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INTRODUCTION

When an electrical current is passed through a solution or
suspension of charged perticles, the particles migrate to the anode
or cathode. The phenomenon is known as electrophoretic migratione
Abramson (1) has used the foliowing illustrations to show that electro-
phoretic migration deperds ornly upen the nature of the surface and is
independent of the size, shape, and nature of the bulk of the particles,
Figure 1 indicetes the direction of electrophoretic migration of e wide
variety of charged particles in & neutral salt solubion. Figure 2 shows
the effect of adding a smell amount of neutral geletin Solution. I%
will be noted that the ferric oxide particle has reversed its direction
of migration and the following conclusions are evident. "The electro-
phoresis of geleatin coeted particles 1s primarily concerned with and
determined by & propsrty of gelatin surfaces. In addition there is every
reagon to believe that we are investigating something very closely cone
nected to the properties of gelatin as it exists in solution” (1).
Twé ﬁidely différéntvme£hoda have béen devélopéd fo sﬁudy
electrophoretic migration, the microscopic and the moving boundary methods.
The advantages of the microscopic method heve been considered by
Abremson (2) and are as follows:
" (1) During the period of observation the environment of the
particle does not change perceptibly,
" (2) The electrophoretic mobilities of particles may be
compared by watching them move simultaneousl;.
Detection of slighf differences between particles

that are visually indistinguishable may be accomplished

by this method,.
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Figure 1. The arrows indicete the directicn and
spproximate velooity of particles of different
chemical constitution, size, shape, and orientation
in an electric field, (Abremson, Moyer, and Gorin,l)
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Figure 2, After addition of geletin the direction

and epproximete velocity of partiocles of different

chemical constitution, size, shape, and orientstion
in an electric field. (Abremson, Moyer, and Gorin,l)




Do

" (3) High magnification may be employed, resulting in great
sensitivity.

" (I,) The size, shape, and orientetion of the partiecles under
observetions are directly observed.

" (5) Measurements of electric mobility may be made not only
in fairly concentrated salt solutions (up to about M/S)
but also in very dilute soluvtions.

" (6) The method is the oﬁly-way'in‘which certain biological
systems may be accurately investigated. Thus bacterie,
fungi, blobd celis, and protein particles are most easily
examined in this way.

" (7) There is no difficulty in calculating from the curve,
relating electric mobility to depth in the cell, the
electroosmotic mobility of the liquid relative to the
wall of the cell itself,

" (8) By means of the vertical cell, the same particle may be

' observed over e comparatively long period. Changes in
the surface of the particle during this time may be
fallowed,

The microscopic method may be employed only with microscopically
visible particles thus limiting its range of adaptation. It is not the
object of this paper to discuss this method. For the interested reader
an excellent review of the literature on this method has been presented
by Abremson (1)e

The moving boundary method as developed by Tiselius (3) is
applicable to dissolved materials, According to Abramson (1) Longsworth

has e¢laimed the following advanteges for this method,
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® (1) It is appliceble to & wide variety of high molecular

(2)

~~
M
~

(L)

(5)

It is

weight substances in solution in both their native and
denstured forms;

it is applieable to mixtures of these substances, and
when applied to such mixtures ylelds information as to,
(a) the number of electrically separable components "in

the mixture, (b) the degree of electrical homogeneity

"of each component, (g) the concentration and (d) the

mobility of each component;

moreover, the moving boundary method may be used to
separate in a pure state the components of a mixture;
the mobilities of a given material as a funotion of
pH may be studied over the entire aqueous pH scale}
since the method is applicable over a wide range of
concentrations of the substance in & given solvent

it may be used toc study the interaction between the
solvent and the substance and between the particles

of the substance itself,"

avident from the adventages of the two methods that

they supplant each other. The microscopic method is designed for the

study of particles, whereas the moving boundary method is designed

essentially for dissolved material.

Many excellent treatises have been presented on the moving

boundary technique of studying electrophoretic migration. Many of

these papers are of & theoretical nature and although much hes been

written on the practicle application it is widely scattered throughout
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the 1iteratursc' For this reason it seemed highly desirable to survey the
literature and supplement this material with the practicle experience
gained in this laboratory with the sole purpose in vliew of preparing #
working manuel on the moving boundary technique of eléotrophoretic
analysis; Much of the following material has been drawn from the

excellent works of Tiselius and co-workers abroad; Longsworth and the
Rookefeller Institute group in this country and from Abramson and co-
workerse. To the seasoned worker in the electrophoresis field this treatise
will seem rather elemental but it is hoped that newcomers in the field may

find much fundamental and practica/ help on the subject as it is treated
in this thesise



HISTORICAL

The Russian physicist Reuss (l;) appears to have been the first
to o'bser;re,_the phenomenon of electrophoresis. In the year 1807 he con-
structed en appsratus consisting of two glass tubes driven into a clump
of moist clay, In the bottom of each tube was placed a thin layer of
sand and the tubes were then partially filled with water, Up;n passing
& ourrent from a voltaic pile through the apparetus he noted that the
water surrounding the positive pole became cloudy due to the electro-
phoretic migration of the olay particles, while the water surrounding
the negative pole remeined clear, but increassed in volume, due to
electroosmosis,

More complete electroosmosis experiments were reported by
Porret (5) in 1816, He divided the inside of a glass jar into two
compartments by means of a moistenéd bledder. One compartment (anode)
was filled with water and the other (cathode) was only partially filled.
Upon pessing a current through the compartments he observed that the
liquid moved from the anode to the cathode, After one half hour the
levels in the two compartments were equal, He summarizes his results
as follows: "I think that by the above experiment I have demonstrated
the existance of a power not before noticed in the voltsic current, namaly,‘
that of comveying flulds through minute pores not otherwise pervious to
them, and of overcoming the force of gravity."

A similar experiment using muscle strips as membranes was
performed by Kuhne (6), He too reported an increase in the volume of
water ‘at: the cathode sccompenied by a decrease in volums at the anode,

Stern reports (7) that the first quantitetive electrophoresis

experiments were undertaken by Wiedemann in 1856,



Using the microscopic method Quincke (8) studied the migration
of mioroscopic particles of many types. All particles investigated bore
a negative charge in distilled water but many were positively charged in
other liquids. He also conceived the idea of the elsotrical double layer
and showed that the rate of migration of particles in an slectric field
was a linear function of the potential gradient,

Jirgensen {9) in 1860 reported on some results of experiments
by Heidenhaine It was found that the passage of a current through cells

of "Vallisneria" caused a migration of ohlorophyll particles and other

Jrgensen investigated this phenomena in vitro and found that the particles
moved towards the anode,

Lodge (10) used the moving boundary technique to follow the
electrophoretic migration of colored ions.

Picton and Linder (11) (1892-1897) were the first to study
proveins by the electrophoretic method, They utilized a V shaped cell,
the forerunner of the U tube to study hemoglobin.

In 1899 Hardy (12) carried out electrophorstic studies on
denatured eggz albumin particles, He observed the behaviour of the
particles under three different conditions with respect to the acidity
of the solution, M™Fhen the fluid has an alkaline reaction the effect
of the passage of a constant current is the formation of an opaque white
coagulum about the anode. -

"When the fluid has an moid remction the movements of the
proteid particles and of the water ars the reverse of those deseribed,

"Pluid is neutral.,,.There is now so little movement of the

particles under the influence of a current that it is difficult to detect,
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and what movemeﬁ£othere is, is due to the fact that the matsrial is not
absolutely neutral," o

Hardy in 1905 (13) used the "boundary" method for studying the
migration of globulin suspensionse ‘

Pauli (1) found that dissolved salt free serum albumin behaved
in the same mammer as the particles studied by'Hardy;

Michaelis end associates (15) made use of the veriation in the
rate and direction of migration with changing hydrogen ion concentration
to determine the lsoelectric points of wvarious proteins, They found that
for each amphoteris substanse thers was a dsfinite pH value
pH values, corresponding to the absence of migretione

The earlier work on the electrophoresis of proteins is reviewed
by Pauli and Valke (16), Tiselius (3), and Prausnitz and Reitstotter (17).

Svedberg and Jette (18) were the firsﬁ to report a direct
observation of the electrophoretic migration of s« soluble; colorless,
protein boundary. In their novel method the green fluorescence emitted
by the protein when irradiated with leng wave ultraviolet light was uti=
lizeds The migration was followed by photographing the fluorescing materiale
No quantitative results were reported at this time, One of their origional
observationé is showm in Figure 3,

In a later paper Scott and Svedberg (19) described quantitative
results by the fluorescence method on the mobility of egg albumin in
acetate and phosphate buffers of different hydrogen ion concentrations,
Figure l; illustrates the results of one experiment,

Several disadvantages were inherent in the fluorescent method,

namely, (1) a long period of exposurs was necessary in photographing the



Figure 3.

of the migration of cclorless protein boundaries,
Photogreph made by irradieting the protein solution

end photographing the resulting green fluorescence.
(Svedberg and Jette, 18)

One of the earlier direct obhservations



Figure Li, Photograph of the migrating
boundaries of egg albumin solutions by
the fluorescent method,
(Soott end Svedberg, 19)
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boundary, (2) the U tube could not be immersed in a water bath, (3)
contamination by other fluorescing substances was not uncommon. However
this method was the basis of work which followed and revolutionized
eleotrophoresis studies,

Svedberg and Tiselius (20) attempted to improve the method of
optical observation of the moving boundary. They made use of the fact
that protein solutions absorb rather strongly, radiation of wave lengths
below 300 mue. This method has been used previously by Svedbverg and others
to study the sedimentation of proteins in the ultracentrifuges The general
arrangement of the apparatus empleyed by them is zhown in Flgure 5. Figure
6 shows the type of electrophoresis cell used, The portion of the U tube
in which the migretion of the protein solution is recorded by ultra=-violst
photography consists of fused bubble=free quartz, Figure 7 shows the
results of an experiment by this method,

Apparatus for preperative as well as analytical purposes was
designed by Theorell (21)., A number of suscessful applications with this
“apparatus have been made in the biochemical field, Of motable -importance
was the purification of the yellow oxidation enzyme of Warburg by Theorell,
Stern (7) bas reviewed these successful applicstions. in improved pre-
parative apparatus of Theorell (22) is shown in Figure 8o

A new improved apparatus employing the "Schliersen" method of
optical analysis was introduced by Tiselius in 1937 (23) (2L4). This new
method of optiocal analysis using visible light was besed on a prineiple
used by Toepler (25) for detecting flaws in telescope lenses, The application
of this method requires only that the refractive index of the solution differ
from that of the solvent. The new cell and electrode essembly are shown in

Figure 9,
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Figure 5. Tiselius electrophoresis apparatus for
light absorption method,- L, lamphouse,  double
walled and weter cooled, containing as a light
source a quartz mercury lamp run from storage
batteries. In front of the housing is a screen
of ground, fused quartz, T, water thermostat
equipped with plane parallel windows of bubble-
free fused quartz. The tank contains the electro-
phoresis cell(Figure 6). K, csmera equipped with
quartz lens and a combination of chlorine and
bromine filters transmitting only radiations below
2800A°. (Svedberg and Tiselius,20)
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Figure 6. Electrophoresis cell according to
Tiselius. The portion of the U tube in dark
line is bubble free fused quartz, The two
cylindrical limbs are ground with precision

to yleld a uniform oross section, The bottom
of the U tube is connected through a capillary
and stopcock with the storapge vessel for the
protein solution, The stopcocks at elther side
allow concentrated potassium chloride to be run
around the electrodes in the electirode vessels,
(Svedberg and Tiselius, 20)




Figure 7. Electrophoresis of Cephycocyan, &
chromoproteid from algae, by light absorption
method, (Svedberg and Tiselius, 20)
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Figure 8, Preparative apparatus of Theorellts,
A+ Separation chamber; B and ¢ electrode vessels
(10 liter); D. Intermediary Chambsr (10 liters);
E and H commnication pieces; F and G glass
oylinders; J. K, and L. Membranes, two of which
J and L are impermeable for the colloid to be
purified, while K is permesble for it; 1, 2, 3,
and li, tops for admitting and withdrewing fluids;
P storage vessels for seturated potassium chloride

solution; T, water bath equipped with gless windows,.
(Theorell, 22)
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Figure 9. Cells and electrode vessels for
electrophoretic analyses. Ej;, Ep represent
the slectrode tubes, T rubber tubings; I, II,
I1I, IV, the four U tube sections of whieh
II end III cen be moved with the pneumatic
errengenent Py, P, and P3. (Tiselius 23)




The glass U tube portion 1ls divided into three separate
compartments and is connected with rubber tubing to the electrode vessels.
The glass sections are connected together with veseline and are held in
place under slight spring pressure. The sections are moved by a pneumatic
arrangement (dotted lines) and can be used for separétion studies, Silver=-
silver chloride electrodes were immersed in a buffer solution in the large
electrode vessels and surrounded by a layer of saturated potassium chloride
solutions A typical pattern obtained by using this technique is shown in
Figurs 10,
ho advanteges of this new apparatus are (26):; (1) the reduction
of the disturbing effeots of heat convection in the electrophore;is tube
by working at a temperature in the neighbofhood of +4°2; (2) conventional
optical observation of the migrating boundaries by the Toepler-Schlieren
method or similiar methods depending upon the refractive index; (3) am
improved method for forming the boundary and dividing the contents of the
elactrophoresis tube into portions for analysis; (l;) a compensation arrange-
ment for preventing the boundaries from migrating out of the tube in -
prolonged experiments, particularly valuable for separation studies,.

Since this improved apperetus end itz modifications are to be

the subject of this paper no further details will be discussed at this

time .
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Figure 10, The migreting boundaries of
normal horse serum, schlieren method.
(Tiselius, 24)
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APPARATUS

The purpose of this paper is to discuss apparatus as well as
technique. In conjunction with the discuseion of the apparatus as a
whole some detail will be given as to the individual parts, the general
arrangement ané construction,

Support

The electrophoresis appﬁratus is supported by three concrete
beses, A, B and A shown in Figure 11. The specifications of the B block
are shown in Figure 12 and those of the A blocks in Figure 15, The bases
extond into the soil below the floor and the sides are insulated from
the floor by meens of asphalte. Two steel channel irons (5" by 19 1/2%)
spaced 8" apart by meens of steel plates, Figure 11 serve as the optical
bench, They are anchored to the A blocks by means of threeded studs and
rest in the channel of the B block. Figure 1l illustrates the manner in
which the various optical elements to be described later are éttached to
the optical bench. This arrangement using standerd structural stael shapes
provides for flexibility of adjustment.

The electrophoresis apparatus on the optical bench consists of

three main parts, (1) a light source, (2) thermostat, (3) and camera.

Light Source

The light source L, Figure 1l is a General Electric Merecury
vapor lamp type Hj, Placed in a horizcatal position in the lamp housing
behind the slit it serves as an adequate source of illumination. The
curvature of the gless bulb eliminates o condensing lens (27), The details
of the lamp housing and slit are shown in Figure 15, The position of the

whole fixture may be adjusted by means of the slots in the angle iron.
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Figure 1, Diagram showing method of attaching
optical elements to the optical bench. The
steel angle iron, A, is clamped to the upper
flanges of the chammel, C, with the aid of the
plate, P, and the bolts b, The lens or other
optical element is carried by a steel plate,

P, which 1s bolted to the angle through slots
as shown at a, The iron pipe, B, is used to

sp%ce the channel irons 8" apart., (Longsworth,
27



Figure 15, Light source and housi.ng., showing adjustable horizontal slit
§, and lamp socket attachment B, (Courtssy Klett Mfg. Co.)
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(The HlL type lamp requires & General Electric auto transformer #59G22
with 110 volt AC current.,) The vertical dimension of the slit is
adjustable by screws, A length of 25 mm. and a width of & mm have
been used satisfactorily. The width is measured by means of a feeler
gauge when the lamp is hot. This has been found necessary as the slit
width contracts as the lemp heats upe.

In work with cloudy or colored soluticns the light waves of
a Hl mercury vapor lamp may be absorbed by the solution. Under such
conditions a 300 watt tungsten filament lemp end condensor (Spencer

1 q cam A
v

- P, o\ Vo v oo rannn 3 :
Lens Co. Model 347} have besn found gl I satisf

o furnish
for most semples of this type.- If solutions shov e marked turbidity
light from a carbon arc lamp (Bausch and Lomb Mechanical feed are

lamp) furnishing light in the red spectrum will often penetrate through
the solution end permit a scamming photograph to be made,

Improved patterns are obteined by filtering the light and
permitting only a single wave length to pass through the solution., For
‘blood plasma and serum semples a "Wratten #22" filter is satisfactory.
Yith the mercury vapor lamp this permits only the light of 577 and 579
nmillimicrons through. In addition to such filbers, smoked gless filters
are often necessary to reduce the intensity of the light reaching the
photogrephiec plate. Over exposure of the plate causes a blurring of
the edges of the patterns,

Thermostet

A cross section view of the water beth is shown in Figure 16,
4 2l geuge tinned copper tenk, 20" deep, 24" long, and 12" wide is supported
by & wooden box lined with celotex. The horizontal flange on the top of

the tank is covered with strips of black linen bakelits,



Bakelite
Celotex
‘Glass’
Steel
Wood

Figure 16, Cross section diagram of water bath
with eell, E, in plece., D, schlieren lens, Wi,
Wp, W3 windows of optical gless. (Longsworth, 27)



The Schlieren lens, D, Figure 16, forms one of the windows.

It is a 4" schromatic lens of 36" foecal length, (Perkin, Elmer and
Moffit)e. The chromatie correction is for green end blue. The double
window is necessary to prevent molsture condensation in the schlieren
lens. The windows Wy, W, and W3 are Iy 1/2 x 1/4" disecs of optical plate
glass, The schlieren lens and glass windows are c¢lamped to the bakelite
ring, Moisture in the space between the windows is removed by circulating
dry air drawn through caleium chloride. (A porteble General Electric
vacuuﬁ pump #SKHEL3AB125 is adequate for this purpose)es Figure 17 shows
the outward appesrance of the water bath with the schlieren lens in view,
This same figure also shows the stirring motor and stendard and the
synchronous motor and syringe used to displace the boundaries. It may
be remembered from Figure 1l that the water bath rests on the concrete
pier B, and is not supported by the optical bench or motor support as
might be inferred from Figure 17,

The synchronous moto? with syringe attached is shown in more
-debail in Figure 18, -When the motor is in gear end the surrent on, the -
plunger is pushed into the syringe through a set of gears and a threaded
shaft, The motor is attached in such & manmer that its position may be
readily inverted and the plunger caused to withdrew from the syringe.

The speed of the plunger may be varied by changing the gear ratio between
the motor and the driving shaft., The auxillary gears ere shown on e
spindle in Figure 18,

The water bath is ciroulated and cooled by the power stirrer
and refrigeration coil shown in Figure 19. A mercury thermostat Figure
20 controls the electron tube relay switch, Figure 21, which in turn

regulates the power to the refrigeration unit. A one quarter horsepower
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Figure 17, External view of water bathe

(Courtesy Klett Mfg. Co,)



Pijure 18, Motor and syringe attaohment for displacing boundaries.
{Courtesy Klett Mfg. Toe) _



Figure 19, Water bath refrigeration coil
and)stirring motor, (Courtesy Klett Mfg.
Co,

&



Figure 20« Mersury thermostat for controlling water bath temperature.
{Courtesy Xlett ¥fg. Go.)



(=
Pipumve 21, Eleotron tube relay switeh for controlling refrigeration
unlie ({Quurtesy Klott Hfg. Go.)
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unit has the necessary capacity (Frigidaire-Model AF025). Since the box
remains at & iow temperature at all times a provision has been mede to
protect the stirring motor in case the bath free,es upe A L emp, fuse
is pleced Iin series with the stir:ing motor. A second thermostat
(American Instrument Co. "Quickset") controls a buzzer that rings when
the temperature rises above or below the desired setting.

The camere barrel is shown in Figure 22, The end of the camers
bellows fecing the water bath supports the camera objective and the
schlieren diaphragm Figure 23, " The camere objective, 0, is a 2" achromat
lens of %6" focal length. The circular disc, M, with slots of varying
width cut along radii of the disc, is the cemera diaphragm. This diaphragm
serves to control the amount of light reaching the lens and thus improves
its resolving power. It msay be rotated menually and once the proper slot
has been placed in front of the camera lens no further adjustment is nec~
essary. The width of the slot employed will depend upon the light used,
the filter, and the type of photographic plate.

The camere shutter, C, 1s shown in place behind the camera
diaphregm in Figure 23, It is a circular disc with a 2" hole in one
quadrent and ea seotor shaped opening in the opposite quadrant, It is
not used in meking Schlieren scenning photographs, in which case the disec
is set so that the circular opening is directly in fromt of the lens and
is left in this position., It is used, however, in photographing Schlierin
bands and opaque boundaries that are occasionslly sncountered with very
turbid suspensionses In the latter cese the disc is rotated by means of

the electric motor, E, with the plete and plate holder in position.
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Figure 23._ ijectve andof camera_ 'barr_e showg sliren D,
Q@?ﬁ‘?ﬁk Y, and oamers shutter C, Deseription in text. (Courtesy Klett
s live
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As soon es the ciroular opening has rotated from in front of the lens

the dark slide is withdrewn from the plate holder and left out until

the sector shaped opening in the disc has passed in front of the lens,
thus making the exposurs, after which the dark slide is inserted before
the cireular opening agein moves across the lens. The exposure can be
controlled by loosening the nut holding the two leaves of the disc to-
gether and moving the two with respect to each other, thereby adjusting
the sector opening. The schlieren diaphragm, D, Figure 23, is moved
synchronously with the plate carriage, C, Figure 2, by means of a

Bodine gear reduction motor (110 V = 60 cvele = Cat. No. B22L6 - 72

R. H. horizontal position) through the ghaft, A, Figure 23, The shaft

is equipped with a micrometer, D, Figure 2l, graduated to 0,01 mm, which
records the distance traveled by the schlieren diaphragm, The distance
traveled by the plate carriage is read from a millimeter scale, V, Figure
2L, directly above it. The ratic of distance traveled by the schlieren
diaphragm to that of the plate holder cen be celculated from these readings.
The ratic can be changed by changing the ratic of the gears shown st G
in Figure 2, The plate carriage is locked to the shaft, T, by means

of the arm L. The clutch, K, serves to engege the motor, M, with the
driveshaft, A, Sefety switches, S, are shown in Figures 23 and 2l

The camera mask (E, Figure 24) which controls the ares of

light striking the photographic plate is shown in more detail in Figure
25 The slit width of the mask is variable end can be adjusted by using
e fesler gauge; The mask is so constructed that one-half of the vertical
length of the qéil may be blocked off if necessary. Thus if all of the

protein constituents are migrating as anions and there are no boundaries
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Figure 2, Viewing end of camera
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Figure.25, (amera mask, M, and Philpot Swensson eylindrical lems, L.
{Courtesy Klstt Mfge Cos.)



in the lower anode and upper cathode section, these ssctions can be masked.
The same figure shows the Philpot-Svensson cylindricel lens which is in-
stalled in the camera bellows (22" from the camera objective) and can be
turned to intercept the light rays striking the photographic plate,

Eleotrical control Unit

The instrument panel of the electrical control cabinet is shown
in Figure 26. (Hopt Apparatus Co.), The wiring diagrem of the instrument
penel is sh..x in Figure 27, The source of current for electrophoresis
comes from five L5 volt "B" batteries connected in seriess A 10,000 ohm
resistence is comnuscted In seriss
Ao Co current from a power line is the source of power, a current rectifier
and voltage contrel unit is necessary (Model V-United Trensformer Co)e

Current passing through the electrophoresis cell is measured
roughly by & milliesmmeter and accuretely by means of a potentiometere
In order to increase the range of the potentiometer two step resistances
of 100 and 1000 ohms are comnected in series with it. A standard cell is
used to stenderdize the bridges The other essentials of the control equip~ -
ment ars a veltmeter, a de'Arsnoval type galvonometer and an automatie
timing recorder; (rending in seconds).

In practice the potentiometer is first standardized against
the standard cell. 1In carrying out this operation the three-way control
switch 1s thrown to the position marked standard cell, The potentiometer
is set st the standard cell rating (1.,0185V.), the galvonometer is turned
on and the galvonometer damp released, Standardization is eccomplished
by adjusting the coarse end fine resistances until no galvonometer deflection

is evident when the key is depressed.



Figure 26, Electrical Conmtrol Cabinet,
Description in text,
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An accurate reading of the current flowing through the cell
can be made by determining the potential drop across the resistance
Rs Ry (Figure 27) which is in series with the cell, and applying Ohm's
lew. This measurement is made on the potentiometer with the three
wey control switeh in the internal E., Me F. position, The value of
the resistance to be used can be figured roughly from Ohm's lew (E=IR)
where E is the E, Mc Fo that can be measured on the potentiometer
(1.6V being the highest)vand f is the current reading on the milliammeter.
Set shunt Rx and Ry to the value figured. For ocurrent velues under 16
millemperes through the electrophoresis cell, which will cover most
operating conditions, a resistance of 100 ohms 1is convenient. By
multiplying the potential reading by 10 the current is read directly
in milliamperes,

4 Jjack marked Ext, E. M. F., has been added in case one wishes
to meke extermsl voltage readings up to 1,6 volts, If this jack is used
the shunts Rz and R, are out of the cireuit, Therefore, values higher
than 1,6 volts cannot be messured, When making such external measurems nts

the contrel switch should be thrown to the position marked "Ext, E. M, F."



OPTICAL SYSTEMS FOR FOLLOWING AND RECORDING ELECTROFHORETIC SEPARATIONS

Since most protein solutions are cclorless the development of
the moving boundary technique of electrophoretic analysis followed the
development of edequate =nd simple methods for abserving the rate of
migration of the boundary., Tiselius (23) (2L1) used the schlieren or
streel method to greet advantuge (28), Abramson (29) has very clearly
explained the principle of this method with the aid of Figure 28, Heas
lipht from s distant source is brought te focus by the lens to be tested.
2 disphregm is placed seo thet it just covers the image formed st f, the
focal point of the lens, An observer lcoking through a telescope behind
the diephragm and focusing on the lens o'serves only the rays which feil
to couverge to & single point at £, These rays which do not strike the
diaphragm come from defective portions of the lens and their position
is imaged in the telescope. This procedure (uscd by Fouceult), was
reversed by Toepler who by intercepting the deviated rays mande the
defective port¢cn of the lens appear derk in the telescopes The present
method uaed for detcctlng concentratlon 0rad1erts in the electrcphoreﬂls
coll is an adapbeaticn by Tiselius of the Toepler method," If the lems
being examined in Figure 28 is replozed by a protein sclution and a con=-
verging lens (schlieren) placed immediately behind the solution, derk
tands will appear at the boundery that have & greater index of refraction
than the adjacent scolutione It should be recelled that e beam of light
is devieted from its origionel direction if its velocity chanpes in passing
from cne medium into ancther, If its veloeity in the second medium be
less than in the first & beam is bent toward the perpendiculer, that is

the angle of refraction is lestg than the engle of incidence, VWhen the
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Figure 28, Diagream illustrating method of
deteoting defective spots in lens by means
of an opaque, exploring disphragm. Expla-
nation in text, (Abramson and Moore, 29)

IMAGE QF LENS



velocity in the second medium is greater than in the first a beam is bent
awey from the perpendicular end the angle of refrection is greater than
the engle of inciderns,

The prineiples and theory of the schlieren method of optical
enalysis as first used by Tiselius (23) (24) in electrophoretic work
have been 8o clearly and adequately described by Longsworth (27) that
eny abtempt to alter his description would be foolhardy, For this reason
the follewing discussicn will be for the most pert verbatimg

"t diegram of the schlie;;n method is shown in Figure 29. An
imsge o the horizontel slii, 3,>i11uminated by the lamp, I, 2nd condensor
C, ie formed in the plene, P, by the schlieren lens D. The schlieren
diaphragm, A, & scrgen with a sharp horlzontal upper edge, is placed in
the plane P and ney be displeced vertically with a micrometer. The
electrophoresis cell, E,.is plsced as near the lens U as the thermostat
construction permits, The cemera objective, O, pleced imnedistely behind
the sehlieren diaphregm, is focused on the cell and forms a full size
image of this on the ground glass or photographic plate et Ge

"In the absence of refraction gradients, i.e., toundaries, in
the slsetreophoresic cell 2ll of the light traversing the cell is brought
te focus in the image of the illuminated slit at P end enters the camera
objective, If, however, a boundary ig present in the tube the refrsctive
index, n, decreases with incressing heighth, x, through the boundary, and
the pencils uf light through this region are deflected downward, If these
deflected pencils are intercepted by the sehlieren diaphragm they do not
enter the camera objective and the region at G conjugate to the boundery

in the cell appears as & dark tand on & light background,



Figure 29, Diagram illustrating the schlieren method of optical
analysis, Explanation in text, {Longsworth, 27)
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"For boundaries that sre not too "sherp" i. e., do not have
too large refractive index gradie‘nts, the angular devistion of a
horizontel pencil of light in a thin horizontal layer of the boundary
is proportional (&) to the gradient %—:- s in the layer and (b) to the
breadth, a, (Figure 29) of the layer. The displacement, A, of the
schlieren disphragm, A, from the position of the undevieted slit image
that is necessary to intercept the defleoted pencil is also proporticnal
to the optleal distance, b, from the center of the cell to the diaphragm.

dn -
Therefore 4 = ab Py Iin which a and b are constants of the apperatus and

dn
- 3 . - de o e
% veries vertically through the boundary but Is assumsd o Le consvant

in eny thin horizontal section,"

"As the schlieren disphragm is raised the first pencils of
light to be interocepted are thoss which have passed through the steepest
gradients of refractive index. In Figure 29 the paths of three pencils
of light through a boundery heve been traced. The planes,f,@ , and ¥  in
the boundery have heen selected such that

X o, Wy dxp d% Vex,

and the lines conjugates to these in the focal plene of the camere are
shown 8t ok v, 8 ot and ¥ 1,

"The pencil through/a Figure 29 suffers the maximum deflection
to the position 1 near the plene of the schlieren dimphregm while those
throughol and 5~ are deflected equally to a comron position 2 near that
plane, With the upper edge of the diaphregm at 1 only the pencil through
@ is intercepted and the resultant dark band, or line, at 8 * has a

minimum widthe With the diaphragm reised to position 2 the pemecils th- ough

« and a/, together with the pencils through all planes between « &nd 5~
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are 8lso intercepted and the bend at G has broadened correspondingly,
With the proper conditions the displacemsnt of the diaphragm from the
position of the undeviated slit image is proporticnal te the refraction
gredient at positions in the cell E conjugate to the edges of the schlieren
bands."

Thus if = single component is present in a soluticn which has
been separsted electrophoretically, a single dark band will show up on
the photographic plate (excluding boundary enomalies). If several components
are present in the solution used then a dark band will show up for each
c, Iram thes
distences traveled by these bands from the initial boundery the mobllities
of the components may be calculated.

The schileren method as origionally used by Tiselius yielded
no information as to the relative amounts of electrophoretically separeble
proteins present, However, a method was suggested by Tiselius and developed
by Lemm (30) thet overcame this difficulty. The Lam: "scele" method gives
estimates of the quantities of the various constituents, thelr mobilities
and relative homogeneities. Longsworth (27) has expleined this method
with the aid of Figure 30, In this method the cell 1s moved toward the
camera objective a few centimeters and a transparent ruled secale, having
several lines per millimeter is placed in the position formerly occupied
by the cell, "In the absence of refrective gradients in the cell, E,
a scale line, 5, is brought to focus at s? by the lens O, If however there
is o gradient on the cell betwsen the plenes pp' the ravs from $ which eare
collected by the lens have been deflected downward es shown in the figure
end intersect at approximately S". Due to the faulty lens action of the
gradient the image of s at s" is imperfect. With sufficient depth of

focus s" apuears on the plate as = line displaced by an amount o from
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Figure 30, Diagram illustrating the Lemm
scale method of optical analysis, Explae
nation in text. (Longsworth, 27)
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its position s' in the absence of gradients in fha cell, In order for
the displacement of emch line to be determined by the gradients in a

thin horizontel section of the columm the lens O should have & long fooal
length and be used at a small aperture. The latter condition is alse
desireble in order to increese the focal length."

In using this method the filled cell is put in place and the
scale is photographed through the cell with the schlierer diaphragm
removed so that schlieren bends will not obscure certein of the scale
lines, After completion of the experiment the scale lines are again
photographned through the oelie By using a comparabor the positions of
corresponding lines on the two photogreph in the neighborhoced of the
boundary are ccmputed.

If the refractive gradients are not too great the displacement

S s of a scale line is proportional to the horizontel breath of the
boundary, a, the optical distence, @ , from the scale to the center of

the cell and the gradient -g-i- o For unit megnification
. i
6= sz
the value of s™ must be reduced by a factor since the elestrophoresis cell

undergoes an apperent enlargement when moved out of the focel plene toward

the camere, The factor is
L-8
L
Where L is the optical distance from the scale to the camersa,

By plotting scele line displacement on the y axis against distence
from the initial boundery on the x axis a pettern is obtained the area of

whieh under certain conditions is proportional to the concentration of the

component. The plotted results obtained by Kekwick (31) using this procedure



are shown in Figure 31,

The schlieren method was modified by Longsworth (32), so that
graphs of the gredient dn/dx, in a thin horizontal layer of the column
as 2 function of the position, x, of the layer could be recorded auto~
maticelly, Figure 32 illustrated this "schlisren scamning" methods An
image at P of the illuminated slit s-s is formsd by the schlieren lens De
The ecamera objective O is focused on the cell E and forms an image on the
sereen at G-Go A boundary, B, is showm between a protein solution and a
buffer. This boundary does not consist of a single geometric plaﬁa but
a region in which the compésition varies gradually {rom that of oms sclution
tc that of the other as shown by the density of the shading in Figure 22,
The refrective index in this region changes with the heighth h, in the cell
and the refractive index gradient veries from zero to a maximum and back
to zero again s shown by the pencils of light passing through the boundery,
The horizental plate movement of the earriage C, Figure 2, past the narrow
slit H, Pigure 2, has been synchronized witht he vertical displacement
of the schlieren disphregm D (see also Figure 23), If the plate carriage
is connected with the driving mechanism of the schlieren diaphragm when
the latter is displaced sa that no deflested rays are intercepted the
£lit at G is entirely illuminateds When the driving motor is turned on
the plate moves tovards the reader (Figure 2;) as the schlieren diaphragm
is raised, Figure 32a shows a band in the slit G-G resulting from the
interception of a few pencils of light that have suffered maximum refractionse
The ares e-f-g shows that porticn of the photographic plste that would have
been exposed up to this point and the darkened ares in the slit to the right

shows the band as it would appeer on a ground gless plate, Figure 32b shows
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Figure 31, Electrophoresis of normal human
serums Photographed by Lamm scale method.
Ordinate: scale line displacement in mm,
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the schlieren diaphragm at the position q' end more pencils of light have
been intercepted causing a widening of +the band at G-Ge Since the plate
has moved over further the exposed area of the plate e'=f'-g! is largers
Figure 32c shows the schlieren diaphragm at the position 4" Just below
the focal point of the lens O, The pencils of light suffering the

minimum deflection have been intercepted and the area e"«f"-g" has reached
its meximum arem., As the diephragm moves up from the position q" the
entire vertical length of the slit at G=C becomes dark. By continuing

the operation the entire field has been sovered ell of the boundaries in

M. o -~
A 4L i

the cell lmmge ave pholographede usour of ths arce g=
both the position of the boundary and the megnitude of the refractive index
gradients existing in it., If the change in refractive index is proportional
to the change in protein concentretion in a boundary then the area e-f-g
1s & measure of the change in protein concentration from one side of a
boundary to anothere It has been experimentally shown that the schlieren
scamning method gives pattérm;that are comparable to the Lamb seale method
(27)s

With a gear ratic of 1-1 from the motor drive shaft to ths
plate carriage shaft the ratio of the plate movement to schlieren diaphragm
displacement is 63:l. The distance traveled by the schlieren diaphragn is
.20 mm per minute making 25.20 mm per minute the rete of travel of the
photographic plate in the carriage past the slit., Thus thres minutes 1s
the average time necessary to take the complete scanning photograph of the
boundaries.

Another simple and adequate method for recording elsctrophoresis

patterns was suggested by Philpot (33) and modified by Svensson {3}i). The

Philpot=Svensson cylindrical lens method has been explained by Longsworth
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(35) with the aid of Figure 33. "An illuminated horizomtal slit, present
on the left of S but not showm in the figure, is foocused by means of the
schlieren lens, S, in the plane of the schlieren diephregm, De The latter
conteins e diagonal slit, kk, as showvm in the front view, D's The camera
objective, C, is focused on the electrophoresis cell, E, and forms, in the
absence of the lens H, 8 normal image of the cell on the groundegless or
photographic plate at G. The cylindrieal lens, H, with its axis vertiecal,
is focused on the schlieren diaphragm and also on the plate at Ge Viewed
from the side (Figure 33a), the eylindrical lens has no effect on the
pencils of light forming the cell imagee Thus the vertical coordinate of
each point in the imege is conjugate to the corresponding level in the
channel E and, owing to the focusing action of the camers lemns, C, this
also remains true for pencils that may be deflected by gradients in the
channglg Viewed from above however (Figure 33b) the eylindriesl lens,

in conjunction with the diagnoel slit, causes, as will be shown below, a
lateral deviation of e pencil of light that is proportional to the vertical
deflection the pencil has suffered in a boundary, The curve to the ri ght
’of é in Figﬁré 33& fepreséntsrfhsyyﬁftefn of’thé’boundary, E; aswit ﬁould
appear on the soreen if the later were hinged at the side and turned toward
the reader, where as if it were hinged at the top and turned, the pattern
would appear as in Fipgure 33b,

"If the fluid in the electrophoresis cell is homogenous, all of
the light through the channel is concentrasted in an image of the illuminated
s1lit at the upper or normal level on the disphrasm, l.e., £* of D* or D, As
can be seen from the figure, only the extreme left hand portion of the light
in this immge passes through the diephregm to form a straight verticle line,
iee¢s, the bese line, on the screen at the position e¢-f, The width of this

line varies with the width of the diagonal slit and, since a wide line is under=

sirable, Svensson hes made -the practical suggestion of tapering the end of
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Figure 33, Disgram illustrating cylindriocal
lens method for the observation of electro=
phoretic patterns. (Longsworth, 35)
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the =1it kk to a point. If, on the other hand, a boundary B is present

in the cell, a pencil through the layer of solution in the boundary having
the meximum gradient, for sample, is deflected downward as indicated by

the line d'd and forms an image of the slit at the lower level d' on the
diephragm. Owing to the angle the diaphregm slit makes with the vertical,
the portion of the light in the lower image d' that enters the slit is
ghifted laterally from the position at which the normal pencil enters by

an amount proportional to the vertical, deflection in the boundary gradient,
Tha oylindrical lens conseguently imperts to this psncil a corresponding

3-
v

TUKrS 35
without affeeting its vertical position i.s., 4 of Figure 33%a.
The path of & pencil through another portion of the boundary
is indicated by the line e'=s and forms the corresponding elemsnt in the
patterns All other elements in the complete pattermare formed similarly.”
In a discussion on the cylindrical lens, Longasworth (35) has
sumnarized its use as follows, "The eylindrical lens method is convienient
for visual observabion durinzy an experiment and for the control of elsctro-
phoretic separations, since the pattern may be viewed dirsctly on the screen
of the camsra. For visual observation a slit diaphragm is preferable to a
straight edge, since the greater quanbity of light reaching the screen in
the latter case causes a docresss in the apparent contrast between the
pattern and the backgrounds For photographic work, howsver, the straight
edge is to be preferred, owing, in part, to the superior resclving power
end simpler diffrsction phenomsna shersctsristiec of the diaphragm,
Consequently the permanent photographic records of an experiment, on whiech
the analyses are based, are obtained with a straight edge as diaphragm
and with the scamning procedurs., With the latter method the opticel srrors

inherent in ths uncorracted cylindrical lens are eliminated®,
Y
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As desoribed in the section on apﬁaratus our c¢amersa has been
modified sc that either the scanning or cylindrical lens procedures can
be used interchengeably. Figures 3La, 34b and 34e show complete electro-
phoretic patterns obtained from the electrophoresis of human blood serum
and photographed by the schlisren scanning method, the diagonal slit
method and the diagonal straight edge method respsctively, If a slit is
used with the schlieren scanning method patterns of the type shown in
Figure 3l are obtained (36). In either method a slit us<d as & diaphragm

produces the pattern as an illuminated line on a dark background whereas

between a light and dark field,
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Elsctrophoretic boundariss of normal human plasma diluted to one pere
cent in phosphate buffer, pE 7.5, ionic strength 0.2, Zlectrophoresis
currisd out for 10,800 seconds at a notential pradient of 3.3, volts
rer coentimeter, Boundaries photorraphed by the sehlidren scanning
method, Figure 3lLa; the cylindrical lens and diagonal straicht edge,
"irure 3lib, and the cylindrical lsns and diagonal slit, Fizure 3lc.
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METHODS FOR DETERMINING TOTAL PROTEIN CONCENTRATTON

If the total protein concentration in a sample is known the
concentrations of the various components separating during an electro-
phorusis experiment caun be ocaluclated from certain data. Since it is
desirable to obtain this informatioen in most ceses, several well known
methods for determining protein concentration will be discussed in
some detanil,

Since ths sohlieren method for photographing boundary positions
and areas depends upon differences in refractive index between buffer and
protein solution, it is not surprising that refrectometric methods are
widely used for determining totel protein concentration. Siebenmann (37)
has modified Reiss's (38) refractometric method for determining serum
protein, His so=-called "graphic” method is appliceble to netive serum
and proteine This method utilizes a dipping refractometer and the readings
are made on the solution in a constant temperature water bath at 20°C,
Three to fqur ml, Qflserum’are‘required for-g dgtermingtion.v A standard
graph (Figure 35) is made by plotting refractometric reesdings ageinst the
total protein concentration as determined by the Kjeldahl or some other
methode The protein concentration of an unknown serum sample can then be
read directly off the graph if the refractometer reading is determined,
This method is reliable when the salt and non-protein concentration in
the sample are of the sams order as the semples used for determining the
stendard ourve., The graphic method cannot be epplied to serum dilutions
cr other protein solutions containing unknown emounts of salte

In our leboratory the "differential™ method of Siebenmannts (37)
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Figure 35. Standard curve showing peroent protein
(microkjeldehl) against scele readings.(dipping
refractometer) (Siebenmann, 37)
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is usede This method is based upon the refrectometric change taking place
when the protein solution is cosgulated by heating, The difference between
the refresctometric reading of the protein in an acetete-acetic acid buffer
(pH L.6) and the seme sample after heeting at 100°C for 15 min. is teken

as the index of protein concentretion, For serum and plasma semples the
following technique is employed:

To 10 ml. of & sodium acetate-acetic acid buffer (113 gms
glacial acetic acid-236 gms; sodium acetate per liter) is added 2 ml. of
serum. The refractive Index is determined at 20°C by the dipping refracto-
meter on LI ml, of this mixture. The rest is used for heat coagulation,
exploying & speciel double tube shown in Figure %6. By use of the tube
arrangement aqueus solutions may be heated at 100°C, without evaporation.
The size of the outer tube containing water is 20 x 150 mm., that of the
inner tube 15 x 125 mm. (pyrex no. 2370)s The double tube is pleced in
boiling water for fifteen minutes, It is then cocled and the inner tube
containing the semple centrifuged. The refractive index on the protein-
free gupermatant is determined as. before.

For the calculation of the percentage of protein from the scale
readings, the specific refractive increment of the protein must be known.
This represents the change in the refractive index of the protein solution
due to & chenge in protein concentration of one per cent., The specifiec
refractive increments, 2, have been carefully determined for horse serum
albumin and glebulins, The variations in the increments with changing

wavelengths of light have been reported by Pederson snd Andersson (39).
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Figure 36. Disgram of test tube arrangement

for heat comgulation of protein solutions,
(Siebenmann, 37)



Wavelength (mu) (a) Albumin (a) Globulin

66 0.00198 000202

336 0.00190 0.00195
0.00185 0.00187

579 0.00183 0,00186
589 0.00183 0,00186
655 000179 0.00182

The scale readings may be converted into refractive indices

and the protein percentege calculated by means of the following equation

- 1
¢ = 21 2 ¢ Ailution
a

Where n, is the refractive index before and n, the refractive index after
heat ;:;éulation of the protein,.

The conversion of scale readings to refractive indices may be
avoided by using the following equation

C = (R} = Ry) k.dilutien

here Ry and R, are the scale readings before and after protein coagulation
and E;;; the_;ﬁount of protein in per cent which on heast coagulation leads
to a drop in the alpplng refractometer readlng of one scale unit. Thg
constant k may be determ1ned es follows: Tables for convert:ng dipping
refractometer readings to refractive indices show that in the range of
20 to 30 scale units the constant difference in refractive index fer a
change of one scale unit is 0,000383, Taking the refractive increment
value of horse serum as 0.,00185 (value to be used with a tungsten

incandescent lemp) the constent k is calculated

.—_..——...'000583 = 0,207%
+00185 %

where 0.207 represents the percentage of horse serum protein equal to
one scale unite (0.205 in the range of 30 to LO scale units)., Since

very little information is known concerming specific refractive increments, |



the values for horse serum are used for other protein solutions.
Example: Serum 616, dilution: 2 ml serum plus 10 ml acetate
buffer Ry = 29.0, Ry = 23.5
¢ = (Rl - R2) K o dilution
C = 5.5 x 0,207 x 6 = 6.83%
The "Differential™ method is the only refractometric method
available for determining protein concentretions in samples with an
unknown salt content. The method estimates protein concentrations that

are not influenced by the amount of non-protein substences present. For

dilution modifications are necessary depending upon the protein
concentretion of the semples., In all cases the ratic of protein
solution to buffer should be mads so that upon heat coagulation a suite
sble drop in scale resdings is observed (1 to 10 units). Siebenmann

(37) gives the following dilutions to be used covering a wide range of

protein concentrations,

Protein ' Acetate v o s Proteln ' R
percentage buffer (ml) Solucion (ml) Dilution
range pH L.6 -
L-12 10 + 2 6
1=l 5 + 5 2
Qol=1 1 + 10 1.1

For protein solutlions containing less then 1 per cent protein
s more concentrated buffer is used (56,6 gms. glacial acetic acid-118 gms,
sodium acetate per liter).

In our laboratory & Bausch and Lomb dipping refractometer with
constant temperature control equipment (No. 33-l;5-86. Beusch end Lomb)
is employed for making refractometric readings. The refractometer and

constant temperature water bath are shown in Figures 37 and 38.






Bausch and Lomb constant temperature

Figure 38,

control equipment showing attachment to water
(Courtesy Bausch and Lomb)

bathe
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Siebenmann (37) also describes two gravimetriec methods for
determining protein concentrations, In the heet coagulation method
2 to 5 ml. of serum or protein solution are diluted in a porcelain
dish {acetic scid=sodium acetete buffer pH L&) so thet the dilution
contains not more than 1 per ocent protein (2 ml serum + 18 ml buffer),
This solution is covered and heated for 20 min. on & steam bathe The
protein precipitate is then filtered and washed with hot water., The
filter peper is then dried in an aluminium dish for 16 hours at 100°C.
end weighed,

The acetene
modified by Guilaumin etsl, (L1) has been further modified by
Siebenmann (37)e Two to 3 mle semples of plasma or serum are
pipetted into 10 ml. of acetone in & centrifuge tube. The acetone
precipitates the proteins and dissolves some of the lipides, after
stirring and stending centrifugation is employed and the supernatent
discarded. The precipitate is washed twice witl acetone and apain
centrifuged. 20 ml. of 0.6 per cent sodium chloride solution-is
added to the precipitate causing partial solution of the precipitated
protein, To the suspension is added acetic acid-godium acstate buffer
pH L.6 and the mixture covered and heated on the steam bath for 20
mins The coagulated precipitate is then filtered, washed and weighed
as described under the heat coagulation method,

According to the author, all of these methods give sharply
reprods ible results and agreement between the vearious methods, where
applic:” le, is goods

A semi-microkjeldahl nitrogen method for determining protein



concentration may be required for ocertein tyﬁes of samples. A modification
of two methods (L2) (L3) has been used with great satisfaction. in this
leboratory. An all glass distillation apparatus with digestior tube
attached, (M-3065 Scientific Glass Apparatus Co.) is shown in Figure 39.

In meking a determination the digestion flask is removed and
2-5 ml of the protein solution (depending upon N content) are added, To
this is added 10 ml, of a digestion mixture of the following composition
per liter,

2 gms. copper sulfate
100 gms. potessium sulfate
200 ml, concentrated sulfuric acid

After the addition of a few glass beads to prevent bumping, the flask is
heated in & hood over & micro-burner, Heating may be rather repid at
first if frothing does not occur, but when the white fumes of sulfur
trioxide begin to evolve the heating must be cautiously observed to
prevent bumping and subsequent loss of material. The mixture must be
digested until it is cleare. The time required for this may be shortened
by using small quantities of perhydrol near the end of the digestion,
In adding thelperhydrol, remove the flame and allow to cool slightly;
add the perhydrol slowly down the side of the flask and then continue
heating., Several trestments of this type may be necessery. When the
digestion 1s complete, the flask is allowed to cool and is then attached
to the distillation epparatus. The receiving flask conteins 10 ml. of
saturated boric acid solution (L) and 10 drops of a mixed indicator (45)
(methyl red-methylene blue), The indicator mixture as deseribed by the
above auéhcrs hes been found to be unsatisfactory. Ball ([;6) has found
thet by adding one drop of aqueus oU5% methylene blue to 10 drops of agqueus

«02% methyl red at the time of using, the indicator changes from violet



Figure 39, Diagram of an 811 glass distillation

apperatus for micro~kjeldehl determinations,
(Courtesy Scientifie Glass Apperetus Co,)



(acid) to greesn (alkaline) with a definite intermediate grey color as
the end point. Fifteen ml. of sodium hydroxide solution (500 gms per
liter) is then added through the funnel and stopcock above the digestion
flaske. Steam is then passed through the apparutus until the volume in
ghe receivin;’fia;k totals about 250 ml. The contents of the recelving
'fiask are then titrated with standard acid to the grey end point. The
amount of protein origionally prosent is caloulated by multiplying the
amount of nitrogen found by 6.25,

Another rapid and roliable method for determining total protein
in serum was published by Kingslsy {Li7)e This methed is based wp~n the
blue ocolor developed im the biuret test for proteins (48). The procedure
calls for the addition of copper sulfate and sodium hydroxide to the
serum sample in such a concentration that precipitation is avoidede A
photoelectric colorimeter is used to estimate the amount of color developed
and standardization is accomélished by using diluted (0.85 per cent sodium
chloride) pooled blood serum and determining the actual protein concentration
by the Kjeldahl method. To determine total protein 0.1 ml. of fresh serum
(free from cells) is pipetted, from a Folin micropipette, into exactly Iy
mls, of 10 per cent sodium hydroxide solution, After mixing by rotation,
0.5 ml. of 1 per ccnt copper sulfate is added, The solution is shaken
vigorously 5 to 6 times, If the serum is jaundiced or lipemic, 2 ml, of
ethyl ether is added and the sampls is shaken vigorously for about 20
seconds. After étanding 25 minutes the solution is reed in a photelestric
‘¢olorimeter., The readings remain stable until opalescence appears, usually
about 1 houre The authors experimental results show that sxcellent checks
can be obtained betwesen this method and the Kjeldahl method., In addition to

detsrmining total protein, techniques ars reported for determining albumin

and globulin in serums
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BUFFERS, BUFFER EFFECTS AND THE PREPARATION OF BUFFERS

Emil Fischer (1889-1918) showed that amino acids ars the
primary decomposition products of proteins. Adams (L9) first suggested
that amphoteric compounds such as amino acebic acid exist largely in a
special state, called an inner salt

NHg : cnz-coa-

Bjerrun (50) coined the term "zwitterion" for this type of

compound., He pointed out that &ll of the amino acids existed in the

salt-1like double ion state,
NHS:R-COEQ
The zwitter ion theory changes the viewpoint on the reactions
of amino acids with acids and bases (51). "Acids react with the acidie
groups of amino acids and proteins, and bases react with the basic groups

of amino acids and proteins." The reactions between glycine and hydrochloric

acld and sodium hydroxide are represented as:

4 - -+ -
NHp=CHz=C00 + HC1 ———> NHz=CHo-COCH = C1l - (1)
+ - - -+

WHg=CHg=C00 + NaOH ———— > NHp=CHp-COO + Na + HOH  (2)
Proteins are multivalent ampholytes and exist largely as
dipolar ions in the neighborhood of their isoelectric point, They are
present as salts and possess a net charge at other reactions. The valence
of & protein might be expected to -influencs mobility in two ways (52):
(1) "the greater the valence the greater the net charge and thersfore
the greater the mobility (2) ,..the greater the velence the more the
activity ococefficients deviate from unity at any given concentretion and
the more the mobility will diminish from that which would obtain in

infinitely dilute solution."”



Since the sign and net charge of a protein molecule depend
upon the surrounding reaction (53) it is necessary that electrophoresis
experiments be carried out in suitable buffers in order to make
gomparable results,

From reactions (1) and (2) it should be evident that there must
be some pH value at which the sum and magnitude of the charges will be
equal resulting in an electrically neutral molecule. When a molscule 1is
ih this state it is said to be isoelectriec., The isoelectric point has
been defined in terms of electrical transport as: M"that hydrogen ion
concontration at which there will be a tendency for as meny cations to
migrete towards the cathode as there are anions migrating toward the
anode." (51)

The isoelestric point may be caloulated for ampholytes from
the apparent acidie, and basic, dissociation constants (54). Bronsted
(55) writes 81l ionization constants in terms of acid constants, By
considering an emino scid as a dibasioc acid this method can be applied
to the ionization of an amino acid, The following equations are essentially

those of Schmidt (54).
+ + - + + + +
NHaRCOOH T—> NHzRCOO + Hor R == R + H  (3)

+ - - + + - +
NHzRCOO +——== NHRCOO0 + Hor R<TZ R + H L)
+ +
aH . &R s
A GG (R ) er ) R (5)
altar” | (H*) (R ) (rH ) GRT)
k-4 -—-—T—u =
2 TR (&7 (G R2) (6)
where a = activity

o<

activity coefficient
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Multiplying equations (§) and (G) together

* R (1) (R) yE 2R
a H a R = :
KlKQ = N R+ (R"F) a,R" (7)

+ - >
At the isoelactric point (R ) and (R ) are equal. Hence, if I is

the value of (H') at the isocelsctrio point

2 +

I" = KK, %?iiﬁg (8)
R yH

If pI' is used to represent the value of pH at the iscelectric point,

wo have +
pI' = 1/2 {pK, + pK, = log ¥EX) (9)
yR®

where pKq and pK, are the nepgative logarithms of the acidic ionization
constants of the ampholyte. If the ampholyte has more than two lonizable
groups all of the ionization constants will be effective in determining
the locstion of the iscelectric poinbt. A complete review of the theory
of the iscealectrie point has recently been presented by Hill (56).

Several factors must be considered in choosing a buffer to
be used as the solvent in an electrophorssis experiment, These factors
are: (1) H-ion concentration, (2) total salt concentration, (3) ioniec
strength, (L) buffer capacity, (5) conductance, (6) solvent power, and
(7) rosolving power. These factors will be discussed in some detail.,

| H=ion Conscentration

It has been determined by many workers that there is a certain
hydrogen ion concentration or range of hydrogen ion concentrations at
which an ampholyte in solution has an equal number of positive and negative
charges and is electrically neutral (isoelectric point)., If an empholyte
is put into solution at a hydrogen ion consentration above its isoelectric
point the empholyte has an excess of negative charges and therefore behaves

as an anion in en electric field. Conversely, below its isoelectriec point

it behaves as a cations
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Equation (9) shows that the net charge on an ampholyte results
in part from the sum of its amcidic and basic dissociation constants,
Therefore any effect of the surrounding medium on the dissosiation constants
will be reflected by the sign end magnitude of the net charge cerried by
the molecule.

This effect can be illustreted by means of a general formula

for an amino acid,

WHa (+) THQ NHs (+)
{

R R B

( | |

coo (-) coo (-) COOH

(a) (b) ()

An amino acid in its isoelectric condition is shown by formula
(a). Now let us suppose that this molecule is placed in solution at a
pH value above its isoelectric point. Frese hydroxyl ions in the solution
combine with the coordinated hydrogen ion of the acidie NH;,+ group to
form slightly diessociated water and as a result the amino acid becomes
electrioally negetive (b). Placing this same molecule in solution at =
pH value below its isoelectric point results in free hydrogen ions
combining with the basic CO0” group leaving the molecule elesctrically
positive (c). The greater the difference in hydrogen ion concentration
of the ampholyte in solution from its isoelectrie point, the larger the
magnitude of the charge. This point is well illustrated in Figure [0 in
which the chenges in mobilities with varying pH at constant ionic strength
and potential gradient for the components of normal bovine serum are shown
(57)

Whether a mobility determination should be carried ocut at a pH

above or below the isoelectric point of the sample depends on several
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Figure L0, Mobility-pH relstionship of
cow serum. (San Clemente end Huddleson, 57)




factors: (1) the pH of the isoelectric point (2) the stability of the
sample in acidic and basic solutions, end (3) the solvent power of the
buffer at a particular pH valus.

In addition to this charging process which results from the
affect of the solvent on the dissociation constants of the protein, are
to be econsidersd the following: (1) polarization effeets resulting
from a charge approaching a surface and inducing a separation of charges
on the surface of the molecule (58), this induced moment in turn may bind

the charge to the surface, (2) ion palr formation due to the fact that

coulombic forces (59), (3) a specific chemical reaction can determine
the charge on protein surfaces (60). Hydrogen bond formation would be
of the latter type.
Salt concentration
The effeots of salt on the mobilities of proteins are of
two kinds (61). The first effect is concermsd with the ion atmosphere
- surrounding the protein. It is non-specific and depends upon the
contrivution of the salt to the lonic strength, This effect will be
discussed in more detail later, The second effect results in an actual
chenge in the charge of the protein. This intersction is highly specifiec
and can be the result of (1) chemical processes, (2) ion pair formation,
or (3) adsorption of the ion on the protein,
Figure L1 shows the effect of adding salt at & constant pH to
an ideal spherical protein molecule., At each pH value the mobility
deoreases as salt is added. Abramson points out that with a real protein
the net charpge and isoelestric point would usually be affected by the
addition of salt, 1In addition to these two effects the solubility of

the protein in salt solutions should be sonsidered,
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Figure Ljl. The electric mobility of an ideal

spherical protein in various concentrations of
salt, (Abramson, Moyer, and Gorin, 1)
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Ionic Strength

X~-ray studies have shown that a orystal of sodium chloride
does not contain molecules of the salt, but in contrast the crystals
are composed of sodium and chloride ions arranged in a definlte order
called ths ion lattice., If a crystal is placed in water the ions are
separated from the definite lattice form and are distributed throughout
the watere. According to this evidencs, sodium chloride is 100 per cent
dissociated in any solution. However, the apparent effects of wvarious
concentrations as measured by colligative properties, vary widely,
Lowis (52)
variations of strong electrolytes., The activity theory applied to
strong electrolytes considers these electrolytes to be 100 per cent
dissociated in all cases, but that each ion possesses an activity or
capacity %o function as en ion asccording to the concentration of ions
surrounding it, From known behaviours of particles possessing like
and unlike charges it would appear that an ion, surrounded by other
ions of the same an&iopposite charges, would possess vaerious adctivities
according to varlations in the concentration of the surrounding ions,
The apperent or effective concentration of a substance in solution as
shown by its properties, is termed its Mactivity." If a 0.1 molal
solution of a strong electrolyte appears to have an activity in lowering
the freezing point corresponding to only 0.08 molal as based on theoretical
activity (concentration = 0), the value of the aotivity a is 0.08, In
gensral the activity of an ion decreases as the ionic concentration
about it inecreases,

Lewis defines the activity coefficient as ths ratio of

activity a to molal concentration ms



t
} 10

"o —
Y= (10
If 0.1 molal eleoctrolyte shows an activity of 0.08 the activity

coefficient at this conesntration i:,

X" 0008 = 0‘8 :
0.1 (11)

The activity coefficient equals unity when the concentration
equals C (theoretical)s

Equation (10) may bs rewritten:

by the concentration.

The activity coefficient depends upon the total ion concentration
regardless of source. This effect is en electrostatic one and the charges
carried by the ions are a determining factor. Lewis has used the term
"{onic strength®, u,to include all of thess lonic effects. His equation

for determining the ioniec strength of a solution is:

u = 1/2 E:CVZ where 2_= sum, C = concentration and

V = valence of the ion, (13)
In dilute solutions the activity coefficient of a given strong electrolyte
is the same in all solutions of the same ionic strength.

Gorin (63) states that variations in the ionic strength at

constant pH can effect the electris mobility of proteins in two ways,
(1) a changs in ion atmosphere will occur, and (2) a change in the charge
of the protein might occur dus to specific interactions with the ions of
the buffer. However the influence of ionic strength on mobility is determined

by the type of Yuffer employed., Cannan (&) has shown that with uni-univelent



electrolytes the influence of ionic strength on the net charge pH ocurve

is not very great, Buffers made of salts of other higher valence show
very marked differences in mobilities with change in ionic strength at
constant pH (52). "At an ionic strength of 0.02 and a pH of 5.65 a
mobility of 10.3 x 10"5 cm ?/ sec/%olt was observed for carboxyhemoglobin,
in phosphate buffers at 25°C. At the same pH this mobility was reduced
to 2.7 x 10'5 at an iorlc strength of 0,15. At the lower ionic strength
this mobility was observed at pH 6.7, 4 change from 0.15 to 0.02 in

jonic strength thus produces & change in mobility in these systenms
equivalent to a change of over one pH units”

Tiselius and Svensson (28) have investigated the effect of
phosphate bufferas of constant pH and varying ionic strength on the
mobility of egg albumin, The results of thelr experiments are shown
graphically in Figure L2,

Not only the observed mobility but the apparent isocelectric
point is a function of the ionic strength. Smith (65) has summarized
the results (see Figure Lj3) of the effect of various acetate buffers on
the isoelectric point of egg albumin adsorbed on collodion particles.

Longsworth (35) has found that although ascending anc descending
pattern asymmetries are reduced by increased ionic strengths, improvement
is generally more marked if the increase is due to a buffer salt, which
simultaneously raises the buffer capacity, than to a neutral salt,
Substituting one monovalent salt for another or neutral sodium chloride
at constant pH and ionic strength, does not result in appreciable changes
of mobility. However, changing from a univelent buffer salt mixture to

one containing the divalent HPO4 = ion has a marked effect on the mobilities

(66).
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Figure 2, Mobility of egg albumin at pH 7.10,

T = 0,5°, and varying ionic strengths. Upper
curve: ideal mobility, celculuted on the
assumption of free ionic migration. Lower
curve: celeuleted mobilities on basis of the
Debye-HlokeleHenry theory. The crosses repre sent
the observed velues. (Tiselius and Svensson, 26)
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Buffer Capacity and Conductance

The buffer ehosen as a solvent should have a high buffer
capaeity itself so that the protein buffer capacity is relatively
reduced, This will result in fewer boundary anomalies (567). A buffer
with & low specific conductance is desirable in order %o reduc: the
disturbances due to the heating effect of the current. The generation
of heat results from the frietion of the ions passing through the sol-
ution and is related to the speed of migration of the ions. The speed
of migration of ions (mobilites) can be caluclated by combining conduct-
ivity and trensference numbsr meassurcment "
an eleotrolyte expresses the fraction of current that is carried through
the solution by the anions, so that multiplying the equivalent conduct-
ivity of an electrolyte by this quantity gives the mobility of the
anion' (68). Table {1) shows the mobilities of & number of ions in
vater at 18°C, Since the lithium ion has a lower mobility than either
the sodium or potassium ion its salts are preferred in making up buffers.
IThis allows relatively mores current to be carried by the protein ions
and is desirable since there is an upper limit to the total currsnt which
can be used to avoid convection artifacts dus to electrical heat (69).
Both buffer capecity and conductence incresse with the concentration of
buffer salts, and it has been pointed out that because of this incompatibility
a compromise must be made (67). Since :?fer capacity does not depend upon
ionic mobilities, buffler salts and ions ~hiech have low mobilities should be
selocted wherever possible.

Solivent Power and Resolution
The sample to be ﬁsed in an electrophoresis exberimsnt should

remain clear when adjusted with the buffer solvent. If a precipitate



i3

TABLE 1

. Mobilities in Water at 18°C

(em./sec. x 10“5)

Ton, Mobility Ion, Mobility
H 316,55 N0z 61.74

CNS 56.58
Li 33,28 Picrate 25l
Ne Li3.29 Clo, 56
K Al N(CzHs)a 28,1
Rb 67.5 HCOO L7.0
Cs 67 .65 HCOg Lo,
Ag 53477 Ca 51.3
T1 6547 Sr 53.5
OH 176.6 Ba 5561
F oo , L6.65 . . Mg bpes2
cl 65.01 Zn L5.5
Br 671 cd L5.9
I 67 Cu L5.9
€103 5lie 0O Pb 60.5
BrOs L7.9 S04 68,0

105 3,02 C204 61.5
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develops and represents a quantity that can be detected in the electro-
phoretie patterns, then the patterm is not a true one, Buffer solvents
for use in the electrophoretic enalysis of human plasma and serum have
been studied at length by Longsworth (35). Table 2 summarizes his resulis.

The results of these experiments show that in resolving power
nona of the buffers are superior to the diethylbarbiturate solution at pH
8she Colum B gives the ratio of the maximum refractive index gradient in
the descending albumin boundary to that in the rising albumin boundary. IT
furnishes an index of the symmetry of the patterns, the value approaching
unity in the ideal case.

Figures l;, L5 and ;6 show the differences in resolving power of
three different buffers at the same ionic strength and potential gradient
on normal bovine plasme, The patterms shown in Figure ll; were obtained in
& barbital buffer of pH Bo6 and u 1. The various components are well sepa=
rated from eacsh other and the peake are sharp and well defined. In addition
the descending and ascending patterns approach each other symmetrically,
Pigure L5 obtained from an experiment carried out in a phosphate buffer of
pH 7;7 and u le shows & merked asymmetry between ascending and descending
patterns end the seperation of the alpha globulins is incomplete, Figure L6
shows the same sample separated in a carbonete buffer of pH 9,0 and u 1, The
descending pattern shows a poor separetion of the various components end the °
globulin has not separated from the elbumine The peeks are not sharp and well
defined, In contrast the aescending albumin peak is so steep that it could not
be cempletely recerded on the plate,

Treparetion of buffers of known pH and ioniec strength

‘endersen (70) and Washburn (71) simulbtenecusly charscterized the
equilibriw.: of a buffer solution in terms of the lew of mass ection, aesrming
that the cencentration of the negative ion approsched the total ccncentration

of salt and that the concentration of the undissocieted acid is equal to the



Bufler solutions used as solvends for the electrophoretic analysis of human plasmas and scra

" @@ } (5) (© | (1) (8 ©
gy o | ta ,
BUFFER u I 2 ><= ; 5‘ g % é ? E é
= * P a z n e
0.1 N NaCaet-0.02 N HCae ..o 0.1 | 6.8 3.100 P 1:2) 1 065 Yes
0.008 1 Nall,PO, 0,064 M NaoHPO, . 0.2 7.7/ 4810 P 1:2] 6§ 0.39] Yes
0.004 M NallPO-0.032 M Na PO, 0.1 1 7.702.620 8 L4 51052 Yes€
6.025 N LV 0023 N HV 0023 N LiCH . 005 1 7,901,060 P14l 51 0.75) No
0.025 N LiV 0,025 N HV-0.075 NV LiCL .. 0.1 [ 7.903.97) 8 1] 4 0.75 No
0.025 N LiV-0.025 N HV 0.0675 N LiC1-0.0025 : |
M CaCly .t 7.9 4000 s 14 4 1070 No
0.02 N NaV-0.02 X HV-0.08 ¥ NaCl_. . jo.1 1 7.9]5.13 P 1:20 5 0.5 No
0.04 N NaV 0.02 N HV-0.06 N NaCL.. 0.1 | 8.2 4.58 P 1:2] 7 10.56 Yes9
0.025 N NallCO: 0.1 N NaCLooo 0.1250 8.2] 6.64] 8 | L4 45,0.54 No
018 NaV ooy V. 01 | 863.03) P 1:20 T 0.8 Yes
0.1 N Liv-o02 N UV o 0.1 | 8.6/ 2.4 P 1 1:2) 7 1081 Yes€
0.1 N NaOH 0.6 N glyeine ..o 0.1 1 9.00 3.48 P 1:2] 6§ 0.49] Yes®

*With o dilution of 1:2 the new tall eenter seetion was used, otherwise the old short
section,
i Cae = cacodylate.

t Partial preeipitation of the proteins oceurred in this buffer solvent.

§ Incomplete separation of a; from albumin.,

€ Reparation was less complete than in 0.1V NaV at pH 8.6.

IV = dicthyibarbiturate.

Table 2. A summary of the electrophoretic
analysis of humen serum snd plasma in & wide
range of different buffers. (Longsworth, 35)

)



Firure Lu,,

Flectrophoretic houndaries of normal bovine plasma diluted
to 1.5 per cent in tarbiturate btuffer of pH 8.5 and ionic strength 0.1,
Zlectrophoresis carried out for 10,000 seconds at a potential gradient
af 6,10 volts per centimeter, :

(AP S LN N

Boundaries photographed by the schlieren
scanning method,

€
Fa -

Firure ;5. Elsctrophoratic boundaries of normal bovine plasma diluted
to 145 per cent in phosphate buffer pl 7.7 and ionic strength O.le
Elactrophoresis carried out for 10,000 seconds at a potential gradient

of €.V, volts per centimeter. BRoundaries photographed by the schlieren
scunning method,



Fizure h6 mlec*rophoretic boundaries of normal bovine vlasma diluted
to 1 5 per cent in carbonate buffer vH 9,9 and ionic strength Oule
Zlactrophoresis carried out for 10,000 seconds at a potential gradient

5408 volts per centimeter. Boundaries photographed by the schlieren
scenning method,
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total concentration of the mcide This is expressed as:

“ - 1t .
(B8) =k (iﬁm% (L)

where salt and acid refer to concentrations and K is the apparent
digsociation constant.,

Hesselbach used SBrensens term pH and used the sbove
relationship in its loga~ithmic form,

H = pK = 1 )
PR T BR T S0k eid) (15)

Michaelis and Krllger (72) found that diluting phosphate
buffers with water caused the reaction to become more alksline which
indicates that pK does not remain constant, Cohn (73) made an extensive
study of this phenomena and found that pK varies with the lonic stremgth
and is constant only at infinite dilution. He introduced the activity
coefficients of the =alt ()?) and acid (a}) inteo the Henderson Hasselbach
equation, and sccounted for these deviations. In place of log ;E:;;

a new value pK! can be introducted for pK and this new velue is such
that it corrects for the activity coefficients. (7L)
pH = pK - log -S22% - log -f’;;/-;- o 16)

That neutral salts may have a marked effect on the pH of
buffer mixtures has been demonstrated by Robinson (75). Tables have
been prepared by Cohn (73) (76) and extended by Green (77) from which
the molecular ratios of salt to acid can be obteined in preparing
phosphate and acetate buffers of constant lonic strength and varying
pH or constant pH and varying ionic strength,

For routine laboratory purposes the small correction due to

the change in activity coefficients is neglected and the Henderson

Hasselbach equation is used with the pK wvalue to determine buffer
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compositions. A list of the pK values of the more common acidés used

for buffer mixitures in electrophoresis work is as follows:

Acetic - L8,

Barbituric - T.90

Cacodylic - 6.20

Glycine - 2,35, 9.77

Phosphoric - 6,77 (socond dissociation)

Following are several examples of the type of buffer problems
that arise in practloe,
Exemple '» Prepare a sodium acetate-scelic acid buffer of
pH L.3L end u 0.1  (pK acetic acid L.&4),
(salt)

pH = pK + log o=\
ilacid)

. = L. Y salt)
Lasly = L&, 0f x
}_L.}L} ad L;,al_ = ".30
logarithm =-.30 = 1,70
. s ratio of %EELB% = L8501
acid
Since weak acids do not contribute appreciebly to the ionie
strength (69) the salt concentration has to be 0e]l M in order to give
an ibnicbéﬁfength of .1
.f.l = Jh01
x
X = ,1997-molar concentration of acetic acide Therefore a mixture
being .1 molar with respect to sodium scetate end 1997 molar tc
acetic acid will have a pH of L.3, and ionic strength 0.1,
The ionic strength of this solution may be checked using
equation (13).
2 2
u=1/2 ¥(.1) = (1) + (1) x(1) = 0.1

Example 2. Prepare a sodium phosphate buffer of pH 5.59



and u 0.2, (pK second dissociation constent phosphoric acid 6.77)

(salt)
Tacid)

(salt)
Tacid)

5.59 = 6,77 = -1.18

5.59 = 6.77 + log
5,69 =~ 6,77 = log

logarithm -1,18 = 2,82

° N (S&l‘b) =
s o ratio of m 0066

By substituting the value x (acid concentration) and 066 x
(salt concentration) in equation 13 the molecular concentrations of acid
end salt to be used mey be calculated, Equation 13 must be used in
making this caleulation since the acid in this case contributes to the
ionic strength, It will be recalled that the ions contributing to the
ionio strength are.
NagHPO, —— Ne® + NaHPO,”+—— Na' + HPO,

and .
N&HQPOQ“: Na + HpPO,

Then:
, 2 2 2 2
0:2 = 1/2 (x) x (1) » (x) x (1) + (+086x) x (1) + (+066x) x (1)
+ (o006x) x (2)2
Oudi = x + x + 0,066 + 0,066x + 0.26lx
0.l = 2.396x
x = 1.669 = molar concentration of acid
0,066 x 1,669 = 0,0110 molar concentration of salt
Example 3. Prepare a diethylbarbituric acid-sodium

diethylberbiturete buffer of pH 8.6 and ionic strength 0.2.

Bob = 7,9 + log ssalt;
Tac

(salt)

8.6 = 7.9 = log Teola)



806 =79 = 0.7
logarithm of ratio = 0.7
e . (salt) - o1
o o ratio of Tootdy Se
Since the mcid does not contribute to the ionic strength

the salt concentration has to be 0.2 M,

22 =5,01
x
X = ¢0399 = molar concentration of acid,

However the salt is nét soluble to the extent of 0.2 Mse In
a case of this type the buffer salt and acid concentration mey be
decreased in the seme ratio and the ionic strength may be inersnsed
by using a neutrel salt such as sodium chloride, In the above example
we cen use 0.1 M salt and .0199 M acid (the seme ratio) and make the
solution 0.1 M with respeot to sodium chloride. This gives the desired
buffer composition, The salt may be prepared by adding an equivalent
of sodium hydroxide toc an equivalent of the acid.

The ealeculation of ionic strengths iIs facilitated by the
following generalizations, The ionic strength of any uni-univelent
compound 1is equel to the concentrationa

0IMAB—= A" + B

w = () x (1)° MEE: 1) = a

Likewise for & uni-divalent compound..

2 2 o
us (1) x (1) + (1) x (lg x (1) + (1) x (2) x (2) = o3




A di-divalent compound has an ionic strength equal to L times

the concentretion

JaM aB T aY 4 B

w o= (1) x (2)° (1) (2)2 = o

Teble (3) shows the compositions of severel different buffer
mixtures that have been used by Longsworth and his associates. The
barbital buffer of pH 8.6 and ionic strength Q.1 has been highly recommended
as superior to other buffers for use with human serume It resclves the
various electrophoretic components appéaring in the ascending and descending
patterns into more symmetrical patterns of humen serum than do other buffers,
(78)e Equrlly good results have been obtained ' sur laboratory on bovine,
guinea plg ,, and fowl serum. The symmetry and asy metry of patterns
obtained with the various buffers under similar cocnditions of electro-

phoresis are illustrated in Figures hLl;, L5 and L6,



Buffer Composition pH
0,02 N HC1 = 0,08 W NaCl 78
Osl W HC1 = 005 W Glycine 305
0,02 N NaAc=0.2N HAc - 0,08 N NeCl 3,62
002 N Naaco=0.1¥ HAc = 0,08 N NaCl 391
O0sl N Nado = 0.2 N HAc h;3hf
0.1 N Nasc = 0,15 N Hie LaliT.
0.1 XN Naic = 0,1 X Hic L6l
0.1 N NaAc - 0402 N Hae 555
0.02 N NaCac = Qo1 N HCac=0,03 W NaCl  5.42
0.1 W Nado = 0,01 ¥ Hic 565
0,02 W NaCac = 0,02 N Heace0,08 N NaCl 6.12}
0,02 N NaCac = 0,004 N HCac-0.08 N NaCl 6,79
0,02 N NeV = 0,02 NHV = 0,08 ¥ Na C1 7.83
0el N NaV = 002NHTV 8.6
0,1 N NaOH = 0,02 N Glyoine 10428
0.1 N NaOH - 0,125 N Glycine 10.88
Osl N NaOH = 0ol N Glycine 11.81
Ae = Acetante
Cg; : Cacodylate

TABLE 3
BUFFER SOLULIONS

Ionie
Strength

ol
o1

oX

1

© -

ol

ol
ol
sl

ol

o1l
o1
o1

ol

Diethyl Barbiturate

Gms,/1000 ml,
HC1=,729)
BC1=3,A5,7
Nafe-14,08
Nedc-1,51,08
NaAc=8,20]
Naac=-8,204
Nadc=8,29,
Nedc=8.2,0L
HCac=15,5588
Nafc=8,20l
HCac=5,5196
HCac=3¢3117
HV - 7.3576
HV - 22,1028
NaQH={;,001
NeOH=l,001

NaOH=l;.091

Gms,/1000m1.

NaClel; o676

Glyoine-37,535

HaC=12.010
HaC=5.005

HaC-12,010
HaC=9.,0975
HaC~5.005

HaC=1,2010
NaQH=-,8002
HAC = A005

NaOH-.58002
NeQH-.83002
NeOH~,8002

NaOH-=L;.001

Glycine 1,501
Glyoine 9.,3837

Gl ye ine Te 507

Gms/1000 ml,

NaCl L676
¥aCl L.676

i
\J1
&)
i

Nacl L1./76

NaCl LA76
NaCl L.676
¥aCl }-J-0676



CONDUCTANCE MEASUREMENTS

In order to calculete the mobilities of the various components
in an electrophoretic pattern it is necessary to first calculate the
potentisl gradient maintained throughout the cell during the electrophoresis
experiment (see section on caleulation of mobilities)e In order to meke
this calculetion the specific conductance of the protein solution and buffer
must be known, In this commecticn e brief summary on the thecry and measure=
ment of conductence is presented,

"eesThe passage of electricity in electrolytic conductors is

verized Ly the wovement of mmiter, that is to say, by particles
larger than electrons, in contrast to metallic conductance in which the
movement of electrons elone is involveds The carriers of electricity
have both positive and negative charges. In a solution of sodium chloride
in water, & portion of the current is meinteined by the movement of sodium
ions in = positive direction, and snother portion iz due to chloride lons
traveling in a negative direction" (79).

The specific resistance of dan eleétrc1y£e”may be defined as
the resistance in ohms of & colum of solution 1 cm. long and 1 sqe eme

in eross sectione

Specific conductance L is the reciprocal of specific resistance
(80), 1
L=% (17)

Since specific conductance is the reciprocel of specific

. resistence and is expressed as reciprocal ohms, indireet methods may

be employed to memsure the conductivity of s solution, If the resistance
of & solution to the passage of en electric current between two electrodes

B

imuersed in the soluticn is determined, the specific conductance can he



caleulated,s A diagram of a Wheetstone bridge apraretus adaptable to
such measurements is shown in Figure ;7. The current passes from $

to A where part of it is allowed to pass through the unknown resistence
Ry (solution in cell) and the knmown adjustable resistance Re; The rest
of the current passes through the slide wire resistances R; and Rh; D
is the current detector (earphones or some suitable device) and when it
shows that no current is passing between C and F the fellowing reletion-

ship holds,

(18)

Since eny current that passes from an electrode to an electro-
lyte causes a chemicel reection, special precautions have to be teken
or the ecurrent used in making’the resistonce measurement will ceuse &
chemical change in the solution. These changes ceuse veristions in the
conductance and new potentiels are developed at the electrodes. The
%érm useﬁ o éeécribe ghesé cﬁangéé is‘polariéafién.’ Téyove}ccmé this
polerization effect a high frequency oscillating aelternating current is
employeds In this manner any change that occurs in the positive dirsction
tends to be immediately reversed in the negetive direction,

In our leboratory the current source of the conductivity
epparatus is maintained from three dry oells connected in series. The
current passes through an audioc oscilletor (Type 213-General Radio Co)
which gives a high frequency alterneting current of & pure sinewave
type;

The conductance cell itself Figure Li8 is of the Shedlovsky

type (41), (82) (Hopf Apparatus Co)s "The electrodes c¢c=¢ ere hollow
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Figure 7. Diagram of a Wheatstone bridge
apparatus used for conductance measurements.
Explanation in text,



s { )

Figure L8, Shedlovsky type conductance cell,
Desoription in text. (Longsworth, Shedlovsky

and MacInnes, 82)



pletinum cones and are sealed to the gless walls of the cell, and make
contact with mercury in the tubes t-t by means of pletinum wire fused
into the glass. Due to the relatively unimpeded flow when the cell is
filled by means of the tubes f«f the proiein solutions do not foams The
glass rod r-r is used for strengthening and the projections ere used for
supporting the cell,." |

A cell of this type is easily filled by means of a gless syringe
end stainless stesl neecdle,

Since it is not practicle to prepare a conductivity cell whose
electrodes are exactly 1 sg. cme in area and exectly 1 cm. apart, equation
(1€) cannot be used to calculate the specific conductance., However the
¢cell can be standardized using a sclution whose specifiec conductance is
knowvn end the equaetion is then applicable. Potessium chloride is well
suited for a stendard since, (1) it is easily purified, (2) is non
hygroscopie, (3) sufficientiy soluble, (L) steble both in solid form
and in solution, and (5) is non peisionous to the electrode. Unfortunately
 the experimental results reported by various workers for the specific
conductances of potassium chloride standard solutions vary widely. Jones
end Bradshaw (83) have very carefully and painstakingly redetermined the
values of several concentraticns of potassium.dhloride, They point out
that since atomic weight values change from time to time, and are very
apt to change in the future, molar, normal etc. sclutions should not be
used as standards, They defimne their standards in terms of weight of
potassium chloride per kilogram of solution corrected to vecuum. Their
one "demal' solution contains 71,1352 grams of potassiwm chloride per
1000 grams of solution in vacuum. In preparing standards these authors

recommend that the use of "ultra-pure" conductance water be avoided and



that conductivity water prepared in contact with the laboratory air be
used, They prepared suitable conductance water by sweeping out the
conductance water container with air feed from carbon dioxide and ammonia
and by bubbling the air through the waters. In practice it has been found
that if distilled water is redistilled in a seasonsd glass vessel and
condenser with ground-zlass joints water can be obteined with a specific
conductance of about 1 x 10"'6 reciprocal ohms if a small amount of
potassium permangenate is added to the distilling flask (84). Carbon
dioxide can be removed as previously suggested, The constant walues
table

L.

Speoifie Conductance of Standard Potasiium Chloride
Solutions in Ohms ~* ome ~

Concentration (Demal) Grams KCl per Speecific Conductance
1000 ge of soln,
in vec, 0°C 18°¢C 25°¢c
1D 71.1352 0.065176 0.097838  0.1113,2
01D 741913 ,0071379  ,0111647  .0128560
0.01D 745263 <0007736l;  +00122052 0010877

The specific conductance of the water was determined beforehand
and subbracted from that of the standard solution.

The following equation may be used for correcting weights to

vacuum (85) (86)

i_ 1
M“m'*mda(-a-m T (19)
Where M = wt, corrected to vacuum
m = apparent mass
de = density of the air
dm = density of the mass (m)
dw = density of the weilghts

Having determined the resistance of a known standard solution,

&t 8 definite tempersture, the cell constant K can beé caloulated by means



of the eguation,
K = IR (20)
or

K = R( '12%%%:?“"‘ ) L (21)

Assuming the slide wire Figure [y to be divided into 1000
divisions the specific conductance of an uninown solution can now be

determined from its obssrved resistance, by the following equation.

L= ( 1202'& ) X (22)

- The cell constant should be roechecked occasicnally, using
8 stendard solution.

It has been found advisable to clean the platinum elsctrodes
thoroughly before restanderdizinge. Concentrated sodium hydroxide or
concentrated sulfuric mcid plus a few drops of perhydrol have been used
satisfastorily as cleansing agents,

- Consliderable diffieulty is often encountered in duplicating
results with the earphone method of determining the null point. This is
due to the fact that the null point appears to cover several scale units
on the slide wire. An electronic nugpoint indicator using a J5 slectron
tube (87) (88) has been modified and adapted (89) for determining the
point at which the bridge is balanced, The wiring diagrem of this
apparatus is shown in Figure L9, The point of balance is indicated
visually by means of e fluorescent target. This meticd of determining
the null point is very acourate and varying the resistance Ho as 1ittle

as 0,1 ohm causes a visible shange on the target.



ALTERNATING CURRENT B8RIDGE OETECTOR
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Figure Lj9., Diegram of an electronic null point
indicator using a J5 electron tube. {Clark 89)
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In order to improve this accuracy of the meesursment the slide
wire may always be sot at 500 and the null point adjusted by meens of the
resistance box, Wﬁth this retio of 1 - 1 for the slidewire the specifie
oonductence is calculeted from the equation,

| L= £ (23)

A Kohlraush slide wire bridge (Leeds and Northrup #,04669) in
cornjunction with & 1000 ohm varieble resistance box (Leeds and Northrup
#167699) ecompletes our conductence equipment.

4 consiceretion of the "Domnan equilibrium" will show that the
conductance of the two solubtions (buffer end protein) will always vary
slightly even after prolonged dialysis of the protein solution against
the buffers. This is due to the fect that the protein solution contains
proteiﬂ ione which cannot diffuse through the éemipermeable membrane,

Two gases seperated by a membrene permeable to both will diffuse
through the membrane in both directions, sc that at equilitrium the mixture
will have the same composition on both sides of the membrene, If two

soluticns of different concentration are separatedrin the same manner and
| if fhe'membranevis perﬁeaﬁle to thh4501ﬁt9 and solvent, equilibrium will
be attained wheh the liquid on both sides of the membrane is identical,

Domnan found that very different conditions prevail when the
membrene is impermeable to one of the ions (90). Consider a protein in
solution above its isceleetric point beiﬁg dialyzed against a potassium

chleride solution. The original state ean bs represented as

=
)
+

K +

i)
8

Cl =

[——

end the state of equilibrium as,



Na + X +
K + Na +
P - Cl -

Cl -

The osmoiic pressure of the two solutions are equal but the
system containing the protein ions will have a lower eonductance. Small
differences in pH between the two systems can also be explained by in
this mannere

Inasmuch as the electrophoresis cell is maintained near 0°C
durlng & run Vhe conducbance ls measured with the conductence cell in
e Dewar flask containing ice and water., The conductance of both the
protein solution, Kp, and the buffer solvent, Kp are determined and the

two averaged together for purposes of ealculation,



TREATMENT OF ELECTRODES AND ASSEMBLING AND FILLING CELLS AND
ELECTRODE VESSELS.

Current is supplied to the electrode vessels from the silver-
silver chloride electrodes et E and E', Figure 56. These electrodes
ere shown in deteil in Figure 50. They are composed of a flat strip
of corrugated silver sheet wound in a tight spiral, The ends of the
spiral are anchored intc the core with silver sorews. & hollow silver
tube insulated by & glass tube is also threaded into this core.

When an electric current is passed through the electrodes an
oxidation takes place at the snode and a reduction at’the cavhode, 1IN
the presence of potassium chloride, chlorine ions lose an electron and
are deposited on the silver encde. While at the cathods, chlorine ions
are given off to the surrounding solution as the chlorine stoms in the
silver chlorlde electrode gein en electron and become ions, Because one
side of the assembled cell is closed off and the other remains open, the
fittings on the electrodes are different and cannot be used interchengably.
Tt is then necessary to occesionelly reverse the current through the
electrodes to remove chloride from the anode and deposit it on the cathode.
In carrying out this operation the electrodes are immersed in N HC1l in
separate leakers connected with a liquid bridge end the former cathode
is now made the ancde, A direct current of 10 milliamperes is then
pessed, Hydrogen will be liberated at the cathode after the electrode
becomes dechloridized end en adherent brownish purple deposit of silver
chloride forms et the ancde. After a time ges begins to be liberated
at the anode also. When this occurs the conﬁections are reversed and
the silver chloride deposited on what was origionally the cathode until

it begins to gas, The oonnections are then reversed and another cycle becun.



Figure 50, Detailed sketch showing electrode
construction, A, side view and B, top view,
(Longsworth end MacImnes, &7)



This is repeated until the desired capacity is obtained, It will be
observed that with each cycle more silver chloeride can be formed before
gas evolution begins at the anode than during the previous cycle, More-
over, as the depogit of available silver on the one electrode and avail-
eble silver chloride on the other are thus buillt up, heavier currents
can be carried by the electrodes without blistering or peeling of the
deposite Longsworth (91) using this method has built up electrodes with
a capecity of 500 milliampere hours that are capable of carrying currents
of 100 milliamperes without blistering.

In our laboratory electrodes with a capaociiy as high as this
have not been obtained with the above method., However, by using the
geme errangement and sterting with a low current, say 5 to 10 milliamperes,
and reversing the current when gassing cceurs at the anode snd gradually
inereesing the current up to 50 to 60 millemperes, capacities of the above
order have been built ups

If one is chloridizing new silver electrcdes they should be
momentarily immersed in concentrated nitric acid followed by thorough
rinsing. This cleans the electrodes and etches the silver surface
slightly and favors the formaticn of an adherent deposit of silwver chloride
(69)s 01d electrodes cen be cleaned, but with loss of silver by disselving
the silver chloride in a concentrated solution of potassium cyanide
followed by the nitric acid treatment (69). Greaée is easily elimineted
from electrode surfaces by dipping in an organic solvent\such as ether
or acetone followed by distilled water. The electrodes should be immer sed
in distilled water when not in use,.

There sre two widely used types of electrophoresis cells, The
four pisce separation cell designed by Tiselius and the three pilece cell

designed by Longsworth., These cells are diasgramatically shown in Figure 51,



Flgure 51, Diasgrametie drewing of electrophoresis
cells, B, bottom section, and C, top section used
with A, single center gection or D, double center
section for separation studiess (Courtesy Klett
Mfgo Co.)



The top end bottom sections are the same for either cell, but with the
separation cell the single middle section is repleced with two smaller
sections, Both types of middle sections are shown in the above figure,

Figure 52 shows a diagramatic drewing of the assembled four
section oell that was first smployed for separation studies and illustra~
tes the method of assembling the cells, Fach section is comnected to
the other by means of flat horizontal ground glass pletes that slide
from side to side st the planes e-a', beb', and c-c's A uniform U
shaped channel d-d' of rectangular cross section runms through the cells,

& top view of the center section is shown in the lower part of the

figpure. The other type of cell Figure 53 has the center two sections
inocorporated into a single section with the elimination of the bebt

plane. The rack en pinion device designed by Longsworth (92) and used

to slide the cells from side to side in order to separate the channels

is shown in Figure Sl "The rod &, of Figure 5l -a&, carries a pinion,

P which engages the reck, r, cerried by the collar, &s The rod, &,
slides vertically through holes in the supporting frame while e tongue,
t, Figure 5L b, of the collar moves in a groove, g, in the bar, b, and
prevents the collar from rotating when the rod is turned., The rod a’,
Figure S5 -a, carries a gimilier reck and pinion arrangement for displace=
ment of the cell sections to the left, The racks, r, and r', are provided
with pins to limit their movement."

In essembling the cells some provision has to be made for sealing
the plates of the separate cells together and at the same time permit the
cells to slide from one side to the other. Tiselius recommends the use of
veseline thimnned with paraffin cil (2 parts to 1) for this purpose. How-

" ever, this proportion has to be varied depending upon the viscosity of
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Figure 52, Diegrematic view of lj piece separation cell, I,
top section showing arms used to connect cell with eleotrode
vessels, II, and III center seotions of cells attached at
plenes a-a'!, b=b', and c-c's IV, bottom section of cell,

B, top view of bottom section. (Longsworth and MacInnes, 67)
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Pigure 53, Eleotrode vessels and cell in supporting ocarrisge.
(Courtesy Klett Mfg. Co.
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the perticular lot of vaseline used. If 2 parts of medicinal vamseline

are melted and one pert of paraffin oil added, and the mixture allowed

to cool a suitable lubricant may result. On the other hand the preparation
may not be viscous enough to seal the plates of the cell together or the
mixture may be so viscous at zero degrees that it does not psrmit the
various parts of the ¢sll to be slid over each other. In either case &
suitable viscosity may be obtained by remelting and adding either vaseline
or paraffin oil., Stern (7) recommends the use of "celloseal" for this
purposes

r surface of the lower section

is covered with a thin film of the lubricant, This is worked around the
surface with a finger, being careful to keep it out of the ochannel, The
lower surface of the center section is then treated in the same manner,
These two surface are then superimposed and gently slid over each other
until all air bubbles are removed and the two sections are sealed together.
The top section of the cell is then attached in the same menmner. The two
metal clips used in sliding the cell sections over are then imserted in
the position shown in Figure SL. These clips serve to evenly distribute
the pressure from the rack end pinion device. The assembled cell is

then placed in the supporting frame, Figure 55 and secured in position

by spring clips. The electrode vessels are then fastened in their
respective positions in the freme. Figure 56 shows the cells and electrode
vessels in place in the supporting carriage. The top section outlets of
the cell are connected to the arm of the electrode vessels by means of
neoprene rubber sleeves (Pioneer Rubber Co., Willard, O.)e To facilitete
slipping the sleeves on, and to insure water tight insulating comnections

lubricant is smesred on these sections before the sleeves are attached,



Figure 55, Supporting carriage and rack &I4

{Courtesy Klet

t Mfg. Go,)

“pinfon dsvloe,




Figure 56, Drawlng of carriage support with scells,
electrodes, and electrode vessels in position,
Neoprene rubber sleves, N, are used to connect the
top arms of the cell to the side arms of the electrode
vessels. (Longsworth, 35)
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Tﬁe complete assembly is shown in place in the water bath in
Figure 57 Milled brass strips pleced across the top of the water-bath
suspend the supporting freme,

Figure 58 illustrates the method of filling the assembled cells.
As shown in Figure 584, the lower section of the cell is first filled with
the sample. A twenty ml. glass syringe attached to a long 18 gauge stain=
less steel needle (MacGregor Inst., Co.) is very convenient for this purpose.
The carriage is them placed in the water bath snd left until the sample hms
reached the temperature of the bath es evidenced by nc further contraction
of the liquid in the cell. Before removing from the bath, the lower section
is shoved to the left until it is isolated from the center section. This
is sccomplished by the rack and pinion device. A slight positive pressure
is applied to the center section in the opposite direction of the pressure
being applied to the lower section. This precaution should be observed in
all operations of the above type. The cerriage is then removed from the
bath and the left channel is washed three times with buffer solution %o
‘remove traces of the sample, The right chanmel is filled with the Qéﬁplé
to 8 point above the middle and top section joining plane. Buffer is
introduced to the same extent in the left channel. The electrode vessels
are now filled up %o the arms with buffer, A one liter erylenmeyer flask
equipped with a rubber bulb for forcing the buffer out helps‘to prevent
formation of bubbles in the electrode vessels during the filling operation,
The carriage is again placed in the water bath until the tempereture of
the semple and buffer have reached that of the water-bath (O;C)a The center
seotion of the cell is now shoved to the right until it is isoclated from_
the top section., The bottom section is then shoved back to its original

position as in Figure 58B. The remainder of the sample in the upper section
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Figure 57, Top view of water bath with thermostat
and assembled cells in place, The supporting carriage
is suspended from the milled brass strips. (Courtesy
‘Klett Mfg. Coo)
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Figure 58, Diagram of assembled eleotrophoresis cells
illustrating the method of filling the cells. Discussion
in text. (Longsworth, 35)
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of the cell is now washed out with buffer. The electrode vesséls ere
then completely filled with buffer solution. As the vessels fill up
buffer runs over into the cell and fills the top sections. The
electrodes are then rinsed with buffer end inserted in place after
lubricating the ground glass joints, After submerging, the electrode
in the filled electrode vessels, they are shaken to remove any air
bubbles. The three way stopcock and insert are then lubricated and
placed in the electrode arms as shown in Figure 53, The carriage is
now placed in the water bath., Any air bubbles in front or behind the
cells are removed using & wire with cotlon on The ende The carrisgs
is shoved as close to the schlieren lens as possible. The syringe
shown in Figure 18 is removed and filled with buffer, and a rubber
tubins atteched to it, It is then put back into pesition and the end
of the rubber tubing attached to the arm of the three way stopcoocke
Buffer can then be forced into the electrode from the syringe es the
buffer contracts due to coolinge A rubber tubing is attached to the
top portion of the three wey stopcock to serve as an overflow. =~

At this stage 1t is necessary to surround the electrodes
with N potessium chloride solution. This is necessary if the buffer
is to maintein a constant composition during the run. Any changes
resulting from electrolysis will then occcur in the potessium ohloride
solution, Saturated potessium chloride is not desirable for this
purpose. 1In the first place, the elsctrolysis affects & net trangfer
of potassium chloride from one electrode to the other so that super-
saturation and crystallization may occur. In the second place,

saturated potessium chlorids has a solvent action on silver chloride,




.

It will be recalled from the discussion on electrode construction
that the silver tube is hollow. A 25 ml, pipette with a stop-cock attached
and supported by an arm which can be screwed to the carriage is used to run
the cold potassium chloride solution slowly into the electrode vessel through
the hollow silver tube, Twenty ml, is sufficient to completely surround each
slectrode. A rubber stopper is piaced over the silver tube on the olesed
side after adding the potassium chloride to completely seal this side of
the apparatus during electrophoresis.

As soon as the sample and buffer have been equilibrated to the

that the cell on this side is completely closed. The center section of
the electrophoresis cell is then pushed over so that the three sections
are in alignment with each other (Figure 58C). A mask with two vertical
slits, the width and length of the rectangular channels of the center
section, is then placed over the schlieren lens and is lined up with the
center section of the c¢ell. This mask is so construoted that either of
the slits can be eovered independently of the other end is used to mask
out scattering rays of light from one side of the cell while the other
side is being photographed,.

The light source is turned on and the schlieren diephragm is
lowered to such a position that no rays of light passing through the
camera objective are intercepted., A mask with two vertical slits with
dimensions slightly larger than the channels in the center section of
the cell is placed in the viewing end of the camera barrel. The cell
channels are then viewed through the slits on a grdﬁnd gless plate inserted
in the plate holder carriagé. The light coming through the channels should

be centered within these slits. Tyis alignment is adjusted by sliding the



center seotlion of the cell to the right or left, After the proper aligmment
has been made the boundaries are shoved out from behind the plated holding
the sections of the cell together., This is aceomplished by turning the
three way stopoock so as to connect it to the compensation syringe. At

the same time the motor driving the plunger is turmed on and this slowly
pusheg the boundaries into view., The position of the bounderies can be
followed by viewing the ground gless plate. The boundaries are pushed

out from le5 to 2,0 cenfimsterso The motor is then turned off and the

same time the stop=cock is turned so that the closed side is completely
sealed, TIhe initial boundaries are then photographed as desoribed else-

where, One may now apply the proper potential to the elestrodes for

electrophoresis,



BOUNDARY COMPENSATION

One of the outstanding features of the new apparatus described
by Tiselius was the provision for the so-called "compensation movement, "
the theory of which was described by him as follcws(éj)

"When both substances migrate in the same direction the
possibility of sufficient separation is limited by the fact that long
before the desired separation has been reached, both substances have
migrated, out of the electrophoresis tube, This is a somewhat ssrious
limitation, since the absolute differences in mobilities are very often
mach larger at pH regions where both components have mobilities of the
seme sign (e.g. the serum proteins). Moreover, lack of solubility often
prevents a choice of pH between the iscelectrie points. For this reason
we arranged for a slow and uniform movement of the solution in the
electrophoresis tube at an exactly known rate and in a direction opposite
tc the migration, by slowly lifting a cylindrieal glass tube by clocke-
~ work out of the liquid in one electrode tube during the electrophoresis,
If the rate &t which the tube is 1lifted is 1 ¢m., per hour, its cross-
section aree p cm?, the free surface of the liguid in each electrode
tube Q cm?, and the cross-section ares of the electrophoresis tube g cm?
than & movement of & given level in this tube will take place, at a rate

of
1,Q (2h)

a(2G=p)

By suitably chooging 1 and p any desired rate can be obtaeined; even in

cm. per hour

the narrow tubes used in our apparstus a rate of several centimeters

per hour did not markedly blur the bounderies in the electrophoresis tube,
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For fractionetion purposes, this "oompensation movement™ is adjusted so
that the observed boundary separating two fractions obtains a suitable
"apparent mobility" and consequently, at the end of the run, the column
of the solution can be cut off exactly at the right place...”

As an example of the use of this "eompensation movement" consider
a protein solution containing two types of impurities, One type of
impurity has & faster mobility than the protein end the other a slower
mobilitys If the shift in the level of the boundary of the protein is
offset by the change in hydrostatie pressure caused by the compensation
drive the boundary will remain stetionsry in the tube, The impurity
with the fester mobility continues migrating in the same direction but
at a slower rate and the slower impurity assumes an apparent reversal
of sign and migrates in the opposite direotion. By using & separstion
cell the pure protein component can be isolated, Tiselius called
sttention to another useful application. Thus if two proteins of
different mobilities ere to be separated the arithmetic mean is calculated
and fhe cdﬁpénédtioh rﬁte'aajﬁsfed fo’thiévﬁedn;‘bThe pfﬁteﬁh#ytﬁéﬁ’ﬁig;éfe
in opposite directions. The "compensetion movement" extends the separation
capacity of the apparatus to its fullest extent.

Figure 59 from Longsworth (67) illustrates the use of "compensation

movement" in electrophoretic separations., Three components A, B, end C
moving with the (positive) relative mobilities A B C are present, WMovement
of the lewer section of the cell from position a, to position b, brings the
protein solution in contect with the buffer solution at the plene, ol
Passage of an electric 6urrent then causes the components to separate as

shown in Figure 59b; However, as illustrated in Figure 59b before any
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Figure 59. Diagrem illustrating the ideel electrophoretic
separation of a protein mixture., Explenetion in text,
(Longsworth and MacInnes, 67)



large proportions of A and C have been separated, the boundaries will

have migrated out of the cell in one case end intc the bottom section

in the other., By applying & compensation movement, as indicated in

Figure 59¢, the boundaries due to mixturss of A + B and B + C (Figure

53b) cen be given an apparent veleeity of zeroc, This leads to the
separetion of pure A in one side of the cell (cathode), The "compensation
movement"” gives C an apparent negative mobility and it can be recovered

in 2 pure form from the upper anode secticn,

Several different devices have been used to bring about this
"compensation movemeut"s As previously mentioned Tiselius used a ¢lock-
work motor with varieble speeds to lift cylindrical rods of glass out
of one electrode vessel, Stenhagen (9%) slowly injected buffer into
one of the electrode vessels to push the boundaries out before the

current is turned on, Smith (9l;) withdrew mercury in such & manner as

to acecomplish the same. Longsworth hes closed one electrode vessel and

moves the boundaries out or carries out "compensation movement" by
 foreing buffer into the closed side of the cell by meens of the synchronous
motor and syringe (Figure 18). By virtue of the exchangeable transmission

gears driving the syringe the rate of compensation can be varied,
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HEATING EFFECTS AND CONVECTION CURRENTS

The resolving powsr of an elesotrophoresis apparatus is limited
by the magnitude of the potential gradient which may be applied without
causing appreciable thermal convestion currents due to heat devaloped
within the solution in the cell, The heat flows to the thermostat
through the walls of the cells The temperature of the solution along
the axis of the tuba is thus warmer than at the c¢sll wall, Wormally
therefore, the solution at the cell wall will be heavier, and in falling
will give rise %o convection currents, Longsworth and MacInnes (67) have
investigated these effects in the following way:

™Yo shall consider, as a typical example, a current of 0,006
ampere passing through a solution the specific conductance of which is
20038 mhos (0,1N sodium acetate buffer at 0°C) in a eylindrical tube of
5 mme. internal and 10 mm. external diameter, The formula which describes
the temperature of the solution, ts, in the steady state as a function
of the distance, r, from the axis is

. Le 2
* LE (25)
The corresponding formula for the tempersture of the glass, ng is

22
t, -t = _& € 111%%

& (26)

b gt

In these squation a sand b are the inside and outside radii, respectively
of the tube,.gi and Kg are the thermal conductivities of the solution and
glass, I is the current density. g is the slectrical equivalent of heat
and t, is the thermostat temperacurse Using equation 25, the solution

along the axis of the tube is 0.55" notter than at the wall and from




squation 26 the drop in the wall is 0,67°C. The computed temperaturs
distribution is given in Pigure 60, in which the temperature increase,
at over that of the thermostat is plottéd against the distance from

the axis of the tube. If the thermostat is regulating at 25°C., this
temperature gradient in the buffer solution is accompanied by the

density variations shovn in Figure 60 and, as has been stated, it is
these diffsrences which causs mixing by conveetion currents, of the
solution in the tubes If on the other hand the thermostat is regulating
at 0°Ce, the density differences in the solution are much less and the
variabion is in Lhe opposite direvbion, as shown in Figure 60. The
contrast between the surves 60b and 60¢ arises from the fact that thia
buffer solution has a meaximum density at 2.85°C., If, in this particular
example, the thermostat temperature were regulated at 185°C., the averegs
temperature in the tube would be 2.85%C., and the density gradisnt would
be a minimum, as indicated by the horizontal line in Figure GO&L Sone
preliminary measurements of the temperature variations in a rectangular
channel indicate that they are of the same order of magnitude as those

indicated in the example Just given for a cylindrical tube."
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PHOTOGRAPHING THE BOUNDARIES

After the boundaries have been formed but before they ars shoved
into view it is necessary to record the bass line on the photogreaphic plats.
The base line is the position on the pattern of undeviated light, ineluding
any slight refractiens due to irregularasties in the cell walls, the water
bath windows or the schlieren lens, In photographing the base line a mask
with a Qe2 mmo slit is placed in front of the photographic plate and one
side of the cell is blacked out: The schlieren diaphragm is then raised
until it nearly intercepts the normal slit image at the camera objective,
The plate carrimge is then locked to its driving shaft and the spur gears
synchronizing the plate carriage and the schlieren diaphragm are engaged.
The synchronous motor is then connected to the drive shaft by means of the
clutch, A loaded plats holder is placed in the plate carriage and the
driving motor is turned on at the same time the plate shutter is pulled
over exposing the plate, The motor is left on until the normal slit image
has been intercepted and the field has changed from light to dark. It is
theﬁ turned off and atrthé samé timé thé élaﬁe is covéred. In praétice fhe
plate is exposed at one end and the diaphragm is placed in such a position
that it only has to travel one to two millimeters to intercept all of the
undeviated 1light,

Since the base line recording is due to the manner in whish the
entire field becomes dark as the schlieren diaphragm intercepts the normal
slit image, it will also vary with the focal point of the light source,

T; will be recalled that the slit image is really a composite of all the
images made by each element of the schlieren lens, If the cell image in

the focal plane of the camera becomes dark from top to bottom as the



diaphragm is raised it follows that a normal slit imags formed by an
element at the bottom of the schlieren lens is intercepted before the
image formed by an element at the top of the lens is intercepteds This
situation arises when the schlieren diaphragm is not situated at the
proper focal point of the glit image and can usually be remedied by re-
foousing the slit. This mey be accomplished by moving the light housing
beckward or forwards If the field becomes dark from bottom to top, the
diaphragm is probably behind the focal point of the slit images The
position of the base line can dbe iocaﬁed with reference to the micrometer
scale and since the distance traveled by the plate per unit distance
traveled by the diaphragm is known, it is possible to locate it on the
enlarged pattern.

In order to measure the distances traveled by the wvarious
components in an electrophoretic pattern the initial boundary must be
known, For this reason as soon as the boundariss have been pushed out
a sufficient distance they are photographed, A mask with a 1/4" hori-
zontal slit superimposed over ome side of the cell image is placed in
the viewing end of the camera barrels The schlieren diaphragm is lowered
until the boundaries are narrow and sharp. A plate is then placed in the
carriage and exposed for a few seconds close to the area previously exposed
during the scanning of the cell wall, A separate plate is used for the
ascending and descending bounderye.

At the completion of an electrophoresis experiment the boundaries
in each of the cells are photographed using the Longsworth schlieren scanning
method as desoribed previously, The schlieren diaphragm is lowered manually
to the point where no refractive gradients are intercepted, The cell field

contains no boundary images, The micrometer reading (Figure 2}) is recorded,



The schlierin diaphram is now raised manually until the cell field becomss
to tally dark. The micrometer reading is again recorded. The difference
between the two micrometer readings is the distance in millimeters that
the sechlieren diaphragm has to travel to intercept all of the deflected
gradients of light rays. Since the plate carriage travels six millimeters
Tor each millimeter traveled by the disphragm, (on our apparatus), the
distance that the plate has to travel to record the complete photograph

of the boundary imamges can be ecaloulated by multiplying the above
difference by six. The plate holder is placed in the earriage, the
carriage and schiieren diaphrugm are placed ln their propsr positions

and the driving mechanism thrown in gear (see Figure 2;). At the time

the plate shutter 1s removed the motor is turned on. When the plate

has traveled the necessary distance as indicated by the vernier scale
above the plate carriage, the motor is shut off and the shutter placed
over the plate, During the scanning of the boundary images, the narrow
slit mask (Figure 25) employed in scanning the base line is used. The
same operation 1s repeated for the other side of the cell using a separate
photographic plate.

Figure 61 illustrates the photographioc patterns obtained using
the previously deseribed technique, The top bands on either side are the
cell base lines, The initial boundaries are shown below the base lines,
and the schlieren scanning photographs of the boundarises below these.

The eleotrophoretic patterms shown in Figures 62, 63, &, and
65 were obtained with the same sample photographed at different time
intervals by the Longsworth schlieren scanning method. These figures
illustrate the manner in which the course of the separation cen be

followed on a ground glass plate using the Philpot=-Svensson cylindrical
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izure 61, -Zlectrophoretic boundaries of normal bovine plasma diluted
0 1.86 per cent in barbiturate buffer of pH 8.4 and ionic strength

1. Electrophoresis car»iad out for 12,000 seconds at a potential
andient of 5.56 volts per centimeter. Boundaries photorraphed by

the schlieren scanning method. The scanning photographs of the base=-
lines are shown at a, and the initial boundaries at b,
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Figure &l Figure 65

Figures 62, 63, &, and 65. FElectrophoretic boundaries of normal bovine plasma diluted to 2 per
cent in barbiturate buffer of pH 8,5 and ionic strensth O.,1s Electrophoresis carried out for

10,000 seconds at a potential gradient of 6.;1 volts per centimeter. Boundaries photosraphed
at intervals by the schlieren scanning method. Fizure 62 photographed after electrophoresis for

2,500 seconds, Firure 63 after 5,000 seconds, Fizure &, after 7,500 seconds and Figure 65 after
10,000 seconds, :
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lens end diagonal straight edge. Figure 62, taken after electrophoresis

for 2,500 seconds shows a separation of the albumin and globulin components.
The slower moving globulins cannot be identified due to incomplete separation,.
Figure 63 photographed after electrophoresis for 5,000 seconds permits
jdentification of the various globulin componentss More complete separations
are noted in Figures &l and 65 photographed after electrophoresis for 7,500
and 10,000 seconds respectively,

The selection of the type of photographie plate to be employed
depends upon the character of the sample being analyzed, For colored
gsolutions Eastman C,.T.C. or Wratten Process Panchrometie 9 x 12 om. plates
are satisfactory.

A Wratten #22 mercury monochromat filter should be placed in
the optical system when a panchromatic type of photographic plate is used.
This type of filter isolates the yellow line and improves the resolving
power of the lens systeme In the case of ééiorless samples 9 x 12 om
contrast lantern slides ars adequate. In developing the plates the
menufactures recommendations. should be followed.

In our laboratory a "Solar" enlarger (¥odel Li5CL) fitted with
8 6 1/2 inch F:6,3 Wollensak enlarging velostigmet lens is employed to
enlarge the negetive 2,5 times. The enlarged tracing is made in pencil
on graph paper, All measurements are made from the enlarged pattern,

It is often necessary to touch up the negative for printing.
Photographic mesking opague (Eastman Kodak Co.) 3z used to darken light
areas of the negatives., PRlurred or regged edges can be improved by using
masking paste end & reducer (Fermer's reducer, Fastman Kodak Co.}e The

reducer has gi&én excellent results when one tube of the powder lg dlssolved

in 100 ml. of water and the solution flooded on the wet emulsion,

Outline bromide semi-matte paper is satisfectory for meking prints,
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CALCULATION OF MOBILITIES AND RELATIVE CONCENTRATIONS

From electrophoretic patterns it is possible to calculate
mobilities of the various constituents if the following data are avail-
able: (1) The distance each element has traveled from the starting
position of the boundary between the protein solution and buffer, (2)

the spesecific zonducitance, KP’ of the protein solution, (3) the current,

i, in amperes, (L4) the tim;:.zf during which & given boundary hes moved
the distance, h, from the starting position, and (6) the cross sectional
area of the cell, The latter value is a constant and is determined
independently for each side of the center section of the cell in the
following marmer. The length of each channel is accurately measured using
a precision caliper square. Ons connsoting plane of the center section
is then pgreased and superimposed on a flat piece of glass, The center
section and glass plate are then weighed accurately, One side of the
cell is then completely filled with clean mercury. The weight of the
csenter ssotion and mercury is then determined as befors, The difference
between these two weighings is the weight of mercury necessary to fill
one side of the cell, If the temperature of the mercury is nown the
volume of mercury can be caleulated from tUemperature density tables,

Having obtained the volume of mercury and the heighth of the ¢ell the

- average cross sectional area of the cell can be calculated,

The derivation of the equation for ealeulating mobilities has
been carefully reviewed by Longsworth and MacInnes (95). The following
derivation applied to protein solutions is essentielly theirs., The

movement of an average protein particle in the body of the protein solution
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corresponds to the transport of B.é.(P) grams of protein through a reference
nlane. E;beihg the protein concentration, A the average cross sectional
area of the cell, and u the mobility. If the transport continues for %,
seconds in an electrie field differing from unity the total quantity of

protein, p, transported through the reference plane is

P = uk (P)Ft (27)
and

[ - n

FAE (P17
(23)

The field strength or potentiel gradient in the body of
the protein solubtion is

i

(29)

in which i is the current in amperes and Kp the specific conductance

of the protein soluticn., Equation 28 then becomes

u = pKp
(Pyse— | S . (38)

The quantity p is determined by following the movement of

the boundary in the moving boundary method., By reference to Figurs
66 the amount of protein passing the referaence plane can be caloulated

(95)e If a Loundary descends from a to d , it sweeps throuzh a volume

Ala=d) = Vd, Multi=)lving by the protein concentration this becomes

A{a=d) (P) = V4 (P) (%1)

\

Bouation 3- then becomes

ud = Ale-4)(P) ¥n
— [Py it (32)

which is the formula used te caleulate mwohilites from memsurements on
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Figure 66, Diagrems of electrophoresis cell

illustrating the formation and relative position
{Longsworth and MacImnes, 95)

of the boundaries,



the descending side, Figure 67 shows the descending pattern obtained

from an electrophoresis experiment on normal bovine plasma enlarged 2.5
times. The center of each peak has been located with the aid of a planimester
and the distance between each of these peaks and the center of the initial
boundary has been indicated in om,

In locating the centaer of each pesk it should be recalled that
the center of the peak point of a schlieren band photograph does not
locate the position of the boundary correstly if the gradients in the
latter are not symmetrical about the ordinate passing through the maximum
value of the gradient; When the boundariss ars first formed they are quite
sharp and né difficulty is encountered in determining the center. However,
after migrating in an electric field the boundaries may become rather
diffuse, Such a boundary is shown in Figure 68, The ordinate 4' has
been located so that it bisects the area of the gradient curve. The value
of 4' should be such that when the distance migrated by the plane 4' from
the initial boundary is multiplied by the cross sectional area of the cell,
the same number of grams of protein are obtained as have simultaneously
migrated through some reference plane in the body of the solution, By
integrating the gradien’ curve, d may be located with precisicn, On the
curve shown in Figure €8, Egrws been located with the aid of a planimeter
and it is that ordinate -rhich cancels the shaded areas on either sides.
It has been found that the determination of d! with the aid of a planimeter
gives Just as satisfactory results es the laboriocus determination of d
in Figure 69.

From the following data the mobllities on the descending side,

Figure 67, may be calculated with the aid of equation 32,



Component —— - — A o' &K° @3 7B+¢ &
Distance traveled cm.- 108 963 828 58/ 416
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Ad ~ 165 .40/ 414 407
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Figure 68. Diagram showing the variation of

the refractive index gradient, assumed proportionsl
to the concentration gredient, through a typical
boundery, (Longsworth, 66)
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Figure 69. Concentration distence curve obteined by
integrating the gradient curve (Figure 68)., The
ordinate, 4, has been located so that It Hisects the
level in the boundery at which the protein cocncentration
is one half of its origional velue. (Longsworth 66)



Aversge cross sectional area of o
cell 7555 em

Average amps, passed during run 01,88

Tima of run 10,000 sec.

Specific conductances of protein 1
solution +00299 mohs”

As sn example, the mobility of the albumin componsnt would
be,

07555 X 11,08 x 00299 , 2.5 = 6,91 x 1077 cm?/%ec/%olt
SO B8 % 10,000 T

The computation of mobilities from data on the ascending

boundary is, however, complicated by the change of protein conscentration
at the 8 boundary (see discussion on boundary snomalies), Longsworth
(95) has shown that if correctly interpreted, the data on rising and
descending b;undariss will yield the same value 4 of mobility, Equation

3% has been derived to correct ascending mobilities to descending,.

wee MR A eaTE (33)
* Ad + A

in which

Ar = area in arbitrary units of ascending pattern

Ad = area in arbitrary units of descending pattern

A = area In erbitrary units of boundary

In the above treatment of data no correction has been made

for volume changes which occur at the electrodes on the passage of a
eurrent, Since the observed boundary displacements refer to a plane
fixed with respect to the apparatus they should be corrected for
zolvent displacements if the absolute mobilities ere %o be determined

(95) (96) (97). However, this correction does not affesect the order

of mobilities,



In determining the relative concentrations of the various

components from schlieren scanning photographs, the area of each peak
must bé determined in some arbitrary unit. In order to determine the
size of the areas from the photograph it is necessary to meke & more or
less arbitrary separation of the peaks since the gradients of the different
boundaries overlaps Two methods have besn suggested for carrying out this
operatione Tiselius aad Kabat (98) draw an ordinate from the lowest point
between two poles with the exception of theB globulin neske Svedberg
(99) resolves the pattern into a series of symmetrical curves. The peaks
in Figure G/ have bean separated by both methods, Longsworth {35) finds
an average deviation of 15 percent in the areas as determined by these
two methods, Because of the simplicity he recommends the method of
Tiselius end Kabat, The area of each peak can be determined by the
integral

jz&& - (o - af Gebu Sl = a8 (ureanr) (W)
where np and n) are the refractive indices of the two solutions which
meet aﬁ‘fhé“bonndaryyand 3} E} én&ugy‘Are coné%ﬁﬁfsyéfhthe’apparatus;:
The integration indicated in equation 34 may be carried out with a
planimeter, The specific refractive increments of the electrophoretically
separabls plasma proteins are not known and the concentrations are
determined as differences in refractive index znd not in terms of protein
nitrogen or dry'weighfe "The available evidence indicates that the
rofractive index is proportional to the protein concentration as determined
by other methods, although the proportionality factor doubtless varies

with the nature of the protein" (35).
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The measured areas, ﬁ, are the sum of an area, P, due to

gradients in the protein and an erea §_ dues to salt gradientas, These

salt gradient areas are small and certaln assumptions are made concerning
them for purposes of calculation, Thus in expressing the concentration
of a component relative to another, sayv albumin, on the desceanding side

1t is assumed (1) that § is proportional to P and (2) that the proportion-
ality fector is the same for all components., The plasma globulins and
fibrinogen concentrations relative to albumin were calculated from the
relationship, Pd/Pad = Ad/Aad and the results are indicated in Figure 67.
lon may be illustrated {rom the following detas Area of

albumin in planimeter units 157, area of & ' globulin 26 units,

;2_6. = e16
157 7

The first sssumption is valid as indicated by experimental evidence (35).
The second probably induscss a small error.

By making another assumption, namely that the spesific refractive
increments of the electrophoreti;ally separabyle’ _oomponyenﬁs are tl?eg‘sam’
ag "tha inerement used in caleulating the percentage protein from the
dipping refractomster resmdinpgs {.00185) the ccencentretions of the vari-
cus componerts can be expresre=d as percentages (8L). Thus the total eres
cf Figure 67, excluding the € boundary, is 375 plenimeter unitse Since
the ares of the elbumin peay is 157 units

157 .
x 100 = L1.86 per cent albumi
i L per ce mine

In meking the same calculations on the ascending side & third
agsumption is neecessary, remely, thet all of the protein components ere
held in the seme proportion through thc—s boundary., Velues calculated
from the ascending side are in fair agreement with values caelculated on

the descending sids even though the third essumption is not strictly valid (35),



BOUNDARY ANOMALIES

Several of the more common boundary anomalies are shown in
Figure 61, The & boundary is more pronocunced than £he € boundary. (2)
The rising albumin boundary is much sharper than the descending one,
(3) The concentration distributions in the boundariss are not symmetrical
sbout the maximum as shown by the shapes of the curves. (li) The total
area of the rising and descending sides are equal but the partial area of
each of the components on the rising side are less than the corresponding
areas on the descending sides., (5) Finally, the separation of the alpha
globuling is not complete. Longsworth and coworkers have explained these
anomalies in soms detail. (67), (95), (35), (100), and (92),

As discussed elsewhere in this paper, a differerce due to the
Donnan equilibrium of salt concentration exists between the protein so=
lution and thes buffer after dialysis, In addition, the protein solution
contains conducting constituents, the protein ions that are not present
in the buffer solution, Referring back to Figurec 66 the passage of a
certain amount of current causes the boundary, 2, to migrate to,vg? and
in thé intervening volume V a buffer solution of composition B! is formed,
"This eomposition has been adjusted in zeneral, to a value different from
B in such a way that its "regulating function™ has the same value as that
of the protein solution it has replaced. This regulating function defines
a2 property of the solution which, at any given point, retamins & constant
value independent of changes of concentration caused by elestrolytic
migration. If, as a result of such migration species of ions different
from those initially present appear at a point, thelr concentrations will
be adjusted to values compatible with the constant determined by the initial

composition of the solution" (67) (101)s The boundary € Figure 66, then



forms between two solutions of the same salt, but et different concen-
trations B and B'. Simple cases of this type have been studied and
sre understood (102) (103). At the rising boundary r, in the same
figure there is a similiar but more complicated adjustment of the
compoéition of the protein solution which replaces the buffer as the
boundary rises. The theory for complicated systems of this type has
not been developed (95). The § is more pronounced than the € boundary
since the former involves a gradient of protein concentretion while the
latter does not,
The specific conductance of the protein solution, Xp has been
found experimentally to be less than,‘gg', of the adjusted buffer
solution (95). Therefore variations in the potential gradient occur at
the boundary 4, of Figure 66, The protein ions in the dilute uppermost
layers of the boundary ar¢ therefore in weaker fislds then are those in
the concentrated layers snd thus tend to lag behind causing the descending
boundary to become diffuse as shown in Figurs éfa. However, in the case of
the rising boundary the potential gradient is grewter in the solution p*
then in B = so that the dilute, slowly moving protein ions in the upper-
most layer of the r boundary tend to be overtaken by the faster moving
ions in the lower part of the boundary. As a result this boundary remains
sharp as shown in ¥, Figure €9a, The variations in potential gradient at
'the boundaries, as well as pH zradients which may result from Donnan
equilibrium, may cause the boundary to be unsymmetrical about the ordinsate
passing through the maximum of the refractive indez gradient curve.
Diffuse boundaries may result from protein boundaries in which
the protein molecules forming the boundary have a range of mobilities

instead of e single value. Tiselius and Horsfall (1Q4) have found that



Figure 691, Diagramatic view of section of electro-
phoresis cell showing initial boundaries at a-e' and
bouncaries after electrophoresis at r and d.

(Longsworth, 66)
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certain proteins show "reversible boundary spreading". This occurs at
both the rising end descending boundariss., Longsworth (92) has studied
the reversible boundary spreading of ovomccid., Figure 70 illustrates
his results. The initisl boundary r, becomes diffuse as ourrent is
passed through the solution as evidenced by'z? and :; Reversal of the
current caused the boundaries to retain their origzional shape. A
cortain amount of spreading due to diffusion is shown by the fact that
the boundaries do not regain their origional sharpness, Spreading due
to diffusion occurs independently of the electrophoresis,

The fact that the areas on the two sides of Fizure 61 do not
exactly compare has been discussed under calculations and 1s due to the
protein gradients in the boundary,

Svenason has stated (105) that a rapid spreading of the
descending albumin boundery is not desirable as the adjacent globulin
peak is apt to be masked. Figure 61 shows & complete masking of the
o' globulin and incomplete separation of theol and o(*gzlobulins.,

An ahémﬁlié of & different fypé édlied'ﬁhe’igf’globﬁiihv’
disturbance is shown in Figures 71 and 72. The sharp spikes, 8, may
be due to convection, resulting from reaction in the neighborhood of
the boundary following electrophoretic separation of the constituents
(82) (107)s MNoore and Lynn (107) have made a careful study of the snomaly
and explain it in the following manner: "The descending pattern of the
globulin carriss in many cases & spike which extends indefinitely out of
the pattern. This corresponds to the presence of turbidity and is not
entirely dependent on a refraction gradient, Figure 73 from Moore

desoribes the physics of the production of the mnomalous spike, Part A
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Figure 70. Electrophoretic patterns illustrating
the reversible boundary spreading of ovomcoid.
(Longsworth, Cannan eand MacInnes, 92)
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2iearz 71, Electrophoretic toundarias of nermel »o-ivne rlacma 2ilnted +o
14,5 per'dent in harbiturate bhuffer nf pi 8¢A and ionin strangth 0.1,
Clec'rortorssis carrisd ont for 12,000 seconds a% a potential sradient of
£.H% volts ver certimeter, Ioundariag vhotec -raphed hv the schlieren
coannint method, The betn bouniar:y disturhance, s, is indicated on the
Teseandin- side,
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Pirure 72, Uleectrophloretic boundarizs
*o ? per cent in harbiturate buffer of
Zlectrophoresis carriad out for 11,200

/ 4

of ©aD]l wolts rer contimeter,
seannine method,

of normal fowl plasma diluted
pll 2,5 and ioniz strength O.1.
seeonds &% a ;ntential gradient
Eoundaries thoto-raphad by the schlieren
The Yreta boundary disturtance, s, is indicusted on the

de syt A
DETONTITIT S LU0,
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FPigure 73, Diagram illustrating a possible explanation

of thepboundary disturbance,
(Moore and Lynn, 107)
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is a smell seotion of the electrophoresis cell in the region of the
descending beta boundary, B represents a greatly magnifie@ppattern
similiar %o that in €. Above m, Figure A there is no beta globulin,

An increase in the concentration ocours at & and is shown by an

plevation in the pattern. A4t b there is turbid material which transmits
no light., The spike is, therefore, of indefinits lengthy In the region
¢ the concentration is decreasing, This refracts a horizontal light ray
upward and causes the projeotion below the base lines A relatively low
concentration is found at d which increases again in the region e leading
to the third elevation in the pattern. Below e the concentration of‘E_is
uniforms The hich concentration in the turbid layer at b accounts for
the sparcity at E? 50 that unless one is able to determine the inerement
in the dense layer and the decrement below it, it is impossible to
caleculate the total change in concentration caused by the boundary. In
not all cases, however, is the dense layer too opaque to transmit light,
In these samples the spike does not have indefinite length but simply
shows a steep gradient at that point. The concentration in these cases
can be deduced if the area extending below the base line 1s subtracted
from the aroa above the base line," Some possible explanations for the
turbidity may be, (1) an interaction between o and ¥ globulin (Abramson
p 186), (2) a stability change by removal of other componments (82),

(35)s There might be two different globulins of different stabilities,
the slower one being more unstable in the absence of the faster moving
one {Abramson p 186), Longsworth and coworkers (82), (106), have found
the eold sther extraction of certain types of pathological serums

causes a marked decrease in the 2 globulin concentration. However,

only unappreciable quantities of the lipids of normal serum can be



extracted with cold ether. Sorensen (108) says "...the perfest clearness
of such ligquids as serum and plasma, in spite of-theirbcontents of lipoids,
is explicable only by assuming linkage between lecithin and sterols on

one hand and the proteins on the other", Tiselius (109) has found that
most of the lipid material of normal serum travels with thePeomponent,
7igselius (2,;) and Longaworth (106) have noted that the opalescence of
normal serum, due presumably to suspended fat globules, migrates with

the B globulin,

In view of this evidence it may be possible that the ji‘ globulin
disturbance is due o the lipid conbent of the globulin,

In studying mixtures of yeast nueleic acid and ovalbumin
electrophoretically, Longsworth end MacInnes (100) found evidence of the
formation of a dissociable complex., In buffer solutions of 0.1 ionis
strength and at a pH somewhat above the isoselectric point, each of the
components migrated independently of the other. However, at a pH near
the isoeleotric point a new component appeared at the expenss of the

origional components. High concentrations of the proteins and low ionic
strength favored the complex formation. Future work of this type may
help in explaining oertain boundary anomalies,

An gdditional type of boundary disturbance was noted by McFarlane
(110). He found that suspensions of elementary bodies of vaccinia showed
distortions at the moving boundaries in the form of a stream of the particles
moving ahesd from the center of the boundaries in the direction of the
elactric current, A stream of suspended material arose in the center of
one side of the center of one side of the cell and a ocorrsesponding stream
of the solvent descended in the center of the other cell, These effects

were reversible if the eurrent was reversed, MoFarlane (110) attributed
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the effect to endosmooses. Shedlovsky and Smadel (111) found thet this
type of boundary could be obteined also with particles of a similiar

gsize but of an entirely different nature. The lack of density gradients
of sufficient magnitude at the boundary were shown to cause these effects.
Figure 7ha, was obtained with a dilute suspension of washed virus and
showé merked streaming 7hb, the same virus in & concentrated form showing
little streaming The, the dilute virus suspension in the presence of

added soluble protein showing no streaming,
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Figure 74, Photographs of electrophoretic boundaries
of elementory bodies of veccinia. (Shedlovsky and
Smadel, 111)

(a) Bounda:ies obteined with dilute suspension of
washed virus (.2%) showing marked streaming,

(v) Boundaries obtained with a concentrated suspension
of washed virus (.5%) showing little stesming.

(¢) Boundaries obtained with a dilute suspension of
washed virus in the presence of added soluble protein
showing no streaming.
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STEPS TO FOLLOW IN A COMPLETE ELECTROPHORETIC ANALYSIS

(1) Determine total protein‘concentration of sample.
(2) Adjust protein concentration of sample with buffer,

(3) Dialyze sample (Visking casing) aghinst three changes (2, hours
for each) of buffer to equilbrate conductence.

(i) Assemble electrophoresis cell,

(5) Place electrophorssis cell in supporting frame.

(6) Place electrode vessels in the supporting frame.

(7) Connect electrode vessels to cell with rubber sleeves,

{8) Fill bottom section with sample and isolate by sliding to right.
(9) Wash out left middle section with buffer and fill with seme,
(10) Fill right middle section of cell with sample.

(11) Partially 111 electrode vessels with buffer used in 3rd change
in step 3.

(12) Place in water bath to equilibrate temperature.
(13) Isolate middle sections of cell by sliding to the left.,

(1) Remove supporting freame from water bath and slide bottom section
" of ¢ell to original position,

(15) Rinse out right side of top cell with buffer,
(16) Fill top of cells and electrode vessels with buffers
(17) Rinse eleotrodes with buffer.

{18) 1Insert electrodes in electrode holders and shake to remove air
bubbles,

(19} Place three way stopcock in plece in right electrode vessel,
upright arm,

{20) Place hollow plug in place in left electrode vessel, upright arm.
(1) Place supporting frame in water bathe
(22) Remove air bubbles from in front and back of center section of cell,

(23) Push supporting frame as near schlieren lens as possible,



(24)

(25)
(26)
(27)
(28)
(29)
(30)
(31)

(32)
(33)

(34)
(35)

(36)
(37)
(38)
(39)
(ho)
(L)

(42)

(L3)
(L)
(43)
(L6)
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Introduce N KCL through silver tube into chamber containing silver
eleotrodes. Admit solution slowly.

Place rubber cap on top of opening of silver tube on closed vessel.
Push up plunger in syringe to remove air bubbles in tubinge.

Connact overflow tube to tcp arm of stopcock,

Check lenses for moisture and dry if necessary,.

Turn on light source.

Adjust mask in front of schlieren lens,

Close stopcock on closed side after temperature aquilibrimhas
been reached,.

Shove center section of cell to right until aligned with mask,

Check light to see thet it is centered on schlieren lens and
focused on schlieren diaphram in front of cemera lens.

Check base line of Tiselius ¢sllis on ground glass plate at end
of camera barrel,

Insert proper filter in holder in front of light source. (Wratten

Scann the base linse,

Push out boundaries with compensesting syringe attached to motor.
Shut off motor when boundaries are out sufficiently.

Photograph both initial boundaries.

Connect leads to electrodes.

Adjust potentiometer to zero volts against standard cell,

Check cells and electrode vassel assembly for current leaks by
connecting one pole of current source to frems and one to silver
electrode tube.

Determine specific conductance of buffer (0°C).

Determine specific conductance of sample (0°C).

Turn on current and timer,

Check amperage at regular intervals.



(L47) Follow migration of boundaries using Philpot-Svensson lens,

(48) Turn off current at completion of run.

(49) Caloulate distance plate has to travel to photograﬁhwpattarns
of boundaries,

(50) Place narrow slit mask in position.

{51) Insert plate‘holdar containing photographic plate and connect
apparatus for scanning photograph,

(52) Make separate scanning photograph of descending boundaries and
ascending boundaries,

f53) Develop platese.

(5ly) Enlarge photograph 2,5 time in enlarger and trace on graph paper.

(55) Meke measurements and caleulationmse.

(56) Retouch negative if necessary for printing,

(57) Make prints from negaetive on semi-matte bromide paper,
If the length of time of the first experiment has not required
morse than 12,000 seconds at a potential gradient of not more than
6 volts, one mav conduct a second experiment on a new sample with-
out changing the buffer in the electrode vessels by observing the
following steps:

(58) 1Isolate center section of cell,

' (59) Remove assembly from water-bath.

{60) Remove glass cocks from top of arms of electrode vessels,

{Al) Drain out buffer to point where arms connect with electrode vessels,

(62) Remove rubber sleeves connecting top Tiselius cells,

(63) Remove Tiselius cell assembly.

(Al) Replace with clean cells and conneoct to arms of elesctrode vessels
by means of rubber sleeves,

(65) Repeat steps from 8 to 57 omitting steps, 11, 17, 18, 2, and 25,



APPLICATION

The improved electrophoresis apparstus of Tiselius has found
its widest application in the characterization end studv of proteins,
A brief review of some cl the applicetions of studies of this tiype will
be presented. No attempt will be made tc review all of the numsrous
experiments that have been reported, but it is intended to present
enough material.so that the wide applicetion of this technicue can be
appreciated.

Human Servm and Plasmas

The four components of normel numen serum were first identified
by Stenhagen { 93) as albunmin, A, endl , @ , and y globulins. Humen
serum albumin o isolation migrated as a single boundary and was iso-
electric at pH L7h (u = 0.10), Fibrinogen the fifth component of normal
plasme was reported to have an isocelectric point between pH 5.2 and 5.6,
Jameson (112) confirmed the presence of four components in normal humen
serume. From data of Longsworth (106), Scudder (113), and themselves,
Mﬁoée and Lynn (107) répoft fhe avéfégé rétioé éfhﬁhé comfonén£s’;f no;mal

human plasma as feollows,

A/G %/, 8/a #/u X7A

1,99 C.l2 0.21 0.08 0.2
Figure 75 from Yoore and Lymn (107) shows the range of
veriations of twelve normsl human plasma petterns (shaded aress),
These same authors find the average mobilities of human plasma proteins
on the descending side to be.
. -5 2
(values x 1077 em® / see / volt)

Comnonent A o, 3 %
Mobility 6.6 540 3.3 2,1 oL



Figure 75 Disgram 1illustrating the varlations
in the slectrophoretic patterns obteined from
twelve normal plasms samples (shaded aresa).
(¥oore and Lynn, 107)
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Other data on normal human serum and plasma have been
reported by Svensson (3l), Luetscher (114), Kekwick (115), Longsworth
(82), Blix (116), Cohn (117), and Tiselius (2,).

Longsworth and associates (82) have made an electrophoretic
study of a mumber of normal and pathologicel human blood serums and
plasmas. The pstterns of several of these semples are shown in Figures
76 ancd 77, It will be noted from Figure TP that in all of the petho-
logical conditicons there 1s an increase in 0 globulin, It is pointed
out by the anth;;éﬂthat a comnon cheracteristic of these conditiorns is
that they are accompanied by fever. KFigure 77 shows & considerable
inerease in 3 globulin, or, more exeactly, of fnaterial moving with the
mobllity eseribed to fg globuline, The fibrinogen peak of this same
pattern is alsoc abnormally high, Figure 77¢c shows a low aibumin peak
and an increese in the of and ﬁ9 glocbulin peaks, Figures 77e and 77f
upon analysis showed an sbnormal increasse in cholesterol. Kekwick
(11&) found that the albumin globulin ratio of myelomatosis serum is
decididly different from the normel. One group of serums of this type
eontained an additional component, which eppeared to be a globulin,
Blix (119) has found that pneumonia patients show an increese in X
globulin while the 3 and Y globulins eppeer normal, Luetscher (114)
has found that certein pathological serums reveal a component similiar
to the P, glcbulin reported by Green (120).

Shedlovsky and Scudder (121) in a study of normal end
pathological human serum and_plasma found that an increase in the &
globulin level as well as an increase in cell sedimentetion rates occur
when there is present in the body any considerable inflemmation or tissue

destruction, irrespective of its causes
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{ay Nounal (") Pneumonia {c) Deritonitis

(d) Peritonsillar abscess () Rheumatic fever (/) Lymphatic leukemia

Figure 76, A comparison of several pathological
human serums with a normel human serum sample.
(Longsworth, Shedlovsky and MacInnes, 82)



A

(i) Normal plasma “hy Muitiple myvelome plasma ) Nephrosis serum

(d) Aplastic anemia (e) Obstructive jaundice (/) Obstructive jaundice
serum plasma plasma (ether extracted)

Figure 77 A comparison of several pathological
human plasma samples with a normal human plasme
sample, (Longsworth, Shedlovsky and MacInnes, 82)
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The presence of a large amount of viscous protein which sepa-
rated on prolonged dialysis, against distilled water from the blood
plazma from & patient with muitiple myeloma has been reported (122).

The protein contained 13,9 per cent nitrogen and following hydrolysis
yielded 13.L. per cent reducing substance (ms glucose)s It coagulated

at 6,°C. Electrophoretic exsminetiocn of the plasma revealed a very large
pesk with a mobility of 1.0 x 10"5 (barbiturate buffer, pH = 7.8, ionic
strength = 0.05). This component was shown to be neither fibrinogen

nor Bence=Jones protein, The authors summarize their results as follows.

serum globulin which rescts with another serum component to yield the
viscous protein which settles out on freeing the bloed plasma of salts
by dialysis,"

An electrophoretic study of the serum proteins from patients
with diseeses of the liver revoaled the following facts (12%):
"Electrophoretic analrses of the serum proteins yield lower albumin
and ‘higher globulin determinations, and consequently lower albumin-
globulin ratios, than are obtained by fractional preeipitation,

"The distribution of the serum globulin fractions mey be
definitely abnormal electrophoretically in spite of a normel albumin-
globulin ratio on chemical analysis,"

Horse serum and plesma:

In describing his new technique of electrophoretic analysis,
Tiselius (23) (2li) reported on the electrophoretic aralysis of normal
horse serum. Using a phosphate buffer of pH 8.03 and ionic stren: th
Os1 he identified four separate components. The fester component with

a mobility of 7.61 x 1072 cmg/éec/volt, was identified with serum albumin.
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The three slower moving components were labeled &£ , B and nglobulins

and showed mobilities of 5,79, L.57 and 1.90 x 1077 cma/sec/volt, respsc-

tively., The relative concentraticns of the various components were
reported as A 35./ percert, & globulin = 12,3 percent, B globulin =
18,7 percent, ¥  globulin +d = 33,; percent. Tiselius was eble to
separate the four componerts of horse serum electrophoretically. Each

of the components was then studied separately and the following mobilities

and isocelectric points were observed,

Mobility Isocelectric point
Albumin 7.15 L AL
o glotulin 6.16 5.06
# globulin L.20 5.12
‘¥ globulin 1.51 6,00

The mobilities of the separated constituents agree well with the
mobilities observed with whole serum.

In comparative electrophoretic analyses of horse, swine and
monkey serum Tiselius (124;) found the mobilities of the normal componernts
to be approximately the seme. Kekwick (125), Moore (126) and Fell (127)
have confirmed the findings with raspect to the normsl components of horsse

serum, Svensson {105) identified six components in normsl horse serum.
2

. o sas . . 1
Tn the order of descanding mobilities these were aldbumin,d ,  »

€] l: B 2, and ¥  globulin,
Other Sera and plasmas
San Clements {57) has made a thorough electrophoretic study
of serums from rormal and brucellosis infected cattle. The mobilities
of the electrophoretically distinet proteins fell into four well defined

groups corresponding to albumin, & , (3 s and a’ globulinse The aversge

mobilities of these components were 6.2; Lok, 3.0, and 1,6 respectively
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(barbiturate~-sodium chloride buffer of pH 7.9 and ionic strength 0.1),
The average relative concentration in per cent of each component with
respect to total protein was found to be L2, for albumin, 18.3 for
ol (oLl +0L2) 8,3 for 8 and 31.1 for >~ globulin, The isoelectric points
of the wvarious componsnts wers determined electrophoretically as shown
in Figure 40. In this study it was found that serum from a nsew born calf
is extremely high in of globulin and low in £ globulin, éollowing the
sestion of solostrum there is a marked increase in )~ globulin, At
the end of two weeks all of the proteins components were in the relative
concentration usually found in young heifers,

Jamesqn (112) found that rat serum shows three electrophoretically
separable components, one albumin and two globulins corresponding to the
f3 ana ‘a’ o By inecreasing the appliesd potentianl a partial disintegration
of the globulins ocourred and twc new components appearsd. Later studies
indigated that the of camponént‘was preseat but in such low concentrations
that the band disappesrs on dilution (128),

The electroshoretic patterns obtained in this laboratory covering
o wide varietyv of supposedly normal serum and plasma samples ars shown in
Figur~s 78 throuvgh 85, The terms normal serum and plasme are used to denote
that the samples were taken from animals that were not affliicted with any
known disease or disorder. Corresponding serum and plasma samplss wers
obtained frowm the same animal at the same time with the exception of the
guinea pig ssmples which were taken from two different animels,

Figure 78 shows a typical elsctrophoretic pattern of normal
human ssrum, The verious components have been identified as indicated

on the patterns. The p boundary disturbance indicatced as S, has nearly
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Figure 78, Eleotrophoretic boundaries of normal human serum
diluted to 2,0 per cent in barbital buffer, pH 8,5, Eleotro=-
phoresis carried out for 10,000 seconds at a potential gradient
of 6,90 volts per centimeter, Boundaries photographed by the
schlieren scanning method,.

X4

Pigure 78a., Electrophoretic boundaries of normal human plasma
diluted to 2,0 per cent in barbital buffer, pH 8.5. Electro=-
phoresis carried out for 10,000 seconds at a potential gradient
of 6,71 volts per centimeter, Boundaries photographed by the
schlieren scanning method,
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obscured the 2] globqlin peak on the descending side, Figure 78a shows
the corresponding plasma pattern. One additional component, fivrinogen,
is prosent,

The normal components of horse serum and plasma are shown in
Fizures 79 and 79a, The descending serum pattern shows pooi‘,separation
of the globulin components., The ascending pattafn reveals a hetter
segparation and two distinet peaks are shovm at the B globulin position,
The descending plasma sample {Figure 796) shows = poor separation of the
globulins and fibrinogen., Two components are again evident at the 3 boundary
positione The (3 boundary disturlence ls nobt evidenl ia eit‘r;er the serum
or plasms pattern.

Typical patterns of bovine serum and plasma are illustrated
in Fipures 80 and 80s, The patterns bear a close resemblance to human
serum and plasma patterns exe-pt for the g boundary disturbance., This
disturbance is not evident in the serum patterns and is nobt marked in
the descending plasma pattern. It is of interest to note that this
disturbancs migretes well ahead of the B globulin component in bovine
serum and plasma while in the case of humen serum and plasme it is
superimposed on the 3 globulin peak.

The patterns resulting from the electrophoretic analysis of
fowl serum and plasme are described in Figures 31 and Bla, The descending
serum and plasma patbterns show an incomplete separation of the o and o™
globulins while the ascending plasma pattern shows no evidence of the
alpha globulins, The f-)’ boundary disburbsnee so prominent in the descending
patterns is also discernmable in the ascending pettermnse In contrast with
the human and bovine ssrum and plasma patterns the G boundary disturbance

mizrates slower than the B globulin component.
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Figure 79 Electrophoretic bounderies of normal horse serum
diluted to 2,9 per cent in barbital buffer, pH 8,5, Electro=
phoresis ocarried out for 10,000 seconds at a potential gradient

of 6450 volts per centimeter, Boundaries photographed by the
schlieren scanning method.

L d —

®izure 79a, Eleotrophorstic boundaries of normal horse plasma
diluted to 2,0 per cent in barbital buffer, pH 8.6, Electro-
phoresis carrisd out for 10,000 seoconds at & potential gradient
of 6.1 volts per centimeters Boundaries photographed by the
schlieren scanning method,.
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Figure 80, sctrophoretic boundaries of normal bovine serum
diluted to 2,0 per cent in barbital buffer, pH 8.5, Electro-
phor-sis oarried out for 10,000 seconds at & potential gradiemt
of 5.18 volts per centimeter. Boundaries photographed by the
schlieren scanning methed.
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Pigure 80a, Eleotrophoretio boundaries of normel bovine plasma
diluted to 2,9 per cent in barbital buffer, pH 8,5, Electro-
phoresis carried out for 10,000 seconds at a potential gradiemt
of 6.y volts per centimeter, Boundaries photographed by the
schlieren scanning method, '
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Figure 81, FEleotrophoretic boundaries of normal fowl serum
diluted to 2.0 per cent in barbital buffer, pH 8.,65. Electro-
phoresis carried out for 12,000 seconds at a potentlial gradient
of 6.33 volts per centimeter., Boundaries photographed by the
schlieren scanning method,
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Figure 8la, Eleotrophoretic boundaries of normal fowl

plasma diluted to 2,0 per cent in barbital buffer, pH 8,5,
Zleotrophoresis carried out for 12,000 seconds at a potential
gradient of 6,68 volts per centimeter, Boundaries photographed
by the schlieren scanning msthod,
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The electrophoretic examination of guinea pigz serum and plasma
has resulted in the patterns showm in Figures 82 and 82a, The descending
serum pattern shows no evidence of the o' globulin compc;nent and the & &
globulin is composed of two peaks, The concentration of B globulin in
the pattern is relatively low, The ascending pattern reveals the okl
componant and both k™ globulins. In addition the B globulin peak is
more pronouncéd. The guines pig plasma patterns (plasma from a diffsrent
animel) show an incomplete separation of fibrinogen and ¥ zlobulin,

There 1s no evidence in elther the serum or plasma patterns of the 3
boundary disturb;.nce.

Electrophoretlc patterns of dog serum and plasma are showh in
Fizrures 83 and 83%a. The descending serum pattern revsals four components
in thek' and A globulin regions. The ascending side apparently shows
thres alpha globulins. Two components can be seen at the S globulin
position on the ascending side. The 3 globulin is not completely separated
Prom the ¥  globulin, The descending plasma pattern shows two alpha
. globulins while in the. ascending pattern there are foure -In- both ascending -
and descending patterns theﬁ globulin has failed to completely separate
from the fibrinogen. Ths R boundary disturbance resembles that of the
bovine in that it mizrates shead of the f3 component,

The shesp serum and plasme patterns, Fizures 8, and 8l4a, ars
quite different from those of human serum and plasma. The descending
serum pattern reveals two alpha globulins. The (3 globulin peak is nearly
obscurasd by thef boundary distuybance. The ascending pattern shows no
. globulins but there appears to be two B globulins. Both patterns
reveal an additional component migrating just ahead of the)yglobulin,

The descending plasma pattern shows one alpha globulin, while in the

ascending pattern therec are two. The 3 peak is obscured by thef3 boundary
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Figure 82, Electrophoretic boundaries of normal guinea pig
serum diluted to 2,0 per cent in barbital buffer, Ph 8.5,
Eleotrophoresis carried out for 10,000 seconds at a potential

gradient of 6,76 volts per centimeter. Boundaries photographed
by the schlieren scanning method,

b

-y a4

Figure 82a, Blectrophoretic boundaries of normal guinea pig
plasma diluted to 1.5 per ocent in barbital buffer, pH 8.5,
Bleotrophoresis carried out for 10,000 seconds at a potential

gradient of 5.79 volts per centimster, Boundaries photographed
by the schlieren scanning method,



Fizure 83. Electrophoretic boundaries of normel doz serum
diluted to 2,0 per cent in barbital buffer, pH 8.6, Eleotro=
phoresis carried out for 10,000 seconds at a potential gradient
of 7.06 volts per centimeter. Boundaries photographed by the
schlieren scanning method,

Ha —

Figure 83a, Electrophoretic boundaries of normal dog plasma
diluted to 2,0 per cent in barbital buffer, pH 8,5, Eleotro-
phoresis carried out for 10,000 seconds at a potential gradient
of 6,73 vults per centimeter. Boundaries photographed by the
schlieren scanning method,
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Figure 8lie Electrophoretic boundaries of normal sheep serum
diluted to 2.0 per cent in barbital buffer, pH 8,6, Ejectro-
phoresis carried out for 10,000 seconds at a potential gradient
of 6.1 volts per centimeter. Boundaries photographed by the
schlieren soanning msthod.
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Figure 84a. Electrophorstic boundaries of normal sheep plasma
diluted to 2,0 per cent in barbital buffer, pH 8.5, Electro-
phoresis carried out for 10,000 sesconds at a potential gradient
of 6,71 volts per centimeter. Boundaries photographed by the
schlieren scanning method,.



disturbance on the descending side and a double peak is revealed in the
ascending pattern. Apparently the fibrinogen has not separated from the
Z/globulin on either sides The additional component is seen on the
ascending side,

Figures 85 and 85a show the electrophorstic patterns of swine
serunm and plasma, The descending serum pattern is similiar to the human
serum patbern. However, the B boundary disturbance misrates well shead
of the(d component. The concentration of the ¥ globulin appears to be
rather highe The ascending pattern shows only one alpha globulin and
theyglobulin appears to be divided into three clossly combined peaks.,
The (3 and]fglobulins and fibrinogen components in the plasma petterns
failed to separate into well divided areas.

Serum and Plasma Fractionation:

In addition to offering a method for fractionating serum and
plasma proteins the Tisellus apparatus is a valuable tool for following
fragtionations by other methods. An excellent review on this subject
has been preééntéd'by Cohn (117). 1In this peper Cohn states that ".,,
sach of the fractions revealed represents not a single protein but a pop-
ulation of proteins varying in size, shape, solubllity, physiological
and immunological function, and in many other respects," In fact some
believe that blood is & continuous mixbture of proteins and that all the
apparent fractions are artifects, This subject has besn carefully
disecussed by Hill (129:.

Svenason (105) fracticnated serum of several species by adding
various percentages of ammonium sulfate. After precipitation was complste
the serum wﬁs filtered and enalyvzed electrophoretically, Up to concentrations

as high as 60 per cent saturation of ammonium sulfate, only theafglobulin
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Figure 85. Electrophoretic boundaries of normal swine serum
diluted to 2.0 per cent in barbital buffer, pH 8.5. Electro-
phoresis carried out for 10,000 seconds at a potential gradient

of 6,5 volts per centimeter. Boundaries photographed by the
schlieren scanning method,

Fipure 85a, Electrophoretic boundaries of normal swine plasma
diluted to 2,0 per cent in barbital buffer, pH 8.6, Electro-
phoresis carried out for 10,000 seconds at a potential gradient

of 6,58 volts per centimeter, Boundaries photographed by the
sochlieren scanning method.



was completely precipitateds The &k and /2 globulins were found to have
solubilities parallel to their electrophoretic mobilities. Svensson

found that euglobulin (water iﬁsoluble globulin frection) is a mixture

of A, B and ¥ globulins. Cohn (130) fractionated normal horse ser um
by equilibration across cellophane membrenes with ammonium sulfate
solutions of knowm pH, concentration, volume and temperaturs. The

course of the fractionation was followed elsatrophoretically. He too
found that the components showing hizher wmobilities were more soluble

then the components with lower mobilities, After separating the zlobulin
Tractions and showling thal they were elsectrophoretically homogenous, they
were further separated by water dialysis into euglobulins and pseudo-
globulins (water.soluble globulins), This study'demonstrafed the presence
of many more components than are revealed by analyses of unfractionated
serum. In a separate study MeMeekin (131) was able to separate normal
horse serum albumin into two fractions, one high in carbohydrate and one
free from carbohydrate, Both of these preparations were found to be
homogenous by ultracentrifuge and slectrophoretic analysis. The mobilities
of the two albumins in buffer of pH 7.7 and lonic strength 0.2 were
503 and L.5 x 10-5 cm?/éec/%olt respectively for the carbohydrate free
and carbohydrate containing albumins,

Cohn and collaborators (132) have developed the method of
ethanol=water fractionation of serum and plasma proteins to a high
degres, Elsctrophoretically they have shown that bovine plasma is
separated as follows, Fifteen per cemt alcohol at 0°C precipitates
larzely fibrinogen and fibrin. Fraction 2 is precipitated by 20 to 25
per cent ethanol at -5°C and is largely Y globuline 30 to LO per cont

ethanol precipitates a mixture of the o and 8 globulins, TFraction L



remaining in solution st Lo per cent ethanol concentration is largely
albumine Figures 86, 87 end 88 show results obtained in this laboratory
in the ethanol-water fractionation of normai bovine serum. All samples
wore dialvzed against the ethﬁncl-water concentrations indicated at from
0% to =5°C until specific gravity measurements indicated the desired
concentration had been obtained. Figure 86 shows the precipitate obtained
with 10 per cent ethanol. It is largely fibrinogen but traces of B , and
a/globulins and albumin are present. The ascending pattern in particular
shows a component traveling behind the)y globulin that has not been identified.
The presence of this component in normal unfractionated bovine plasma has
besn indicated in unpublished work from this laboratory. Figure 87 shows
the precipitate obtained from 20 per cent ethanol. The chief component
has been identified as ) globulin; 3 globulin and a trace of albumin

ars also present, The precipitate formed with 30 to L0 per cent alecohol
is shown in Figure 8%, It is largely ¥  globulin with a fairly high
concentration of 3 globulin and traces of oK globulin and albumine.

The material soluble in L0 per cent alecchol was found to be largely
albumin but traces of the alpha and beta globulins were presents As

vet we have been unable to prepare pure fractions of any of the normal
bovire plasma or serum components by the ethancl-water method.

An interesting and timely application of electrophoretic
anslvsis is in the field ¢f blood plasma and serum proceszing. Soudder
(133) in sbudvine the effects of refrigeration on human blood plasma
obtained the patterms shown in Figure 89, Up to 53 das (the upper
limit reported) the plssma appears normale. The only change indicated

1s ir the spike due to the Bboundary disturbance. It is possible that
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virure 36« Electrophoretic boundaries of material insoluble when bovine
~lasme is dialrzed e-ainst cold 10 per cent ethanol.
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Firure 87, Electrophoretic boundariess of material insoluble when bovine
rlasma is dialvzed against cold 20 per cent ethanol,
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Pirure 98, Blagtrorheorstic boundariss of material insoluble when
“ovine o~lasma is dialrzed asairst cold 30-10 per cent ethanol,




Different refrigerated
blood samples

1.

Fresh plasma 18 days 22 days

24 days 37 days 53 days

ted human
Figure 89, Patterns obtained from refrigera
blood pla;ma taken et various intervals after freezinge

(Scudder, 133)
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arcing causes a change in the lipid protein complex %o which some have
ascribed the basis of this anomaly, Figure 90 shows & normal human
plasﬁa sample end the same sample after drying. It appears that no
noticeable changes occur in the pattern when plasma is dried either
by the lyophile process or under partial wvacuum,

Studies On Other Body Fluids:

In a study of nephrotic urine Longsworth (106) found that the

anomaly is not apparent, which may indisate that one of the components

of the constituents of the complex is missing or that conditions which
favor ite formetion are lacking, Nep!
of normal serun,

Kebat (13l) found that the proteins of cerebrospinal fluid are
similiar to those of the plasma proteins, However the normal fluid shows

neither d globulin or fibrinogen,

Other investigations have been mads on urine, pleural eff.sions,

L

h

L

erebrrspinal fluid, hydrocele testes, ascites fluid, cow aqueus humor
and pericardial fluid. {135). In several cases the Paster moving component
was isolaeted and identified as albumin. Fractions corresponding to & ,!3
,zuuia/globulins were found in some or =1l of the samples. Blix

(136) studied himlmucoid from the vitreous body of the sye, synovial
muein and submaxillary mucin. Hesselvek (137) studied humen symovial
fluid,

Immnological studiess

In an sarly work on antipneumococcus serums from the horse,
swine, and monkey, Tiselius (124) (138) demonstrated the presence of a

new component, all of which appeared to be antibody, since it was absent
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Dried by Normal Dried at
lyophilé control 37°C. under
process partial
vacuum
A B G

Figure 90, A comparison of the electrophoretic
patterns obtained from normal human plasma,
dried by two different methods., (Seudder, 1323}
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on eiectrophoresis of the same serum after absorption of the antibody
with entipgen, The new component migrated between the 3 suuia/globulins,
The new oomponent was found in swine serum and in this case its mobility
very closely approachsd that of theyZlobuline In the same study, rebbit
anbi-egs albumin serum was investigated, The antibody was found to>be
identical with the ¥  component of the serum. Another investigation of
anti-pneumococcel horse serums was made by Vander Scheer and coworkers
{126) (239)s They found that the antibodys alwavs showed the same
nobility asafélobulin and no new component was demonstrated, These

in the dsscrepency belween their rasults and those of
Tiselius (124) (138) as follows. "It has been thought that the
different mobilities found for pneumococcal antihodies arise from the
use of differcnt pneumoccal antigens, It has also been propossd that
the electrieal mobllities of antibody molecules as well as their mols-

cular weilghts change with the length of time over which hyperimmunization

has been proceeding." In one case the new component as described by

‘Tiselius was denonstrated. Fell (127) has found both types of antibodies

in antipneumococcus horse serum.

In electrophoretic studies with horse tetanus antitoxiec serums
the presence of & new component not present in normal horse serum was
demonstrated (140) (141)., The new component was labeled "T" and was

2 0m?/§ec/¥olt in a

found to have an average mobility of 1,98 x 10
phosphate=sodium chloride tuffer of pH 7.6, The same component was
demonstrated in certain other antiserums (1,,2) (see plate I Figures
3,01,5,6,7,8,9,10,11,12, 11, and 15.) In a summary of these results the

authors state. "In some of these sera antibody is ax; ressed by an

inerease in amount of the nommlly present zrﬁlobulin . In cthers its
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appearance i1s accompanied by the development of a‘nsW'"T" component "
It was stated “urther, that in spite of this obvious association of
sntitoxic activity with "T", the sreas under the "I'" peaks cannot be
taken as_proportional o the measured antitoxic activity,

Kekwick (125! followed the chenges in horse serum during the
course of producing diptheris antitoxin, The normal constituents were
found to romain but their relative concentrations changed, All antitoxie
serums showed a B' and Bv globulin component. The Btcomponent may be
the same as the "T" component but the mobility was so close to that of
3 zlovulin that it did nobt cowpletsly separale., The antitoxic serums
were fractionated and thefd andaélobulins waere the only fractions that
showed antitoxic activity. Rothen (143) found that a large increase in}’
rlobulin occured durinz immunization of horses ageinst diphtheria toxine

It is known that certain antitoxins can be partially digested
with pepsin without losing their abilitiss to neutralize toxin (1LL),
Diphtheria antitoxic horse plasma when digested with pepsin under certain
conditicns shows & 69 per cent loss of coagulabls protein which is
accompanied by only a 20 per cent loss of antitoxic activity, By this
procedure the antigenicity of the antiserum is greatly reduced. Figure
91 from Var der Scheer (145) shows the elsctrophoretic changes accompaning
pepsin digestion of defibrinated diphtheria-antitoxic horse plasma. The
digestion was carried out with acid pepsin (pH L.0) at 37°C. Figure
91=1 shows the elsctrophorstic psttern of the antiserum before digestion,.
In Figure 91-2 the "T" c¢ompcnent 1s indidated only after 1/2 hours
digestion: TMgure 91-3 shows the results after L8 hours digestion.

That the heat by itself does not cause this effsct is shown in Figure 91=l,



Diphtheria 1 #4635 e #4635 3 #4655 R 4
Antitoxin after #%hour after 48 hour at pH4 2 W37%¢
#4835 digestion digestion forZzhourfl (no

Fig‘ure 91.
effect of pepsin digestion of diphtheria~entitoxic

horse serum,
Wyckoff end Clarke, 145)

Discussion in text,

pepsin) I

Electrophoretic patterns showing the

(Van der Scheer,
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It has been observed previously that many diseaszs cause a
marked change in the blood protein albumineglobulin ratios, Frequently
the globulin concentrations, gamma in partic.lar, show a marked increase.
A comparison of Figure 9la, a normal bovine plasma pattern with Figure
91b, obbained from a brucellosis infected cow shows a marked increas~ in
the zamma globulin concentration. By combining agglutinin absorption
techniques with electrophoretic analyses, San Clasmente (57) was able
to show that Brucella agglutinins migrate with the gemma globulin component,
It was not vossible to remove all of the gamma globulin by the absorption
method ladieating that the gamma globulin fraction was a mixture,

Figures 9lc and 914 show the electrophoretie patterns obtained
from serum and plasma of & brucellosis infected horse, The globulin
concentrations mre abnermally hizgh as cen be seen by comparing these
patterns with rermel herse serum and plasme (see Fjgures 79 and 79b),

It is alsc of interest to note that the alpha two globulin concentration
approaches that of the albumin,

In & study of the proteins of tuterculin (1L4) and the bleod
serum resporse in tuberculesis (147) Siebert has made the following
observetions, Two distinet proteins are present in tubercvlin., 1In
rhosphate buffers of pH 7.6=7.6 (ionie strength 0.1) the mobilities
of these two proteins are of the order of 2 to L end 6 to 7 x 10_5
cmg/bec/%olt the mobility varyiﬁg slightlyv with varicus preparationse.

It is shown thaet there is elways & progressive deorease in the amount
ar.d percentarze of serum albunin with preog-ression of tuterculosis. In
early tuberculosis thed globulins inerease in percentuge, At the same

time & new component, X, with & mobility greeter than elbumin occcurs,
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Figure 9la. Eleotrophoretic boundaries of normal bovine plesma
diluted to 2.0 per cent in barbital buffer, pE 8,6, Eleotro-
phoreais carried out for 10,000 seconds at a potential gradient

of 6432 volts per centimeter., Boundaries photographed by the
schlieren scanning method,

+d

Figure 91b. Eleotrophoretic boundaries of brucellosis infected
bovine plasma diluted to 2.0 per cent in barbital buffer, pH 8,5,
Eleotrophoresis carried out for 10,000 ssconds at a potential

gradient of 6.];3 volts per centimeter, Boundaries photographed
by the sohlieren scanning method,
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Figurs 9lce. Electrophoretic boundaries of brucellosis infected
horse serum diluted to 2.0 per cent in barbital buffer, pH 8.5,
Eleotrophoresis carried out for 10,000 seconds at a potential

gredient of 6,80 volts per centimeter. Boundaries photographed
by the schlieren scanning method,
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Figure 91d. Electrophoretic boundaries of bruo=llosis infescted
horse plasma diluted to 2,0 per cent in barbital buffer, pH 8.5.
Eleotrophoresis carrisd out for 10,000 seconds at a potential
gradient of 6,9 volts psr centimeter. Boundaries photographed
by the schlieren soanning method,
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T+ is believed that thege changes represent sensitizetion to the tuberculin
proteines In the terminal stages of tuberculosis the ﬂglobulin increases.
There was some eévidence obtained which indicated thet a rise in b/élobu]jn
accorpanied rosistance to the disease, In another study Siebert (148)
geparsted the protein, nucleic acid, and polysmecharide fractions of
tuberculin electrorhoretically. The polvsaccharide fractions were of tvo
types eleetrophoretically, One fraction showed ne nigration in the
electric field and the cobher a slow migrstion,

Electrophoretic studies on gninea pigs compliment fractions
have shown the following (149). The mid-piece has been separated es
o euglobulin, with an electrephoretic mobility of 2,9 x lO—Ein phosphate
buffer of ionic strength 0.2 a2t pH 7.7 The end piecs and fourth component
were found together in & suglobulin fraction of serum which contained
10,3 per cent carbohydrate and had an electrophoretic motility of L2
¥ 1072 in phosphate buffer of ionic strength 0.2 et pH 7.7.

After certain of the viruses had been iselated in supposedly
‘pure form, slectrophoretic stucdies were cerried out in order to obtain
phyvsical property measurements end to determine the homogeniety of the
preparations,

In a study on tobtacco mesaic virus (150) sclutions of the
pure virus protein were found to bte iscelectric at pli %9, Flectro-
phoretically the preparations were unif-rm but they werc not monodisperse
in the uvltracentrifugze. It is of interest %o note that Pfankuck (151}
has reported that it is possible te split the particle of tobacco mosaic
virus protein into 50 to 100 pieces havinz ldentical electrophoretic

properties,
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McFarlane (152) noted that the tomato bushy stunt protein wes

monodisperse electrophoretically over a pH rance of 2.1 to 8,6 and

isoelectric at pH Li,11,

An attempt to electrophoretically isolate and crystellize the
veccinkl virus was made by Dougles (153). The virus was ottained mixeéd
with r:1tit vesles proteins. The testee proteins were iscelectric at pH

-

6.6 and the virus proteins carried a nepgstive cherge from pH 5.5 to 8elie

9

Py carrying out electrophoresis +tndies below pH 6.8 and abeve pH 5.5 the

[6)]
L]

testes proteins migrated as cetions and the virus proteins as anions,
Separations were ren-rted
wes net cobteined,

An electrephoretic separetion of the fowl leucosis virus wes
claimed by Lee (15L), using a U tube apparatus. The progress of the
separation was followed by injecting meterial from the ancde, cathode
end center sections of the cell into susceptible animels, The isoelectric

point of the virus protein was found to lie somewhere between pH 6,01

i end T e O

Using electrophoretic techniques Smedel end Shedlovsky (155)
have shown the viruz of vaccinie tc have a complex structures At
lesst five antitodies developed in animels feollowing injection or
hyperimmunizetion with sctive elementery todies, vi.., & neutralizing
antitody, an agzlutinin designated X, antibody against a nuclecprotein
constituent (NP) of the virus, and finally, entibedies azeinst a heat-
lebile (L) and heat steble (S) soluble antigen, L snd S antigens,
although imunologically distinet, are not separate substances; they

are components of a single sulstance, LS.
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Comphrensive studies have bLeen carried out by Abramson (156)
on pollen extracts eeausing hey fever. A wide variety of pollens have
been enalyzed electrophoretically, The pagfgfﬁé gre all similer end
contein e pronounced peak which may be a vprotein, end seversl pigment
peaksf Because of the low moleculmr weights of the proteins (about
£,000) it is believed that they may be intermediete between polvpeptides
end proteins, Some of the pigments heve been separatcd electrovhoretically
end like the protein component, they are biologically active,

Other Studies of Biologicel Interest:
£t purd

~ P
(OB IRE o y

irs ¢ attemp
enzymes by electrophoresis. He found that purified pepsin had no
apparent isoelectric poinﬁ. Tiselius (158) found on electrophoretic analysis
that unless special nrecautions are observed, mest supposedly pure pepsin
proparstions contein one mein ccrponent end several contaminents. Upon
further purification (electrophoretic) the contaminents were removed and
pepsin scted like en acid remaining negative at all values of pH investigeted,
- Barriot (159) has-confirmsd thesé observations and reports the isoelectric’
point of pepsin to te below pH 1.5

Theorell (160) succeeded in isolating and purifying the yellow
respiratory enzyme of Warburg end Christlean by electropheretic technique.
Fe was able to icdentify the purified enzyme as a protein, Cytochrome= ¢
wes isolated electrophoretically by this seme worker (161},

Other electrcphoretic studies on enzymes have been reported,
Choline esterase (162), ribonuclease (163), zymohexsse (16él), yeast

carboxylase (165), and chymotrypsin (166), In the case of zymohexase

it is of interest to note that the iscelectric point of the purified mtive
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enzyme end of heat coogulated particles was pH 6,3 in all cases.

Figure 9% shows the electrophoretic pattern obtained in this laboratory
on a beef liver catalase preparation in barbital btuffer, pH 846, u Quls
The preparation appears to be quite homogenous and has a mobility of
3,12 cm?/éec/ﬁolt calculeted from the descending pattern,

Studies on the pitiutary-luctogenic hormone have been reportad
by Shipley (167) and Li (168). Pure preparastions of the hormone appear
tc be homogencuse The crude glend extracts are largely composed of
physiologicelly inert proteins. The isoelectric point of the pure
horrone appears 4o be somewhere in the neighborhocd of pH 546 to 547

Shedlovsky and coworkers (169) (170) have succoeded in the

electrophoretic isolation of the interstitial cell-stimulsting (luteinizing)

hormene from swine pituitery glendses The initiel extract after chemical
purificeticn showed three eleetrovhoretically distinet componentse The
mein compenent was electrophoretically separated and found to contain all

of the biclogical activity. The main compenent after separstion was

Thomogensvs in both electrophoretic and ultracentrifuge studies with an

isoelectric point of pH 7.L5,

Qther electrophoretiec studies on hormones have been revorted
as follows: gonadotrophic hormones (171) (172), posterior pituitary
(173), (174), (175) and thryoglobulin (176),

A comparison of the mobilities of verious hemoglcbins from
different species has been made by Landsteiner (177)e. The mobilities
of somz of the hemoglobins from unrelated species were very similiare

Muscle juice obteined by pressing muscle has been shown to
contain the following pro%eins: myohemoglobin, myogens A end B, globulin
X, and nyoalbumine Iertart {178) claims that st least 50 enzimes are

present in varying amouivs in muscle Julce,
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Fizure 92, £lectrophoretic bhoundaries of
“rucella protein nucleate, Electrophoresis
carried cut for 3,/100 ssconds in phosphats
huffer of pl 7.f and ionic strength 0.1 at
a potential rradient of 5,38 volts per
coentimeter,
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Pizure 9L, Electrophoretie boundariss of
Brucella protein nucleate. Electrophoresis
carried out for 2,900 seconds in phosphate
buffer of pH 7.6 and ionie strength 0,02

nt a potential -~radient of 5,30 volts per
contimeter,

Figure 93, Electro-
phoretic patterns of
beef liver catalase.
Description in text,.

td~ -

Fizure 95, =lectro-
phoretie patterns of
Brucella gluco-1ipid,

stk hoatetoly ;
Description in text.
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A chleorophylleprotein compléx from leaves has been reported
by various workers. One electrophoretic study has shown that suspensions
of these particles are isoelectric in scetets buffers (/50 st e pH of
Le7)e (179); These particles are believed to have uniform surfeces.

Fibtrous proteins have been investigated as follows: Wool (léO),
(181), silk (60), bair, skin and fingernails (182), (183), and steer collegen
(28L)e

Vortin (185) and Kemp (186) have studied extrects of wheat proteins,
The isoelectric point of gliaden was found by Kemp to be near pH 6,6 Glutenin
ic 2 ectric points of some other
prolerines have been reported as follows: zein fracticns, pH 6.29,

7017 end 6,95, (187), and secelin pH 6,67 (in 63 per cent alecohol by
weight,; (188),

Cow cacein (189) hes bheen shown to consist of three electrophoreticelly
separable components called®., @ and ‘a/asein in order of their decreasing
mobilities. A boundary corresponding to lactaliumin was alsc observed,

The ~lestrophoretic beheviour of certain nucleoproteins has
been investigated (190), The nucleohistone of the celf thymus, two
additional nucleoproteirs of the celf thymms, and the nucleoprotein of
the hog thyroid were charecterized as uniform substences from their electro=-
phoretic behavior. Figures 92 and 94 show patterns obtained in this labora=-
tory on the protein nucleate from Brucella cells (191)e The major component
is the becterisl protein. The faster moving component is nucleic acid.

The effect of ionic strength on electrophoretic separations is readily
seen by comparing Figures 92 end 9.
Flgure 95 shows the electrophoretic pattern obteined with the

endo-antigen from Brucella cells (192)e The slectrophoretic homogeniety
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of this substance is apparent, This is interesting since the endo-
enbigen has been found to contein a nitrogenous substence, glucose on
hrdrolysis and lipid,

It hes been shovn that when blood serum is heated to about
65°C it becomes opalescent and prolonged heating causes the entire sample
to gel; Electrophoretic examination of serum hested st 65°C; showed the
presence of & new component (193) called "C"., On further study‘on this
component it becsme eviden: that 1t vms a colloidal agpregation product
raesulting from denaturatién of components of the serum. Expériments in
this leboratory have shown conclusively thet glucose ha$: an inhibitive
action on "C" component formation when samples of serum cr plasma are
hented at 65°C in the presence of glucose (19)e, Figure 96 shows the
pattern of a semple of normal bovine plasma, Figure 97 shows the pattern
that results from heating the seme sample at 65°C. The "C" component

is verr much in evidence. As disoussed elsewhere (19L) the peaks labeled

X and Y are believed to be lipid disturbtences. Figure 38 shows the pattern

" 6f tlie semple satureted with glucose and heated at &5°C for ons houre

Type "C" component is not formed under this condition of heetinge

The use of electrorhoretic technicues in following chemical
separations has been clearly demonstrated by Longsworth (92) in an
elec%rophoretic study of the proteins of egg white, Figure a shows

the pattern of untrested egg white at pH 3.92. Gl’ G,, and G,, are

2 3
globulin fractions, C the conslbumin fraction, A& the ovaltumin end O,
the ovomucoid frection, Part (b) shows the soluble fraction resulting

from half seturation with ammoniuvm sulfate, This fraction conteins all

of the components shown in {a) with the possible excepticn of globulin Gz;
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Figure 98

Fizures 96, 97, and 98, Elecirophoretic patterns of bovine plasma

in barbiturate buffer of pH 8,6 and ionic strength O,1. Electrophoresis
of all samples carried cut for 10,000 seconds at a potential gradlent of
6.00 volts., Boundaries photographed by schlieren scanning method. De=-
seription in text. 1o

i
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proteins 1llustrating how chemical frectionations

can be followed electrophoretically,
Cannon and MacInnes, 92

(Longsworth,



The insoluble fraction is shown in (d) end it too is e mixture of ail
of the original components. Figure 99 (f) shows the effect of crystali@zation
of the albumin fraction. The G, zlobulin hes disssppeared and the ovommcoid
conponent is reduced, Figures 99 (g) and (h) illustrate the effoct of
further recrystallization of the ovalbumin fracticne.

The chemical fractionation of the water soluble, erushed cell

frection obteined from Brucella cells as described by Huddlesen (195) has

S v

been followed electrorhoretically, Figure 100 shows a typlcal pattern of a

crushed cell fracticne. FElectrophorsesis of this sample was carried ovt for

AN

8

Q

L 200 seeonds ok cntial gredient of 4,12 voits per centimeter in a
btarbiturate=godium chleride buffer of pH 7.8 and ionie strength of 0.l.
The mobilities computed from the descendin- boundaries were as follows:
(8) Ll0 = 1077, (b) 9.b3 x 1077, (o) 11.8, x 1077, (d) 14.76 x 1077 en/
s&c/%oltg Figure 10(b shows the insoluble fraction obtained by diaelyzing
the erushed cell frection ageinst L5 per cent armonium svlfate, Electro-
phorecis of this fraction and the subsequent frections was carried out at
a potential pradient OT'6'V01tS“fO£’3,000 seconds in a barbiturate buffer
of pH 8,5 and ioniec strength C.l. The electrophoretic pattern shows that
the 4 component hes been removed, In addition the concentration of the

a component has been reduced and at the same time the reletive concentrations
of the b and ¢ comprnents have been inereased., TFlgure 100 ¢ was obteined
bv electrophoresis of the materiel remaining ‘2 solution after the crushed
cell fraction was made 30 per cent (by weight . with respect to p-dioxane
(10°C). Three components arc mow evident, Tho steepest peak does not
migrete under the conditions of this experiment and is believed fo be an

electropheretically inert polvssccharide, The other two corponents are

believed to be the b end ¢ fractions, Figure 100 & was obtained upon
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Fizure 100, “‘lectrophorntic patterns of water soluble Brucella crushed cell fractions
in barbiturate buffer. Deseription in text,
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electrophorstic analysis of the material soluble in Lo percent dioxane,

The inert material is still evident and the other component has a mobility

e

§

ndicating that it is the b fraction., After dialysis of the crushed cell
fraction against 30 percent ethanol (0°C.) elsctrophoretic analyses showed
the E_and_g components to be present as showm in Figure 100 e, Incressing
the ethanol concentretion to ;0 per cent remo&ed the g_componént as showm
in Figure 100 f, The electrophoretic pattern shown in Figurs 100 g was
obtained from the supernatent after the crushed cell frection had been
dinlyzed against an acetate buffer of pH 3.91 and ionic strength of 0,1

{

Arvaamdbwedt A Poacave 4
ST CALNTALDL LOWT ¥

imos)e TV rial is eleciropuoretically inert
and dces not give e positive biuret test. The molisch test is positive
indieating that it may be a polysaccharide. Immunization studies have
bheen aarrisd out using these wvarious fractions and the results will be
publishad at a later dete,

The standard Tiselius electrophoresis c¢ell is applicable to
and satisfactory for diffusion studies (h6)e Eoundaries are formed as

a

lectrophorssis experiments and then shifted into view., The center

L

,,,ia
=
@

sectiona of the cell are then isolated by displacement to one side and
diffusion patterus {schlisren scanning phobographs of the refractive
index gradients) are obtained at interwvals until the diffusion process
haes approached the closed ends of the sections, At zero degress Yhis .
moy teke seversl davs., Monopolization of the equipment can be avoided,

by sunporting the diffusion cells in the water bath in such & manmer

<
=
=
s
-

they 2an he moved into view without distrubing the diffusion, In
the coso of ideal diffusion the maximunm velue of the refractive index

rradient gdn) varies inversely ms the square roob ol the tims, t,
dx m

rding to the relation (_%_ Am/.\l'm

=
]
3
o
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in which D is the diffusion coelfficient and A # is the refractive index
incrementes In practice the followring procedure may be followed (66).

"4 saries of ordinates are drawn on & sheet of ccordinets paper at values
r;"f‘ the sbscissse equal to the reciprocals of the sgquare rooks of the times
at whiehpatberns wero obtained, Ah enlarged image of the pattera is then
traced on the paper after the position of the latter has been shifted Lo
bring the hase line of the nattern into coincidence with the axis of
abscissae and the propor ordinats passes throngh the maximunm valuve of

the gradient, If diffusion has been normal these mexima fall as

= A
W

straight line pussing bthrough the origine

pie
o0
£,
-
[J
2
@]
]
-
<
—
v
a

The diffusion cosfficient is then couputed from the slope m, of this

line and the areas under the curves, the latier being proportional to
the refractive index A saccording to the formula D= '.,%,7. %‘)L
The areas A, under each of the curves are indicated in Figure JO| and
it will be noted that they are essentially constant as requirsd by the

simole theory."
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Figure 101.Dizgram illustreting the edeptablility
of the Tiselius apparatus to diffusion studies.

( Longsworth,66 )
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