed of a 10 mM solution of polyAMPS
spacer polymers adj uat ed to pH $3.5 with ethanolamine.
Both the al10lyte and the catholyte (terminating electro-
lyte) were composed of 400 ml each of 100 roM EACA
titrated to pH 9.5 with ethanolamine. The extremities of
the gel were connected to the electrode buffer by filter
paper strips soaked in electrode Duffer. The same DNA
molecular mass markers were used as for PAGE.

'rhe polyAMPS-SO and -30 fractions were used at first
as spacers for TEP (left·hand and centre sections,
respectively, of Figure 34) . Nine DNAbands were resolved
by the polyAMPS-SO spacers (as opposed to 12 bands with
PAGEa,s shown in Figure 32). The larger DNAmolecules
(1033, 1230, 1766 and 2176 bp molecules) were not
resolved, <,;l.ndappeared together as a single band. These
resul t s are corroborated by the apparent bpe ral1,ge of th~
polyAMPS-SO fraction: 100 - 1000 (Table 13), so that DNA
mc l ecu l.er greater than 1000 bp in size would not' be
spaced.

The reso1u...1on of the larger DNA molecules wa'3
slightly be't tar with the polyAMPS-30 epacers ~ the 1033
bp ONl.molecule was resolved this time, with the 1230,
1766 and 2176 bp DNh molecules migrating t oqet.he r as a
single band. Once again, these results are corroborated
by the apparent bpe range of the polyAMPS-30 fraction:
100 - 1200 (Table 13), so that DNAmolecules greater than
1200 bp in size would not be spaced.

The results of the 'rEF experimenLs using the
polyAMP:J SO and 30 fl'~lNi()ns as space rs seemed t o
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Figura 33 Plot: of the logarithm of the size (in bp) of
eac.:hDNA molecule verSLiS ita migration distance, for the
PAGE experiment of Figure 33.
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Figur$ 32 Zone electrophoresis of DNA on ~ horizontal 5\T,
4\C polyacrylamide ge1. i1'1.TBE buffer (62. S mM Tria, 52 mM
bori c aci d and 0.6 mMNa -EDTA, pH S. 7). The f il t.er paper
electrode strips were soaked in a 16X solution of the same
buffer. Boehringer Manl'lheim molecul~r weight marker VI was
ul>ed as sample DNA. The mixture contains .15 fragments with the
following number of base pairs (1 base pair - 660 daltons):
2176, 1766, 1230, 1033, 653, 517, 453, 394, (2x 298), (2x
234), 220, (2x 15'il, but only 12 bali.ds are l"esolved. S~mFles
(5 uL) of a '10 /.(g/m1 aolutlon of DNA ('" 200 ng DNAper well)
in 15 f"';01of EACA-ethanolamine buffet-, pH 9.S were loaded in
shallow walls on the polyacl'ylamide gel surface. 'l"he E:ample
buffer contained bromophenol blue as a migration marker, '.che
gels were run at 200 V at room temperat'ul'e until the
brcmephencj b Iue was 1 em away fn:m the filter pl\pel.' elect:t'ocle
strip. The DNA bands were d~tectec:1 with the sj IV!'r staining
method of Sn11.guilletti fit ~1. (1994).
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3.3.5 TEl?of DNA us:l.ngpolyAMl?S spacez s

TEl? of DNA was attempted since DNA, like polyAMl?S,
is a poLyarri.on, and ahoul.dnot ltndergo any ionic int.er-
actiol1s with polyAMPS polymers. In faot polyAMPS
polymers, beil'lgsimilar in structure to DNA, shou.rd be
ideal as spac~rs for the isotachophoretic separation of
DNA molec\.lles, since they should exhibit similar
electrophoretic behaviour. As far as I know, IT)? has
never been used before for the separation of poly-
nuc'l eot Ldea ,

Separation of standard DNA moleculnr mass markers by
PAGE was first performed in order to compare the
resolution of PAGE and TEl? Boehringer Mannheim molecular
mass mc"lrket'VI was used as sample DNA. On standard PAGE
in a 5% polyacrylamide gel in TBE buffer 12 bands were
resolved (Figure 32), The DNA bands were detected with
the silver staining method of Sanguinetti et al. (1994),
A plot of the logarithm of the size (in bpI of each DNA
mo1eo\11e vel~SUS its migrat ion distance is portrayed in
Figure 33,
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Figure 31 TEP, in the presence of urea, of the 3B7T
ampholytic dye Zraction in a S\T, 4\C po1yacryl&mide gel,
using polyAMPS-1S (left) and pOlyAMPS-l0 (right) spacers. The
gel buffer was composed (')1: a 10 mNsolul::il'n of polyAMPS spel.Cer
polymers ':!011taining 9.5 M urea, adj uaued too pH 9.5 with
etha1101amine (pK..SI.5) . The ar~.oJ.yte and cC'\tholyte (t.erminating
electrolyte) wel'e both composed of 400 ml of 100 mMIACA
titrat.ed to pH 9.5 with ethanolamine. Solutions (20/.(1) of the
3B7'l' f:racl;iol'l. were applied to shallow wells on thE! gel
surface. The gela Wel"e run at :200 V at room t.emperature. The
amphol.yt Lc dyes Wel"e fixed by plar.ing the gel in i\ fJatu:r:ll:~d
solution of p Lcric acid ccnt.a.i.n ing lCi\ acetic acid ax j ..\

glycerol, followed by washing ill satulated picric acid
containing 2' glycerol.
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',I'11epolyAMPS -15 and 10 f ract;ions were then tried in
an artumpt to get better spacing between the individual
amphoLyt Lc dye species. The faster ampholytic dye species
were well resolved, but distortion of the bands of the
slower species was obtained (results not shown). This
problem was not alleviated by increasing the concentra-
tion of the urea to 9.5 M (Figure 31), indicating that
the problem was not due to interactions between the
ampholytic dye molecules and the polyAMl?S spacers, but
due to distortions in the electric field strength
gradient. It is most probable chat such a distortion
would be caused by entanglement of the longer polyAMl?S
polymers in the polyacrylamide matrix, as noticed during
zone el.ectrophoresis of the vari.ouspolyAMl?S fl-actions
(Figures 18 to 23) .

Nevert.heless the faster ampholytic dye isomers have
been well resolved. The introduction (.,r polymeric spacers
possessing a lower ionic charge would lower their io~ic
mobility, and hence allow the use of polymeric spacer '"of
shorter length. This should ovcrocme rhe entanglement
problem, and allow the resolution Qf slower-moving sample
ions. Most probably monoanionic polymeric spacers would
be the best solution. Moreover, the use of monoanionic
polymeric spacers wculd solve the problem of ionic
interc'lctiol1swith ampholyti.c sample Lous, such as
po'l.ypept.i.daa .



Retsul.tit: and ai acuaoiou 1.3'1

...

l!'igur. 30 TEP, in the presence of urea, of the JB'1T
ampholytic dye haction in a 5\T, He polyaclylamide gel,
usin'J polyAMl?S·SO (lefl") ox po1yAMPS'30 (l"ightl apacns. The
gel buffer was composed of a La mMsolution of po1yAMl?Sspacer
polymers containing 8 Mure&, adjusted to pH 9.S with ethanol-
amine (px ..g. S). The ano Iyt e and cel,t.holyte (terminating
ell!11Ct:,rolytel were both composed of ·100 nil of 100 mM EACA
titrat~d to pH 9,~ with ethanol-4n11ne. Solutions (20 u11 of
the lS7T fraction were appli~d to shallow wella on the gel
surfa~e, The gels were run at ;'!OQ V at room tempel.'atura, ThE:!

ampholyt.ic dyes we:na fixed by plaoing the gel in a I1cltunu;:ed
liolution t;)t p t.cri c add containing ,lQ\ acat ic acid and ;?\

glyce:t'ol, followed by wa~lhi1l9 in u<'ttUt<'ltl~d p icri e acid
cont a in inq 2\ glycEHol
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•
Figun 29 TEP of the 3B7'1'ampholyt:i.c di'''' fraction in a SliT,
He polyacrylamide gel, using polynMPS-SO (left) 0),' polyAMl?S~
30 (right) spacers. The gel buffer was composp.d of a 10 mM
solution of polyI\MPS spacer polymers adjusted to pH 9.5 with
ethanulamine (pK=9, 5) . '1'he anolyte and cat.holyte (terminating
elec:trolyte) were both composed of 400 m1 of 100 mMEACA
titrated to pH 9.5 with ethanolamine. Solutions (~O Mll of t.he
lB7T :fraction wen applied to shalla'" 1 l s on the gel
aut·face. 'The gels WII':'IH! 1un ell: 200 V at loom t:empel:at1.tre. Tlle
ampholyuc dyes were fixed ~)y placin~J the gel in a sat urat.ed
solutlon of picric acid ccmtaining 10' acetic acid and ~,
glycerol, followed by washing in sarulal:ed picric acid
containing 2\ glycerol.
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I5l? of tlle amQholytic dyes using QolyAMJ?Ssgacers

Although the 5B5T to ZBSTampholytic dye fractions
we.7e judged to have an equally good spread of individual
ampholytic dye species (Figure 28), the 3B7T ampholytic
dye fraction was chosen for the TEl? experiments because
of its greater concentration allowing high band
intenC!it-y ."ithout the neceaad ty of 10~,.;I':'nglarge volumes.
'l'El? wa-: conduct.eu in 5% polyacryl& u.de gels. The gel
buffer was composed of a 10 mM solutiol'). of polyAMl?S
spacer polymers adjusted to pH 9.5 with ethanol ami111:: •
Both the anolyte and the catholyte {terminating electro-
lyte} were composed of il00 ml each of 100 mM EACA
titrated to pH 9.5 with ethanolamine.

The polyAM1?S-50 and -30 fractions were tried at
first (Figure 29). The resolution is improved with the
polyAMJ?S-30 spacers, although both gels show slight
smearing of the r-mpholy":ic dye bands due to ionic
i11teractions with the polyAMl?S spacers. These i11ter~
actions could be inhibited (Righetti et «i . I 1977) by the
inclusion of S Murea into the gel mixture (Figure 30) I

with an increase in resolution. TEP with the polyAMl?S-30
spacers shows near ty as ma11Ybands as the pH 8-10.5 rEF'
gel (Figurto 28) I but these are not as easily disting~
uished as che bands are very close together. (The
photogr.;.;.phs in Figure 30 do not show the banns with as
much clarity as the original g"!ls.l
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UF of the amgl101yeic d)!~

IEF of the ampho Lyt;i.cdye fractions was performed in
a pH 8-10.5 gradient (Figure 28) in order to determine
the number of the individual ctmpholytic dye species of
each fraction. It was found that the ampholytic dye
ruol.acul.aa interacted strongly with carrier amphol.yt.aa,
resulting in smearing (results not shown). Fortunately,
these interactions could be inhibited by including 8 M
urea and 30% dimethylformamide (DMF) in the gel solution
(Righ~tti et a1., 1977). The lEF gels were composed of
10tT, 4%C polyacrylamide, since DMF has an inhibitory
effect on polymerization,

The focused ampholytic dyes were fixed by placinS!
the gel in a saturated solution of picric acid containing
10% acetic acid and 2% glycerol, followed by washing in
saturated picric acid containing 2% glycerol. The cal~rier
a~\pholytes were also precipitated by the picric acid,
appearing as opaque bands (Knisley and Rodkey, 1992).

The pH 8-10.5 lEF shows the lOB ampho lyt ic dye
fraction to possess, ae expected, four major isomers with
pI values greater than 9,5. However, there are smal;
quantities of othlE'rl(:!ssbasic isomers present, perhaps
due to reaction of both the MCT and VS groups with one
BAPEDA molecule. The TETA~col1tainil1g amrl101ytic dye
fractions contain at least 15 isomers ",1. pI values
between 8 and 9.5. The SBST to 2FHlT amp'101ytic dye
fraction! (lanes 5-8 of Figure 28) seem to p08sess the
best spread of isomers.
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'\
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Figure 27 Estimation of the pI l"ange of the C'n1pholytic dye
fraotions by PAGE in a 4. 5%T, HC polyacrylamide gel, with 15
mMRC1-ethanolam.ine, pH 9.5, as the gel buffer. Thin filter
paper strips soaked in a 1.5 M solution of the same buffer
were applied to the extremities of the gel, upon which the
plat.inum electrodes were placed. 15 1.11 of the ampholytic dye
fractions were loaded in narxcw wells in the centre of the
gel. Lanes J. and 12: b~'omophenol blue and xylene cyal<l"IJ.FF
dissolved in gel buffer. Lane 2: lOB, 1ane 3: BB2T, lane 4:
7B3T, lane 5: 6B4T, lane 6: SBST, lane 7: 4BGT, lane B: lB7T,
lane 9: 2B8T, lane 10: 1B9T, lane i i . lOT. Electl~ophoresis was
conducted at 100 V at SoC \.\ntil the bromophenol blue had
migl:ated 5 cm. The ampholytiC dyes were fixed by pl~cing the
gel in a saturated solut ..on of picric acid containing 10%

acetic acid and :2\ glycerol, followed by washing in satul'al:ed
picriC acid containing 2\ glycerol. The bl.·omophel1.ulbl1!E!
cannOl be seen because it is in its acidic form (yellow). The
lOB to 3B7T fractions (lanes 1 to 8) cont~in a significant
T'l.uportion of ampho lyt i c dye i scmei s with pI values grei:itel:
than 9.13.
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lTsing their experimenti'-1.1 data, Bundgaard and
.ronausen (1981) were able to predict kinetically the
half ~lives of decomposition of N'Mannich bases of
m0rpholil1e and piperidine in neutral to basic aquenus
solutions ';18a function of the pI( of the parent amide dS

shown in Table 15.

'l'8.Q;L1ll 15 t PrGldictlildhdf-l:!.vu of dacompos.:l.tionof N-Mannich .':Iues
of morpholinGl and pip$ridinGl in n41tr~1 to basic aqu$oul lolut~ons
(37'C) as a function of the pF of the parGlnt UU-acidic compound
(from Eundgaard and Johans$n, 1991)

pK of par$nt
NIl-acidic
compound Morpholint N-Mannich bu. PiperirliM N-Mannich bu.

i ,ll! ,;

, ', . .'.'.' It "lHill

1 • '/ h " ,·1 mill

, .; til ill r .•• \ t,

,
I,

I~------------~I------------------------+------------------------
It J ~ HI t IJ

Acrylamide would be expect ed to have a pl( similar tn
acetamide, ie. ca. 15, So rhe half life of N~(N'-

morpholinomethyl)acrylamid~ at 370C would only be about
24 h. However, rU11114ng an LiG gel at: 5~~OoC 8hould
increase the t", to abcut Ccl weekI rendt"Jring the
percentage dpL'ump08itioll of the acrylamido buffel-

t In organic chemi 8 r t'y d ,}E'nel'r'll ru l e ot thumb 1S
t hut the rat e of a :react iOIl double .. t ,....' eve ry 10 C r ise
in temperature. Hence del!n?as; 119 t he t empe.rat ure from
37C to '7C woul d illC~l'~i'H;e t.he t .. by a frctor of eight.
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hydrolysis ofFigure 37 Mechaninm of
amincmethyl' ted amides.
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11.:2 tot' piperi.d i.ne l . It can a100 be seen that the rat!."!
of hydrolysis '~ increasAd with increasing acidity
(caused by electron-withdrawing substituentsl of the
amide (Bundgaard and Johansen, 1980b):

Amide
A.::etamide
Benzamide
Tl1iobenzamide
Trichloroacetamide
p-Toluenesulfonamide

ruL.!.2S0C)
15.1
14
12.B
12 .4
10.2

Loudon er r:tl. (1981) were able to elucidate the
kinetic mechanism of both the acidic and basj.c hydrolysis
reactions. The mechant~n' of hydrolysis in basic solul;;,ion
seems to be best described as an unimolecular solvolysis
witll an amide anion as a leaving group as shown in Figure
'37.

This reaction mecbani.sm fits the experimental
resul ts obtained by Bundgaard and Johansen (1980a, b)

where hydrolysis is favoured by increased acidity of the
amide (and hence increased ability to form an amide
anion) I and by increased basicity of the amine (and hence
facilitating the acceptance of a proton with subsequent
formation of an imin:l um ion). In acidic solution the most
liJ-\:ely mechanism of hydrolysis appf'~rs to mvcrve
expulsion of an amide enol (imidio acid) as shown in
Figure 38.
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TAb;!.,lli Rates of the decompoSition of various N"Mannich buee in
aqueous solution (37'0) (Data from Bundgaard and JohanSen 1980a,b)

Compound k. (x 10 ' min ')pK Xt (x 10' min ')

N (!llp,.·j idill"lfIl'thyl\

dl,,·tdrni(k'

~~ • 1 NP
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bt'tl".dtn idl'

'I, H t , 1

" <, 1 '/

, 1 <\l(i

I,
, ,',0(1

, .' ni,

4 < J "'.>

0\ I 't .:

< .4 ,,(lUll

N \l'lp"l ililn,Jlnt't lry l )
Ilil'.)\ illiimi(it'

(J.(')

Nip j I"'J id i!lump! ily 1
til i I. )l!l'lll.dtn ldt'

Nl)

N (pip"l idill,,1ndliy1)
t 1 ii'lll','IU<i"I't ,11111"<>

NIl

N i til, 'J I'll, ,1 ill' ·l',t'! hy J )

l!'.'IlZdmidl'

N 'lTF'lI,llu 1 i Il"nwt Ill' I ~
t n i- ,lH'llt'1!ld ,ito

. "

N (lIi"lplll,llll,'lll('t hy l )
I'll,'l!J()l·'tV'p! dtnid('

N ill" '11,11., I ilil qnel lly II
PI,' I \l"ll"~" I!, 'lli\11\\(j,.

N,,' ·1,·\"1 Illi Il<'d ,
Rat,· ,','Il:4L'ln! j,'l <1",
Hotl'> ,', 'lI:;l <1111 1"1 'J.

1 , 1

lliJl,,:d! i"ll "j Itll[!I,,f"ll(lt,·d M,tllllir'll b,w",
.1\11""1111"11 (J l'I"I"lldl"d M.'lllllidl bo1'<".

It can be spen from the above data that the rate of
hydrolysis of the piperidine derivatives of bellzamide,
thiobe:!l1zamide and trichloroacetamide is much higher than
t11:-.t of the corresponding morpho.l.Lne derivatives. Thus
the rate of hydrolysis is decreased hy decreasing the
basicity of the amine (pl\ of morpholine is 8.6 versus
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FiguX'$ 36
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isozyme, but further bands of more acidic pI are also
visible. Focusing of crude L*amino acid oxidase from
CrotdluG ada.mcmteus venom (Mr 135 000, :'" ~l"Io:-:ymeswith
maj or isozyme bands of pI $.71 and 5.87 at 4: 0 C1

) w!?re
used as pI markers. The sample proteins (2 mg of protein
dissoJ.ved Ln .200 Ml of 10 roM glut.amic acid) produced
numercue faint banda.

After I had already invested a considerable amount
of time and effort into the synthesis Ot aminomethylated
acrylamide derivatives, I C..lme.across papeJrs that showed
that the Mannich bases of amides are 1.mstable in aqueous
F.lolut.ionand slowly decompose to the origil'lalamide,
fOl"ntaldehyde and !Secondary amine (McDonald and Beaver,
1979 i Bundgaard, 1985). Pelton (1984), upon prolonged
dialysis of dimethylaminometl1ylated polyacrylamide
jainst distilled water, obtained a quantitative r~moval

o~ the tertiary amine groups.

Bundgaard and Johansen (1980a,b) measured the
dacompos Lc Lon l,;'atesof velriousN-Mal'lnic~hbases in aq1..1eOUS
solution. The pH-dependent hydrolysis rate profiles
followed a sigmoidal curve with plateaus in the acidic
and ~lkaline regions with the inflexion point c~ntred at
the pK of the Mannich base; the rates of hydrolysis in
the aUl:a.Lineregion (i.e. for the i ree Mannich bases)
being somewhat faster as can be seen in Table 14.

pI values obtained from Righet.ti and
C~ravaggio (1976). For the interest of the reader,
t ne mast comprehens iv« compilations of protein pI
and molecular mass values to date are IHghE1tti and
Caravaggio (1976) and IH9hetti et d.l. (1981a.). An
extensive compilation of eubun i t mo lecu l.ar maaaeaalone is given ill Decll'IUlll and 1\1ot:::(19'7r.,).
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3.4 ISOEL~CTRIC FOCUSING IN IMMOBILISmO pH GRADIENTS

3.4.1 Pr~paration of imrnobilised pH gradients using
the aorylamido buffer Nkrbis(2~hydroxyethyl)~
aminometh-;"'lJaorylamide

Elec\;.rofocuaingl;eeult§}Ql;!J;aine~

N· [bis(2-hydroxyethyl)aminomethyl]acrylamide
(BHEAMA) was not successf,.lllypurified. However it was
possible to determine the concentration of BHEAMA in the
crude product by titration. The react ion product was then
diluted with distill~~ water to give a 0.2 M solution of
BHEAMA. A pH 5.1 toe. 1 IPG gel was prepared, \.11:o_.1g2-
acrylamido-2-m~~hyl~1-propanesulfonic acid (AMPS) as the
titrant, in the necessary ratios as decermined by the
Henderson-Hasselbalch equation. Contaminants present in
the BHEAMA solution, such as unreacted formald~hyde and
diethanolaminc, did not at feet the IPG Slnce they were
removed from the IPG gel after polymerization by the
washing step in distilled wac, :. Possible copolymerizable
contaminants in the crude BHEAMA solution such as
um:eacted acry.lamide, and N hydroxymethylacrylamide, were
considered to have d n~gligible effect on the Il?G since
they were uncharged.

Figure 36 shows that the isozymes of bovine
erythrocyte carbon ic anhydrase dl'E:! well 1.'<;>801 ved in the
pH 5.1 t o t;. 1 qradit:nt. Tlw maim' hand is the pI 5.9

Boville' (,,:tlbnnj(' 'llllqdld.fW is pl
muLt ip le Lsozyrneu wlth pI ,/,!llwS ran9illq tr orn I, cD f).I,

(Dan i fe> 1sand L,.\ll(k·rs, 1!) 9G). Tho mel j o r iHo'..yme lFU1 apr
of :).9 (Hiqhetti .11l<i("II'.\v,\qqin, 10',(,1.
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MOl1.0ionic polymeric spacers are expected to lave
similar ionic rnobi l Lt i.ea as shown by the following
homologous sel'ies of carboxylic acids:

Formate
Acetate
Propionate
Butanoate
Pentanoate
Hexanoate

-51
~3a
-34
-31
-29
-27

Monoanio11ic polymers would be similal' in structure
to ionic surfactant8 such as SOS, except they would bear
a hydrophilic "tail". It seems logical to base the
synthesis of mcnoand ond.c spacers for ITP on those of
surfaceante, such as the Triton' series, which contain
poly (ethylene glycol) chains. Such spacers would be
synthesized by reacting phenolsulfonic acids wit~
ethylene oxide under ~lkaline conditions.

The introduction I?f monoanionic polymeric spar-ers
for IT!? is expr-cced to improve the POOl" results obtained
with DNA.The resolution obtained was slightly inferior
to that of PAGE.HlJwever, this is due to deficiencies in
the polyAMPS spacers learli.ng to distort ions in the
electric field strenst11 gradient and insufficient spacing
of the DNA, rathal.' them due to the technique itself. In
fact, it ~s expected that IT!? of DNP.molecules should
yield super I.». ;'esults to PA(m, due to t11~ count eracr Lou
of diffuoir:m by the elect ric t iflld strength gradient.
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3.3.6 The problems occurring with polyAMPS spacers
and their possible solution

CeJ:tain det iciencies in the us . of polyAMl?Sas polymeric
spacers were noted:

I. The longer polyAMPSspecies became entangled in
the gel fibres, leading to smearing and precipi w

tat ion (Figures 18-23), This had ewe deleterious
consequences:

(i) Disto~cion of the electric field strength
gradient occur red, v;ith subsequent loss of
resolution (Figures 31 and 34) .
(ii) The polymer matrix was, in effect, given
a negative charge, leading to severe electro-
osmosis and resultant deformatio~ of the gel.
However, this phenomenon could be prevented by
using low concentrations (10 mM) of polyAMPS
spacers.

II. In the absence of disaggregating agents such as
urea, ionic interactions occurred between the
polyAMPS spacers and amphoteric sample species I

leading to smearing and loss of resolution (Figure
29) •

FortUl1.ately all of the above problems may be solved
by the introduction of monoand.oni,c polymeric spacers. The
problem of ionic interactions with amphoteric sample
species would naturally no longer occur. Moreover, these
polymeric! spacers, having only a single charge, would
have to be very much shorter than polyAMI?S spacers in
order to have similar net ionic mobilities. Hence
entanglement of t.he j:ololymeric spacers in the gE.l fibres
should no longer be a problem.
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Figure 35 Plot of the logarithm of the size (in bpi of
each DNA molecule velASUS its migratj,on distance, for the
TEP experiment of Figure 35.
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indicate that the .larger DNAmolecules should be r8sol ved
by the use of slower polyAMPS spacers, leading to
increased spacing between the slower-moving DNA
molecules. Thus TEP was tried usi Lg the polyAMPS-15
fraction as spacers (right-h~nd section of Figure 34).
However, contrary to expectations, only the five fastest-
moving DNAmolecules were resolved - the 453 bp to 2176
bp DNAmolecules comigrated. According to the apparent
bpe range of the polyAMPS-15 fraction (100 - 1500, Table
13), only DNAmolecules greater than 1500 bp should not
have been spaced.

Apal~t: from the anomalous sp.acing effect, it was
noticed that the DNAbands had a distorted appea.cance -
indicating some disturbance in the electric field
strength gradient, as occurred similarly for TEl? of
ampholytic dyes using polyAMPS-1S and -10 spacers. As
explained before, this distortion is most probably caused
by entanglement of the longer po1.yAMPSpolymers (see
Figures 18 to 23), so that the degree of resolution was
actually decreased.

A plot of the 10garit11m of the si ze (in bp) of each
DNAmolecule versus its migration distance is portrayed
i11 Figure 35. A regular distrib. ion of the fdster DNA
molecules iF! obtained for all the polyAMPg fractions;
however when a cez't adn size of DNAis reached (103...I 1230
and ~lS3 bp for the polyAMPS~50, - 30 and -15 spacers,
respectively) t.he DNAmoleculos are no longer resolved,
and comigrate as a single band.
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upon crystallization from hot acetone/2-propanol. These
crystals absorbed water fl'om the atmosphere I but did not
deliquesce like Ci-(N-morpholinomethyl)acrylic acid. The
hygroscopic nature of these two Ci-aminomethylated acrylic
acids may explain why none of the Ci-aminomethylated
acrylic acid derivatives from the previous experiments in
aqueous solution could be crystallized.

The p](~values of 10 mM solutions of the pure Ci- (N-

morpholinomethyl) acryliC'! acid and ex- [N-methyl-N- (2-
hydroxyethyl) aminomethyl] acrylic acid derivatives were
determined to be 7,59 ± 0,03 (23t1C) and 9.22 ± 0.08
(22tiC) respective2 YI using the method rec0mmended by
Albert and Serjeant (1984),

l?repa;ratioll o.f_ Il?G gels using 01-(N-mor:gholinomethyll-
aQ..yl~c aciC! as t;he immobilizeC! bUffer

A pH 6.9-7.9 IPG gel was prepared using the Doc\.:.orpH
program (obtainable from Hoefer) to calculate the rat.:ios
of ex- (N-ntorpholinomethyl) acrylic acid (weak acid, pI(',. 6)

and strong basic titrant (in this case the pI< 9.3
Immobi.Lil'l,e') required, Equine myoglobin (pI " 7.4 at
25°C) was used as the marker. An excellent resolution of
myoglobin and various contaminants (presumably myoglobin
degraded in some way) was obtailled (Figure 46). However,
latel.Aal compression of the prc:.eins bands in the cathodal
half ot t"he gradient was obtained, This was found 1"'0 be
due to distortion of thl? electric field by the sample
wel~s being too deep, Another pH 6,9-7,9 IPG was prepared
with longer, more shallow samplC:1wells, This rdsulted in
a better focusing patterr, although some distortion of
the bands still cccurxed (see Figure 47). Comparison of
the two gels show t.he i r focusing patterns to be identical
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Improved protocoJ, fo};' the sYl1th\isis of cv-amiOQmet;hylated
acrylic a9i~ivativ~s

During the course of my work a paper was published
(Krawczyk, 1995) detailing the synthesis of the a-amino-
methylated acrylic acid derivatives ,)f various
dialkylamines such as diethylamine, dibutylamine and
dipentylamine. However, the reactions were performed in
the abaence of we.tel': paraformaldehyde was used as the
source of formaldehyde, and absolute ethanol or dioxane
were us~J ~b ~he reaction solvents. Heating was necessary
for the reaction to occur. (Presumably because of the use
of organic sol vents rather than water - my earlier
experiments had shown the use of water as a solvent to
have a catalytic effect on the reaction.) All the a-
aminomethylated acrylic acid derivatives were obt aLned as
oils which solidified on standing. Recrystallizat.i.on from
acetone gave the pure products.

I repeated the synthesis Qf the a-aminomet.hylated
acrylic acid derivatives shown in Figure 44 using
I<rawc:y1{'s protocol. Only the oil of a- (N-morpholin'?-
methyl) acrylic acid readily crystallized on standing.
The crudr solid was found to be extremely deliquescent -
liquifying within minutes if left expos~d to the
atmosphere. The pure product obt adned aftel· :recrysta11 i
zat ion from acetone was also del Lqueacenr - a sample left
in an open container became liquid aft~r a few days.

Aiter standing at room t.empe rat trre for several
weeks, the oil of a·[N-methyl-N·(2-hyd1.~oxyethyl)amino-
methyl]acrylic acid was found to have solidified. The
crude product was successfully used as seed crystals for
a second aynchea.i s . Small wh it e crystals of o- [N·methyl-
N- (2-hydroxYf,thyl) ami.nonte t hy l ] ,\cl'yl i" acid Wf'l'C' obt ained
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Figure 45 Titration curve of crude ~- (N, N~dimethyl-
aminomethyJ) acrylic acid. The a- (N, N-dimethylamil'lO-
methyl) acrylic acid was synthesized by dissolving
0.25 mole of malonic acid :il'l 2S%' (w/v) dimethylamine
solution (dimethylamine content: 0.25 mole), followed
by the slow addition of 0.5 mole formaldehyde
(commercial 37% solution) I with cooling i1'1ice-water.
The l-aaction was conducted at. room temperature. A 0.5
ml sample cf resf"tion mixcure was diluted in 35 mJ. of
distilled water, and titrated wit.h O.l N NaOH at
20°C. The titration curve shows the product to be
impure, ThC:::lmaj or contaminant is probably bis (N, N-
dimethylaminomethyl) acetic acid, as obtained by
Pelletier and F:t:anz (1952).
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Figure 44 Titration curves of. various QI·amino-
methylated acrylic acids. The QI-aminomethylated
a.crylic acids were synthesized by dissolving 0.25
mole of malonic acid and 0.25 mole of secondary amine
in 50 ml of distilled water, followed by the slow
addition or 0.5 mole formaldehyde (commercia.l 37%
solution), with cooling :i.11 ice-water. The :::eaction
was conducted at room temperature. ]A 0.5 ml sam~Jle of
reaction mixture was diluted in 3S ml of dibtilled
water, and titrated with 0.1 N Ncl.I)·~ at 20°C. The
titration curves show the presence of only one
b1.1.fferil1g group in each react Len mlxt.ure , differing
in pI( from tha ori.::1inal secondary amine, ie. the
products are essentially pure.
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The improved protocol was used to synthesise a range
of cv·aminomt.thylated acrylic acids. Their titration
curves are shown in Figure 44. The t1tration curves of
the derivatives of morrholine, diethanolamine, di-iso-
propanolamine, N-(methyl)ethallolamine and }J-(ethyl)-
ethanolamine show them to be substantially pure (Figure
44). The morpholine, N-(tnethyl)ethanolamine and
diethanolamine derivatives are the most promising since
they can be used as hydrophilic alternatives to the
rather hydrophobic basic rmmobi:'.inebuffers i Fi.gu.ce44
shows their pI(values to be approximately 7.6, 8.7 and
9.2 respectively.

However, it can be seen 'fromthe titration curve of
O!- (N, N-dimethylaminomethyl )acrylic acid (Figure 45) that
a major contaminant is present with pI(values at about
7.5 and 9.5, suggesting that it is a diamine1

, In spite
of the high degree of purity of the other O!-amino-
n'ethylated acrylic acid derivatives, none of them could
be successfully crystallized.

O!-(N,N-Dimethylaminomethyl)acrylic acid is
expected to have a pI(value similar to that of !3-aianane ,
at least 10.3 .



Reeul. co and tii acues ion 162

\'1':i.gure43 The reaction of malonic acid, formaldehyde
and morpholine (molar ratio 1:2:1) to form a single
product of pK 7.6, showing the catalytic effect of
water as a solvent. The malonic acid (0.25 mole) and
morpholine (0.25 mole) were dissolved in ISO ml of
distilled water, followed by the slow addition of 37%
formaldehyde solution (formaldehyde oontent: 0.5
mule) I with cooling in ice-water. The reaction was
conducted at room t.emperature. A 200 u1 sample of
reaction mixture was diluted in 35 ml nf distilled
water, and titrated with 0.1 N NaOH at 22°C. The
reaction ~s essentially complete after lllr, compared
to at least 50 11r for the reactLon with no water
added (Figure 40) .
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Figure 41 Progress of the reaction at room
temperature between a 1:1:1 (by volume) mixture or 1
N malonic acid, 2 N formaldehyde, and 1 N morpholine.
The reaction was followed spectrophotometrically by
the increase in UV absorbance.

Figure 42 Reaction kinetics for the above reaction,
determined by increase Ln A~.",.
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~----,--_._------
Fi.gure 40 Progress of the r€laction between malonic
acd.d, f;ormaldehyde and moxphol Lne (molar ratio
1: 2 : 1) I sho\~ing the consumpt ion of malonic acid (pl(~
'"' 5.7) with time and th,:: J:ormatiol1 of a si11g1e
product. of pI<' 7.6. The rnaf on.ic acid (0.25 mole) was
dissolvAd directly in 37% formaldehyde solution
(forme~ldehycle content: 0,5 mcle) I followed by the
slow addition of taorphcd ine (0.25 mole) I with cooling
in ice-water. The reactj on WC1.S conducted at room
tempe':ature. A 200 ,u.l sample of reaction mixture was
diluted in 35 ml of distilled water, and titrated
with 0.1 N NaOH at 22°C.
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In my first experiments I di.sso.l,ved the malonic acid
directly in the 37%' formaldehyde solution, followed by
the slow addition of morpho Ld.rie , with cooling of the
flask in ice-water. The progress of the reaction,
determined j)y titrc>tiol1,is shown in Figure 40. It can be
seen that the reaction at room temperature is quite slow,
requiring about 50 hr to reach completion. I decided to
tr'onitormore closely the reacti.on rate by measuring the
increase in UV absorbance (due to the double bond present
in 1'- (N-morpholinomethyl) acrylic ac i.d") of a 1: 1: 1

mixture of 1 M mal.oid,c acid, 2 M formaldehyde and 1 M

morpholine with the course of time. However, the reaction
now appeared to be substantially fe.ster, 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 solvent.
The above reaction was repeated in the presence of water.
It was found that the addition of 50 ml water to the
reaction mixture significantly accelerated the reaction
(which became very exothermic with vigorous release of
CO~), 80 that it was substantially complete within 2-3
hours (mee Figure 43) .

--------------------
acid.

IUPAC name: 2-(N~morpho1inomethyl)propenoj-c
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1 HOOC-Cn-COOH + 2 CH20 +
.2

cn/ 32 lU~
'CH

.1
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ono' ttl' ..CO
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Figure 39 Redction between ma.lonic acid, formaldehyde and
dimethylamine in aqueous solution (Pelletier and Franz,
1952) .
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/CHrN
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Q • (N, N·DimQthyluminol\\othyll acrylic acid
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3.4.2 Preparation of immobilized pH gradients 1JY
incorporation of acrylic acid b1.\ffers into
polyacrylamide gels via copol:ymer:i.zation

Sy:nthilsi~of ~-gminomethylatSiid gcryli.;;-:.~iQdetivatiyee

While investigating the chemistry of the Mannir.h
reaction, I came across a review article (Tramontini et
al., 1988) which stated that l,3-dicarbonyl compounds
(such as cyanoacetic acid (Adrian, 1971)) could react
with formaldehyde and secondary amines with the formation
of ~-aminomethylated-O', j3··l.lnsaturatedcarbonyl compounds,
which could be po Lyme rd.z ed to form ionic polymers. I
wondered whether malonic acid could also be used to
synthesize ~-aminomethylated acrylic acids.

These compounds would be in effect zwitterionic
buffers, in which the zwitterionic state would correspond
to its "unionized" form. Such buffers could act as weak
acids (P/(2= p1(~mlll~)or weak bases (pK1 = pK""d','><yli,'"cld) •

Since the decarboxylation-deamination step that occurs
during the course of the reaction is irrever.sible, the 0'-

am:Lnomethylated acrylic acid derivatives would be
expected to be stable. A more detailed literature search
revealed that malonic acid has been used in this type of
Mannich reaction for a long time (Mannich and Kather,
J.920) , but only as a means of synthesizing bis-amino-
methyll'l.tedRcetic acids! It apPF.!arsthat the decarboxyl-
ation step is not always accompanied by deamination. For
example, Pelletier and Franz (1952) obtained a 25% yield
of bis (N, N-dimethylaminomethyl) acetic acid and a 35%

yield of 0'- (N, N-dimethyJ.aminomethyl) acryj.Lc acid from the
Mannich reaction of malonic acid, tormaldehyde and
dimcthylamine, as shown in Figure 39.
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negligible during the run itself (10 h maximum usually) .
In fact satisfactory focusing of carbonic anhydrase
isozymes was obtained using BHEAMA (Figure 36) wh~ch is
a slightly stronger base them the morpholine compound (pI{
of diethanolamine is 8.8 versus 8.6 for morpholine) and
hence is expected to be slightly more susceptible to
hydrolysis. However, it appears that acrylamido
derivatives of more basic amines will be too unstable to
use as IPG buffers as can be seen from the predicted
hydrolysis rates of piperidine de:d vati ves .

This prediction is unexpected s;ince it appears to
contradict the results obtained by Bartoli et al. (1975)
who synthesised N-[N' ,N'-dialkylaminomethyl]acrylamides
for the preparation of anion-exchange resins. Although
the secondary amines used were strongly basic (pI( ca.

10.5) the resulting and.on-excnanqe resins seemed to be
quite stable. Moreover Pelton (1984) found that N-[N',N'·

dimethylaminomethyl] acrylamide required about two w~el<3
for complete hydrolysis of the Mannich base. The
apparently slow rate of hydrolysis is most probably due
to re-reacticm of the formaldehyde-dimethylamine adducts
with free amides in their vicinity. However, hydrolysi.s
during the course of an IPG run would result in a slow
irreversible acidification of the pH gradient since the
split-off secondary amines would be rapidly removed
electrophoretically.

Since it.seemed un'l.Lkel.y that these 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 acrylamide.
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CH~O
~

FormaldclWde

('t
(
UN ..NH-Cll~,./COon

('11 c
liN NH. - 'coonV·

Figure 52 Proposed pathway for the synthesis of 14-amino-
2~carboxy-418,l:t.-t:r;lazatetradec-l-ene,
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I decided to try malonic add in a s i.m i Lar reaction.
I envisaged i\ scheme (seL out in Figure 52) ill which the
cyclic. Cu"~tetramine-formaldehyde-malonic acid product
would decompose by the deca rboxy l at ion and decarbcxy r-
at Lcn-riearru nat Lon pat hways to give a cyclic t er remi no
carboxylic acid and a 1 inear ~·tet:l':aminomethylated
acrylic acid respectively. These products could be
subsequently eas i Iy separated fn,: each other by gel
filtratiol1. em sephadex G-1S. Unf or t.unaue Ly , I did not
take into account the fact that the electron pairs of the
nitrog~n atoms ot the terminal auuno groups will also
become "locked" kinl;:!tically into cooxdd nat Lcn with the
Cn'" ion once the cyclic structure. as been completed, and
hence rendered unreact ive , and unable to undergo the
deamination step, so that only decarboxylation of the
Mannich intermediate occurs upon acidificfttion as shown
in Figure 53.! Thus t;his approach had to be abandoned.

Deca rboxy l.at ion of gem, carboxy lie ac ida occur s
spontaneously under acidic conditions due to the strong
e l ect ron-wi t.ndrewi nq effect of the und iasoc rat.ed gem-
carboxylic ac id groups (I,.:1W,J:'I:mceet;. 211., 1991). However
decezboxyj ar ion can a l so DCC'll!· unde-r al ka l Lne cond i tiona
with heating (Xin pt al., 1~~2).
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TulN11l1llt • UOPPOf
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Figure 51 Reaction of carbon acids and formaldehyde with
a tetramine' copper ~~omplex, The X and Y groups of the
carbon acid are carbonyl groups such as carboxy l d c acids
and their esters, ketones and nitrlles.
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8~tem);lted syn~hesee of );lQ1Yam~necler~yatiyes of ac;rylic
.aticl

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' -bd.s (3 -ami.nopropyk )piperazine and N,N' •
bis (3 -aminopropyl) ethylenediamine as these were the on l.y
polyamines that I courd find that were available in a single
isomeric form. Unfortunately, a resinous mixture of
polyamino-polyacrylic acids was obtained, which was only
soluble in fairly strong acidic or basic solutions (ie. it
was insoluble in its isoe1ectric state) .

I wondered if it was possible to react po1yamines in
such a way so as to get substitution at only one nitrogen
atom. This would cut down the number of side-products
enormcuary. r found an interesting paper by Lawrence and
O'Leary (1987) in which the authors formed cyclic eu:'·
tetramine complexes. The terminal amino grollps of these
complexes wert found to react specifically in a Mannich
reaction with formaldehyde and H-acidic compounds such as
nitroethane and diethylmalonate, to produce cyclic
products, as shown in Figure 51. The specificity of the
reaction lies in the fact that the electron pairs of the
ni trogen atoms of the illterior ?lza groups are "locked" into
coordination with the Cu'" Lon, and are hence rendered
unreactive, while the terminal aminQ gr0ups are fr~3 to
"wigglelf, so that the electron pairs of the terminal
nitrogen atoms became avad l.abt.e fal~ reaction.
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Figu:ca 50 FOCUSil'1gof bovine: cal'bonic al'1hydrase isozymes Ol'1a
pH 5-7 IPG (basic pH extreme 8,2 in reality, but the pH 7-8.2
portion of the gel is very smaJ.l) prapand with 20 mMN, N' -bis (2-
carboxyprop-2-enyl)pipenzine titrated manually with the
strongly basic pl{ 9,3 Immobilil'1e' . FUter pap&:!:electrode strips
soaked i1'1distilled water were applied, and prefoCU,1il1.gof the
gell:>elformed at a maximumpower of 8,5 Wuntil the salt fronts
has migrated into the electrode strips, Fresh filter paper
elect:t:ode strips were the11.app l iEld - the anodic strip was soaked
in 10 mM glutamic acid and the cathodic strip in 10 mMarginine.
C!trbonic !t1'lhydrase wu applied dn shallow wells on the gel
surface as 75 I~l samples of apprclximately 10 mg/ml solutions in
20\ glycerol. The qel was run at; SOCand stained with Coomassie
G-2S0 according to ReiRner (1984,) , The resol\.\tion was impaired
in the acidic region due to l'uptul'ing of the gel surface oaused
by ovel::swellil1.g during the washing of the gel in distilled w!tter.
The anode :i.aat the bottom.
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9 3 Immobiline' as the strong titrant. Bovine carbonic
anhydrase isozymes werp. successfully resolved as shown in
Figure 50, However the resolution was impaired by rupturing
of the surface of the 11?Ggel in the acidic poxt ion of the pH
gradient, due to excessive swelling during the washing step
in distilled water, (The overswelling was caused by the
higher-than-normal local ionic strength on the
polyacrylamide matrix, due to the presence of multivalent
BCP!?ions, )

The insolubility of 13C1?!?in irs free acid fc.rm,
although conducive to easy purification, made the
preparation of the acidic and basic solutions ~he
gradient maker a very laborious task, Tl'lis was due ~" the
fact that the solutions had to be manually titrated to the
desired pH values with the pI<'9,3 Immobiline', since the
dissociation constants could not be determined via
titration, because of overla!)ping of buffering ranges, The
problem of overswelling of the acidic region of the gel
during the washing step in distilled water, with consequent
damage to the gel surface f mJ.ghtbe overcome by the addi t ion
of anditives such as glycerol which would reduce the water
potential,
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pynthesis of a dj.at:line_deri vat ive of acrvli.c acid

The difficulty in obtaining pure products from the
previous reaction led me to investigat~ the synthesis of
O!~aminomethylated acrylic acids of a structure
facilitatil"'q their purification. I r'emembared that the
crystallizaticn of double zwitterionic buffe~s is
facilitatad ~y their insolubility at their isoelectric
points (Good et al., 1966; Jermyn, 1967), Hence the
Mannich reaction of malonic acid was tried for the
synthesis of N,N'~bis(2~carboxyprop·2-e:nyl)piperazine
(ECPP) :

BCPP was very easy to synthesize s i.nce , being a
double zwitterion, it:: was 110t very soluble in its free
acid form, spontaneously crystallizing out of sc.lut icn
(like PIPES. in the synthesis of Good et al" 1966), This
cherni cu I is bifunctional, and can art as a cl~oss1inker as
well as a buffer.

Unfortunately, it does lot buffer between pH 5 and
8 (see F'igure 13 i.n the Material and Methods) .. it had
been hoped that the pK va l ue s of the carboxylic acids and
the nitrogen atoms would b~ reAHonably spaced apart so as
to pr ov.ide linear buf Eer i.nq over the pH range pH 4 to 9.
An acidic I1-'G ove r the pH I ~llqE-' ~; to 'I WL\S pr epa red using

rUPAC narue r 2 - [4 (;.: c,lrboxypnJp :2 E'l1yl)·
piperaziny 1met.hy ll propene> J" d(, id ,
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Figure 49 Focusing of myoglobin from horse heart on a pH 7.3-
7.5 Xl?G1prepared using a- {U-morphoHnomethyll aczvl.a c acid as
the buffer and the pI( 9.3 Imtnobiline' as the ti trant I in
concenczat.Lcns calculated USJ ng the DoctorpH program. The same
procedul'e for prefocusing and loading of the Il?Ggels was used
as for Figul:e 4B. Focusing was performed at s-c overnight at
an initial field strengtl1. of 1000 V. The nsxt; day the dl'"ccl.·ic
field strell'l.gth was gradually raised over the COUl"Saof seven
ncurs 1:0 a final value of 11900V. Focusing was cont.i.nuad at
4900 V for a further 56 hr. The gel was stained wit:.h Coomassie
Blue G-2S0 according to Reisnel' (1984). The major band it;; the
myoglobin. The anode is ~t the bottom.
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.........-.,..., .....
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Figure 49 Focusing of myoglobin from horse heart on a pH 7 .2~
7.6 Il?G, p:tepared using a- (N-morpholinomethyl) acrylic acid as
the buffer and the pI<: 9.3 Immobiline' as the titrant, in
concentrations calculated using the DoctorpH program. Filter
paper electt'ode strips (dist:l.llE"d wate:r) wtr:re applied and
prefocusing of the gel perf"rmed at a rnaxfmumpower of 15 W
until the salt fronts had mig:rated into the electrode stl:'ips.
The sa.me electrode strips were used for the resl: of the
electt'ofocusing pro<.:edure. 'J.'hesample protein (about .1.0mg/ml
of equine myoglobin in 20% glycerol) was applied to shallow
wells (75 gl in eac1hwell) on the surface of I:he gel. Focu.,.ng
was performed at ~°C for 2 11r at an initial field st1:ength of
1300 V, which was gradually l'aised to a final value of 4500 V.
Focusing was performed E'.t 4500 V for a further :2 hr , The gel
was stained with Coomasaie Blue G-2S0 according to Reisner
(.1.984). The majo:l: band is the myoglobin. The anode is at the
bet com.
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Figure 47 Focusing of myoglobin from horse heal:t on a pH
6, 9~7, 9 IPG, prepared using a- (N-morpl101inomethyl) acrylic
acid as the buffer and t:he pI( 9,3 Immobiline' as the
titrant, in concentrat:ions calculated using the Doctl1l"pH
program, The procedure of electrofocusing and st:aining is
as for Figure 48, with the difference that t:he myoglobin
sample was loaded all long shallow wells (3. mmdeep) on
the gel surface, Th~ major band is the myoglobin, The
anode is at the bottom,
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Fj,gure 46 Focusing of myoglobin (pI 7.4) f:t:'omhorse heart on
a pH 6.9"7.9 IPG, prepared using 0'- (N"morpholil'l.Omethyl) ..
acrylic aca.d as the buffer and the pI< 9.3 Immobiline' as the
titrant I i1'l. concentrations calculated using the DOCJt:orpH
pl:ogram. FUte:!:.' paper electrode strips (distilled wat.er) were
applied and prefocusing of the gel performed at a maximum
power of 15 W until the salt fronts had migrated into the
electrode strips. Fresh electrode strips were then applied
(anode - lO mMglutamic acid, cathode - 10 mMhistidine) . The
myoglobin sample was loaded on shallow WF\lls (2 mmdeep) on
the gel surface as 100 til samples of approximately lO mglml
solutions in 20%glycerol. Focusing was perfcrmed at SOC for
2 hr at an ll'l.it.ial field st.rength of 2000 V, which was
gradually raised to a :final value of 5000 V. The gel was
stail1.ed with Coomassie Elue G-250 according to Reisner (1984) .
The major band is tIle myoglobin, TI1.eanode .is at the bottom.
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- an example oE c',heexcellent reproducibility of the LPG

technique.

An even narrower IPG (pH7.2-7.6) was prepared with
the same chemicals I in order to see whether resolution of
the main myoglobin band could be increased. This was
indeed the case - proteins with very close pI values
focusing as single bands on the pH 6.9-7.9 LPG were
resolved in the pH 7.2-7.6 IPG (see Figure 48).

Finally I a pH 7.3 -7.5 IPGwas prepared. An extremely
long focusing time was required in order to obtain sharp
ba~i'if,. PolypeptideSI differing by a little as 0.005 pH
unit were successfully rebclved (see Figur~ 49) . This is
an example of the possibilities ut pH gradient
engineering that is one of the main advantages of the IPG
technique.
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generated pH gradient no~ tu be distorted by the addition
of the protein sample. Hence an ampholyte such as glycine
(pI = 6.1) is useless for isoelectric focusing as it
hardly possesses any buffering capacity at its pl (pI-pI(
.. 3.7) .

The cOl'lduc:tivi ty of focused cClJ.;:der ampholytes

Moreover a poor cal:rier ampholyte such as glycine
(p[()...2.4, pI<':..,51.8)will poasaaa a net charge of zero
from about pH 5 to 7, 1.e. it will not focus in cl sharp
zone at a pH corresponding \.:.0 its pI (6.1) but in a broad
zone from pH 5 to 7. Such a distributiol'lnot only results
in poor buffering of pH but also in poor conductivity of
the current. If carrier ampholytes were perfectly
stationary once they reached their isoelectric points,
::.henthe r.:urrentwould become er.tremely low, since only
water would be carrying the current (via hydronium and
hydroxyl ions).

However, as shown in Figure 54, a focused zone of a
C"!lrrleramphol/te is in a dynamic state, with t.heinward
electrop~ol~tic migration of charged species balanced by
t.heout.ward diffusion of ampholyte species possessing a
net charge of zero. The charged forms of the ampholyte
species entering their isoelectric zones either lose or
gain a proton to acquire a net overall charge of zero.
These neutral species become ionized once more upon
diffusing into adjacerit carrier ampholyte aones of
slightly higher or lower pI (i.R. lose or gain a proton
respectively), hence contimdng th~ cycle. Since all the
carrier ampholyte zones overlap, there is a net movement
of protons throughout the whole syst~m which carries the
current. A good conductivity is essential for satisfact-
ory migration of proteins to their isoelectric points.
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generated pH gradient not to be distorted by the addition
of the protein sample. Hence an ampho lyt.esuch as glycine
(pI :..6.1) is useless for a soaLec t ri.c focusing as it
l!ardly possesses any buffering capacity at; its pI (pI-pI(
= 3.7).

Tl1e conductivity of f.ocLlsed carrier ampholytes

Moreover a poor ( ll"rierampholyte such as gl.ycine
(pK1 = :a. 4 I pl(~..,9.8) will possess 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) c~t in a broad
2:01119from pH 5 tl" 7. Such a distribution 110tonly rest. ;
in poor buffering of pH but also in poor conductivity of
the current. If carrier ampholytes ',vere perfectly
stationary once they reached their iscelectric points,
then the current would become extremely low, since only
water would be carrying the current (via hydronium and
hydroxyl ions).

However, as shown in Figure 54, a focused zone of a
carrier ampholyte is in a dynami c state, with the inward
electrophoretic migration of charged species balanced by
ti'l.eoutward diffusion of ampholyte specieo possessing a
net charge of zero. The charged forms of the ampholyte
species entering their isoeleccric zones either 10ee or
gain a proton to acquire a net overall charge of zero.
These neutral species become ionized once more upon
diffusing into adjacent carrier ampholyte zon.es of
slightly higher or lower pI (i.e. lose or gain a proton
respectively) I hence continuing the cycle. Since all the
carrier ampholyte l'!onesoverlap, there is a net movement
of protons tl'l.l~oughoutthe whole system which carries the
current. A good conductivity is essential for satisfact-
ory migration of prote ino to their isoelectric points.
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It must be stressed that adjacent zones of focused
amplJolytes always overl.ep , For example adjacent: focused
zones of asparti' acid (pH =: pI = 2.8) and glutamic acid
(pH =: pI = 3.2) cannot be separated by a zone of pure
water (pH =: 7) as this would violate the law of pH
monotony which states that the pH Lncreaaea :El'om the
anode to the cathode when a solution of salts or
ampholytes is subjected to electrolysis (RUbe, 1976).

AmplJolytes that; pl'ovide even conductivity end pH gradient
stability

Tlle main requirements of ampholyt.es suitable fer
generating pH gradients for isoelectric focusing are:
(i) a good buffering capacity at theiJ:' isoelectric

podnt s , and
(ii) gooa conductivity in their focused states.

In other words, t:he ampholyte::; must be able to
"carty" the el ectr:i. cal cur.ren t; c!'u:zd tile pH ti .e. to
provide a ,stable pH gradient), hence the te:r.:mcarrier
ampholyte (RUbe, 1976; Vesterberg, 1976; Righet.ti,
1983) .

Tile buffel~:i.ng cepec: t;y of focused oerrse« ampl101ytes

In order for an ampholyte to possess a good
buffering capacity at' its pI, its pI must lie within at
least:. 1.5 pH I.tn,l. ts of the pK of a buffering gl.'OUp;

preferably within 0.9 units at Which there would still be
10% of the maximumbuffering capacity. A good buffell:'ing
capacity is raqud red in orriar for the carrier ampho)yt e
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Lysine

pI = 9,.7

ArginineHistidine

................. "t.. ; ...... 11 •••••• 111111 ••••

Electrop}umztic \ I Electl'ophnl'etic
t1Yl..nspol1 ttf lysine _ urtJlspoP/ o.lI..'Shl(J
(Ilet charg« +1) (Ilet charg« ..1)
towards centre towards eentr«
{f<JCllsirrg} (ft.lcllsi.1l.g)

J){f.fusioll o..f Jysil/.e
(Ilet c}wl'ge 0)
(/.W(.V'.fI'011/. aentre

Difiusioll. o}"l)!sille
('let c}uIl'ge 0)
(lfoV(t)'/I'Q m cour«

rigut~ 54 Illustration ~f a focused ~one of lysine,
represent(l'ldas a symmetrical Gaussian peak about its pl.
'l'he electrcphoreti c int.vard ntiql'ation of lysine is
balanced by the outward movement due to diHUtiion..
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histidine molecules (net charge zero) move by diffusion
into the lysine zone , they will immediately become
negatively charged and will migrate back int.o their own
zone. Similarly if any lysine molecules (net charge zero)
move by diffusion into the histidine Z01119, they will
i~mediately become positively charged and will migrate
b&r:l<:.inte) their OWll zone. This pri11ciple 1.s displayed in
Figure "4. As can be seen, the shape of the focused
lysl.ne z ...me will be in the fOl"m of a Gaussic:U1 distri-
but Lon abour its pI, with the inward electrophoretic
migration of lysine balanced by the outward diffusion of
the lysine molecules.

:rUe fQl'J31lt :Lop ,,: 1 :Lpau' ~a 9:(Cld:Len); s l.ly....Jli,torogeneo·U1
mhn'ur!!!Ui"f ClmliUolytllls

This concept can be extrapolated to a system
comprisi11g a complex mixture of acidic, nfi::ut::raland basic
ampholytes. Electrolysis of this mixture will result in
an anodal migrat ion of the acidic ampholytes ~nd a
cathodal 1I.lgrat ion ot the b3Sic ampholytes, resul t .I.ng in
acidification and alkalizMtion of the anodal and cathodal
regions respectively. The most "lcidic and the most aasic
ampholytes will collect at the electrodes, but all the
other ampholytes will migrate until they reach an ambient
pH equal to their pI values, Eventually all the ampho~
lyt:ea will condense in bell~ahaped zones, overlapping
with adjacent zones of ampholytes of slightly h:lgher Ol~

lower pro The pH of each ampholyte zone will be equa.i. to
its pI. Thus an even distribution of pl values from, say,
3 to 11 will result in the formation of a lineal~ pH
gradient extending from pH 3 to U.
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remain neutral, but the pH at the anodal end will rapidly
fall to about 1 or :2, w11ile the pH at the cathodal end
will rise to about 12 or 13. If a salt of a weak eci.d and
a weal<: base, SUCl1as Tris acetate, is subj ected to
electrolysis, chen the pH values at. the anodal and
cathodal reg~ons will not be nS extreme - about 3 and 11

respecti vel".

If t.he constituents of the salt used are both
ampholytes, for example aspartic acid and arginine, then
the pH values of the anodal and cathodal regions will be
equal to the pI values of aspartic acid (pI. 2.8) and
arginine (pl. 11.2) respectively. If lysine (pI. 9.7)
is added to this system, the lysine molecules will
migrate towards the cathode. As the lysine molecules
approach the cathode, they will encounter a progl"essively
higher pH due to the buffering effect of argin.i11e. As
soon as t:l'e am.bient pH rises to its pI value (9.7), the
lysine molecules will possess a net charge of zero and
will hecome electrophoretically immobile. If any lysine
molecules (net: charge zero) move by diffusion into the
arginine zone, thdy wlll immediately become negatively
charged and will migratE! back into their own zone.
Similarly if any argi11ine mole:cules (net charge zero)
move by diffusion 111to the lysine zone, they will
immediately become positively charged and will migrate
back in 0 their own zone.

Consider what would happen if another, very weakly
basic ampholyte, histidine (pI .. 7.5) was added to the
above s~/stem. It too would migrate towards the cathode,
but would condel1£Je i11 a zone of }:.IJ:1 equal to its pI (7.5)
just before the more basic lysine zone (pH 9.7). If any
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.3. Hydr.'azides are unreactive towards functional groups
pr(~sent on proteins, such as primary amines and
thiols.

4. Hydrazides react specifically and quantitatively
with another functional group present on a
chromacographic matrix (aldehydes) { co which the
functional groups present on the proteins would be
unxeacc Iva". Aldehyde groups can be easily intro-
duced onto any polysaccharide chromatographic matrix
by oxidation with periodiC acid.

3.5.2 :Background to IEli' .. the formation of a pH
gradient

Ill!;! fOl.1l1C1tionof ~H gradients during e~ectrolysie

If. a salt solution such as sodium sulphate is
subjected to electrolysis, the sodium ions will migrate
towards the enode and the sulphate ions will migJ:ate
towards the anode. Due to the law of el ect:,t:'oneutrali ty,
the total number of positive charges and negative charges
in solution must be equal. Hence the ionization equili-
brinm of water will be shifted by Le Chatelier's
pri.nciple 90 as 1:'.0neutralize the negative sulphate ions
at the anode (with hydronium i0119, H,O·) and the positive
sodium ions at the cathode (with hydroxyl ions, mn , The
pH of t:he central part of the electrolysis chamber wiD

I If a mixture of proteins and hydrazi.de group-
containing cal~riel.~ ampholytes are passed through such a
matrix at a pH below 5, the carrier ampholytes will
qual1.titativeJ.y bind to the matrix via hydrazone J.inl~ages.
The pro:eins, however, will not bind since the adducts
formed between aldehyde gro1.tps and amines or thiols are
stable only under ueue rat or basic conditions (Ogata and
Kawasaki, 1970),
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that guarantees their quantitative removal! afterwards
from the proteins of interest. For this reason the FDA
has never permitted the preparative purification of
pharmaceutical proteins using isoelectric focusing in
carrier ampholyte-generated pH gradients. Carrier
ampholytes must often be added to analyti.cal lPG's to
overcome problems such as protein precipitatiol1 and poor
conductivity (see Appendix D) . Hence, there is a pressing
need for carrier ampholytes that can be quar.t::.itatively
removed from proteins in some manner.

Up until this time all my efforts had been directed
to the search for alternative monomers to the acrylamido
buffers required fOl~ the IPG technique. I realised that
a modification to my idea of attaching buffering groups
to polysaccharide matrices might provide a potential
solution t"', the pJ:oblem of carrier ampholytes j 11 IPG
technology. Carrier ampholytes bearing hydrazide groups
could be specif1.r::ally and quantitatively removed from
focused pl~oteins by paSSing a mixture of the focused
protein with the contamJ.llating carrier ampholytes through
a chromatographic matrix bearing aldehyde groups.

Hydrazides seem to be the ideal (ul1ctional group :Ear
this kind of "affinity carrier amphoJ.ytes" because of
their physicochemical properties (Paulsen and Stoye,
1970; Smith, 19B3):
1. Hydrazides are hydrophilic.
2. Hydrazides are stable over the pH range 2 to 12.

Although cardet' ampholytes can be
"quantitatively" removed fl~omproteins by techniques such
as ge.1.filtl:ation and elect:rodialysis in buffers of high
ionic strength (to disrupt ionic interactions), there is
no guarantee that carrier ampnofyt es (especially the
basic species) are not still bound to the proteins of
interp.st via some type of: hydrophobic interaction.
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The problem of carrier ampoolytes in lPG's

Although these technical difficulties rendered the
chemical approach to the pz-epaxat Lon of lPG's very
problematic, I was loathe to abandon the idea due to th::
interesting concepts that had already been brought up.
perhaps other areas of electrophoresis would benefit.
Someof the deficiencies of current IPG technology which
require remedying are represented below:

1. The preparation of IPG matrices is restricted to
polyacrylamide matri(;les: At present no other vinyl
monomers capable of forming hydrogels have been tried for
lPG's. The recent introduction of hydrolysis-resistant
acrylamide derivatives (see Section D.4 of Appendix D)
will solve a lot of the remaining problems of polyacryl-
amide lPG's, and will probably Cement the position of
acrylamides as the monomersof choice for this technique.
The chemical attachment. of buffering groups to gels does
not have the reproducibility that copolymerizat4,on of
acrylamido buffers with acrylamide gives.

2. Car:der ampholytes are still required: The use (;If
J;.reparative isoeJectric membrane electrofocusing (PrIME)
allows for the large-scale preparat.ion of pure proteins
suitable for use in pharmaceutical applications (Righetti
et: al" 19S8bi Wenisch at al" 1992 i Righetti et ei , I
1992, Daniels and Landers, 1996). Unfortunately I a let of
proteins cannot. be purified by this technique due to
insolubility problems. CarJ~ier ampholytes cannot be added
to improve the solubility of proteins at their
isoelectric points since there is no technique available
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Amongthe favourable properties of hydr azLdea' are:
1. Hydrazides, like amides, are generally solids at

room temperature, allowing for purification via
crystallization.

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

3. Hydrazides are uncharged above pH 3, so the acidic
and basic hydrazide buffers can be titrated against
each other.

4. Hydrazides react quantitet.tively and rapidly with
aldehydes above pH 3 to form stable hydrazone
linkages. The hydrazone link.ages are uncharged
between pH 2 and 12, so the IPG is unaffected.

Hydrazides have already been used :i.n biochemistry
for attachi11g biomolecules bearing aldehyde groups to
polymer supports in affinity chromatography. For example,
the ~ugar moieties of glycoproteins can be oxidized with
pe1:-iodic acid to give free aldehyde groups, which can
then be covalently attached to polymer supports bearing
hydrazide groups (0' Shannessy and Wilchek, 1990). ton
exchange cellulose papers have been pJ:epal'ed by reacting
charged hydrazide derivatives with periodate-oxidized
cellulose filter paper (t,Termyn and Thomas, 1953).

The only problem with this approach is t~at the
degree of oxidation of the polysaccharide matrices would
be r~ther hard to control, so that the concentration of
aldehyde groups would vary quite a lot between batches.
This would obviously adversely affect the reproducibility
of the IPG's obtained.

--"-------
, The chemistry of hydrazides has been lA6viewedby

Paul ren and sr.oye (1970) and Smit.h (1983).
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3.5 SYNTHESIS OF IMMOBILIZABLE CARRIER AMPHOLYTES
SPECIFICALLY DESIGNED FOR USE IN IMMOBILIZED pH
GRADIENTS

3.5.1 The evolution of the concept of immobilizable
ca~~ier ampholytes

:t wondered whether it would be possible to generate
lPG's in a system in whicll buffering groups were directly
attached to a polymer matrix by a chemical reaction, cuch
as used in the field of affinity chromatography, instead
of by a copolymerization reaction. Ideally such a system
would make use of matrix-activating chemicals that were
non-toxic, non-moisture sensitive and inexpensive,

lmlliistigatioll of :t;Ul)ctional groups capaPle of .eacting
with als;1eh~

Aldehyde groups can be easily introduced onto poly-
saccharide matrices by oxtdat Lon with periodiC aciri
(Dyer, 19:;6). However, the Schiff " se linkages formed
upon reaction of Chese al ipllatj" hyde S]roups with
amines are acid~labile, A searcn ~';Clt: IIl('(C.Lefor functional
groups that.: would react with aJiphClt~c aldehydes to form
stable, non-chromophoric products. Hydcazides seemed to
be the functional group of choice fo!' attac11ing buffering
groups to oxidized polysaccharide matrices via their
aldehyde grot'~'
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bi~ (3 -ca rboxyacrv 1c'Y j ) hydr az ine caused it to hydrol~'~:F.- '::0
maleic acid and tv1..1\MH,which however apont er: 1,'ly
underwent a t.he rma l Ly induced eyel ization (eve. in
aqu€~us solution) via an internal con~ensati~n to maleic
hydrazide. Howevez , I hoped that the Mirhael reaction of
MAMHwi t11 PEHA would be fast enough to avoid the
necessity of heating the reaction mixture; especially
sine,," l,2-bisI3-carboxyaeryloyllhydrazine han been
previously shown to react r~adily with amines (Liu et
al., 1974b).

Before attempting the synt.hesis of hydrazide group-
containing carrier ampholytes on a preparative scale, I

decided to measure the rate ot reaction at room temper-
ature of MAMHwith polyamines in methanol and in water.
It: was found that a red- shift in the UV absorbance
spectrum of MAMHoccurred upon transition from a water to
a methanol environment.' (A,'IX of MAMHin methanol .. 320

nm), as shown in Figure 58.

The rate of react ion of ["iAMBwi th 'fEPA at room
temperature was unfortunately found to be very low for
both the water and methanol eolventa ~ the reaction had
still n0t re~ched completion after 500 hr (sep Figures
59-61). Hence: .:t appeared that heating of the reaction
mixture was unav~idable ~or the practical large-scale
preparation of hydr~Jide-containing carrier ampholytes -
I hoped however that the thermal cyc l izel:ion of MAMH
would be a l.ower than the Michael react.Len with l?EHA.

I According to ~ashima and Ikeda (1972) the degree
of hyd:l:.'ogen oond mq of the liydr'az i.de q~'oup with the
solvent affects t he electron donat inq ('Heet by the
e l ect rcn pairs of the hydr'a ai ne on the 11' electrons of the
double bond, and hf'llC'(' l r-udi no to 'I ah i f t in the UV
abaozhanoe ~1PN'trum.
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The removal of the various protective groups leaves
a cazbaz Lc acid deri vat Lve R-NH~NHCOOH, which is immed-
iately hydroly~ed in aqueous solution to a hyd~azide and
CO:. However the carbazate anlon is relatively stable in
aqueous solutjons at low temperature and high alkalinity
(Frahn and Mills, 1964i CClplow, 1968).

I noticed treat:the evolution of CO. upon acidifi-
cation of soluti~ns of carbazate salts in organic
solvent::!was very slow, due to the fact that there were
few water molecules present to react with the carbazic
acid formed. It occurred to me that, ~rovided the
react ..on mi:x:ture was kept. cool and as anhydrous as
possible, the synthesis of the carbazic derivative of
MAMH (HOOC-Crr..CH-CONHNH-COOH) could be accotnp lLahed by
the direct J:'eaction of melei c anhydride with carbazi,c
acid, since the synthetic reaction would be much faster
than the hydrolysis reaction of carbaz i c acid. The
carbaz Lc acid derivative of MAMH could in turn be
hydrolysed to MAMH (HOOC-CH",CH-CONHNH,.) and CO, by the
addition of water. The prniuct obtained by this reaction
was found to be indeed MAMH, as shown fl'om the 'H and I 'e
NMR spectra (see p.80). This novel and simple method for
the synthesis of mono .N-substituted hydrazides seems not
to have been used before,

T11eMichael react J 011 of l11ah'ic acid mOl'lohydrazide wi th
polyamines

Feuer at al. (1958) discovered that reacting maleic
anhydride and hydraz fne at room t ernperat.ure g,'3ve1,2 bis
(3, carbo:x:yacl'yloyl ) hydl,1Zi ne , However , heat Lnq maleic
anhydride and hyd raz ine , 0);: lW<Hillg 11~J. bis(3 c.arboxy-
aery Loy l ) hydr,'lz iN~, oJ rve rnale ic hydr,u ide (1,2· d ihydr-o-
3,I5·pyrid~iZilH~diDlH·).It WdS H',Hlotwd t.i.atllr·,:,tillq 1,2·
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Figura 57 Different: mel:hods of prol:ecl:ingof one of the
nitrogen atoms of hydrazine so <:IS to get acylation of
only one nitrogen by maleic anhydride.
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The sYl1thesuJ of maleic acid m0l1011ydt:azide

A comprehensive search of Beilstein and Chemical
Abstracts revealed no published syntheses of maleic acid
monohydrazide1 (MAMH). The normal products of the react-
ion between maleic anhydride ana hydrazine are 1,2-
dimaleic acid hydrazine (Feuer et al., 1958):

HOOC-CH=CH~CO-HN-NH-CO-CH=CH-COOH

and maleic hydrazide (l,2·dihydro-3,6-pyridazinectione)
(pp. 130-131 of Flett and Gardner, 1952; Feuer et al.,
1958) :

I1C .. Cl1
Oxci \C.O

~N-Nfu

The reaction of maleic anhydride with hydrazine is
complicated by the fact that acylation of both the
nitrogens of hydrazine can occur. The.rei:ore it is
necessary to protect one of the nitrogens in some way, as
demonstrated ill Figure 57. Protection of one of the
hydrazine nitrogens can be achieved using the eert-
bul:.yloxycarbonyl,banay.l oxycazbony 1 or 9- fluorenylmethyJ.-
oxycarbonyl groups which are the principal means used of
protecting amine g:r:oupSin peptide synthesis (Gordon et
al., 1980).

------------------
A synthesis or MAMH by the reaction of

hydl:azine hydrate w it.h 1:11e monomethyl ester of maleic
~ci..iwas published liy Barnet t and Morris (1946). However,
repetition nf their protocol showed the true product of
this rea~tion to be methyl 3 carboxy-3-1~drazino-
prc)panoat e .
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HOOC'" HC =CH- CONl-lNHz
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COOH
I I

H N-(CH l-N-[CH ]-N-[CH ]-NH-CH-CH -CONlOOI
2 Zx Zx I Zx Z :2

[9Hz1:.:
HN-CH-CH -CONI·OOI

1:2 :2
COOH

Helel'Oge1l.emlS
miaure Q/'
earner (1JIJJJlto~~'tes
t!f 'WU;pltlg pI
be(IJ'l"lIg IfJ'd1'([.f,i(le gl'01sps

Figure 56 Attl'1Tl.1pted synthesis of carrier ampholytes
be-ar:lng hydr'c:'lzide gl'OUpS by reacting poLyarni.nes such 1:19
PEttAwith maleic acid l\1ol1.ohydrazide.
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3.5.5 Tne synthesis of carrier a.mpholytes bearing
hydrazid~ ~~oups

n~er!i!act~t,;mOf PEHAwith maleic acid monohydrazide

S~1thetic approach

The Michael reaction is the addition of nucleophilic
reagents to a double bond that: has been polarized by a
neighbouring electron-withdrawing group, e.g. <:t,p-
unsaturated carbonyl compounds such as acrylates and
acrylonitriles (Friedman and Wall, 1966; Shenhav er a1.,
1970) • N-Alkylation of amines by a Michael~t:ype addition
with maleic acid also occurs, but prolonged heating is
l'leCessary, as the symmetrical arrangement of the
carboxylic acid groups on either side of t ne double bond
renders the double bond l·elatively unpolarized and hence
not very reactive (van Westl'9nen eo! 11., 1990). The
polarity (and hence reactiv~ty) c~ ma~eic ~cid can be
increased by converting one of the carl:~oxylic acids to an
ester or an amide (Zilkha and Bachi, 1959). The Michael
reaction of amil'leS with dedvatives of maleamlc acid
(HOOC-CH-CH-CONHJ has been used for the synthesis CJf

substituted asparaglnes (Liwschitz et a1 •• 1956; Zilkha
and Bachi I 1959 i Liu et: a1., 1974":1). ! wondered lhether
the hydl:'azide counterpart ('l. nalr;:>,,.;i.c acd.d , maleic acid
mcnonydxazLde (1'IOOC~CH""ClI<'m;'ih' ) , would react similarly
wi th polyamines sucb PFHA as a facHe means of
synthesi ziug cCil'rier an~pholyt(:!sbearing hydl~a~ide groHps,
as portr od in Figure 56.
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.Ib.e design of carrier ampholytes that; could pc; easily
seQarat;eo, troUl Polypept;io,es

A logical answer to this last problem is to
synthesize carrier ampholytes modified in some way that
allows their facile removal from small polypeptides. The
obvious approach is to increase the size of the carrier
ampholytes. Righetti and Hjertem in 1981 synthesized high
molecular maS4 carrier ampholytes (50~90 kDa) by reacting
poJyethylenimine (40-60 kOa) with a lin3ar gJ:'adient of
acrylic acid in a flow-through system. The giant carrier
ampholytes appeared to interact only weakly and
reversibly with polypeptides I and proved useful in the
preparative fractionation of model peptides, allowing
recoveries up to 85~ with no conta~ination of the
recovered peptides. However these 1 th molecular mass
species had a severe drawback: they tended to aggregate
by ionic interactions (multipoint at t achment ) giving
haavy precipitates, especially among acidic and alk.aline
compounds.

Carrier ampholytes bearing special :functional groups
which interact quantitatively with a derivatized
chromatographic matrix seem to be a more promisi
approach. This would allow facile purifiuation of
polype:ptides of a11.Ymolecular mass from contaminating
carrier ampholytea via a kind of affinity chromatography.
Hyd2:a2:idesI as explained previously I seem to fulfill all
th~ necessary criteria.
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3.5.4 The synthesis of oarrier runpholytes
specifioally designed for USe in immobilized
pH gradients

Problems experienced with the removal of cqrrier
ampholytes from P91ypeptid~~

Va:l:'ious techniques I ave been used to separate the
carrier ampho.Lytes from the focused proteins after
preparative isoelectric focusing (Righetti, 1983). Since
carrier ampholytes have a M, below 1000, it is possible
to separate them from proteins via techniques such as gel
filtration ~nd electrodialysis, provided that the buffer
used is of a high ionic strength (0.1 - 0.5 M) in order
to daarup'; weak complexes which might f011\\ between
carrier ampholytes and proteins by electrostatic
interactions. Carrier ampholytes are solubl~a in
concentrated solutions of ammonium~ulphate (as high as
100% saturated) at which most proteins precipHate, hence
allowing their removal. Hydrophobic inter~ction
chromatography and mtxed-bed ion exchange chromat.cqz-aphy
have also been suc~essfully used.

HoweverI none of the above t echnLcuea work for
small polypeptides (M, <. 1SOO) w}lich include many
important biomolecules such as growth factol's, hormones
such as oxytocin, endorphins, neuropeptidea and enzyme
inhibitors. This is because carder ampho'lytes and small
polypeptides hnve quite similar physicochemical proper-
ties, both in terms of net charge and mass, making them
almost impossible to separut e from each ot l.ea .
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Figure 55 Synthesis of car r Lar arnphol.yt aa by react Len of
a polyamine wl.th acrylic acid to produce a. highly
hetr;.-ogeneous mixture of polyamino-polycarbQxylic i:icid
bufff.n:s of varying pI.



Results dnd Discussion 193

Table 16! Dissooiation oonstants for polyamines (from
Smith and Martell, 1975)

Amine pK1 pK2 pK3 pK4 pI<:'s 'remp
( DC)

Ethylenediamine 7.1 9.9 25

Diethylene- 4.2 9.1 9.8 25
triamine

Triethylene- 3.3 6.6 9.1 9.7 25
tetramine

Tetraethylenl!;' 3.0 4.7 8.1 9.1 9.7 25
pentam:i.ne

The dissociation cor st ant s given in Table 16 are for
the linear isomeric forms of the polyamines. Obviously
other isomeric forms will have slightly different values.
Vesterberg determined via titration that pentaethylene-
hexamine (PErlA) has the more even distribution of pI(
values over the pH range :3 to 10 than tetraE::it.hylene-
pentamine (TEPA). This i:::3 important as it ensures carrier
ampholytes possessing good u'..ltfering capacity and
conductivity at their isoelectric points (pI-pI(..: 1.5).
Moreover, l?ErlApossesses more isomeric forms chan "rEl?A-
analysis of commercial polyanline preparations (Bergstedt
and WidmarJ.t, 1970) has shown 20 isomeric forms of l?EJ:IAto
be present (out of a possible 23) compared to only 12 for
TEPA. This is important hecause it increaE'es the
heteroge11eity of the final cal~rier ampholyte product.
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(i.v) minimal degree of interaction with proteins,
ie. no formation of stable complexeA

(v) low UV absorbance (for preparative column
isoe~ectric focusing)

(vi) low molecular mass, facilitating subsequent
sepaJ:'ation via gel filtration or electro~
dialysis from focused p: ~tein of interest.

The synt;hesie of het;erQgen~ous ~lln'lJL. of can~iS'r
gm12holytes

An Lnqeni.oua synthesis of carrier ampholytes meeting
the above criteria was developed by Vesterberg in the
1960' s (Vesterberg, 1969) and was subsequently elaborated
by 1.1<Binto their Amphl"'lline'range of carrier ampholytes
(Haglund, 1975; Vesterberg, J.976; Righetti, 1983).
Vesterberg noticed that polyamines containing four or
more amino groups have pIC values distributed throughout.
the pH range 3 to 10, as shown in Table 16. By coupling
to these polyamines one or more residues containing a
carboxylic acid group, many ampholytes with different pI
values can be obtained. After much experimentation, it
was found that reacting acrylic acid with polyamines
using a 1: 2 ratio of carboxylic acid groups to amine
groups would give a hlghly heterogeneous mixture Jf
carrier ampholytes with pI values from 3 to 10.

Subsequent published protocols for the synthesis of
carrier ampholytes have usually just be"'!. slight:
modifications of the above concept (Vi noqr adov et al"
1973; Righetti er al., 1975; Just, 19B!); 13i1:ion and
Rodkey, 198J.; Just, 1983; Righetti, 1983), The ~)j:r,tocol
for the synthesis of carrier amphol yr es for TE~' it;
displayed diagl"ammatically in Figure ~,s,
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The necees i ty Lot: ce rr i er ampholytes wi tb closely spaced
pI values

In order for the conductivity across the system to
be even, there must be a good deal of overlapping between
adjacenc focused carrier ampholyte zones, ie. the carrier
ampholytes must have closely-spaced pI va l.uea , It may be
added here that water may also 1-:>econsidered as an
ampholyte, although an extremely poor one , with a pI of
7. Thus il1 orrie r to prevent the fornl?tiol'l of a zone of
pure water at pH 7 (which would have an extremely low
conductivity compared to the rest of the system, le\ading
to a local increase in electric field strength wi th
subsequent overheating), it is essential to have good
carrier ampholytes pre sent, with pI vaLues as close co 7
as possible.

3.5.3 The synthesis of carrier ~pholytes in general

l1lL ret:;!)Jit'edphY6lcoch~micgl p~ope~!;.~ee of cgt'rir;r
9 mpho 1 Y...t.!:.i.

The required properties of carrier ampholyte~
suitable for isoelectric fucusing of proteins may be
summarized thus:
(i) good buffel.·inr:J and current -carryi 11g capae i ty

at t.he pI, i.e. (pI-pI<J <: 1.5,
(ii) highly heterogeneous mixture or: carrier

ampholytes required with closely space.; pI
vaJ ues ,
carder ampboLyt.es must be hydrophilic and
mnsl;. poaae s a high solubi li ty at the it'

(iii)

isoelectric points,
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4.1.2 Conclu.sions

The general rules given by Williams and Reisfeld
(1964) ac, Lnadequat e for the design of new df.acont i.nuous
buffer systems it is necessary to calculate thp
necessary ionic parameters from £:irst principleo, using
the> isotachophoretic steady state equations. However,
theoretical papers discussing these steady st at e
equations are generally too detailed to be readily
assimilated by ncn-exp-rr t s in the field of ITt' (Everaerts
and Routs, 1971; Jovin 1973a,.1::>,C; Schafer-NieJ sen et al.,
1980). Although some authors have described computet'
programs for ::11e design of Lsouacriophoxeud c systems
(Scha:hr-Nielsen er al., 19BO), to my J~nowledgec<,'piep at
these programs have never been published.

I have th~refore, for the ben~fit of the reader,
given in Appendix B a comprehensive treatment of the
isotachophcretic steady state equatiC'llls I preceded in
Appendix A by a general int'~oduction to t.he basic
equations of" electrophoresis. The I3ceady state equations
are applied in Appendix C to the analysis of the
Ornstein-Davis and Tamura-Ui discontinuous buffer
systems. These applied equations can be made use of for
the design, from firsL prinCiples, of new discontinuous
buffer systems.
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Chapter 4 - Conclusions

4.1 TRE DESIGN OF NEW :OISCON'r:tNUOUS :BUFFER SYS' ..Jl:l,sS

The stacking effect in discontinuous electl~ophoresis
is based on isotachophoretic principles, in which the
sample ions alAe focused in a moving boundary fOl"med
between a le,ading ion of high electrophoretic mobility,
and a term.l.nating ion of low electrophoretic mobility.
The net: 1011ic mobility of the teJ.~inating ion is dictetted
by its net ionic charge, and hence by the pH of the
terminating zone. The ionic parametel's of the tet·minat:.ing
zone are set by those of the leading zone, by a relation-
ship known as the Kohlrausch regulating function
(Ornstein, 1964). In ordJr to calculate the exact ionic
paramaters, the equations governing the mass balance of
the buffering counterion, and the electrone~trality
equatiC''Jl18muat also be taJ~en into account (Everaerts and
Routs, 1971; Evel'aerta ee a1., 1973; ~Tovin 1973t"l.,b,c;

Schafer· Nielsen at al., 1980),

An anionic all~aline dd scont.Lnucus buffer system
designed by Tam1.tra and Ui (l972) 'Ising a general
guideline given by Williams and Reisfeld (1964) di~ not
succeed in stacldng l::at and "'ruiL bat LOB-S i~ozymes,
even though the stacking pH was high enough to ensure
that the LDH-5 Laoaymes poaaeuaed a net negae iva charge,
Calculation of the i() ic pa ramet.e..'s in the termimltillg
zone using Laot achophcvat i.c st eady at at.e equations showed
that the ionic mobility of the glycine te rmlnat Lnq ion to
be too high.
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Possible alte:t:native r'out es to the synthesis ot
"attini ty" carrier ampholyte~

AS no simple and Lnsxpenaave methods of 11rotecting
t11E hydrazide groups could be found, it was decided to
.....bandon the synthesis of hydJ::azide-containing carrier
ampholytes, thus bringing to an end my research work in
the field of immobilized pH gradients. It is possible
that alternative functional groups may be found in future
ilwestigations whicl. allow for the oynthesis of "affinity
carrier ampholytesff•

An alt.ernative, yet more elegant approach may be the
sY11thesis of superparamclgnetically* labelled carrier
ampholytea. These could be il'lstan\..I:Ill~t")uslyand quant i ta-
t:i.vely separ!lted from peptides after focusing by placing
the mixture in a magnetic field. Moreover these
superparamagnetic carrier ampholytes could be recovered
and reused indefini tely, making them ext remal y cos c-
effective Ln the long termj even if they are il').itially
expensive to synthesize.
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The re~ction of MABH with PEHA

Before attempting the large scale synthesis ':If

hydrazide-cont.aining calriel ampaolytes, the rate of
reaction of MABH with PEHA in meuhanor at room
temperature was ilwestig:tted. A reaction did indeed
occur, but at a very slow rate • 110tably slower chan the
rate of reaction of MAMH with TEPA (see Figures 63 and
64). This may have be due to stedc hinderance caused by
the benzylhydrazone groups which made it diffic\.tlt:for
additional molecules of MABH to react with the polyamine.
However, this was not considered a problem as extended
heating of the reaction mixtur13 was now possible due to
the protection of the hydrazide groups.

Attempted synthesis of hydraz.i.de-contcd.l1ing carr:ier
ampl101ytes

MABH and PEHA (1::2 ratio of carboxylic acid gJ:OllPS
to amine groups) were refluxed in methanol for 20 hr.
Unfortunately, subsequent debem:ylatio11 of the hydrazide
groups could not be effected by the Pd-formate reagent,
even on prolonged reaction,



-(CH)
I h;
NH
J

-[Cl\1x
P(1)'(llltiI14

+ HOOC-HC:CH-COWI-N=CHU
Mal';c (wid h."zyiltk",.lzydtrzdtk -y

IL ~

If:Lgur61 62 l~ttempted aynches t s of carrie.!: ampholytes
bearing l.ydrazide gt'oups by reacting polyamines such as
J?EHAwith MAEH. (The hydrazide group is protected in the
form of its benzyl hydrazone.)
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blocking groups are generally used to protect hydrazides
as are ured for amines (Gordon et al., 1~80).

Hydrazide groups react rapidly and quantitatively
wi th benzaldehyde to form the correAp;.1l1ding benzyl
hydrazones. These in turn can hI';: reduced to give N' ~

benzylhydrazides. It occur-red to me that the same
cat:alytic t ranaf er hydrogenat.ion with Pd-formate could be
used to effect consec~tively both the reduction of the
benzyl hydra zones to their corresponding N' -benzylhydra·
zides, and the subsequent debenzyf.at rcn of the N' -benzy.l -
hydrazides to their corresponding hydrazidee. Hence, it
was reckoned that hydrazide-cIJntaining car r ier ampholytes
could be simply and eleC!antly synthes.i.zed by reacting the
pre-synthesized b~nzyl hydrazone derivative of MAMH
(maleic acid benzylidene hydrazide) with J?EHA, followed
by catalytic transfer hyclrogenolysis (Figure 62).

The synthesis of maleic acid benzylidene hydrazide

Senzylhydrazone was facilely synthesized by the
reaction of benzaldehyde with an excess of hyd raz ine
hydrate according to the method of Pross and Sterr~all
(1970). The reacr Icn of benzylhydrl"tzone with maleic
anbydl~ide in chloroform gave a quantitative yield ot
m..:lleicacid benzyl idem'! hydraz ide (MASH). MASHwas found
to be insoluble in w8ter and in most organic solVents in
its free acid fo~m (Snyder et ~1., 1938), but dissolved
in aaueous and alcohnlic solutions that h~d been
prt"dl.r)uslyalkalized, ego by the addition of polyamines.
'rh;;'swas fortunate as it allowed for the react ion u~ MABI-I

with PEHA in methanol, the preferred aolvent for
catalytic transfer hydrogt>llol'lsis (AdGer H f'l1., 1987;
Ram and Spicer, 1;11'17).
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This cyclization rCdction is Burprising considering
that Feuer e c a l , (1951) were unable to prepare the
cyc l ' c form of succinic hydrazide upon pro l cnqed react ion
1,)£ hydr az i ne hydrate with eq1..timolar amounts of succinic
anhydride, diethyl succinat.e or 9uccinimide. Hence some
means of prot eot ion of the hydr az ide group was considered
necessary, since there seemed to be no other way of
avoiding the cyclization side reaction.

Ihe r~sctiQn 9f PEHA ~1tb m91ei~ acid ben*yliden~
lu&r.~\2;i9!!

The search for a s.:imple and economical means of
protectil'lg' the hydrazide grouos

Hydrazides may b:! prot ect.ed with the protecting
gl:oupe custemarily used in peptide synthesis fer the
protection 'Of amines (Gordon (!!It; !ll. I 1980). Unfortunately
these protection methods J::equire the use of expensive
reagents, which would render the synthesis 'Of hydrazide-
containing carrier ampholytes far toe cestly. Therefore
a seal~ch was made for a simple vnd inexpensive means 'Of
plAotect:.ing the hydrazide group of MA.MI-I.

A common method of protect~on of amines is in the
form of their N-benzyl de r ivat ives . Debenzylation is
effected by hydr-oqeno l.ys i E3, eg. via cat a l yt i~ transfer
hydrogenolysis using formate as the H· donor and pa l Lad iurn
as the catalyst (ElAmin e t c'U" 1979; Anwar and Spatola,
BSD; Adgeret.a.l., 1987; Pam and Spicer, 1987), Howevel~,
i'\ meticulous sE'clrch of the chemi ca l l i t.e r-at.ur-e f a i l.ed to
show examples of: nycit"11ici€:'s prot ecred in t h ia way.
Nevel'tneless, 1 dec Lded to .rt t empt H s ince the same
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Attempted synthesis of }'wdrazide-containing carx Ler
ampholytes

The reaction br:.tween !\lAMHand l?EHA (1: 2 ratio of
carboxylic acid gt'OUpt to amine groups) i'. water at 60°C
was followed by diluting an aliquot of the reaction
mixture in methanol a.id measuring the decrease in
absorbance at 320nm. The absorbance at 320 nm was found
to decrease very rapidly until it reached 20* of it.s
or:i.ginal value, at which it then stayed constant over
time. This indicated that ro ;ghly 80% of the MAMH
underwent a Michael reaction with l?EH~ the rest
undergoing cyc l.Laat Lcn to maleic hydrazide, which also
absorbs strongly at 320 nrn". However, the final pH of the
reaction mixt1.\re was found to be over 9, whereas a
neutral to slightly acidic pH was expecte&. The only
probable reason is that condensation of the carboxylic
acLd and hydrazide grou2"s of the carrier ampholyte
molecules occurred to give cyclic succinic hydrazides:

R-N~
/ CH - CH., - CONHNH,

HOOC

I Maleic hydrazide is a weak acid with a pK of 5.65.
The free acid has an A.",,,, at 300 nrn , and the ionized form
has an An,,\lC at:. 340 nm (Miller and White, 1%6) .

.' Apart from the 1::2 ratio of carboxylic acid groups
to amine) groups which lower the pH of the reaction
mixture below 8 (acidity of MAMHexpected to be similar
to that of maleamic acid, which has a pK of 3.6
Dahlgren and Simmerman, 1%5), the reaction of MAMHwith
l?EHAwould 1ead to <l fUl.'t:her ':Jecrease in the pH of the
reaction mixture. This is because the e l ect ron-
withdrawing pz opezt iea of the hydrazide groups would
lower the b~sicit:y of the PBHA amine groups,
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v, Linear velocity of ionic constituent i, Signed

quantity, of the same sign as charge of i
(cm's ') ,

",,., Linear velocity of ionic subspecies .J:', signed
quantity, of the same sign as charge of it
(em: s 1) ,

v, Net lineal: velocity of ionic constituent i ,
representing the average of the indi vidual
linear velocities of the various subspeci.es of
L, Signed quantity, of the same sign as the
charge of i (cm's I).

v Potential difference (V).

Charge or valency of ionic subspecies i.

Zl Maximumcharge or valency of ionic subspecies
i.

Viscosity of a solution (centipoise, cP),

I( Conductivity or specific conductance (S'cml),

A Mol~..· conductivity (S' em": moll) or equivalent
conductivity (S'em~'equiv 1),

p Resistivity or specific resistanCe (n'cm).



Appe-J1dix A 225

F Faraday constant where F =: eN;, (9.65 x 10'\

c· moll) .

i Arbitrary ionic species which may exist in
solution as an ensemble of subspecies of
various valency.

subspecies of ionic constituent i of valency
z.

L Length (em).

Ionic mobility of ionic constituent i. Signed
quantity, given the same sign as the charge of
i (cm~'Vi. S 1) •

/l?"l[ Ionic mobility of ionic subspecies I", Signed
quantity, given th~1same sign as the charge of
i" (cm~'V I, S 1) ,

Net or effective ionic mobility of ionic
ccnsc icuent i , representi11g the avera'1e '.:If the
i11dividual ionic mobilities of the various
subspecies of i. Signed quantity, of same sign
a= charge of i (('m-'·II 1. S I) •

1'2 Number of different kinds of ionic species in
sCilution.

Avogadl'o'8 number (6.02 x 10' moll),

Q Electric charge (e).

R Resistance (ti).

t Time (s).
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Appendix A Introduction t.o the physical
chemistry of electrophoresisl

List of symbols

A Cross~sectional area (cm").

Total concentration of ionic constituent i
(mol'em I) •

concentration of the ionized fraction of ionic
constituent i (mol·cm').

concentration of the ionic subspec.ies i of
valency z (mol'cm ').

Charge of an electron (1.GO x 10 l' C) .

E Electric field strength (V·cml).

Forc.;e(N).

f Frictional coefficient.

An in~depth discussion of the physical chemistry
of electrophoresis may be found in Longsworth (1959a) and
Rilbe (1983). However, nearly all the review articles
dealing with the physical theory of electrophoresis, and of
IT!? in particular, are quite advanced and presume the
reader to be already familiar with the equations governing
ion motion in electric fields. Thus it has seemed a goodidea to me to Lnc Lude a chapter on the basic tl:eo:ryC,)f
elect.l:ophoresisas an Lnt roduct Lon to the following chapter
on the physical chemistry of IT!? The core of the material
in this chapter has been extracted from Atkins (l990), but
has beet).substantially augmp.nted with additions from other
sources to improve the intelligibility ()f th~ concept s
involved.
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An al ternati 'le, yet more elegant approach may be the
synthesis of superparamagnetically-labelled carrier
ampholytes. These could be instantaneously and quantita-
tively sGparated from peptides after focusing by placing
the mixture in a magnetic field. Moreover these
superparamagnetic carrier ampholytes could be recovered
and reused indefinitely, making them extremely cost-
effective in the long term, even if they were expensive
to synthesize.
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protein/carrier ampholyte mixture through a chromato-
graphic matrix bearing aldehyde groups.

Carrier amphcIyt.es are normally synthesized via the
Michael reaction of polyamines such as PEHAwith acrylic
acid. The Michael reaction of amines can also be
performed with derivatives of mal.eami.c'acid, (HOOCMCH=CH~
CONH~)(Li','/'schitz et a1., 1956; Zilkha and Bachi, 1959 i
Liu et al., 1974a). I wondered whether the hydr-azi.de
counterpart of maLeami.c acid, maleic ac i.c monohydeazLde
(HOOC-CH.CH-CONIiNS:), would loeact similarly with
);'olyamineSl such as PE!:Aas a facile means of synthesising
carriet' ampholytes bearing hydrazide g.toups. However
CyCliz8tiot~ of maleic acid monohydrazide to l,2-dihydrc-
3, 6-pyridazinediol1e was found to occur during the carrier
ampholyte synthesis. A simple and inexpensive means of
pl:'otecting the hydrazide group of maleic acid
monohydrazide was searched for I but one could not be
found that worked.

4.4.2 Conclusion

It is possible that alternative functional gronps
may be found in future investigations which allow for the
synthesis of "affinity carrier ampholytes". However it is
difficult to flnd functional groups that interact
specifically with anct har fUl1ctiol'lal gr(')ups and none
other. This task is complicated by the plethora of
different functional groups present in proteins - apat't
from the normal functional groups that are present ~.
amino acid sidechains ~ carboxyt t c acids I amides, ''\mines,
hydJ:oxyls, phenols, indoles and thio18 - post-t:::t."al1s1a-
tional modifications of polypepi.:ides also illtroducQs
groups such as phosphates and carbohydrat8 moieties.
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hydrophilic, as well as being stable in the presence of
alkali. (The amide group of the basic lmrobd Li.naa' is
susceptible to alkaline hydrolysis.) The Cl.'~aminomethyl-
ated acrylic acids can also be used in the acidic pH
range, due to the bufferin.g effect of their carboxylic
acid groups.

However, Cl.'-anlinomethylatedacrylic acids cannot be
used in wide-range lPG's (eg. pH 3-10), since, in order
to obtain a linear uH gradierlt,the concentration of each
immobilized buffer must be independently optimized with
the help of computer programs such as DoctorpH. The
concentrations of the two buffering groups oi;Cl.'-amino-
methylated acrylic acids must necessarily always be the
same, and cannot lJe Lndependent.Ly optimi zed as is
possible for monoprotic immobilized buffers. However, it
could be possible to form linear wide-range lPG's with
the use of a single polyprotic immobilized buffer.
Problems might be experienced, though, with overswelling
of the lPG gels, due to the high local ionic strength, as
did occur with BCPP.

4.4 ATTEMPTED SYNTHESIS OF CARRIER AMPHOttTES BEARING
HYDRAZIDE GROUPS

4.4.1 Recapi tull!l.tion

It was noted that carrier ampholytes were often
required to be present:in lPG's to improve the conducti-
vity of the system, and maintain the solubility of poly-
peptides. The synthesis of cal"rier ampholytes bearing
hydrazide groups was proposed as these could be
specifically and quantitatively removed from focused
pi cteIns afte:t· electrofocusing by passing the
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they are zwitterio~ic, they act in effect as weak acids
buffering in the neutral to alkaline pH regions.

Since Qt-aminomethylated acrylic acids are amino
acids I they are sol ids at room temperature. Henc~!it was
expected that their purification would be simple.
However, only two compounds were successfully
crystallized - Qt-(N-morpholinomethyl) acrylic acid (p](~ee

7,59 ± 0.03 at 23°C) and Qt-[N-methyl-N-\2-hydroxy-
ethyl)aminomethyl]acrylic acid (pI(~ = 9.22 ± 0.08 at
22°C). Qt-(N-morpholinomethyl) acrylic acid was success-
fully used to focus equine myoglobin (pI = 7.4 at 25°C).

Acrylic acid derivatives of di - and tetl-amines

An attempt was made to synchead ae e.cxyLd.c acid
derivatives of di- and tetramines, in order to obtain
compounds that buffered ovar the pH 3-10 region. N,N' -
Bis(2-carboxyprop-2-enyl)piperazine (BCPP) was facilely
synthesizc~d by the reaction of pa.pexazLne with
formaldehyde and malonic acid. It shows a sinusoidal
buffering profile over the pH range 3 to 10. The
synthesis ....f acrylic acid derivatives of the tetramines
N,N'-bis(3-sminopropyl)ethylenediamine and l,4-bis\3-
aminopropyl) piperazine war attempted in an effort to ~rat
a linear buffering profile. However these efforts w~re
unsuccessful.

Qt-Aminomethylated acrylic acids can be successfully
used to prepare IlJG's in the neutral to alkaline portion
of the pH gradient. 'rhey have a number of advantages over
the basic Immobiline' in that they are much more
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ConclpsiQll

It appear-s that BHEAMAis stable er.ough to be used
as an acrylamido buffer tor IPG runs, However, the slow
hydi.o.Lys Ls of N-aminomethylated acrylamides i11 water
means that aqueous solutions of these compounds cannot be
stored. It may possible, though, that their :.,tability
would be improved if stored as methanol or ethanol
solutions. Moreover their synthesis is simple, and the
stock chemicals required are inexpensive.

So it can be concluded that N~aminomethylated
acrylamides are potentially useful fot' the preparation of
lPG's. However) the many problems experienced during the
attempted purification of BHEAMAand 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 synthesis of ~-aminomethylated acrylic
acids and their use in immobilized pH
gradients

R~capitplation

Acrylic acid derivatives of motloamitles

A number of QI-aminomethylated acrylic acids were
facilely synthesized by the Mannich reaction of malonic
acid, formaldehyde and secondary amines. Thel"!ecompounds
are much more stable than the corresponding acrylamido
derivatives since the reaction is irreversible. Since
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4.3 THE SYNTHESIS OF NOVEL ACRYLAMIDO AND ACRYLIC ACID
EUFFERS FOR ISOELECTRIC FOCUSING IN IMMOBILISED pH
GRADIEN'rS

4.3.l The synthesis N~aminomethylated acrylamides
and their use in immobilised pH gradients

Recapitulation

N-Aminomethylated acrylamides such as N-[bis(2-
hydroxyethyl) aminomethyl) acrylamide (BHEAMA) can b~
facUely synthesized by the Mannich reaction of
acrylamide, formaldehyde and a secondary amine. BHE~A
has a pI( of 5.6, making it ideal to fill the gap in
buffering power between the pI( 4.6 and 6.2 Immobilines'.

However, the Mannich reacl:ion of formaldehyde and
secondary amines with amides is l"eversibll? (Bundgaard and
Johansen, 1980a,b) , and studies by Pe:lton (1984) have
shown that a quantitative removal of the attached amine
gl'()UPS of N-dimethylaminomethylated polyacrylamide is
achieved upon prolonged dialysis again:st' distilled water.
Using the experimental data of Bundgaard and Johansen
(1981), it is expected that the half-life of BHBAMAat
37°C would only be about 24 h. However, since IEF-IPG is
normally conducted at 5-100C, it appears that the
percentage decomposition of BHEAMAshould be negligible
during a normal IPG run. In fact satisfactory focusing of
carbonic anhydrase isozymes was obtained using BHEAMAas
the immobilized buffer.
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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 sarrple species would naturally no longer
occur. Moreover, these polymeric spacers, having only a
sin3'le charge, would have to be very much shorter than
polyAMPS 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 nucleic acids

These polyanionic spacers seem ideally suited to the
separation of the linear p~lyanionic species, in parti-
cular, nucleic acids. It seems probable that this has
been the first time that DNA has been ancllyzed by ITP.
However, the resolution obtained was slightly i~.lferiorto
that obtained by PAGE, due to the compression of the DNA
bands . This was most likely causvt by an insufficient
spacing of the DNA in those regions, and not due to the
technique itself. In fact, it is expected that ITP of DNA
molecules should yield superior results to PAGE, due to
the counteraction of c'iiffusionby the electric field
strength gradient. The development of monoanionic
polymeric spacers will probably help in this regard,
since distortions of the electri~ 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 Conclusions

The advantage of ITl? s:pacers whose ionic mObilities are
j.nde:pendent of the ambient :pH

AS far as it is known to the author, this work is
the first example of the application of po'l.yme'rtic species
for use as spacers in ITl? The advantage of polymeric
spacers lies in the fact that differences in ionic
mobility ore governed sole1y by the molecular rr.:tssesof
the spacers, and not by the pH of the milieu, ie. ITl?
spal;ers. Hence spacer mixtures can be formulated to give
the opt.Lmum range of ionic mobilities for any particular
concentration of polyacrylamide. These ionic mobilities
are intrinsic to the polymeric spacers, and are not
affected by the pH at which the isotachophoretic experi-
ment is conducted .

.l2..t:Qb]'emsoccurring with :po],vAMl?Ssp;acers and their
sol1)tiQU

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 severe electroosmosis and resultant deformation of the
gel. For this reason only low concentrations (10 mM) 1"')'

the polyAMI?S spacers could be used, so that the Lsot ach..

phoretic system was poorly buffer~d. Moreover ionic
interactions occurred between the polyAMPS spacers and
amphoteric sample species, leading to smearing and loss
of resolution.
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4 . .2 NOVEL POLYMERIC SPACERS FOP. ISOTACHOPHORET'IC

SEPARATIONS

4.2.1 Recapitulation

Carrier ampholytes have certain deficiencies which make
them non-optimal spacers for isotachophoresis:
(i) their ionic mobilities change with ambient pH,
(ii) they exert a buffering effect of their own,

affecting the pH within the isotachophoretic stack.

It was reasoned that the use of anionic polymers of
a uniform distribution of molecular mass as spacers for
isotachophoresis would eliminate these problems. pOlymers
of 2-acrylamido-2-propane-l-sulfonic acid (~olyAMP8) of
various size ranges Were synthesized for this purpose.

TEP of dyes .::onductedwith polyA.MPS spacers gave a
superior resolution to zone electrophoresis, since the
electric field strength gradient generated within the
isotachophoretic system counteracted the effect of
diffusion. However TEP of DNA gave inferior results <l'le
to band compression. TEP of ampholytic species was
problematic due to ionic interactions with the polyAMPS
spacers.

It was found that low concentrations of the polyAMPS
spacer-s had to be used, or else deforrnation of the
polyacrylamide gel occurred. smearing and precipitation
of the longer polyAMPS species was noted on analysis by
aons al.ect.xophor-es Ls ,
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concentration at the ionized form of the
le:tding and t::=rminating constituents,
respectively (mol':m '),

concentration of an ionized subspecies of
valency z of the leading and terminflting
constituents, respe:::ti..vely(mol'cm '),

Concentration of hydroxyl ions OW in the
leading and terminating zones, respect-
ively (mol'·em ),

Total concentration of the buffering
counteriOl1 constituent in the leading and
terminating
(mol'cm '). .

zones, respectively

Total concentration of the leading and
terminating constituents, respectively
(mol'cm') ,

Electric field strength (V'cm1).

Faraday constant where F = eNA (9,65 X 10.1

C'moll) ,

Unionized fraction of an arbil".ral-yionic
species,

An arbit:.raryionic subspecies of charge
z.

I Electric current (A),

ml._ .. Lm, J' /m, .., Ionic mobility of an ionized subspecies
of valency z of the buffel~ing councexacn,
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Appendix B Derivation of the isotacho-
phoretical steady state equa.tions'

List of symbols

OJ

Concentration of the ionized form of the
buffering counterion constituent in the
leading and terminating zones, respect-
ive~y (mol'cm I).

Concentration of a~ :onized subspecies of
valency z of the b\.tfferingcounterion
ccnatid.tuent an the leading and termi.n-
ating zones, respectively (mol'cm ').

Concentration of hydronium ions HjO+ in
the leading and terminating zones,
respectively (mol'em I)

Concentration of the ionized fraction of
an arbitrary ionic species i (mol'em ').

Theoretical treatments of the steady state
bo\.tndar.i.esexisting in ITP may be found in Ol:nstein (1964),
Everaerts and Rout~\ (1971), .rovrn (1973a) and Everaerts et
al. (19?3). I have found the paper of Everaerts and Routs
(1971) to be the most lucid in its treatment of the various
equations. Therefore 1 have based this chapter on theirpaper, but have altered some of their equations which
,Eailed1;0 t.:tkeinto account the signed nature of qua11tities
such as the ionir:!charge, ionic mobility and linear
velocity of ions. Moreover I have filled in gaps in their
paper where they negler:ced to show the complete derivatiz-
ation of certain equations. The nct.ae icn has also been
c:llteredin a manner which I hope makes the equations
clearer.
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Since

wher~ F is the Fa~aday constant, equation (A~27) can be
rewritt.en as:

(A-29)

Substituting equation (A·7) results in:

(A-30)

where m
"
" :l.S the ionic mohiJity of an ionic subspecies

it'. Hence a definition for the conductdv+ty of an
elect:r:QJ.ytesolution may be obtained by inserting
equation (A-30) into equation (A-17) to give:

(A-3l)

LikewisH equation (A-3l) may be inserted into
equati.on (A..20) to provide a d.;finition for the molar
conductivity of an electrolyte solution:

, .
A .. .z.'L: L e, mi,:,

; 1 ;",

(A-32 )
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interval ~t is equal to the nuumer of charges in the
volume:

(A-24)

Therefore the total number of charges ~Q carried by
all the various ionic subspecies of the ionic constituent
i passing through, given point of cross-sectional area
A in a time interval A t is equal to the number of charges
in the volume:

(A-25 )

The numerical concent.xation of charge within this
volume 3.8 given by equation (A-22), Hel'lCe~Q can be
determined by multiplying equat Lons (A-.2.2) (numerical
( ll1centration01' Q) and (A-2S) (volume containing AQ) :

II t
AO III Afi:lN"lltL L z;("',tVl,1!

t- z-:

substituting equation (A-2G) into (A-23) gives:

I; 1:

J III Ai!='N.~LE Zi(~;,l"Vl,t
1 ~ ~. 1
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A.3 THE RELATIONSHIP 'tIi'TWEEN THE :tONIC MOBILITIES OF

:rONS AND THE CONDUCtIVITIES OF SOLUTIONS

The molar conceacretiion of charge Q in an
electrolyte solution is equal to·

(A~21)

where z, is the charg"" of an ;.rd~ividual ionic subspecies
:i/ in soluti"n. The actl:clJ numerical concentration of
charge Q carl be found by inserting Avogadro's number NA:

(A-22)

Th!' electric curxerit I it. defined as the net amount
of charge Q that passes a given point per unit time:

AQ
I .. At

The number' of charqes cal-ried by an ion i of valency
z (i~) passing thr~lgh a given point of cross-s~ctional
al-ea A in a time interval At is equal to the number of
ions i-' that have mi.grated a dd suance d in that: t: ime
interval At, and hence to the number of chal~ges in the
volume ciA. Since d .. Y, i~t, where Y; " is the velocity of
the Lond c subspecies 1.", the number of charges car r i ed by
the ionic subspecies i.' passing a given point in a time
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Hence the total molar conductivity A of an
electrolyte is the Bumof the molar conductivities A of
the individual ionic species i (includirlg "fl. and A"II ) :

(A..19 )

If an individual ionic species i happens to be .'
wea;celectrolyte possessing one or more protolytie groups
with a pl( value within two pH unit.s of the pH of 'e
electrolyte I then a number of subspecies of i of val: ..<.1S
vat ency z will be simultaneously present. in solut.ion. In
this case the total molar conduct.ivity will be expressed
as:

(A-20)

where c,~ is the molar concentration of a pa:t.'ticular
ionic subspecies i", and Z is t.he maximum degree of
ionization.
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wl1ere K is f::lxpressed! in S' em I. Substit1.1ting (A ..l) and
(A-14) into (A..16) results in:

K .. I
EA

(A..17)

Since the conductivity of a solution depends on the
number of ions pzesent , it is logical to introduce a
quantity known as the mols.r conductivity A, which is
defined as:

II

A .. I( / L (:'t
1-1

(A-l.S)

where A is expressed2 in S' cm2•mol I, and n is the total
number of dHferel'l.t Lond c species in solution. There is
always moxe than one ki.nd of ionic species i in solution,
since tl1e law of electroneutrality demands that the
m.tmber of positive and negative charges Ln solution be
equal:

The units of K are Q 1. em I, which was often
written in the past as mho' em1. However the :r.eciprocal of
tne ohm has 110\'1 been officially designated as the siemens,
8, so that the units of K are s'cm1

,

If c, is expressed in equivalents pel: em', A is
defined as the equivalent conductivity, and is expressed in
8' cm~'equiv I.
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A.2 'rEE CONDUCTIVITY OF AN E:LECTROLY'I'E

The resistance of a conductor La defined by Ohm's la\.,:

R .. V
T

\.,hereR is expressed in ohms W). The resistance of a
conductor increases as the cross-sectional area A
decreases and as the length L increases. In order to
eliminate this effect of shape, and to obtain a
resistal'lCewhich is characteristic of a given conductor,
a quantity known as the resistivity, or specifiC'!
Lesistance PI is defined. This is the resistance of a
section of a conductor which is 1 cnr' in cross-sectional
area and 1 cm in length. It is related to the actual
resistance by the formula:

RA
P "'- I.

(A-15)

where " is expressed in Q. em, The conductivity I or
specific conductance /(1 of a conductor :i.sdefined as the
reciprocal of the resistivity:

(A-16)
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(A-10)

Equation (A-10) ran be rewritten in the form:

(A..ll)

where cl•o and 1»1.0 are the concentration and ionic
mobility respectively of the unionized subspecies of i,
Since 1»1.0 is expected 1:.0 be zero, equation (A-il) can be
simplified to:

~
1:1j = (~c:'l.znli.::) I ernll1

;!""!
(A-12)

Substituting equation (A-12) into
expression for the net velocity
constituent: i:

(A .. a) pI'ovidee an
v, of the ionic
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Since we are interested in the overall velocity v of
the ionic species i and not the indivic'h"l velocit:ies of
the subspecies, we introduce a term known as the net or
effective ionic mobility ~:

(A-B)

The net ionic mobility IT!. of an ionic species i is:

where m. is the average of the all the individual 'ooic
mobilities mi." of all the ionic subspecies 1.", and Z is
the ma:x:imumdegree of ionization. SincE:l:

wl'lere c;"t ..l is the total concentration of the ionic
constituent :i, equation (A~9) can be ::::implifiedto:
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(A-4)

By substituting the st.oke ' s formula for the
co~fficient of friction of a sphere of radius r (in this
case the radius of the ion plus its hydration shell) in
a solvent of viscosity ry, we can write:

(A~5 )

The term z,e/6rrrp: is a constant for a11Y ionic
species i moving in a solvent of viscosity 1}. Hence it
can be replaced by a coefficient ot prop\.,.\rtionality known
as the Loni.c mobility m:

(A-6)

where m is expressed in cm~·Vl·r;rt. Since, by convention,
the electric current I is defined as the flow of positive
charge towards the cathode, v, and m, are signed
quantities, of the same sign as the charge of the ionic
sp~cies i.

If i happens to be a weak electrolyte possessing one
or more protolytic groups, then a number of subspecies of
i of VariOl.lSvalency z will be simul t:aneously prel::Jent in
solutiott in rapid equilibrium. In this case each
individl.lal ionic subspl3cies i of charge z and ionic
mobility m,,,. will migrate with a linear velocity v, ,.:
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A.l THE MOTION OF IONS IN AN ELECTRIC FIELD

When two electrodes a ddat auce L apart are at a
potential difference V, the ion in the solution between
them experiences a uniform electric field .d (V'cml

) of
magnitude:

In such a field an ionic species i of charge z.e
(where IS is the charge uf an electron) A·.periences a
force ~of magnitude:

A cation will accelerate towards the negative
electrode (cathode) and an anion will accelerate towards
the positive electrode (anode). However as an ion moves
thrOl.tgh the solvent it experiences a frictional retarding
force ,)1-, that is proportional to its electrophoretic
velocity Vi (em' s 1) :

(A~3 )

where :f La the frictional coefficient, The two forces act
in opposite directions, and the ion will reach a maximum
constant velocity whe-n the accelex'ating force .'7 is
balanced by the viscous drag .:7', The net force is zero
when:
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In the older ll.terature the ionization constants of
bases refer to the equilibrium

B .. H/' "" Bii ' + (lH

with the ionization constant, K), given by

[13lrl [aIrl
lEll

Today the uce of Kj, is avoided because it does not
touch 01' the hear t of tile matter, namely: an ac i.d
produces hydrogen ions and a base receives them, Thus
both acids and bases are best related in terrns of a
single quantity, their affinity for the hydrogen i011,
Such a relationship requires the use of the .!Icidic
constant 1(" for bot.h acido ,and bases.

B.S.2 Equilibria equations for acids

Imagine a weakly acidic, polyprotic ionic speCieE.li .
In s\J,.,uti011 i will exist, depending on the pH, .in a
numher of subspecies of various degrees of i(')nizc1ticm,
all in rapid eql..tilibrium with each other, The equi1ibnum
reaction of the first ionization reaction is:

jU""jl ... H'

and the dissociation constant X! is:

1" :::: (' ; , "1 ('if
\ I
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B.5 THE EQUILIBRIA EQUATIONS

B.5.1 Note on the modern usage of acidic
dissociation constants to describe the
ionization of both acids and bases!

The :era:mst.ed~Lowryt'1eory is the most useful and
widely accepted descril 1011 of the ionization of both
acids and bases. Its underlying concept is the definition
of an acid as any substance that can ionize to give a
solvated hydrogel't ion (ie. a proton s!:ubilized by
interaction with ':he solvent). ConverseJ.y a base is
substance which can accept a hydrogel'l ion. Srenst:ed was
the first to show the advantage of having t;.l1eion:i.zat ion
of both bases (ie. conj ugate! acids) express""ld 011 t:he same
scale. For acidn the ionization process is

and the Leniaat Lcn constant 1 1(", is given by

For bases the ionization is
EH' + H.(1 ,.. H,r)' 'j- };:I

and the ionization conat ant , 1(" is given bv

From Albert awl serj sant (1984,).
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(1'-22)

This is the axtendad form of the mass balance
equation of the buffering counterion b in the isotacho~
phoretic steady state.

8.4 THE ELmCTRONEUTRALITY EQUATIONS

The law of electro11eutrality states that the overall
charge of an electrolyte solution is zero. Therefore the
eli=,!ctroneutralityequations for the leading and
terminating zones are:

1.

!":Vf{(1"ZUH'~ CH(I.,ZH '" ~cl,,.Zl .... !:r[J,r.Il,)Zl"" 0
to] ~'I

1.

(.\'H!flZPH ", rH('r)zu .~E (~,,;,Z, -j. E (~I'.;:('!1 %1 .. 0
?-! ~'l

(:13-24)
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(B-20)

From equation (B·tO) '1.'; '" V,I so:

VI'

From equation (B-10) '1.': a '1.';, so:

v.

(B-21.)

Inserting equation (B..l1) results in:
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The total mass transport of b into the terminating zone
is thEH~efore:

7

1:1',,2: r1'1 ,.m;.,,' - V/,r/:'/,1I1
~"t'" :

(13,,17)

It the ::one of terminat ing ions t was followed by
another ~one of terminating ions t* t 'lhere m, ,. m,., then
at. the isot':achophol"etic steady state the total mass
transport nf b ions oul: of the terminating zone into the
t"rminat ·u~* zonE. w"uld. be:

The concentl:ati~"l'l of the buffering counterion b

within a Z~.le 1S constant in the isotachophoretic stJad.y
state. Therefo:t'e the amount of b that is I:l'a11sported into
the tEu"tl'\inatil'lg zone is equal to amount that leav"., the
zone. Therefor,,:

(:13.. 19)

Equat ian Ca-1S) may b.,. rear,ranged t c:
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This is the extended form of the Kohlrausch

regulating function which gives a relation between the
ion concentration in the leading and terminating zone
(Ornstrdn, 1964; Karol and Karol, 1978).

B.3 THE BALANCE OF MASS

Let us consider the total mass bal ance of th~
buffe:t.il'lg ccunt er+cn b in the terminating zone. If the
boundaey between the leading and terminatj ng zones is
moving forward with a speed ~, this is equivalent to b
ions moving into the terminatili.g zane with a speed - VI!'
If the total concentration of the buffering councexd on in
ChI! ll!ading zone is c:>t;~;' then the mass transport of b
(in mol' em". S !) into the terminating zone due to this
movement is:

(a"iS)

Furthermore thel."s is an electropho:l:etie tl'ansport of 1.?

Lena (in mol- em' -s I), which is equal to:

1.

h.'I.r ('hi.,. ,.nlt., i'
l'...t

(a-1G)

------------
Since, by convention, electric current is defined

as the flow of positive charge towards the cathode, the
velocity of a.l ion is a sigli.ed quant ity positive for
c4tions and negative for anions, ~ince the movement Qf th.
h ions is in the opposite direct ion to that of the 1 and t
Lons , its vel.oc i t y is t')t an apposite sign.
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Combining equations (B-10) and (B..l1) gives:

E :; E ::
_...:!:.,_ "c m ," _r._ "c ~m ..t.ot.«! L..I t,» 1,;, 1,)ti:t].I...J t,., t ,«
("1 :'1 c; Z'1

Equation (B..12) may be rearranged to give:

C;dlll-"'I'.ot.1l1r.;J

244

<:6-11)

Substituting equat:iorl(B..9) into equat icn (B..13) results
in:

:z
E Cr,;tmt,it
,,1

....tutal
\./

clulal

z
C"HlllmOUzl'll f C]ltr,)mllli:lI I E (11, .•ml,;r~l

}" 1
t

C'''H!'l,)mpHz,'H ... (~HI'f)mHzH <j' E C" ;:ltl".~Z,
1"1

Z

I EC1',,;:<r.,m/,,;:':,..
.r 1
t

-I· E "f;,;:(T)n7t,,;·Z/.
:'''1

(B-14)
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Substitution of equation (B~3) into (B~7) re.sults in:

Equation (B~a)may be rearranged as:

t
cOH(Tlm('Hz~W + CH(l')IriHZH ~. E (\,;tm"j!ZI

,'1

?

1 E CJ'.)"I[,)m}:>,)"zl'
.(-'-1

?

Cmn[,)(i1'WZ,\H 1 cll(L)nIHZU "I E CJ,:tml,;eZI
1"1

t
'10 E Cb,7.t'nmb,rZb".j

(B-9)

In an isocachophoretic syste.m all zones will migrate at
the same speed:

(:a-10)

T11e net linear velod ty v, of an arbitrary ionic
species i is definedl as:

Derived in Appendi.x A as equation (A-13).
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t, Z

1( = 1<'2: E zici,;!mj,7
i -1 r- 1

(B-2)

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

z Z
1\1, .. ];<"'(cOH(L)mOUZOn + cHWmnzH + E Cl.::In1,zZz + E Cb,~(!,lmb,;:zb)

Z~l r-t

(B-3)

Ohm's law1 gives:

(B-4)

wt!re A is the cross-sectional area of the conductor.
Substituting equations (B-4) and (B-S) into (B-1) gives:

Since thtl:cross-sectional aren of the conductor is
assumed to be constant:

Derived in Appendix A as eoquation (A-17).
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Equil:lbri'l.ll1\equations. The acidic and basic

equilibria determine the degree of dissociation and hence
the partial ion concentrations of the constituent ionic
species.

Moreover, in order to simplify the calculations it
is assumed that:

(i) The concennrat rons of the constituent ionic
species are low enough that.no activity coefficients have
to be included (ie. < 20 n~) •

(ii) An identical temperature is maintained in the
leading and terminating zones, so that the ionic
mobilities of those conat i cuent 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 current
in the terminating zone:

(B-1)

The conductivity 1(1 of a solution of a11 arbitl~ary
ionic species i is a function of the concentrations of
its constituent ionic subspecies C,' their individual
ionic mobilities In, and their individ\.lalcharges e., such
that:

Oerived in Appendix A as equation (A..3l).
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B.1 PHYSICOCHEMICAL PRINCIPLES OF ITP

Let us consider an electrolyte system composed of
two zones - a leading zone containing an ion 1, and a
terminating zone containing an ion c, where m1,mt, and a
common buffering counterion b.

The concentration of 1 and the pH of the leading
zone are preset. When a potential differenCE) is ayplied
across the system, the concentrations of t and b in the
terminating zone will adjust to the concentrations of 1
and b in the leading zone, in such a way that they will
create a voltage gradien:::large enough to give the
terminating zone the same speed as the leading zone. :11
order to calculate the concentrations of
terminating zone, one makes use of
electrophoretic principles:

t and b in the
the following

The balance of electric current. Since each part of
the system c1.rt='o::llectricalJ.yin series, the electric
current is constant throughout the system, assuming that
1:119 cross -sectional area through which the cur-rent passes
remains constant. The current in the leading zone is
therefOre the same as the current in the terminating
zone.

The balanc61 of mass. 'T'ht:l ":ra\:.i01lof the
buffering counterion b wit-llinone ;;C\1,.,:. .... ccnsuant in the
steady state. This meane that the amour.c of b transported
into a zone is equal to the amount thac moves out the
zone.

'1'h. 51"'0\:"· lIutrality p:dnciple. The amounts of
positive and PI;. ...ve charges are equal ill the same zone.
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leading and terminat~ng constituents,
respectively. Signed quantity, given the
same sign as the charge of the constit-
uent (em"'VI. S 1) ,

Ionic mobility of arbitrary ionic species
i , Signed quantity, given the same sign
as the charge of i (em":V I, S 1) •

v, Linear veloc:i.ty of ionic species i.
Signed quantity, of the same sign as
charge of i (em's 1) ,

v. Net linear velocity of ionic species i,
representing the average of. the indivi-
dual linear velocities of the various
subspecies of i. Signed quantity, of the
same sign as the charge of i (cm'sl),

Charge or valency of the ion.:izedform of
the buffering counterion, leading and
terminating constituents, respectively.

z, Charge or valency of an arbitrary ionic
species i.

z, Maximum charge or valency 0....an arbitrary
ionic species i.

K Conductivity or specific conductance
(S· em 1) •
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C.2 ADAPTATION OF THE ITP EQUATIONS FeR THE C,~CULATION
OF THE IONIC PARAMETERS IN THE LEADING AND
TERMINATING ZONES

If the total molar concentration of the leading ion,
c1"t.otI, in the leading zone, and the pH of the leading
zone, are set by the experimenter, then all the other
physicochemical parameters of the leading and terminating
zones can be calculated from the fundamental rTP
equations.

The calculations of the various ionic parameters are
ordered as follows:

1. C.tlculati011 of c.. 8. Calculation of pH,.
2. Calc\.\lation of Chi" 9, Calculation of m..,. Calculation of c! ,t.-t{ 10. Calculation of /(/ and k !'.hi •

4. Calculation of c:..t~l ll. C:tlculation of I/ and 1,.t •

5. Calculation of e: ,t 1~
j'(:I'1 •

6. Calculation of c..
7. Calculation of C~'i:'1 •

1. Calculation of \,,~

The equi.1ibrium equation (C-7) msv be rewritten in
a form which allows the fot· t he calculation of (' f rom
c:'" ,; and pI1:.:

• • I (- I 1 •1{l 'I'll, i ~.('" f $ \ r" J I,· ,f """
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Equilibria equationsl

(0-7)

(e- 8)

(e-9)

It may bl:! notec'i that the simplified equations (0-7)
and (0 ..a) are simply rear~'angements of the Henderson·
Hasselbalch equation for acids:

pH 'p/(, .. 1091 (0-10)

and that the l;Iimplified equation (0 ..9) is aimply a
rearrangement of the Henderson~z.rasselbalch equation tal'
bases:

(0..11)

---------
EquatiOlw (0-7) l'1ud (O-a) an:' deri ved ft:otn

equat Ion (lB..3G) of Appendix H, and l~qUi'lt ion (O-g) is
derived f,!:'amequation (!..415) (>f Apnendix B. These aquat ioun
assume that the conceut t-ar Ions ot t he ionic conatt r uent
are expreaaed in mol' dm 1M) dud !lut mol' ern {kMl,
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~lQotroneutrality e~ationsj
(C-3)

(C..4)

Equation (C-3) may ba simplified as tollows:

Since %l,the charge of C1·, is -1, and Zb' the charge of
'I'ris+,is 41:

The::'efore:

In a aimilllt' i!Uhion equation (0..4) is simplified to:

~-,--------
Bquations (0-3) and (0"4) derived from equatiofUl

(1..23) anc1. (5·24) I l:espect:ively, at Appendix a.
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C.1 MODIFICATION OF THll: FUNDAMll:NTA.t. ll:Q'O'A'l'IONS or ITl? FOR
DISCONTINUOUS lllLECTROl?HORlllSIS SYSTEMS

In t.he discont.'I.rmouselectrophoresis system of
Ornstein and Davis, chloride is the leading ion, glycine
the terminating ion, and TriEI is the buffpring counter-
ion. The compositioli of the var Icus bufftanl is:

Stacking gel butter: 60 roM HCl ~ 62.~ mM Tris, pH 6.8
Resel v:i.ng gel buffet'; 60 roM HCl • 375 roM T1:is, pH a. 8
T?:lect:rodebutter: 192 roM glycinp , 2S ~ Tris, pH 8.3

Since the pH of the elect;rophoresis buffers 1ie
between pH 4 and pH 10, the ccncent.rac Icna of H,O' ions
and OH' ions are negligible, and can be ignoncL
Moreover, since all the constituent ions are monovalent,
th~ isotachophoretic equations are greatly simplified,
and take the form:

",''''41
rr~Jt"1 (0·1)

Man balance equation ot buU.ring c:ount:er:l.on'

r '."'111
1"1'1

('1' t t i lilt>'---
",m/

iJerivectfrom ~quat ion (S-14) of App~ndix Ei.
Dedved fro!'" equation (1"22) ot Appendix a.
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sign as charge vi: const Ltueut Ion ic
species (cm"V I, 0 ').

Net or effective ionic mobility of che
terminating ion (glycine), representing
the average of the incHvidual ionic
mobilities of the various chllrged and
uncharged subspecies nf glycine. Signed
quantity I of same sign as char,;]e of the
glycil1.e terminat ing ion (em" VI. S ') •

Charge or valency of the ouffering
Cou11terion ('Iris or AM!?O), leading ion
(chloride) and terminating ion (glycine) I

respectively (em" VI. s I} •

Conduc ;ivity or specifl c conductance of
leading or terminating :011e8I r\lspecl:: ~
ively (S' cm I) •



Appendix C
257

Practical application of the
isotachop·J.o't'eticalsteady state equations to
disoontinuous electrophoresis

I.list of symbols

Concentration of the ionized fraction of
the buffering ccunt ar icn constituent
(Tria or AMPD)in the leading and t.e.~min-
aCing zones, respectively (mol'dm ')_

Concentration of the ionized fraction of
the leadil'lg ionic constituent (chloride)
and the tel1minating ionic constituent:
(glycine) I rospertively (mol'dm '),

Total concentration of the buffering
counterion constit uant (Tris or AMP"') in
the leading and tf:J.il1inatil'lg zones, resp-
ective:Ly (mc,,"d\T'.),

'rotal concentrat:. ion of the leaciing ionic
constituent (chloride) and the termin~
ating ionic constituent (glycine) ,
respectively (mol-dm I,

Ionic • n~t", : of the leading or te1.'1\11n-
ating :';Ilf 'I respect ively (mol'dm ') ,

l'~bsolut. ionic mobiJ.i ty of the buffering
COl.tnterion (Tria or AMPD)I leading ion
(chloride) and terminating ion (glycine),
respectively_ Signed quantity, of same
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Equation (B-42) may be reexpressed as:

256

(2..43)
IT 10 I'K"

~'l

which is more simply written as:

(:6-44)

'rhe variable ell can be reexpresaed by substituting
equation (B..34) into equation (B..44) to give:

(B-45)

Equation CB..45) can be furthet' simplified to:

(B ..46 )

where all the coneent ratIous a:re expreasp~ in mol' em "
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(' . .. ,.
. l, +"

If this process is continued to i:, the Bubspecies
of i to the highest degree of protonation z, then
equation (13-39) becomes:

(13.. 40)

Substituting equation (13.. 29) into equation (13-40) resu1t:s
in:

Insel~t:il1g equaHon (13..31) all'1ws equation (13..41) to be
rewritten as:

(13-42)

...
E e'i;') ';,i

_____ ~_'.·...;..l__

n ro ,.~',"
..~ ~ 1
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2. !5.3 Equilibria equations for bases

Imagine a weakly basic, polyprotic ionic species i.
In solution i will exist, depending on the pH, in a
number of subspecies of various degrees of prot cnat Lon,
C\11 in rapid equilibrium with each other. The equilibr';'um
reaction of the fir~t ionization reaction is:

i +1 ..... iU ... H'

and the dissociation c\Jnstant J{l is:

K .. ("·')('11
1 c'

j. +1

('ItO ('/1

XI
<2-37)

In ~ similar fashion:

C' •1,"', (B-38)

Substituting (B-37) into (B-38) gives:
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(:13-3'3)

If the concentrations of the ionic constituents are
expressed in mol- dm ' (M) instead of mol- em' (kMl I then
cff can be reexpres6pd as:

Substituting equation (a~34) into (5·$3)gives:

1 U pK"

10 rH
(B ..35)

Equatiol1. (B-35) can be further simplifiedl 1:0:

C:.;, - ((:';"'1'11 - t ('i.;t) '11 J.o'l'l/ 1'/(, ,I

;~ '" I V ~ ~

(B-36)

where all the concenczat ions are expl.~essedin mol- em "

.--------
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equation (2-28) becomes:

I Ct,z •
(a-30)

Since:

equation (2·30) may be rewrit'te11as:

(2-32)

Equation (2-32) may b~ reexpressed as:

which is more simply w:r:itten as:
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.. 1''';._1
C i.u Kj

CH
CB-'25 )

In a similar fashion:

(13-26)

Substituting (13-25) into (13-26) give~l

Cl,') 1(1 K:,
('I~

(13-27)

If this process is continued to i:, the subspecies
of :f. to the hi;rhE!st:degree of ionization ZI then equation
(13-27) becomes:

Ci,z'" (c',QIT 1<1,,,) ! ("Ii'
:"'1

Since:
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Ionic ~.anm~;en ofJegg,ins gud termj,lleting ..ones Quri.us
u~j..ns~

The following ionic parameters were calculated for
the separating phase of d I aconc a.nucus electrophoresis,
using the equations in sect ion C.:2. The total molal'
ccncent xat Lcn of the chloride! leading ion i3 O.060 M, ...111d
the pH of the leading ZOlle (pH;) is a.a.

1 C' -Ii<, 'I i.d..-
,. 0 .060 M

2 · en {lilt a f • 0,060 M

3 c·"" ...f ,. 0 .375 M· :') i,d;!
,

4 · C,ft':"~~~fi" .. 0 .046 M

S. C'~l l;~·-i :& 0 .371 M

6. C,t';\ ,'.HIt
,. 0 .015 M

7 · C': I ;,H 1
,. 0 .015 M

8. pI-l" 9.5

9. --
III ,; '11/"

,. -11.9 X 10 '.
em,"V I. a 1

10. /(: 6.29 mS' em '

1.5'7 ms- em'

,.

•
0.060 M
0.015 M

Composition of tile leading zone.
0.060 M Hel - 0.375 MTris, pH a.8

composi tion of t;:r.e t;:el'millatillg zone:
0,046 M glycine - 0.361 M Tria. pH 9.5

When the chlc,dde-glycine ct eady state moving
boundar'y c:rOSSes the ar at iondry pH boundary between th~
stacking and separat ing gels, the compcsi t ion of t.hs
l ead inq olt>ct:rolytl' is changed from 0.060 M HC'l O.06~

M T1i8, pH 6.8 tu O.OGG M Hel " 0.37S M Tris, pH B.a.
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concentration of the chl or ide leading ion is 0.060 M, and
the pH of the leading zone (pH:) is 6.8.

1. c'!!l,;.I.,- 0.060 M

2. C'r'iIHI; .. 0.060 M

3 . C~:';::l' • 0 .063 M

4. C~;;l:.:;11~ .. 0.046 M

s , ci~::~t • 0.049 M

6. cq1)"'''''' • 0.006 M

7 . eft • .;>It : 1'~ If 0.006 M

s. 8.9

9. ·4.7 '" 10 "

em" V '. EI '

m",;, '1'"
..

6.29 IllS'em
0.61 IllS' em

..

11. It

I~

0.060 M
0.006 M

•
•

Composi.tion ot the leading zone:
0.060 M Hel - 0.063 h Tris, pH 6.8

Composition of tl'le termintlting zone:
0.046 M gLycine· 0.049 M Tris, pH a.9

Electrode butter:
0.192 M glycine· 0.025 M Trls, pH 8.3

Although the initial c~mposition of th~ terminating
zone (electrode buffer) Ls O.19;;! M glycin~ (1.021) M
Tris, pH 8.3, once al ect rophcr'ea I s i8 commenced the
connent rar Lona af glyr:ine and Tria in the termitlat inq
acne become regulatea against the ccncent rat 10m' ot
~hlodde and Tl-it> in the leading zone , so t}11'lt the
composition at the tet'min('lting :011'" bec(")n"'~a a.O-Hi M
glycine . O.04~ M TriR, pH 8.9. The net mobility of th~
glycine t ertnt nati nq Ionn is ,4.'1 • 10 em' I"., .
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C.3 PltACrr.J:CALC~OtlLAT:CON or Tn :tONIC PAl\AMIlft:'RS or '1'0
OnNS'1'mXN-~AVX$ AMP '1'AMURA-UI 8YS~,l

The following phy.icochemical data were obtained trom
Hirakawa ~I:.L (lge~):

" 'Ii

MobUUy (II)

.. , M(' .1 • t.' •

.,:'.,+,

Value. tram Martell and Sm1th (19741 and Smith and
Martell tl9'15}.

Unit. in )( 10' em,"V ". "

0.3.1

Ionic JaUIJIl.t.l" of hiding 41nd-t,,'mln,t ini ,;Qn.'.,~i1la
Iuc:lsing_,gb.l.

The tollowlns:' ionic param.t.n ",e1""cAlcul.ted tor
the IIt.eking phA.e of dt.cunt tnUnlUl IthilC,,'t rophor" ..U,
;.JIJinq I:'h" equAtl(}f1ll in IUlIcrhm C,]., 1'h'" d"'t 'nUl'll

The c(lmpo.u t ton d t h. orn..t" HI {)fltV1. ..yilt em HI
gl,v.m in 81ACk.dlulIIIl {1(1801), 1'h" compnUH lOU ur 01. 'rllnnUA
Ui fJy.t.m t. qjwm tn rAnlltf4 And Ut i l'n,.:)







The .l.ctroneutul tty .quat ion (a·~) shows C' ,{~,.

8. 0&lC\11&eion at p.!,.

The value ot pHt ~y b. caJculolt.ltd trom C': ,~; lind C', using
the H.nd.r.on·H •••• lb.lch equation (0-17).

The formulal tor the nee mobil ity ot .n ~rb1t fAry ionic
.p.ci •• J i81

t If.l
l"'i
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Equat ion (C·~2) mAy b~ r~an'allged Iut o the fonr of the
qutldrat iC' .quat 10n 11X~+ bx + a • 0:

I A,

r:

Ther-efor.:

(C"23)

Thft vatu. or c, h' th(n.~r()tO round by the formulA:

i i .. 1 I ,. ,.
Ijl'~l • •...~.).

. I I '(J I"
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Combining equations (C"17) and (C-1S) gives:

Rearranging equation (C"19) results in:

It can be seen from the electroneutrality equation (c-s)

that: Chlr' It c.. TherefClre equation (C-20) becomes:

(0-21)

Equation (C-21) may be simplifiedl to:

, -..#"'.1l

1 (t 1'('1')
091,---

- c.) (c.' '.,1 - 4.',)

(": (C..22)

Since log~ (MlNl .. lOCf,M
('l ~ 0,

log.N tor M . 0, ~ . 0,
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'doli ('t'il,) 'lit,-C·"i
1

f __

"!f';!

Therefore:

6. calculation of c~

The Henderson-Hasse:tbalch. equation (C-10) relates pHI to
p1(" c. and c~"t..,:

(C-17)

Likewise the Hendet'son-Hasselbalt"!h equation
relates pH, to pKj I C'j 1 euid c; . I,:

(C-ll)
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c:: (JIll 1

(" jotlll

c, m, C 1 (mi':; oj. me)!i.)= __ i. __

cm, c, (mf' oj. mt ;:i)

Therefore:

Since %1 and %t 1 the cna- :1I"lS of Cl' and glycine"
respec ...ively, art::!-l, and %bl tne charge of Tris+ is +1,
equation (0"14) can be further simplified 1:0:

• ("1,,1111 • 1'111.. 1'I1b - mr
1'111 m}.:> - m. (C-15)

5. Calculation of

The buffering count.ar Lon mass balance equation
(equation (0 ..2») is used to ca.Lculate the.' value of cr. ~~;
from c;:"i~:1 c\· ,~; and c: t.:. The elect roneut rali t y equations
(0-5) and (O..G) tan. be used t.o simplify equation (0-2):
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',d ,II
C1'([,) - C};;([,) =

(\U,\

r ""d
CJ,.(!./

(';'1 (l,)

ThArefore:

(C-13)

4. Calculation oi :rn1
One can use the I<ohlrausch regulating :function

(equation (C-1») to calculate e; ,tAi from e; f... The
electroneutrality equations (C-5) and (C-5) can be used
to simplify equation (C-1):

ermt• c1ml,71 •• ..:'ld/,)tnt,%t.

clml c.tn, r, ... ctd'!,)I1l1·::j,
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(('!,,'J1 (~ I)..
(~
I

(' 1'1,,:
("I

N

rl
I

Therefore:

.~-- .-~--<_"'.~---.- ....----...".._..._-
1 + (1 /lOil'II, /'K,)

(0..12)

2. Calculationof Cb~1

It can be seen from the eler.troneutrality equation (C~S)
that ChI,i .. c;,

3. r.alculation of atOt41bCL)

The equilibrium equation (e·9) may be 'ewritten in
a form which allows for t:he ca lcu Lat ion of c'; ',<I i rom (.'1 '

and pH}:


