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- ABSTRACT

THE CONDUCTOMETRI C DETERM NATI ON OF ELECTROPHORETI C PATTERNS

Irene Nicole Straser
Mast er of Science

Youngstown State University, 1986

El ectrophoresis, an analytical nethod in the field of separation
science, is widely used today in biochemcal and clinical fields for
t he anal ysi s of biol ogical macronol ecul es such as proteins, polysacchari des,
and nucl ei ¢ aci ds.
El ect rophoresi s nmost often involves the separation of a sanple
on a stabilized supporting nmedium This is acconplished by application
of an electric field to the sanple resulting in migration of separated
conponents at different rates towards one of the el ectrodes. This
mgration is possible provided the biological macronol ecul e bears a "
net charge. The supporting medi umfunctions to allow the investigator
a means of fixing the separated conponents after each has travel ed
a certain distance.
After el ectrophoretic separation on the supporting medi um
detecti on and chem cal characterization of the separated conponents
are usual ly achieved by the utilization of colored dyes. This staining
procedure, however, suffers several drawbacks
1. Dyes are not universal; there exists a specificity of protein
stains, carbohydrate stains, and so forth, and it is the
ultimate task of the experienced clinician or scientist

to determne the appropriate dye for a specific class of
macronol ecul es so as to ensure selectivity of detection



2.  The staiming and destai ning procedures are very tinme
consuming and the utilization of dyes often introduces
many conplications(variation in staining densities/
intensities, qualities of dye differing considerably with
time and different batches, and cracking of dyed gels during
drying) resulting in irreproducibility of the band patterns.

3. The supporting mediumis rendered inactive follow ng staining
and therefore may not be reused for nultiple anal yses.

Wth this in mnd, an alternate detection nethod is devel oped
and studi ed, where conductivity of the analytes, proteins, will serve
as the physical property for characterization of separated conmponents.
To all ow for nmeasurenent of this property, a conductivity cell is
constructed and a conductance neter attached. This is the first known
report of the successful characterization of protein electrophoresis

enpl oying this conductivity detection system
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- CHAPTER |

| NTRCDUCTI ON

Principles of Electrophoresis

El ectrophoresis is defined as the novenent of charged particles
inan electric field. Specifically, biological macronol ecul es,
if they bear a net charge, will mgrate at different rates either
to the cathode or to the anode as an electric potential is applied.

The rate of mgration is a function of charge density (the ratio

of charge to nass) and electric field strength. Hence, it is the
anal ysis of differential magration of particles of the sanple that
forns the fundamental basis for el ectrophoretic separation.

The migration of the ions is caused by two specific forces,
adriving force(force of electrostatic attraction) and a retarding
force(frictional resistance of the nediun). 1 The driving force
may be expressed as foll ows:

F=CE (1

where F is the force of electrostatic attraction, Qis the charge
of the particles in the sanple, and E is the potential gradient
or the electric potential applied to the cell. The retarding force,n
due to the viscosity of the medi umthrough which the particles
nove, can be defined in the follow ng equation:

Fs = 6 rvn (2)
where Fs is the frictional resistance of the nmedium r is the particle's
radius, v is the particle's velocity, and n is the viscosity of

t he nedi um



The two forces nay then be equated(since there exists a certain
velocity at which the two forces bal ance each other) to give the
equati on:
EQ = 64 rvn (3)

El ectrophoretic nobility, defined as the velocity of migration
of a particle under the influence of an electric potential gradient,
serves as a useful property in the characterization of a sanple
and may be expressed as follows:

U =4d/tE or U = v/E (4)
where Uis the el ectrophoretic mobility, d is the distance travel ed
by the particle, t is the time required to travel a certain distance,
E is the potential gradient or the electric potential applied to
the cell, and v is the velocity, the distance per unit tine.' Since
el ectrophoretic nobility refers to the ability of a particle to
nove, which is dependent upon the forces di scussed above, equation
3 may now be substituted into equation 4 to give the follow ng:

U= Q (5)

This is the basic equation of electrophoresis.2 Wth 6fn serving
as a constant in a |aboratory experiment, el ectrophoretic nobility

nay be reduced to the fol | owi ng equati on: .

U = g (6)

kr
Hence, nobility is a function of the ratio of charge to radius
of the particles in a sanple. This explains howtwo sanpl es of
equal charge but varying sizes nay be separated using the principle

of el ectrophoretic mobility.



The Charged Speci es

To illustrate the el ectrophoretic process and the requirenent
that the nol ecul e be charged, let us now consi der the separation
of a specific class of nmacronol ecul es, nanely proteins.

Proteins are conmposed of ami no acids |inked together by
peptide bonds. Ami no acids, nononeric buil ding bl ocks of all proteins,
consi st of amino (-NHZ), carboxyl (-COOH), and hydrogen (-H) groups
attached to a central carbon atom It is the R group which varies
and di stingui shes one anino acid fromanother. The general structure

of an amno acid is shown in Figure 1.

Figure 1 - General Structure of an Amino Acid

Proteins carry ionic charges since they contain am no acids
havi ng carboxyl ate as wel |l as ammoni um guani di niumand i m dazol i um
groups. The charge shall depend, however, on the pH of the buffer
or mediumin which the proteinis found.3 For exanple, the protein
shal | exhibit a negative charge(more COO groups) in alkaline
mediumand alternatively a positive charge(nore NH; groups) im -
an acid nedium The direction of novenment of the charged species
shall be toward the el ectrode bearing opposite charge. Equations
which illustrate the protein's(amno acid s) charge dependency
on the pH of the buffer solution are shown in Figure 2.4 When
the protein carries no net charge at a certain pH(sane nunber

+
of NH3 as COO groups), the proteinis electrically neutral and

defined to be at its isoelectric point. 1In this state of neutrality,



the protein will not-migrate to either anode (positive electrode)
or cathode(negative electrode); there is no mgration at the iso-
el ectric point.

In al kal i ne nedi um

H H
) _ _ | -
- - S - -
R c': C00 + OH = R (': coo  + H,0
+
NH, NH,
(mgrates toward positive
el ectrode - ANCDE)
In acid medi um
H H
t I
; ; + + ; .
R ? o H0 = R ? COOH + H,0
+ +
NH3 NH,

(mgrates toward negative
el ectrode - CATHCDE)

Figure 2 - Protein's(amno acid'sz char ge dependency on the pH
of the buffer solution. -

The Supporting Medi um

El ectrophoresis may be carried out in free solution (Tiselius's
novi ng boundary/free el ectrophoresis) or on a supporting medi um(zone
el ectrophoresis). The advantages of the latter type of electrophoretic
separation are twofold. The supportive medi umm nim zes del eterious

effects of convection and diffusion. Convective disturbances are



caused by heating effects during el ectrophoresis which can ultimtely
interfere with separation of bands or zones; diffusion results
i n constant broadeni ng of bands or zones even after el ectrophoresis
has been stopped.5 Hence, zone el ectrophoresis allows for nore
conpl ete and sharper resolution of a mxture into its respective
conponents, as shown in Figure 3.6

Various requirenents are necessary when sel ecting the supporting
nmedi um  Choi ce of support is largely related to the anal ytica
task at hand. The supporting nmediumin general, however, shoul d
possess the foll ow ng characteristics:6

1. It should be stable over a wi de range of pH, ionic
strength, and tenperature

2. It should be transparent so as to allow for visua
eval uati on.

3. It should have good tensile strength so as to assure
ease in handling and in application of sanple.

4. It should be non-toxic.

5 Its cost should be |ow

Many supporting media are used today for zone el ectrophoresis.
These include paper, cellul ose acetate, and other thin-layer naterials
as well as gels of agar, agarose, starch and pol yacryl am de. The
former class of materials serves mainly for support and to decrease
convection. Here, separation takes nmainly into account the charge
density of the magrating species at a particular pH The latter
class, the gels, not only mnimzes convection and diffusion but
may al so interact with the mgrating species in a process known
as nol ecul ar sieving. Mlecular sieving refers to the interaction

of sanple(pore size) as it passes through the porous supporting
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nmedium This sieving-effect contributes significantly to the el ectro-
phoretic separati on when the supporting medium s pore size approxi mates
or is of the sane nmagnitude as that of the m grating species.
Hence, separation is influenced by both charge density and size.
It is possible then to effectively separate two proteins of identica
charge densities but different sizes. The mgration rate of the
larger protein will be inpeded nore strongly in conparison to that
of the smaller protein because of the nolecul ar sieving effect.
Gel systemns, therefore, are far superior to paper or cellul ose
acetate nedi um since nol ecul ar size allows for further possibilities
of separation. As a result, gel systens afford sharper and nore
numer ous bands or zones.5

Agar gel is a polysaccharide obtained fromthe cell walls
of red al gae and used as an el ectrophoretic medium It consists
of two fractions, agarose and agaropectin. Al though agar is relatively .
i nexpensi ve and can be preserved for |ong periods of tinme, agarose,
the purified fraction of agar, is preferred. The undesired fraction,
agar opectin, gives considerabl e el ectroendosnosi s and background
col or due to the presence of its sul phate and carboxylic acid groups.
Besi des neutrality(which results in considerable reduction of
el ectroendosnosi s), agarose has ot her advant ages over agar, such—
as its ability to formstronger gels, its utilizationwith a w der

variety of buffer solutions, and its ability not to inactivate

enzynes.3

The Buffer System

Currently, no universal buffer systemexists for the electro-

phoretic separation of biological nacronol ecul es such as proteins.



Rat her, the choice of-,buffer for a particular separation is done
by trial and error. Two properties which assist the investigator
in the appropriate selection of buffer are pH and ionic strength.

As discussed in the previous section, |arge nol ecul es possess
both anionic and cationic groups. The net charge on such a nol ecul e'
depends upon pH of the environnent - the buffer systemw th which
t he nol ecul e cones in contact. The buffer systeminfluences el ectro-
phoretic separation by varying the charge on different nol ecul es.
It is therefore inherently responsible for differential nobilities,
the fundamental principle in electrophoresis.

The sel ection of the pH of the buffer is relative to that
of the isoelectric points of the proteins to be separated. Wth
the pH of the buffer very close to the average isoelectric point
of proteins, one is able to effectively increase separation since
greater charge differences between the proteins are attained.
Al ternatively, reduced tines for el ectrophoretic separation as
wel | as decreased diffusion(decreased band spreading) is apparent
when the pHof the buffer is very far fromthe isoelectric points
of proteins to be separated. This is due to a higher charge on
the proteins and greater mobility. Utimately, a pHrange nust
first be chosen over which the proteins under study are stable.)5

lonic strength of the buffer is another paranmeter which
affects el ectrophoretic mobility and hence separation.4 lonic strength
is defined in the foll owi ng manner:

I’ =1/22c22 (7)

where |' is the ionic strength of the buffer, ¢ is the nolar concentration
of a particular ion, and z is the ionic charge or val ence of that

i on.



Mbility is #nversely proportional to the square root of
the ionic strength.1 Therefore, lowionic strength buffers all ow
for faster mgration rates, where separation is achieved in a m ninal
amount of tinme with little production of heat. H gh ionic strength
buffers, on the other hand, pronote sharper resolution due to decreased
diffusion coefficients. The mgration rates using high ionic strength
buffers are however |longer and there is a greater degree of heat
production. Longer mgration rates are due to the greater nunber
of buffer ions which are available to carry the current. Geater
heat production is the result of lower electrical resistance(greater
conductivity) afforded by the higher concentration of buffer.

This lower electrical resistance, according to Chnmis law, results
in a greater degree of current carried at a given applied voltage
generating a greater anount of heat output.l’8 (The effects of
heat on separation during el ectrophoresis are nunerous. They are
di scussed in the section entitled "The El ectric Field".)

A conprom se nust be reached to allowfor rapid mgration
rates with sharp resol ution of bands or zones wi thout the abundant
production of heat, which would have del eterious effects in the
separation process. |t has been found that buffer ionic strengths
within the range 0.05 - 0.1 M acconplish this goal. B

To conpl ete the discussion of buffer systems, it is essentia
to introduce the followi ng terns: continuous buffer systens and
di sconti nuous (mul ti phasic) buffer systens. Continuous buffer systens
refer to the presence of the sane buffer throughout the sanple,

supporting nedi umsuch as gels, and buffer reservoirs(el ectrode



vessel s) at a constamt pH Here the sanple is loaded directly

onto a smal | -pore resol ving gel, which represents the nmediumin

whi ch the separation will occur. Contrast this to the discontinuous
(mul tiphasic) buffer systemwhere different buffer solutions are

used in the supporting nediumand the buffer reservoirs (el ectrode
vessel s).  The sanple is now | oaded directly onto a | arge-pore
stacking gel which is polynerized on top of a small-pore resol ving
gel. Discontinuities in both buffer conposition and pH may occur
Hence the latter type of buffer systemoffers high resol ution conpared
to continuous buffer systens, since the sanple effectively becones
concentrated into narrower zones or bands as it mgrates from stacking
gel to resolving gel. The use of continuous and di sconti nuous

buffer systens in rod and slab gels is shown in Figure 4.5

The Electric Field

To allowfor mgration of charged particles within the
supporting mediuma direct current (DC) is used as a driving force
Specifically, an alternating current (Ac) froma wall plug is converted
into a pulsating direct current by a rectified power supply. This
signal is then further filtered and conducted to the negative electrade
of the electrophoretic apparatus. Free electrons are generated—io t he
supporting nmedium buffer solution, positive electrode, and finally
back to the power supply to conplete the circuit. As the electrons
flow t hrough the supporting nmedi um they cone in contact with the

charged particles fromthe sanple which result in their novenent

toward the oppositely charged pole.9
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samples are loaded directly onto the stacking gel or
into wells formed in the stacking gel, respectively.
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The electricfield is determned by power supplies which
operate at either constant current or constant voltage. At constant
vol tage, there is a concomtant and gradual increase in current
whi ch results in the evol ution of heat:7

Heat = (E) (I) (t) (8)
where E is the voltage, | is the current, and t is the tinme. This

increase in current, manifesting itself as elevations in tenperature,

(Joule heat) affects the el ectrophoretic separation in nany ways:l’6

1. Decrease in viscosity. Viscosity nay be defined as
an exponential function of 1/T where T is the absol ute
tenperature. Therefore, it has been found that for
an increase in tenperature fromo0° to 25° in free
aqueous nedi um viscosity is halved whereas el ectro-
phoretic mobility is doubled. This decrease in
viscosity results in an increase in diffusion which
reduces resol ving power.

2. Increase in diffusion and ionic mobility(about 2.4
percent per degree Celsius rise in tenperature).
This is the result of an increase in thernal
agitation of the nolecules and a decrease in
viscosity or retarding force of the supporting

medi um

3. Increase in conductivity. An increase in the evapor-
ation of water fromthe supporting medi umcauses an -
i ncrease in ion concentration(conductance). Thi s

| eads to a nmore pronounced Joul e heati ng.

4. Modifications in ionic strength and pH of buffer
The evaporation process alters these paraneters
and in so doing interrupts the honogeneity of the
electric field.

5. Denaturation of proteins or |oss of enzynatic
activity.

6. Incineration of the supporting nedi um

The above del eterious effects are cunul ative and inherent in electrophoresis
with the passage of the electric current. Al though these effects

may never conpletely be abolished, they can be mnimzed. For

exanple, built-in refrigeration units may be incorporated into

the el ectrophoretic apparatus to offset the heating effects. A ternatively,
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| ower ionic strength buffers may be utilized, since they provide
| ower conductivity(and hence increased resistance). At constant

voltage the effect is ultimately a decrease in current which overcones

any heating problem since Joule heating is defined as folloms4:
Vattage = (E) (1) = (R) (I)? (9)
where E is the voltage, | is the current, and Ris the resistance.

Neverthel ess, constant voltage is used for short-term el ectrophoresis
(one-half hour or less) where heat production is kept to a m ni mum
as current gradually increases. For |ong-termelectrophoresis,
power supplies which provide constant current are used, since tenperature
wi || not increase appreciably during the run.8 For exanpl e, when
the resistance of the systemdecreases as is present in the evaporation
process, the voltage will al so decrease. This keeps the heating
effect to a mninumas is expressed in Equation 8, allow ng mgration
rates to remain relatively constant. It nust be stressed, however,
t hat constant-current power supplies do not elimnate heat production
entirely.

To summari ze, optinum el ectrophoresis consists of obtaining
'"" . . . the highest degree of resolution, and the fastest mgration
rate with no degradation due to overheating."10 Nei t her constant-
vol tage nor constant-current power supplies meets this requirenéht.
El ectrical resistance of the el ectrophoretic systemmay change w th
time, affecting heat output. |In order to help resolve this dilenms,
anot her type of power supply known as constant-power power supply
is entering the scientific arena. This type of power supply, conmer-
cially available today for anal ytical work of the highest accuracy,

ensures optimumconditions for el ectrophoretic separation. It allows



the investigator to regulate power independent of electrical resistance
changes. Therefore, although heating effects are not elim nated,

they are kept nearly constant during a run. Power can now be regul ated
in such a manner so as to achi eve maximal electric field strength
(allowing for nore rapid el ectrophoretic separation) without the

generation of excess heat, which the systemcoul d not tolerate.10

Bl ect r oendosnosi s

El ectrophoresi s consists of sanple mgration of charged
particles with tine in an electric field. Another process which
operates concurrently invol ves the novenent of buffer in a supporting
medi um subj ected to the electric current. This buffer flowis
known as el ectroendosnosi s(or endosmosis). Al though it does not
prevent separation of the charged particles, el ectroendosnosis
can nodify the mgration distance of these particles affecting
their final position on the supporting nmedium Al so, el ectroendosnosis
is responsible for "hydrostatic pressure heads" which affect the
honogeneity of the electric field by causing a buil d-up of water
at one end and the dimnution and drying out at the other end.6

Specifically, el ectroendosnosis occurs as the supporting
medi um becomes negati vel y charged when placed in al kaline buf fer
or water due to the adsorption of hydroxyl ions. These negatively-
charged ions cannot mgrate because of their fixation onto the
rigid el ectrophoretic supporting medium Positively-charged ions
fromthe buffer, however, becorme attracted to these negative sites
in the supporting mediumand, as a result of current applied to

the system wll flowtoward the cathode (negative electrode)



Movenent of water in-this direction will also result, since these
positivel y-charged ions are highly hydrated. Furthernore, this
novenent of solvent (water) will be acconpanied by mgration of
its solutes, any weakly-charged molecule(s) which tend(s) to migrate
toward the anode because of negative charge. The net effect is
that buffer flowis counter to current flow of proteins mgrating
to the anode, as is illustrated in Figure 5.8 As a result, al
protein nmolecules will be slowed in their mgration or ultinmately
nmoved with the buffer in the opposite direction to that which is
expected. Rate of buffer flow can be determned by utilizing uncharged
nmol ecul es such as urea, dextran, or deoxyribose and nonitoring
the distance that these are passively carried by the buffer.1

Serum proteins may be fractionated on a supporting medi um
such as cellul ose acetate. Five bands will be obtained at the
concl usi on of an el ectrophoretic run, nanely al bum n, al pha one
(=4, alpha two (=), beta (Jﬁ ), and ganma ( ¥ gl obul i ns,
respectively, beginning with the species which exhibits greatest
negative charge(or greatest mgration toward the anode). The
nore nobile fractions will nmove toward the anode whereas the protein
fraction exhibiting the | owest el ectrophoretic mobility, the ganma

band, is displaced toward the cathode due to el ectroendosnosis.

St ai ni ng and Dest ai ni ng Met hods

Detecti on of the separated conponents of a sanmple is achieved
utilizing a variety of nethods as is shown in Tabl e 1. Chenica
characterization invol ving staining reactions, however, is probably

the nmost frequently used method of detection.
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TABLE 1

PROPERTI ES SUGESTED FOR ADDI NG A CHARACTER! ZI NG DIMENSION
DURI NG CR AFTER ELECTROPHCRETI C SEPARATI ON

Properties Met hods
physi cal - light absorption or dispersion
- radi oactivity
- precipitability
- interaction w th conpl exi ng
subst ances
- nol ecul ar di nensi ons
chem cal - staining characteristics
enzym c - determned after elution

i mmunochem cal

bi ol ogi cal

- determ ned by enzynoel ectrophoresis
- determ ned by conventi onal
hi sti ocherni cal procedures

- interaction wi th anti bodi es

- colicines, haenol ysins, lysozyme_




There are numerous fundamental requirenents which are necessary
in order to ensure successful detection of electrophoretic separations.
They are as foIIows:11

1. The colored dye nust be able to react and forma conpl ex
with the nacronol ecul e under anal ysis to subsequently
yield colored insol ubl e bands.

2. The dye should not bind to the supporting nedi um so
that hi gh background col orization w |l be avoi ded and
will therefore not interferewith the interpretation
of el ectrophoretic results.

3. The dye should ultinmately be specific for a particul ar
cl ass of macronolecules. If this is not possible (i.e.
the dye interacts and conpl exes with several types
of substances) the conpl exes forned shoul d exhibit
di fferent distinguishable colors.

Ths staining procedure is very sinple. It consists of

i mrer sing the supporting mediuminto a dye bath for a specific
anount of time. Oten, a fixing step is introduced sinultaneously
or prior to staining in order to avoid diffusion or |osses during
stai ning and destaining.1 A fixing agent such as trichloroacetic
acid (TcA) is enployed. This fixing step is perforned only when
the retention of enzymc or biological activity is uninportant,
since inactivation of sanple is often apparent.

There are currently a nunber of dyes commercially avail able
for staining biological nacronol ecules. A summary of staining-.

b Each stai ni ng procedure

procedures for proteins is show in Table 2.
differs in staining mxture conposition, staining time, destaining
m xture conposi tion, staining reactions, and sensitivity. A high
sensitivity silver staining method for proteins is described in

Tabl e 3. 1212



TABLE 2

SUMVARY CF STAI NI NG PROCEDURES FOR PROTEI NS(adapted from 1)

Staining mxture Staining Destaining Comments St ai ni ng

time (hr) mxture reactions
Am do Bl ack 10B 0.5-2.0 10% acetic  Very w dely
1-10 g dissol ved aci d used, sinple;
in 250 mL net ha- prefixing in
nol ; then add 100 12.5% TCA may
m acetic acid + be advant ageous
650 mL H,0)
Procion frilliant 1.0-2.0 500 mL Very suitable Forms cova-
Blue RS nethanol for densitom | ent bonds
2-10 g dissol ved + 100 mL etry, use fresh with -OH, -NH3,
inup to 500 mL acetic dye each time. -NH, and pep-
met hanol ; then acid T 400 2x as sensitive tide groupings
add 100mL acetic mL H,O0 as Amdo Black of proteins
acid + H,0to 1 10B
liter
Coonmssi e Bl ue 1.0 500 mL Very sensitive. Forms el ectro-
R250 net hanol 3x as sensitive static bonds -
1 g dissolved in + 100 mL as Amido Black with NH3 groups
500 mL net hanol ; acetic 10B and non-coval ent
then add 100 mL acid + 400 bonds wi t h non-
acetic acid + 400 mL H,0 polar regions in
mL H,0 the proteins
or
0.5 gin50mi H0O0.51.0 10% TCA for Before stain-

mixed with 950 mf
12.5% TCA

Ani | i nonapht ha- 0. 05
| ene sul phonat e
30my in1liter
of 0.1 N sodi um

phosphate pH 6.8

20-30 min
(store in
7% acetic
aci d)

ing, gels can

be prefixed

for 0.5 hr in
12.5% TCA(or
overnight if

desi red)

Fl uor escent

| abel i ng; less
sensitive than
st ai ni ng net hods
but faster and
preserves bi ol og
ical/ enzymc
activity
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TABLE 3

H GH SENSI TIVITY SI LVER STAI NING METHCD FOR PROTEI NS *(1)

St ai ni ng procedure(successive steps) Ti ne
(1) Soak gel(s) in 10% aqueous gl utaral dehyde 30 min
(2) Rnse three tinmes in 500-1000 mL distilled water 10 mn
(3) Soak in water >2 hr
or over-
ni ght
(4) Drain off water, add fresh ammoniacal sil ver £ 15 mn

solution. Stir continuously to prevent
deposition of silver on the gel surface. (Ammo-
ni acal silver solution prepared by adding 1.4 mL
of conc. NH,OH to 21 mL of 0.36% NaOH. Stir

vi gor ousl y and sl owy add 4 mL of 19.4% AgNo,.
Wien the transient brown precipitate has cleared
make up to 100 mL with water)

(5) After no nore than 15 rnin wash gel in water 2 rnn

(6) Transfer into a fresh solution of 0.005% citric 5-30 rnn -
acid and 0.019% f or mal dehyde. Protein zones
becone visible at this stage. Rermove gel from
sol ution when background begi ns to darken.

(7) Wash gels thoroughly in distilled water (at |east > 1 hr
3 changes) . -

* Qaimed to be 100 tines more sensitive than Coomassie Bl ue R250
ext endi ng stai ning met hods down to the sensitivity |evels of
radi oacti ve procedures.



Fol | owi ng staining is destaining, the renmoval of excess
dye whi ch col ors the whol e supporting medi umand not just the zones
whi ch contai n the bands of separated conponents to be anal yzed.
Two nmet hods are avail able to destain gels, nanely, soaking the
gel s in a destaining solution(diffusion destaining) or further
el ect rophoresi s (el ectrophoretic destaining)
In the former method, diffusion destaining, |eaching out
of excess dye is achieved by i mersing the supporting mediumin
a destaining solution(12.5% isopropanol, 10% acetic acid), usually
for 24 hours or nmore. This solution consists of solvents which
di ssol ve free dyes but |eave the conpl exes fornmed between nmacronol ecul es
and the dye intact. The procedure is time consumng. |t can be
accel erat ed, however, by changi ng the destaining sol ution often,
by stirring, or by increasing the tenperature of the system This
causes a high concentration gradient of dye between the gel and
the destaining solution. Another nmethod by which to accel erate
destaining is to use a dialysis bag filled with ion exchange resin
(Dowex 50 for basic dyes or Dowex 1 for acidic ones) or activated
charcoal in a destaining bath. Adsorption of dye nol ecul es from
the gels onto the suspended bag is then possible.l’11
In the latter nethod, electrophoretic destaining, excess
dye is renoved as an electric potential is applied to the gels.
The gels are positioned between two el ectrodes in a 7% acetic acid
solution. HE ectrophoretic destaining may be carried out |ongitudinally
(where unbound dye noves in a simlar direction as the nacronol ecul e
during separation) or transversely(where electrophoresis at right

angles to the direction of nacronol ecul e separation achi eves the



removal of unbound dye). Transverse el ectrophoretic nethods are
preferred as a nore rapid neans of renoval of unbound dye because
of the characteristic shorter electrophoretic distances involved.
Destaining times of 15 to 30 m nutes have been recorded.l’11

When conparing diffusion destaining with el ectrophoretic
destaining, it is evident that the latter allows for a short destaining
period. However, it is inportant to note that the investigator
must execute greater care in el ectrophoretic destaining. Specifically,
excessi ve el ectrophoretic destaining is avoi ded, since weakly stained
bands or faint bands may be destained conpletely. Loss of color

intensity of separated protein bands is also possible. For these

reasons di ffusion destaining is nore often enpl oyed.
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- CHAPTER I1I

STATEMENT COF PROBLEM

Tradi ti onal methods of separation of serumproteins in
a sanple rely upon an el ectrophoretic procedure involving interactions
of the proteins with buffer and a supporting nmedium This is usually
followed by a detection nethod-visualization of protein bands by
the utilization of specific staining solutions or dyes. This type
of detection method, however, suffers several drawbacks, the first
being the tine factor involved in staining and destaining procedures,
as well as the selection of specific dyes for a particul ar class
of macronol ecul es. Another drawback is that the supporting nmedi um
cannot be reused for multiple anal yses.

The primary goal and scope of this research entails the
use of an el ectrophoretic apparatus and a conductance neter to
successful |y neasure conductivity (conductance), which serves as
the physical property for detection of separated conponents. The
application of an electric potential upon an el ectrol yte sol ution
results in the mgration of charged particles to the respective
opposi tel y-charged el ectrode. Conductance is a neasure of the

current produced as a potential is applied. It is defined as tﬁe

reci procal of electrical resistance and may be expressed as foIIows:13
G=1/R (10)

where G is the conductance of the solution and Ris the resistance.

Substituting the definition of resistance fromCmms |aw

(E = IR where R = E/I) into the above equation gives the follow ng:



- G=1/E (11)
where |1 is the current and E is the electric potential or voltage.
Conductance is therefore the ratio of current to voltage.
Qurrent is carried by any given charged species in a sol ution,
so that conductance is dependent upon the concentration of a particular
species as well as its nobility in a supporting medium.13 Mobility,
furthernmore, is limted by frictional forces present in the system
To determ ne conductivity(specific conductance), a versatile
conductivity cell was designed. The conductance of the conductivity
cell inmersed in the solution to be anal yzed (observed conductance)
is measured. (bserved conductance (1/R) of a solutionis directly
proportional to electrode area and inversely proportional to the
di stance between the el ectrodes and can be expressed in the fol | ow ng
manner:14
1/R = k (A/d) (12)
where 1/R is the observed conductance, k is the specific conductance
or conductivity, Ais the electrode area, and d is the distance
between the el ectrodes. Conductivity is then calculated by relating
t he conductance readi ng neasured at the cell termnals to the cel
constant. The cell constant (KR) is defined as the ratio d/A.
Therefore, equation 12 nay be solved for conductivity to give the
follomjng:14
k = (1/R) K (13)
Conductivity is the product of observed conductance and
the cell constant. The conductance value of the solution is displayed
on the conductance nmeter. Cell constant values vary with the physical

configuration of the cell and its eIectrodes.14
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The devel opment of this alternate detection method has
the advantage of elimnating some of the major problens encountered
in the chem cal detection of separated protein utilizing dyes.
Al'so, such an analytical method provides for nmore rapid, sensitive,
and possibly nmore dependable results than previous avail able detection

of separated methods.
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CHAPTER 111

MATERI ALS AND APPARATUS

Miterials

The Supporting Medi um(TI TAN GEL SerumProtein System)

TI TAN GEL Agarose Systens kits were obtained fromHel ena

Laboratories (Helena Laboratories, 1530 Li ndbergh Drive, P.Q Box

752; Beaunont, Texas 77704). The TI TAN GEL SerumProtein System

(Cat. No. 3041) used in this research included the follow ng:

1

TITAN GEL SerumProtein Plates (10) containing 1. 0%

agarose in 5.0% sorbitol with O.4%arabic acid and
0.02% t hi merosal added as preservati ves.

TI TAN GEL SerumProtein Buffer (1 package), a Barbital-

Sodi um Bar bi tal Buffer with sodi umazi de and t hi nerosal
added as preservatives, pH 8.4-8.8.

TI TAN GEL SerumProtein Stain (1 via), a 0.25% (w/v)

Amido Bl ack Stain made by dissolving the dry stain
in 1000 mL of Fixative/Destain Sol ution, consisting
of 1000 mL net hanol, 1000 mL purified water, and
200 mL gl aci al acetic acid.

TI TAN GEL Blotters (20).

TI TAN GEL SPE Templates/Application Slits (10).

Serum Cont r ol

The serumcontrol used was Kentrol Serum Control Normnal

(Cat. No 7024) fromHel ena Laboratories. This product is a |yophilized

pool ed human serumcontrol which is reconstituted with 2.0 mL

purified water and stored at 2° to 6°C. Stability period is five

days when reconstituted or one year unreconstituted. The serum
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control may be used as a qualitative and/or quantitative control

for serumprotein el ectrophoresis.

Aggar at us

Zip Zone® Chanber

A Zip Zone@ Chanber (Cat. No. 1283) from Hel ena Laboratories
served as the el ectrophoretic apparatus consisting of two outer
and two inner conpartnents. Sponges were used as w cks and supports
for the agarose gel. Buffer and sponges were then placed into
each outer section of the Zip Zone® Chanber. The gel could then
be pl aced agarose-si de down so as to make good contact with the
top surface of the sponges which were saturated with buffer. The
positioning of the gel in this manner allowed for electrical connection.
Elimnation of vapor condensation on the gel using this approach
was achieved resulting in mninmumair novenent and maxi num vapor

saturation.
Conduct i vi ty (Conduct ance) Cell

The conductivity cell shown in Figure 6 was constructed
of plexiglass consisting of two units, Aand B UWnit Awas cut.
to a length of 4.3 inches(10.9 ec¢m). An inner width of 0.25 inches
(0.64 cm) extended for 3.3 inches(8.4 cm) of the total |ength,
where the renmai nder of the length was divided equally as outer
joints, 1 and 2(0.5 inch length, 0.5 inch wdth). A O0.19-inch
(0.48 cm) dianeter hole was then made through each of the centers
of these joints. Simlar dimensions were utilized in the construction

of Uit B Hence, the joints formed between the units coul d be
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attached by machi ne screws and nuts. The nachi ne screws were extended
upward fromUhit B to Unit A Two additional holes were drilled
through the center of Uhit B to accommodate two 24-gauge pl ati num

wires(electrodes) for attachment to a conductance neter.
Power Supply, Conductance Meter, XY Recorder

A Bi o-Rad Laboratories Mdel 1420B/150 Power Supply (Bi o-Rad,
Chem cal Division, 1414 Harbour Way Sout h; R chnond, California
94804) was used to supply the appropriate voltage necessary to
el ectrophorese sanpl es on the gel plates. GConductance measurenents
were nmonitored using a YSI Mbdel 35 Conductance Meter (Yell ow Springs
I nstrurments Conpany, P.Q Box 279; Yellow Springs, Chio 45387)
whose out put was recorded on a Houston Instrument Mbdel 200 XY
Recorder (Houston I nstrunment, Cne Houston Square; Austin, Texas

78753).

29
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CHAPTER | V

EXPERI MENTAL

Prelimnary Studies

| nt roducti on

The initial experinent involved nmeasuring and observing
the conduct ance of the supporting nedi um al one, agarose gel, on
the display unit of a YSI Mdel 35 Conductance Meter. Protein
sanpl es were then placed onto the gel where it was found that the
initial conductance reading(s) varied as conpared to gel al one

by a factor of about 1.5.

Computer-Assisted/Controlled El ectrophoresis

Wth the advent of the conputer as an integral component
of anal ytical instrunmentation, instrunment-conputer interfacing
was the next avenue of research explored. It was initially thought
that conductance neasurenents and el ectrophoresis coul d not be
made si mul taneously. A conputer was required to stop the application
of el ectrophoresis voltage while nmaki ng conduct ance nmeasur enment s.
Thi s was acconpl i shed enpl oying a conputer controlled relay box.
A conput er which would assist in monitoring and controlling the
operation of the power supply and the conductance neter by interfacing
wi th digital -to-anal og (D/A) converters and anal og-to-digital (A/D)
converters was necessary. A D/A converter sends control voltages
to the instrunent (power supply) whereas A/D converters read voltages

fromthe instrunent.
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A programwitten in BASI C | anguage was nade to acconpany

an Appl e IIe comnput er. The programmade use of the follow ng vari abl es:

1. Power Supply Voltage

2. Time of H ectrophoresis Period in Seconds

3. Conductivity Meter Deactivation Time in Seconds

4. Conductivity Meter Activation Time in Seconds

5. Detection Time in Seconds
For further elucidation of the program refer to Appendi x A

The experinental set-up was next constructed as shown in
Figure 7. This involved connection of the Zip Zone® Chanber, power
supply, conductivity cell, conductance neter, XY recorder, conputer,
and rel ay box.

Experinments were then conducted over a period of five nonths
using the same conductivity cell, cleaning it with dilute nitric
acid and rinsing with distilled water prior to each experinent.
Various Hb sanples were run enploying a Helena Titan Iv® Qtrate

Henogl obi n H ectrophoresis procedure(Cat. No. 2400) from Hel ena Labor a-
15,16,17

tories. Electrophoresis was performed for 45 mnutes at

50 vol ts.

Serum Prot ei n E ectrophoresis

Research continued as a new sanple, serumprotein control,
was selected. Materials and apparatus used, as well as the specific
procedure(s) enployed, are outlined in this and previous chapters.

A pre-conditioned step was undertaken consi sting of el ectrophoresis
of gel alone at 50 volts for 20 mnutes so as to obtain stabilized

conduct ance readi ngs.
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Pr ocedur e

Part A Preparation of Reagents and Control

The first part of this research involved preparation of
the Zi p Zone@ Chanber by making up the TI TAN GEL SerumProtein
Buffer. This was done by diluting the entire package of barbital-
sodiumbarbital buffer to 1500 mL with deionized water. The pH
of the buffer was 8.6.

The Kentrol SerumControl Normal vial was next reconstituted
with 2.0 mL of deionized water. The serumcontrol was gently
swirled and allowed to stand for 20 mnutes so that all protein
particles would dissolve. Refrigerationat 2° to 6°C was then
necessary to preserve the solution until application of the sanple
as described in Part C

Finally, the TITAN GEL SerumProtein Stain and fixative/
destain solution were prepared as previously discussed (See MTER ALS

AND APPARATUS, " The Supporting Mdiun).

Part B Experinental Set W

The experinental set up was next constructed as shown in
Figure 8. This involved connection of all apparatus which included
Zip Zone® Chanber, power supply, conductivity cell, conductance

met er, and XY recorder.

Part C Positioning of the Gel and the Conductivity Cell

A rectangul ar plate (which served as the protective covering

for the TITAN IV Qtrate Agar Plates) nmeasuring 3.8 inches (9.7
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cm) in length and 3.1 inches (7.9 cn) in wdth was secured al ong
the edges of conduct i~\'/i ty cell Unit Awith epoxy resin. Uit A
was positioned down fromthe end about 1/3 of the entire length
of the plate itself.

The TITAN GEL SerumProtein plate was subsequently renoved
fromthe protective packaging and the gel and its support gl ued
onto the rectangul ar plate.

Finally, Unit A was |owered down onto Uhit B so that the
pl ati numel ectrodes woul d nmake contact with the gel. Unit A was
then raised slowy as an inprint was left on the gel. This would

serve as a marker for the sanple application point.
Part D Hectrophoresis on the Gel

A TI TALGEL SPE Tenpl ate was initially placed slightly above
the inprint on the gel (on the upper 1/3 of the plate) as shown
in Figure 9. Kentrol Serum Control Normal was applied next placing
3.0 uL volunme of sanple on every other tenplate slit, spreading
the sanpl e across the entire slit. Care was taken in positioning
one of the sanples to align directly between the pl ati numel ectrodes,
SO0 as to assure opti numdetection of separated conponents of serum
protein as they mgrated between the el ectrodes. A serum absorption
time of 4 mnutes allowed the sanples to diffuse into the agarose.
The tenpl ate was then careful ly renoved fromthe gel surface.
Conductivity Cell Uit A was then | owered down onto Unit
B and tightly fastened. The plate was qui ckly placed agarose-side
down in the Zip Zone@ Chanber so that the agarose | ayer nmade cont act

with the top surfaces of the sponges saturated with buffer. The
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pl ate was positioned_-in such a manner that the application point
was on the cathodic (-) side.

The sanpl e was el ectrophoresed at 120 volts for the anount
of time which corresponded to the conpl ete separation of serum
proteininto its conmponents. The results of the separation were
di spl ayed on the recorder as peaks which indicated the mgration
of various bands as they passed the detector. The experinent was

conducted at anbi ent tenperature.

Part E VM sualization of the Protein Bands

Upon conpl etion of el ectrophoresis, the plate was renoved
fromthe chanber and conductivity cell. It was placed in methanol
for destaining for 5 mnutes. Next, the plate was transported
to a laboratory drying oven and dried at 60° to 70°C for 5 m nutes.

It was then imersed in the staining solution for 10 mnutes foll owed
by two consecutive washes in destaining solution for 1 mnute each.

The destained plate was then dried at 60° to 70°C.



CHAPTER V

EXPERI MENTAL RESULTS AND DI SCUSSI ON

Conducti vi ty (Conduct ance) Cell

A conductivity (conductance) cell which nonitored el ectro-
I ytic conductance changes in the supporting medi umagai nst tine

was successful ly constructed.

Prelimnary Studies

| nt roduction

Fromthe data generated by the initial experiment involving
measur enent of conductance of the gel al one versus protein sanples
pl aced onto the gel, it was apparent that conductance changes were
bei ng detected by the conductivity cell. Further work coul d hence
be directed at devel opi ng a physical detection method which woul d
ultimately provide a sinple, dependabl e, and rapid technique for

det ection of separated conponents.

Computer-Assisted/Controlled El ectrophoresis

The recordings produced in the el ectrophoresis of various
Ho sanpl es reveal ed [ ack of reproducibility of the conductance
measurenents during the experinments. Separation of henogl obi ns
was not acconplished. This lack of mgration could have been the
result of the conputer programwhich controlled el ectrophoresis

tinme for a set amount of time(seconds) followed by the shut-down
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of power supply, activation and stabilization of the conductance
neter, and finally dééctivation of the neter and subsequent turn-on
of the power supply. The time |ag between successive el ectrophoretic
runs coul d have been such that there was inadequate tine for continua
nmobi | i zati on of bands and hence detection of any conductance readi ng
changes woul d be difficult.

As nmentioned previously, it was initially thought that
t he operation of the conductance neter would be affected by the
el ectrophoresis power supply voltage. This was later found to
be not true.

The remai nder of the research consisted of performng el ectro-
phoresis without the aid of a conputer. Initially, H sanples
were run, but once again neither a clear separation nor significant
variations in conductance readings were apparent. Signs of deterioration
of the agarose plates (cloudiness) could be considered a possible
expl anati on of unsuccessful separation. Furthernore, the inability
to detect changes in conductance nay have been due to the fact

that henogl obi n's conduct ance may be very near to that of the buffer

contained in the agarose plates.

SerumProtei n El ectrophoresis

The conduct ance of the supporting nmedium the gel, is shown
in Figure 10. Results obtained for the el ectrophoresis of Kentrol
Serum Control are shown in Figure 11. This recording represents
conduct ance changes in the supporting nedi umagainst tine. As
can be seen, the conductance of the supporting mediumis altered

significantly by the sanple's conponents as they mgrate past the
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Figure 10 - Conductance of the supporting medium
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el ectrodes. Conductivity of a solution depends on the nunber of
charge carriers(ions) present and their nobility. This is indicated
by peaks shown on the recorder scan. Each peak represents a separated
fraction of serumprotein. The albumn fraction exhibits greatest
mgration toward the anode. It represents the first major fraction
to pass the platinumel ectrode detectors. The peaks that follow

are believe to designate a greater degree of detection of protein
separation than is possible with a conventional el ectrophoretic
system a staining nmethod, which yields five to ten bands or zones.
(See "Visualization of the Protein Bands" as described bel ow.

Conduct onetric detection systens afford nore nunerous bands or

zones.

Vi sual i zation of the Protein Bands

Vi sualization of the protein bands by a staining procedure
served a dual purpose, identification of conplete separation as
wel | as determ nation of electrophoretic nobilities of the al bum n, _
al pha one, al pha two, beta and gamma protei n bands on the Tl TAN
CGEL SerumProtein Plate. A representation of the TI TAN GEL Serum

Protein Plate is illustrated in Figure 12
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Figure 12 - A representation of a TITAN GEL Serum Protein Plate
illustrating the electrophoretic nobilities of
al bumi n and al pha one, al pha two, beta and gamma gl obulins.
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CHAPTER VI
CONCLUSI ON

The work done in this research is believed to be the first
docunent ed report of the successful conductometric determnation
of serumproteins. The design of the conductivity cell is satis-
factory in that successive results are reproduci bl e over a period
of tine. This alternate detection method rivals traditional chem ca
detection nmethods utilizing dyes, in both timne(one-half hour or
| ess for conplete anal ysis conpared to several hours to a day)
and froman econom c standpoint (reusability of gels for nultiple
anal yses versus an inactive supporting nmedi umfollow ng staining
froma single analysis). Furthernore, the greater degree of detection
of protein separation using this nethod | abels conductonetric determnm nation
as a high resol uti on system

Therefore, the use of conductance neasurenents as an alternate
detection method in monitoring separated conponents of a sanple
yiel ds a new di nension to el ectrophoresis by providing a rapid
and highly sensitive technique for qualitative information.

Further work shoul d invol ve preparation of one's own supporting
medi um and therefore the construction of an alternate conductivity
cell. A so worthy of further study would be the qualitative and/or
quantitative anal ysis of the separated conponents of proteins achieved

in this project.



APPENDI X A

QOWUTER PROERAM FOR COMPUTER-ASSISTED/CONTROLLED ELECTRCPHORESI S
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40
41
42
43

HIMEM: 36095:D% = 0: DIMc%(5), Q%(5), D%(10): PRI NI CHR$ (4)
"BRUN QU XK 1/0"

INPUT "POWER SUPPLY VOLTAGE?"; V
|F v<800 THEN GoTO 29
IF v>800 THEN PRI NT

PR NT " YOUR PONER SUPPLY VOALTAGE IS TOOH GH FOR TH S SYSTEM
PRESENTLY! "

PR NT "WDULD YQU LI KE TO CHOOSE ANOTHER VOLTAGE? (Y AR N)":
| NPUT YN$

IF YN$ = "Y" THEN GoTO 20

IF YN$ = "N" THEN GOTO 260

PRI NT

I NPUT " TI ME G ELECTROPHCRESI S PERI OD | N SECONDS 7" D1

PRI NT

I NPUT " CONDUCTIM TY METER DEACTI VATI ON Tl ME?"; D4

IF D4>p1 THEN GOTO 40

| F p4<D1 THEN PRI NT

PRI NT " WARN NG THE DEACTI VATI N TI ME PER CD SHOULD EXCEED THE
ELECTROPHCRES!I S TI ME PERI CD BY A SUFFI O ENT MARG N TO ALLON
THE PONER SUPPLY TO ACH EVE ZERO QUTPUT VOLTAGE "

PRI NT

I NPUT " CONDUCTI M TY METER ACTI VATI ON TI ME | N SECONDS?" ;D2

|F p2>D4 THEN GOTO 49

| F D2<p4 THEN PR NT

PRI NT

45



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

100

120

145

150

160

170

180

185

190

205

PRINT "WARNING!!} A SUFFICIENT TIME PERIOD SHOULD EXIST TO
PERMIT STABILIZATION OF THE CONDUCTIVITY METER BEFORE A
READING 1S TAKEN."

PRINT

PRINT "WOULD YOU LIKE TO CHOOSE A NEW ACTIVATION TIME?":
INPUT YN$

IF YN$ = "Y" THEN GOTO 40

IF YN$ "N" THEN GOTO 260

PRINT

INPUT " DETECTION TIME IN SECONDS?"'; D3
IF D3>D2 THEN GOTO 100

IF D3<D2 THEN PRINT

PRINT

PRINT "DETECTION TIME SHOULD BE A TIME FOLLOWING THE ACTIVATION
TIMEI"

PRINT

PRINT "WOULD YOU LIKE TO CHOOSE A NEW DETECTION TIME? (Y
OR N)" INPUT YN$

IF YN$ = "Y" THEN GOTO 50

"N THEN GOTO 260

IF YNS$
D% = 32767: & TO 1
& TIl: T = D%

D% 0: & DOO: & DO1

TL = T - (D1 * 10)

[

D% = 4.00 * V: & AOO

& TIl: IF D%>T1 GOTO 170

D% 0: & AOO

T4

T - (D4 * 10)
& TIl: IF D%>T4 GOTO 190

D% = 1: & DOO: & DO1



206

210

220

230

240

245

250

260

T2 =T - (D2 * 10)

& TIl: |F DZ>T2 GOTO 210

T3 =T - (D3 * 10)

& TI1: |F D%>T3 GOTO 230

& AlO: FOR 1 = 1 to 50: NEXT I: &AIO
PRINT "ANALOG INPUT = "D% / 2000" VOLTS"
GOTO 100

PRINT "THANK YOU™: END
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