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Chapter 1

' HISTORY OF CHROMATOGRAPHY

"The invention of & new, specialized lsboratory procedure
brings about rapid conquests in new fields of science and technol-
ogys; finally it exhausts itself and is replaced by a still more
practical method. The method of chromatographic adsorption, in-
vented by the talented Russian botanist, Prof. M. Tswett, makes
possible spatial separation of the components of a mixture. It is
Jjust now at the beginning of a brilliant development; it offers a
simple experimental procedure to the investigator, especially in
the field of both pure and applied organic chemistry, of biochem-
istry and physiology."

. L. Zechmeister. 1938.

Chromatogrephy is probdbly the most recent enalytical technique
to be adopted by laboratories in almost every part of the world.

The extremely simple apparatus that is required, a covered container,
a cylinder of filter paper and a simple spray, has made the technique
of paper chromatography available to every laboratory. The rapid,
efficient and accurate results which have been obtained; have re=-
sulted in its application to a wide variety of problems. A complex
mixture of rare earths can be separated into spectroscopically pure
components in a single operation. This was formerly only possible
after about a thousand recrystallizations. A protein hydrolysate can
be chromatographed in one procedure, to show the presence of all the
emino acids that can be demonstrated by eny other known technique.

It is due to facts such as these, that this tecpnique has been so
widely applied in almost every field of applied and pure research.

The original ideas in paper chromatography are to be found in a

peper by Schonbein in 186l (1), in which he described the separation
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of substances on filter paper. According to this method, one end of

strips of filter paper(éégg)placed in solutions of the materials to
be resolved. As the liquid was drewn into thg filter paper by capil-
lary forces, the substances graduelly separated from one another,

and formed a series of bands.

The real start of chromatographic analysis must however be
credited to Schonbein's pupil, Goppelsroeder, who carried out numer-
ous researches on capillary aﬁalysis prior to 1906 (2). His success-
ful work was carried out on strips of filter paper or textile
materiels, since his experience with solid adsorbents was unsuccess-
ful. Reed, in 1893, first published & technique for chromatography
on columns, having separated alkaloids from orgenic sources on &
column of powdered kaolin (3). Tswett, who was probebly influenced
by Goppelsroeder, introduced the idea of column development with a
pure solvent, and thus made the technique a potential analytical
tool (L). -

In 1906, Tswett described the separation of a mixture of pig-
ments on an adsorbent of powdered calcium carbonate. He stated that
the adsorbent, which is saturated with one substance, is still able
Ato teke and bind a certain esmount of enother. However, at the seme
time, substitutions can also teke place. The petroleum ether solu-
tion of the plant pigments was resolved on the adsorbent according
to the adsorption sequence, since the more strongly adsorbed pig-
ments displaced the wesker adsorbed ones and forced them down the
column. This separation beceme practically complete if a stream of

pure solvent was passed through the adsorbent column. The adsorp-
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tion phenomenon was not restficted to the chlorophyll pigments, and
he also investigated lecithin, alkennin, prodigiﬁsin, sudan, cyanin,
solanorubin and acid derivatives of the chlorophylls.

Carotenes passed directly through the column with no adsorption
at all, and bands of other pigments moved slowly down the column.
When a good separation had occurred, the adsorbent was extruded from
the column? and the bands separated from each other with a knife.
Pigment fractions were washed from the adsorbent by means of alcohol.
Thus, by a single operation, Tswett showed the components of a mix-
ture separated from each other.

The bands of substances observed by Goppelsroeder on filter
paper were analégous to those observed by Tswett on the calcium car-
bonate column. Only in the last decade has it been realized that -
the principles involved in this so-called t'capillary analysis' are
identical with those in 'chromatographic enalysis'.

At the same time thét_these experiments were.being carried out
in Europe, Day in America (5) in 1897 wrote: ". . . by experimental
work, it may easily be demonstrated that if we.saturate a limestone,
suéh as the Trenton limestone, with the oils characteristic of that
rock, and exert slight pressure upon it, it is easy to change it in
its color to oils similar in appearance to the Pemnsylvenia oils,
the 0il which first filters through being lightest in color and the
following oils growing darker". By 1908, Day had induced Gilpin and
his collaborators (6) to carry out detailed experiments, by means of
which they showed that if crude oil is forced upward through a column

of Fuller's earth, the following sequence can be noted from top to
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bottom: = saturated éliphatic hydrocarbons, then aromatics and unsat-
urated substances, and finally nitrogen and: sulfur compounds, and
that émounts of each substance increased towards. the bottom 'because
of selective adsorption'. |

Palmer in 1922 (7) carried out extensive chromatographic studies,
and it is evident from his remarkable monograph on carotenoids that
he realized the importance of the method. In 1931, Kuhn and Lederer
(8,9) resolved plent carotenes into several components, fulfilling
Tswett's twenty-one year old prophecy that !'very likely carotene is
not a chemical entity but a mixture of two or more homologues which
it may be possible to separate from each other by means of adsorp-
tion methods « « o',

Liquid-liquid partition chromatography was introduced with suc-
cess by Martin et al in 1941 (10,11,12,13). In this technique, the
adsorbent is essentially a support for a static liquid phase, while
a mobile liquid phase flows through the adsorbent. The authors used
specially prepared silice gel as the adsorbent, and an aqueoﬁs phase
as the non-mobile component. The acetoamino acids were separated on
this adsorbent when the mobile phase of butanol-chloroform mixtures
was saturated with the aqueous phase. On the other hand, Consden et
al (1L) in 194}, made use of filter paper strips for the resolution
of mixtures, in a mamer similar to that described by Goppelsroeder.
Here, the non-mobile phase was water (in the cellulose of the filter
peper) and the mobile phase was 'phenol or collidine, which was sat-
urated with water.

Late in 1950, James end Martin (15) introduced a variation of



partition chromatogrephy, in which they presented a technique for
liquid-gas partitioning of a mixture. The non-mobile phase in this
case was liquid paré.ffin?stearic acid on an adsorbent of kieselguhr.
A stream of nitrogen was forced through the kieselguhr as the mobile |
phagse. This was used to obtain en improved separation of the vola-
tile fatty acids.

Consden, Gordon, Martin snd Synge appear to have stimulated the
current interest in chromatographic analysis. Column a.nd paper
chromatography have been applied to the resolution of complex mix-
tures in almost every field of industrial and pure research. Within
the last decade, well over a thousand papers have been published on
chromatography, and with the continued interest being shown in this
technique, it is certainly probable that the technique will be
vastly improved, and applied as a routine laboratory tool for many

years to come.
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Chapter 2

INTRODUCTION TO CHROMATOGRAPHUY

"A good techniéue sometimes renders more service to scienceAthan
the elaboration of highly theoretical speculations”.

Claude Bernard
OBJECTIVES.

The evident advantages of chromatographic analysis have been
recognized in many fields due to its relatively simple technique, and
the speed with which results can be obtained. Among the aims of the
technique are: resolution of mixtures into their constituents; deter-
mination of the homogeneity of chemical substances; comparison of
substances suspected of being identicel; purificabtion of substances;
concentration of materials from dilute solutions; recognition and
control of technical products; determination of molecular structure;
combination with electrophoretic separations; regeneration of sub-

stances from complex addition compounds.

PRINCIPLES.
The method of separating substances by processes based upon solu-

bility relationships is based on one of two main principles:

I. The phenomenon of Adsorption. This is essentially & device which
permits the spatial separation of differently adsorbed materials (o.g.
plant pigments) on a single adsorbént (e.gs calcium carbonate). On
the column, the constituents with a high affiniyy for the adsorbent
displace those having a weaker affinitye. Thus the substances arrange

themselves on the column in the order of their adsorption affinities,



and the bands move down the column on washing because the adsorption
is reversible.

II. Partitioning between two solvents. Separations depend on differ-

ences of solubility of the substances to be separated between two
liquid phases. If, for example, the two liquid phases are butanol
saturated with water, then it is evident that oxalic acid will be
present in a greater amount in the aqueous phase, and another organic
acid, such as fumaric acid, will be present in greater amount in the
butanol phase. This difference in distribution between the two phases

permits their separation either on a column or on a paper chromatogram.

COMPONENTS OF THE CHROMATOGRAPHIC SYSTEM.

I. Adsorbent. In column chromatography, a vertical glassrtube is
packed with an adsorbent. The choice of adsorbent is largely empir-
ical, but it should possess certain properties, namely, it must be
insoluble in the sdlvents used, it must not react with the substances
filtered through the column, it must have a certain amount of adsorp-
tion activity to hold the constituents of the mixtures to be analyzed,
it should be colorless to facilitéte the observation of zones, it must
be reasonably priced end recoversble, and it must be such that identi-
cal results cean be obtained.

Né wmiversal adsorbent has yet been found, nor has a perfect
adsorbeﬁt for eny given purpose been developed. Some examples of
adsorbents, listed in the increasing order of theif activation, are:
sucrose, starch, inulin, magnesium citrate, talc, sodium carbonate,

potassium carbonate, calcium carbonate, calcium phosphate, magnesium
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silicates, activated alumina, charcoal, magnesia and Fuller's earth.
The adsorption capacities of all solids depend upon the solvents used
for the adsorption. Adsorption is greatest from saturated hydro-
carbons, less from unsaturated and cyclic hydrocarbons, chlorinated
hydrocarbons, ketones and esters, and still less from alcoholic solu-
tions and nitrogenous bases, and least from acid and basic ones.
According to Zechmeister and Cholnoky (16), the particles of most
adsorbents vary in size from one to ten microns.

The adsorptive affinity of an adsorbent depends chiefly upon the
structure of the‘substance‘to be analyzed; the more polar the substance
is, the more strongly will it be adsorbed. The common functicnal
groups, in spproximate order of decreasing polarity are carboxyl,
hydroxyl, nitro, azo, carbonyl, amino aﬁd phenyl. The presence of
conjugated systems considerably augments the édsorptive affinity, and
the adsorbability of compounds with the seme functional group increases
with the molecular weighte.

II. Developing Solvent. When a solution to be enalyzed has been

placed on the adsorbent, a solvent, or mixture of solvents, is poured
over the column to separate the constituents of the mixture. The pro-
cess is known as‘development, and the églvents used‘during this pro-
cess are called the developing solvenﬂs.

The choice of & developing solvent is determined to a large
extent by the solubility of the materiels to be adsorbed and by the
éctivity aéd insolubility of the adsorbent in the solvent chosen. The
following solvents are arranged in approximéte order of their effect

on adsorption (adsorption is greatest from those materials listed
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first in the series): petroleun ether b.pe. 30-50°, 5b-70°, 70-100°,
carbon tetrachloride, cyclohexesne, carbon disulfide, ether, acetone,
benzene, toluene, esters of organic acids, aslcohols, water, pyridine,
organic salts, mixtures of acids‘or bases with water, alcohol and
pyridine. The former are more 1ikely to be used as developing sol-
vents, tﬁe'latter as eluants, depending upon the activity of the
adsorbent and upon the nature of the adsorbed compounds. It must be
pointed out that the pH of a developing solvent is of the utmost im-
porténce, as a relatively small change in pH may mean the difference
between strong adsorption and.compléte elution.

1I1. Rp and Ry Values. RF values are used in paper chromatography to

designate the position tO'whiéh a-suEStance will move under specified
conditions. They are expressed és the rétio of‘thé distance to which
a substance moves to the distance to which the solvent moves. A sub-
stance which moves with the sélvent front thus has an Rp value of
unity. The Rp values for any giveh substance will vary depending on
the type of developing solvent used, the nature of the filter paper,
and to a lesser extent on the temperature at which the experiment is

carried out. Ry values were proposed in 1950 by Bate-Smith and

Ry |
directly with the partition coefficient* and also, in many cases,

Westall (17) and are expressed as 1og(1 - 1). These velues vary
change by eéual increments with each successive addition of a parti-
cular substituent group, end thus are likely to be more useful for
*The pertition coefficient is expressed as the ratio of the amount of

solute present in the organic phase to the emount of solute present
in the aqueous phase.
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meny purposes than the Rp values.

METHODS .

I. Ion Exchenge. The practical difference in the function of an

adsorbent proper and an exchange adsorbent is that, in the latter
instance, the process necessarily involves & release of some constit-
uent from the solid surfece fo the soivent. ‘Synthetic resin, 8-CH
quinoline, permutit, zeolite and amberlite are some of.the adsorbents
uéed. The reiative adsorption éffinities of ions appear to depend
primarily on‘valence, degree bf hydration end basicity (18). It wes
found possible to separate, in a comparitively small number of opera-
tions, various mixtures of rare earths into spectroscopically pure
substances. To obtain a similar result by older methods would require
as many as & thousand fractional recfystallizations. Diphosphopyri-
dine nucleotide has recently been separaﬁed from yeast in & purified
state by édsorption on Norit, followed by chromatography on Dowex-2
ion exchanger (199). |

II. Boundary Method. Tiselius (19) introduced the chromatographic

boundary method, in which & solution is forced upwards through en
adsorbent, under conditions which make possible a continuous optical
characterization of'the emerging liquid by means of a device which
records the refractive indices. The individuel compounds have cherac-
téristic rétention.volumes.and show a sudden break-through. The
technique requirqd elaborate apparatus and an advenced technique. A
greqt disadventage is the effect of small changes in temperature,
which givé rise to convection currents, thus meking an accurate op-

tical record difficult to be obtained.
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III, Partition Chromatography.

A. Liquid-Liquid Chromatography. This method has probably

received most attention since the introduction of the chromatographic
techniques A solid column is essentially a support for a static
liquid phase, while a mobile liquid phase flows through the adsorbent.
Here, & great number of consecutive partitions of the substance occur
between the two liquid phases, and chromatographic separations, either
on paper or in columns, depend on repeated partitions of the solute
between the liquid phase on the adsorbent and the mobile‘developing.
solvent. This repeated partition can only teke place when there is a
dynemic equilibrium emong the solute, the adsorbent and the solvent.
A single solute molecule migratés in an adsorption column only'while
it is in sclution. When it is held by the adsorbent, it remains sta-
tionary as the solvent flows past. The stronger it is held by the
adsorbent, the slower it migrates. If two solute molecules differ in
their affinity for the adsorbent, they will migrate through an adsorp-
tion column at different rates.

(i) Column Chrometography. Martin and Synge in 1941 (10) first

used silica gel as the adsorbent, and butanol-water as the mobile-non~-
mobile phase for the separation of the acetoamino acids. Later, Moore
and Stein, in 19l;, demonstrated that free amino acids could be sepa-
rated on potato starch columns (20). Column chromatography has been
applied to the defermination of orgenic acids in fruit by Isherwood in
1946 (21), who used specially prepared silica gel. Since this time,
column chromatography has been widely applied to many field; with no-

teble success. The adventages of this type of chromatography are that
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the constituents of a mixture can be recovered in a pure state and
then can be estimated by the usual chemical techniques.

(1i) Paper Chromatography. Consden, Gordon and Martin (1l)

followed up their brilliant work on column chromatography by adapting
their partition technique to filter paper, which replaced silica gel
as the adsorbent. The developing solvents passed over it in the same
ménner as in column development. Single dimensional chromatography
implies that one solvent only is used to separate the mixture applied
to the paper, whereas two dimensional chromatography indicates that a
second solvent is run ét'right angles to the direction of flow of the
first solvent. In this manner, very minute quentities of very complex
mixtures can be separated in a simple and effective manner, somnething
that would be almost impossible by any other method. Dent published
an amino acid map, which showed the separation of the more commonly
encountered amino acids, using phenol as the developing solvent in the
first dimension, followed by collidine‘in the second dimension (22).
Position of the resulting amino acids was shown by spraying the paper
with & ninhydrin solution and gentle heating. The Consden, Gordon and
Martin paper technique is known as the descending method, due to the
fact that the paper strip was suspended from a small trough which con=
tained the developing solvent. A capillary ascending technique was
introduced by Williams and Kirby (23) in 1948, in which a cylinder was
formed by the filter paper, and placed in a covered dish, which con-
tained the developing solvent.

(iii) Alumina-impregnated filter paper chromatography. Datta et

gl (2l) used filter paper dipped in colloidal alumina %o separate
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Vitamin A alcohol, Vitamin A esters, retinens and other Carr-Price

chromogens.,

(iv) Electrophoresis on paper. Voltage applied to filter paper

chromatograms was described by Haugaard and Kroner in 1948 (25), in
which a piece of buffer-dipped filter paper with metal electrodes
woven into the paper was used. They were able to achieve a one dimen-
sional separation of amino acids which usually required & two dimen-
sional treatment. The charged amino acids moved towards the oppositely
charged pole, while the neutral amino acids remained in the centre of
the chromatogram. Biserte (26)_reported a. slightly more elaborate
apparatus for the separation of amino acids and peptides on paper

under the influence of an electric field.

(v) The Chromatopile. Mitchell and Haskins in 1949 (27) demon-

strated the separation of a mixture of adenine, tryptophan, phenyl-
alanine, p-aminocinnamic acid and anthranilic acid on a chromatopile.
The mixture to be analyzed was taken up by fifty sheets of filter
paper having a dismeter of 9 cm. -Forty sheets of untreated paper were
placed on top of them. These ninety sheets composed the upper part of
the chromatopile,_in which the tota; number of sheets of filter paper
was 865. They were placed in a battery jar under slight compression,
and developed with en acid-butanol mixture for 28 hours. Recovery of
the separated components was 223 out of en original 250 mg. of mixture.
This method was later used to separate the constituents of teka-
diastase (28) by the seme authors. The advemtage of the chromatopile
is that relatively large quentities of substances cen be recovered

from & mixture in an almost quantitative menner. Zechmeister in 1951
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(203) described the preparation of a column packed with precision-cut
filter peper discs, which are cut to fit the glass tube being used.

(vi) Continuous development chromatography. Continuous develop--

ment in peper chromatography was introduced by Miettinen and Virtanen
(29), who used a thick pad of cotton wool or cellulose tissue to soak
up the developing solution from the end of the filter paper. The
longer period of development permitted the separation of the slower
moving fractions.

L]

(vii) Large Scale Paper Chromatography. Yenofsky et al (30)

suggested the use of a revolving drum, like a kymograph, to apply to
the paper a relatively large aliquot (five ml as opposed to the con-
ventional 0.01—0.027m1) with & micropipette in less than fifteen
minutes, and at the sams time maintain a narrow band. This allowed
the recovery of chromatographically pure substances in & rapid,
effective manner. An even, narrow band eliminates any variation in
movement of the band, since it is known that the rate of movement
‘depends to some extent on the initial concentration of the substancq
to be analyzed.

(viii) Reversed Phase Partition Chromatogrephy. The more common-

ly used type of partition chromatography, as described before{ uses an
adsorbent which holds the agueous phase, while the organic phase flows
‘over it. fhis is excellent for the separation of water soluble mater-
ials, but is impractical for those that arée water insoluble. There-
fore, Partridge and Swain in 1950, (31) introduced a reversed phase
partition chromatogram in which the less polar solvent is held on an

inert support; es.g., collulose acetate, rubber powder or kieselguhr
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impregnated with silane. The authors used a commercial chlorinated
rubber (Alloprene) for the separation of 2:li-dinitrophenyl derivatives
of amino acids, and partitioned them between butanol and an aqueous
buffer.

Winteringham et al in 1950 (187) studied the metebolism of the
radioactive bromine analogue of DDT by reversed phase partition
chromatography. Vaseline-coated filter paper was used to hold the
non-mobile phase, end the development was carried out with an ethanol-
water-ammonia mixture. In 1951, Partridge et al (196) described the
separation of alkaloids on a powdered glass column, using & similar
vtechnique.

(ix) Counter-Current Distribution. In 19l); Craig (32,33) also

introduced & new technique for the study of the relative distribution
of constituents between two liquid phases, which he termed 'counter-
current distribution'. A total of twenty tubes was used, which might
be considered as a series of separatory fumels. Two liquids were
mutually saturated with each other and placed in each tube, the upper
part of which was made to fit over the lower part of the adjacent tube,
thus a series of nineteen equilibria or 'plates' were accomplished.

He described the technique as a method and apparatus for the precise
study of the distribution characteristics of small smounts of orgenic
compounds between two liquid phases, being well suited for fraction-
ation, proof of homogeneity and identification of amino acids and pep-
tides. Barry et al in 1951 (198) have described the separation of
normal fatty acids having a chain length of five to eight carbon atoms,

by use of a counter—-current technique.
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B. Liquid-Gas Partition Chromatography. The preceding sections

show exemples of liquid-liquid partition chromatograms, but James and
Martin in 1950 (15) introduced a liquid-gas partition chromatogrem.
The ratio of vapor pressure of two members of a homologous series is
'usually greater than the ratio of partition coefficients between two
liquid phases, therefore, a gas-liquid pértition chgomatogram should
lead to a better separation of the two compounds. This is the case
for the volatile fatty acids, when using a chromatogram containing a
static 1iquid phase and a mobile gas phase of nitrogen. In general,
the substances investigated emerged from the column in order of the
boiling points, except in cases where the energy of association with
the stationary solvent differed markedly from the energy of associa-
tion of the pure substances. Kieselguhr was used as the support for
the stationary liquid phase, which was liquid paraffin-stearic acid,
and & stream of nitrogen was applied as the gassous phase.

IV. Location of Substances. In the case of substances chromatographed

on the column, the problem of location or detection of the material
being investigated is easier than with paper chromatography, for in
the latter, much smaller quantities can be dealt withe Thus, for all
practical purposes, the smallest quantities of substances that may be
detected by chromatography is directly related to the sensitivity of
the reaction used to locate the zones and spots.

A. Ultra—viélet light. Some substances such as the flavanoid

pigments, riboflavin, rutin, etc. are naturally fluorescent, while
others such as sugars, may be sprayed with materials to cause fluor-

escence (3l4,35). Ultra-violet light is used to detect such substances.



17.

B. Brush or Spray Method. Routine chemical tests that are of a

sensitive nature may be used for the detection of spots or zones;
ninhydrin for amino acids (36), emmoniacal silver nitrate for sugars
(37), pH indicators for organic acids (21), hydrogen sulfide fér
metals (38), m-dinitrobenzene for progesﬁerone (39), Carr-Price reac-
tions for Viteamin A and similar polyenes (2lj), sulfenilic acid for
purines (lO,L1) and dichlorophenol indophenol for ascorbic acid (L2).

Zechmeister and Rohdewald showed the position of enzymes on pow-
der columns by painting a longitudinal streak with a brush carrying
the solution of the corresponding substrate. After a brief incubation
period, a second brush applied a color reagent for detection of the
enzymic cleavage product (200).

C. Bio-autographic technique. The bio-autographic techhique has

proven to be very useful for the.detection of substances such as
Vitemin Byp (L3), end penicillin (lli). The eluant or filter paper
strip is placed against an innoculated.agar plate, and the area of
growth or inhibition of growth of the orgenism can be observed.

D. Radiocactivity Detection. Substances possessing radioactivity

can be detected by the use of a Geiger-Miller tube (L5) or by placing
the chromatogrem against X-ray film, thus obtaining a radio-autograph
(L46) .

E. Electronic Image Converter. Harvalik (447) introduced the

electronic image converter, which enabled observations of textures
and color reactions when the adsorption column was illuminated by an
infra-red sources. The converter employed en image tube which con-

verted infra-red to visible light, end also permitted observations
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with ultra-violet light.

V. Estimations of Substances. 1In the case of column chromatography,
estimations are relatively easy, as the substances eluted may be
estimated in routine chemical procedures. The amounts applied in
paper chromatography are so minute that their estimation constitutes
a real problem. Some ingenious methods have been employed for quan-
titative determination with varying success.

A. Colorimeter. Amino acids may be allowed to react with nin-
hydrin under controlled conditions, then measured colorimetrically,
with errors of 3-5% in O.l mg. quantities (355. &« -keto acids may be

estimated photometrically as their 2,li-dinitrophenylhydrazones (148).

B. Spectrophotometer. Lacourt et al (Lj9) estimated nickel and
cobalt, and later aluminum, iron and titenium quantitatively (50).
Awapara measured amino acids (51) spectrophotometrically. Vischer
et al (52) measured the separated nucleotides quantitatively, and
adenine and guanine were estimated by Edman et alA(53). Gage and
Wender estimated rutin and quercitin (5lL4).

C. Bio-autography. Penicillin was determined by Hooper et al

(L), who incubated trays which had been innoculated with Staphyl-
coccus aureus. The percent penicillin present was determined from
the maximum widths of inhibition zones of two strips with different
volumes of penicillin solutioné placed on one tray.

D. Bio—asséy. Woodruff and Foster (55) detected 0.0027 of Vita-
min Byp by microbiological assay.

E. Planimeter. Fisher et al (56) measured the area of amino

acid spots with a planimeter, and noted that the area was linearly
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related to the logarithm of the amount of emino ecid present. A 2%
error was detected when 0.3-3.,0) of emino nitrogen was applied to the
papere. This method can also be used for sugars.

F. Planimeter-Colorimeter. Histidine eand tyrosine were estimated

by Bolling et &l (57) by treatment in an alkaline solution with fresh-
ly diazotized sulfeanilic acid to produce a red color. The concentra-
tion of the amino acid was found to be proportional to the area of
the spot multiplied by the color intensity.

Ge Scanner. Fosdick and Blackwell (58) showed that & scanning
instrument could be used for quantitative one dimensional paper chrom-
atography. Amino acids could be estimated by the transmission of
light through ninhydrin-sensitive spots. A radicactivity scanning
device for paper chromatogrems was devised by Boursnell (L5) which
had en accuracy of about 99%.

H. Micro-estimations. Hawthorne (59) estimated sugers by elu-

tion from filter paper chromatogrems by the Willstatter and Schudel
method with an accuracy of 95% for LOY of suger, end about 10Y of

sugar could be estimated by the Lindstrom-Lang method.

APFLICATICNS OF CHROMATOGRAFHY.

In spite of many hindrances, more thean-a thousand papers have
eppeared during the last decade, in which successful chromatographic
experiments wére roported. These meny data make it~§ossible to0 eval-
uate the scope of the work. It would be impractical to attempt to
list here the many aspects 6fiﬁﬁe epplications, but some of the trends

of chromatography will be mentioned.



I. Amino Acids. Amino acids have probably received the greatest
amount of attention, since the technique allows similtaneous examina-
tion of all the kmown amino acids. Work (60,6l) has shown the pres-
ence of hitherto uhknown amino acids in bacterisal extracts. Protein
hydrolysates have been separated both by column snelysis and paper
chromatogreaphy, and the results are in excellent agreement with each
other. Studies have been made on hydrolysates of gramicidin by Gordon
et a1 (62), circulin by Peterson and Reineke (63), silk by Polson (&),
a wide variety of proteins by Tristrem (65), Bence-Jones protein by
Roﬁerts et al (66), oxytocic hormone by Pierce and du Vigneaud (67),
tobacco mosaic virus by Stepka and Takahashi (68), ferritin by Gabrio
and Tishkoff (69) and enzyme digests of inmsulin by Phillips (70).
Consden and Gordon have studied partisl hydrolysates of wool (71),
and identified thirteen dipeptides, concluding that most of the mono-
emino-monocarboxylic acids were combined both through their amino and
carboxyl groups to residues of cystine. Culture filtrates and ex-
tracts of micro-organisms have been chromatographed in metabolism
studies by Woiwood, Work (72,73). Woiwood (7L) has shown that tyro-
sine is present in the toxin, but not in the toxoid hydrolysate of
diphtheria, and that there were no other major differences. The
application to pathological conditions was carried out by Dent, who -
showed en amino aciduria in the Fenconi Syndrome, which was due to
lowered renal thresholds (22). The structure and sequence of amino
acids in insulin was studied by Semger (75), who used 1:2:44-fluor-
odinitrobenzene to identify the free amino groups, end separation of

the complexes on silica gel. Phillips and Stephen (76) have extended
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Sanger's work, using paper chromatography to separate the peptides of
insulin (after chymotrypsin digestion), which varied in size up to
hepapeptides.

II. Thyroxin andiféAnalogues. The uptake of 1131 by the thyroid has

been shown by several groups of workers. Tishkoff et al (109) have
shown the presence of several iodinated amino acids in thyroid hydrol-
ysates of rats injected with I'3l. Gross et al (L46) have showmn the
presence of iodide, thyroxine, di- and mono-iodotyrosine in unhy-
drolyzed extracts of thyroid, using paeper chromatography. Three un-
identified, iodinated compounds were also detected in the thyroid.

The same authors have shown the presence of thyroxin and iodide in
plasma extracts, which led to a postulation of the nature of the cir-
cul ating thyroid hormone.

III. Orgenic Acids. Fatty acids by Peterson and Johnson (77), bile

acids by Siebermann (78), organic acids by Isherwood (21) and Lugg
and Oversll (79) end X-keto acids by Cavallini et al (80) have been
separated, and have been shown to play an active role in elucidating
the structural composition and importence of organic acids in plents
and snimals. Henderson and Hirsch (8l) showed the presence of quin-
olinic acid in the study of tryptophan metebolism, and Norris end
Campbell (82) ﬁave shown that gluconic acids occurred &s inter-
mediates in the metebolism of Pseudomonas aeruginosa.

IV. Antibiotics. A great deal of work has been carried out on the
study of penicillin by Hooper et al (L) end Boon et al (83), sepa-
rating complex commercial mixturesviﬁto its componedt‘iarts; and

thus discovering which penicillin zone had the most effective anti-
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biotic activity. Other studies have been made on the detection and
degradation products of chloromycetin by Smith and Worrel (8ly), the
metebolism of radioactive pentobarbital by Roth et al (85), the de-
tection of streptomycin by Carter et al (86), neomycin by Swart et
al (87) and grifolin by Hirata eand Nakanishi (88).

V. Metals. Lederer has shown the separation of many inorganic ions
on paper, among them being the noble metals (89) and the chloride
group anions (90). Burstall et all have carried out extensive work
in showing the separation of ten groups of metals (91).

VI. Nucleic acid Structures. Nucleic acid structures have been

 studied with considerable success, both qualitatively and quantite-
tively. Ribonucleotides were separated by Chargaff et al (52,92).
Purine end pyrimidine mixtures were resolved on paper by Holiday and
Johnson (93) and on starch columns by Edman et 2l (53). Cramer (9l)
was sble to detect on paper 0.01Y flavine nucleotides by ultra-vioclet
light.

VII. Steroids. Steroids have presented meny difficulties in chromato-
graphy due to their low solubility in aqueous solvents and their com-
plex structure, as well as the difficul ty encountered in establishing
the position of very smsll quentities on the chromatogram. Bush in
1950 (95) showed that a separation of steroids could be achieved on
aluminahmpregnated filter peper. Other studies have been carried out
on progesterone. by Haskins et al (39), urinary steroids by Lieberman
et al (96), ketosteroids by Zafferoni et al (97), cis- and trans-
stilbenes by Zechmeister and McNeely (98), androgens by Johnston (99),

adrenocortical hormones by Zaffaroni et al (100) and corticosteroids
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by Burton et el (201). These separations have been very valusble in
studies on metabolism. McMahon et al in 1950 (189) have detected eand
separated extremely small quantities of sterols on filter paper, the

detection being made with antimony pentachloride in chloroform.

VIII. Carbohydrates. Extensive studies on the separation of closely
rel ated sugars have simplified the examination of many solutions in
the fields of synthesis end enaelysis. Successful chroma#ography has
been carried out on hexoses by Partridge and Westall (101), tetra-,
tri-, end dimethyl fructoses by Bell and Palmer (102), sugar elco-
hols, glycosides, reducing sugars and non-reducing sugars by Pascu et
sl (103), polyhydric aleohols by Hough (104), sugar phosphates by
Cohen and Scott (105), and unmethylated sugers by Boggs et al (106).
Applications to metabolism have been particularly sﬁccessful, by
showing the formation of intermediate products in photosynthesis.
Radiocactive sucrose produced by algae exposed to 01h02 was shown by
Calvin and Benson (107), and the formation of radioactive glucose and
fructose by green leaves exposed to cllo2 was shown by Udenfriend and
Gibbs (108). Gluconic snd 2-keto gluconic acids were shown to be
intermediates in glucose oxidation by Norris end Cempbell (82).

IX. Vitemins. Chromatography of vitamins has received surprisingly
little attention, probsbly due to the difficulty of locating the sub-
stences. However, with the introduction of the bio-autographic tech-
nique, this epplication will probably receive extensive attention.
Studies on viteamins have been carried 6ut on pyridoxine derivatives
by Winsten and Eigen (110), ascorbic acid by Mapson and Partridge (L2),

riboflavin and its photolytic decomposition products by Heis end
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Pecakova (11l), Vitemin B12 and related growth factors by Winsten and
Eigen (L3), and Vitemin A by Eden (112).

X. Other Applications. Many other fields have received the benefits

of the chromatographic technique. A few random epplications only will
be mentioned: the sex attractent of the femele Gypsy Moth by Haller
et el (113), vanillin by Bland (11ll), pH indicators by Lederer (115),
adreneline by Shea (116), radicactive urea by Schulmen and Keating
(117), tobacco alkaloids by Porter et al (118), adulterants in red
wine by Mohler and Hemmerle (119), creatine and creatinine by Maw
(120), rutin, quercitin and isoquercitin by Howard, Gage and Wender
(54,121), isotopes of potassium snd lithium by Taylor and Urey (122),
carcinogen (B:E—benzpyrene) from shale oil by Beremblum and Schoenteal
(123), helvolic acid.by Chain et al (12)), carotenoids of milk by

Thompson et &l (125) and Vitamin K, by Binkley et al (126).
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Chapter 3

SOME THEORETICAL ASPECTS OF CHROMATOGRAPHY

It has been realized for a long time that the chromatogram is
closeiy analogous in its mode of operation to distillation and frac-
tionating columns. Any fundamental theory should try to give a
picture of the concentration of the solute at any time and place on
the column, and of the way in which the resolution depends on the
length of the column.

Reiatively little attention has been directed towards the eluci-
dation of the theoretical aspects of chromatography, and of this work,
column chromatography has received almost all of the attention. It
has been assumed that the theoretical qonsiderations of paper parti-
tion chromatography are simiiar to, or identical with, those of
column analyéis. L

Two mutually saturated solvents are used in partition chromato-
graphy to effect a resolution of & mixture. Such a resolution is
brought about by the differences in distribution of the components
of a mixture between the two phases. By means of thé partition
coefficient, usually designated by the symbol ¢/, the separation and
behaviour of substances on & column cen usually be predicted. The
relation of the partition coefficient to the rate of movement of the
zone may be calculated by the method of Consden et al (14). The rate
of movement of the band is expressed as the 'R' value (in column
chromatography), or as the 'Rp', or rate of flow velue (in paper

chromatography). The R value is expressed as the ratio of the move-
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ment of the zone to the movement of the advancing front of solvent.
Investigations have been undertaken to determine quantitatively
the manner in which 'R' depends on the variables: column position,
initial volume, initial concentration and rate of flow of solvent.
Martin end Synge (10) have indicated that 'R! is independent of the
column position and depends, to some extent, on the initial volume
and the initial concentration applied. Austin and Shipton (127) have
shom, within the limits of their study, that 'R' is independent of
the rate of flow of the developing solvent through the column when &
constant value of rate of flow is obtained. Weil-Malherbe (128) has
carried out the analogous study, in which the volume of filtrate col-
lected before the solute first appears in the filtrate is used as a
measure of the rate of movement of a zone. ILeRosen (129) concluded,
that in agreement with qualitative statements by other workérs, the
rate of movement of the front edge of the chromatographic zone on:
the columns, relative to that of the solvent, was found to be inde-
pendent of column position, and to vafy'with the initial concentra-
tion, and to & less extent, with the initial volume. Theoretical
calculations are in rough agreement with the observed rate of move-
ment of these zones. The rate of movement of the trailing edge of
the zones, relative to the solvent, is practically independent of
column position, initial concentration, or initial volume; however,
this boundary is difficult to measure because of its diffuse nature.
The diffusion of soluté from one position on the column to
another, must be assumed to be negligible. Peters (150) has shown

that diffusion is constant through a given column except when the
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ratio of the concentrations of the solution entering and leaving the
column differs greatly from unity. Diffusion may be considered to
be constant for the chromatograms without introducing any serious
error.

A second assumption must be made, that at equilibrium the dis-
tribution ratio of one solute between the two phases must be inde-
pendent both of the sabsolute value of its concentration, and of the
presence of other solutes.

Robinson (131) described how, on developing & chromatogrem in
which the distribution isotherms between the moving and stationary
phases for the substances undergoing analysis are linear, relatively
sharp bands will result. Deviations of the isotherms from linearity
leads to much spread bands with sharp fronts and elongated 'tails',
while deviations in the opposite sense, when they occur, give con-
versely spread bands, with rear sharp edges and diffuse 'fronts'.
The band rate of each substance is determined by its effective dis-
tribution isotherm between statiohary particles and moving liquid.

Wilson (132) has presented a theory that may be applied to
adsorption chromatograms. The adsorption isotherm has been used %o
express the relation between the adsorbent and the adsorbate at
equilibrium. He has assumed that equilibrium is attained as an ad-
sorbate passes through the adsorption column, that the volume of +the
interstices between the perticles of adsorbent are negligible, and
that the effects of diffusion can be neglected. On these assumptions,
he has derived a differential equation that relates the migration of

a band of a single adsorbed substance to the volume of solvent that
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is passed through the column., He has also derived an equation %o
express the conditions that prewvail at the boundaries of the band.
When these equations are applied to the interpretation of the forma-
tion of several bands on the column, considerable difficulty is en-
countered because the adsorption isotherm does not take into account
the effect of one adsorbate upon the adsorbabiiity of others at
varying concentrations of each one. Wilson's theory accounts quali-
tatively for the separations effected in chromatographic analysis,
for the uniformity of the bands and for the sharpness of the bands.
The theory predicts that small guantities of each substance passing
through the column will remain on the adsorbent in the upper portions
of the tube. It also requires that the substance with the lowest
adsorbability will form the lowest band. Comparison of the adsorp-
tion isotherms of }auric and stearic acids with their separability
on colums has confirmed this last requirement for several adsorb-
ents.

Hanes and Isherwood (188) have concluded that paper chromato;
graphy need not necessarily be an adsorption phenomenon or a parti-
tioning system, as indicated by the classical approach to these
studies. They have focussed attention on the fact that in paper
chromatography, the stafionary phase must consist of cellulose with
imbibed water, snd that this imbibed water is different in importent
' properties from iiquid water. Thus it would seem an over-simplifica-
tion to regard the stationary phase in such systems as a liquid
phase. The problem of the mechanism of the chromatogram centers on

how this water-cellulose complex holds solute molecules in competi-
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tion with the flowing solvent. Such factors as size and shape of
molecule, number, position and character of hydrophilic groups, will
be the determinants of the specific distribution of solutes between
the two phases in & given system. It may be noted that they make no
reference to adsorption or partition in considering this mechanism,
but state that it would seem to depend upon the formal definition of
these terms whether the mechenism proposed should be considered to

be adsorption on, or solution in, the water-cellulose complex.
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Chapter L

PAPER CHROMATOGRAPHY OF SOME CRYSTALLINE PROTEINS

INTRODUCTION.

The striking success of paper chromatography in the separation
of relatively small molecular weight substances led to the use of
this technique in a very wide range of applications. However, the
highest molecular weight to be chromatographed was the insulin
'core', having a molecular weight of about 5,000, which resulted
from chymotrypsin digestion (76). Therefore, it seemed possible
that chromatography could be extended to the study of high molecu~-
lar weight substances, such as the proteins and enzymes.

In order to accomplish this task, it was necessary to evolve &
completely new technique to handle such complex structures as the
proteins. It was realized that the classical types of chromato-
graphy, i.e., the use of organic solvents as developihg solvents,
could not be used. Also, a means of detection of small quantities
of protein had to be investigated, since the usual protein tests
were either insensitive to very small quantities, or the reagents
were so concentrated a&s to make their use on peper chromatogrems
impractical. Furthermore, it was necessary to find a set of devel-
oping solutions that would npt cause denaturation or loss of speci-
fic properties of the protein or enzyme.

It is known that the benzidine reagent has long been used for
the detection of blood in medico-legal tests, due to its sensitivity

to hemin, which is one part in 1,500,000. Thus, if a protein could

®
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combine with hemin, the problem of detection would be made easier,
Secondly, it is also a well known fact that proteins are insoluble
in many organic solvents, thus the partitioning of proteins between
an aqueous phase and an organic phase is not possible. Since pro-
teins are soluble in aqueous solutions, it seemed reasonable to use
buffers and salt solutions as developing solutions for proteins, in
combination with the adsorptive capacity of the filter paper.

Thus, in this chapter, a new technique is presented for the
paper chromatography of proteins, using hemin as an 'indicatort for
the proteins whenever possible, and using aqueous buffer and salt
solutions as developing solutions. It is also shown that the chrom-
atographic results are in excellent agreement with the electro-
phoretic results, and that proteins and enzymes do not lose specific
properties during this technique.

Concurrent with the chromatography of .proteins reported from
this Institute (4,6,133,134,135,136,137), came the reports of other
researchers who were continuing along similar lines. Cochran (138)
caused the movenent of the tobaqco mosaic virus on paper, detected
it with the Sakaguchi-arginine reaction, and noted that the virus
retained its infectivity during this process. Riley (139) applied
chromatography to segregation studies of the‘agent of Chicken tumor
1 (Rous Sarcoma Virus), and was able ﬁo remove approximately 9% of
the virus of & highly potent extract by passage through 0.5 grams of
diatomaceous earth. Later Riley et al (1LO) extended the applice~
tion to sub-cellular components in the microscopically visible renge,

as found in pigmented mammalian tumors. Gordon et al (1L1) showed
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the electrophoretic migration of molecules such as hemocyanin, ferri-
tin and hemoglobin in agar jelly. The proteins were recovered un-
changed. Mitchell ot al (28) described the use of the chromatopile
for fractionation of an.enzyme mixture such as taka-diastase. Vari-
ations in salt concentration and pH were shown to have a great
influence on the movement of the enzymes (adenosine deaminaée,
amylase and phosphatase). Jones and Michael (1Lh2) showed that acid
dyes have an affinity for protein fibres, but not for cellulose,

thus making possible the detection of proteins. The union of anti-
gen and antibody was demonstreted on filter paper by Castaneda (1L3).
The responsés produced so far have agreed with the usual agglutina-
tion reactions. Wynn and Rogers have recently shown (1Ll;) that
several proteins had an Ry value of unity in phenol and zero in
collidine, and that the area of the spot was approximately propor-
tional to the concentration of the protein. Swingle and Tiselius
(197) have described the chromatography of phycoerthyrin on an ad-

sorbent of tricalcium phosphate.

MATERIALS AND METHOD.

Protein Solutions. Ten mg crystalline protein(:>dissolved in

1 ml distilled water or physiological saline, and to this is added
0.0L ml 0.3% hemin solution. Aligquots of 0.02 ml are applied to the
paper for chromatography.

Hemin Solution. A stock solution of hemin is prepared by dis-

solving 30 mg hemin in 10 ml 3% sodium bicarbonate solution.

Benzidine Solution. The reagent is prepared as follows:
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Equal volumes of saturated alcoholic benzidine solution and 3%

hydrogen peroxide are mixed, and made acid with glacial acetic acid.

Fresh solution must be prepared daily.

Developing Solutions. A search for suiteble developing solu-

tions has resulted in the exclusive use of aqueous solutions of
salts and buffers. For buffers, 50 ml of a M/B solution of the
salt is adjusted to the desired pH with a.N/@ solution of acid or
alkall, and the volume made up to 200 ml. In the case of acetate~
HC1 buffers, normal solutions are used. Salt solution concentra-
tions are usually in the region of 1-2%.

Technique. The technique of capillary ascent (22) and the use
of VWhatmen No. 1 filter paper(is) used exclusively throughout this
worke 0.01-0.02 ml of the protein-hemin solution is placed on thel
lower left hand corner of the filter paper about one inch from the
sides, and sllowed to dry. The paper is then formed into a cylinder,
being stapled so that the edges do.not touch. It is then placed in -
& dish, which contains the developing solution, and covered with a
bell jar to ensble the formation of a saturated atmosphere. When
the solution has travelled a suitable distance, which requires about
one hour for 20 cm of filter paper, the paper cylinder is removed
end air dried at room temperature. The paper is then unstapled, and
restapled at right angles to the original direction. Thevcylinder
is then placed in the second developing solutiop in the same mamer
as before, and the solution is gllowed to move about 15 cm up the
paper. Once again, the paper is air-dried, then streaked with the

benzidine reagent, using a smell paint brush, and photographed



Figure 1

A composite photograph of the hemin control is illustrated, in

which 0.02 ml. 0.3% hemin was diluted to 0.5 ml. with distilled
water, and 0.02 ml. aliquots were chromatographed. The devel-

oping solutions were aqueous buffers from pH 2 to pH 10 at one

pH unit intervals.

It was observed that hemin did not move apprecisbly until pd 7,

and that there was no characteristic formation during its migra-
tion.
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Figure 2

The migration of a bovine albumin-hemin complex on paper chrom-
atogrems is illustrated. Development was carried out with
aqueous buffers which varied from pH 2 to pH 10 at one pH unit
intervals.

It was observed that there were two fractions present in the
leading edge of the chromatogrem at pH 2, and that movement was
least at pH 3 and lj. There was & well-defined leading fraction
from pH 5 to pH 10.

\n



Figure 3

The migration of af&&actoglobulin-hemin complex on paper chrom-
atograms is illustrated. Development was carried out with
aqueous buffers which varied from pH 2 to pH 10 at one pH unit
intervals.

It was observed that combination with hemin was incomplete at
pH 2, and that movement was least at pI 3, L and 5. There were
well-defined leading fractions present from pH 6 to pH 10.

N
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Figure L

The migration of a 7“globulin-hemin complex on paper chroma-
tograms is illustrated. Development was carried out with
aqueous buffers which varied from pH 2 to pH 10 at one pH
unit interwvals.

It was observed that there were two fractions present at pH
2, and that movement was least at pH 3 and lj. Fairly distinct
leading fractions were present at higher pH values.
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within a few seconds. This slight delay is essential to ensure

optimum color development of the protein-hemin complex.

OBSERVATIONS.

Control hemin chromatograms. A conitrol hemin chromatogram, in

which 0.02 ml 0.3% hemin was diluted to 0.5 ml with water, showed
that movement was nil up to pH 5, very slight at pH 6, and that it
increased very rapidly above this value (Fig. 1). Some developing
solutions, among them being those that contained bicarbonate, glu-
cose, sucrose, glycine, methionine, alanine and urea all owed maximum
or near meximum movement of the hemin, indicaﬁing that combirmation
with hemin had taken place.

The protein chromatogrem. A long, rather narrow finger was

formed if the protein combined with hemin. The color intensity
varied along the finger, depending on the pH with which it was de-
veloped. Bovine albﬁmin—hemin at pd 2 shdwed two intensely colored
fractions inside the finger (Fige. 2). It may be shown that the
greatest portion of the protein is concentrated in the leading frac-
tion, and only traces remain in the finger.

One dimensional chromatography resulted.in the formation of a
yellow-colored solution front, which fluoresced in ultra-violet
light, end at pH 2, two separated bands appeared at the leading edge
of the chromatogram. Two dimensional chromatograms resulted in a
series of villus-like structures appearing in the second dimension,
which appeared to be due to the salts used in the developing solu-

tions. The presence of proteins on the paper tended to depress the
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full movement of these structures that were in the immediate vicin-
ity of the protein.

It is of interest to note that very low concentrations of pro-
teins, such as less than 80Y of bovine albumin, moved only in the
first dimension. Therefore, 100-200Y of protein has been arbitrar-
ily chosen as the minimum optimum quantity to be applied to the
paper for chromatography.

Protein-hemin complexes. I% has been found that some proteins,

such as egg albumin, pepsin, papain, diastase and urease did not
combine with hemine. However, if hemin was added to the solution of
these proteins, chromatographed, and streaked with the benzidine
reagent, it was noticed that the hemin remained at or near the point
of origin (below pH 7). If the paper was allowed to stand for some
time at room temperature, it was found that the background colored
(to a varying degree, depending on the nature of the salt in the
developing solution), and & colorless spot appeared. It will be
shovm later that this colorless region actually contained the pro-
tein. Presumably, the protein retards background color development
and so p;oduces a colorless 'spot'. Casein ané/?-lactoglobulin gave
riseito colorless spots or fractions up to about pH 5, and to deep
blue fractions at higher pH values. Vzglobulin and bovine albumin
gave rise to colored fractions over the entire i renge (Figs. 2,4).

Intensity of color developmente. It was observed that quentities

of protein from about 807 to 200 showed different intensities of
color development, indicating that the combination between protein

and hemin varied with the concentration of the protein over this



Lo.

renge, since the amount of hemin added was constent. Above 200 ¥
protein, the increase in color intensity was not visually apparent.
It seems probeble that this could be used as a semi-quantitative
means of estimation of the quantity of protein on the chromatogrem.

Effect of pH on protein movement. The variation of protein

movement with change in pH appeared to be much the same for all the
proteins studied. kAt very acid values, e.ge pH 2, there usually
appeared a well-defined leading section. In the region of pH L-5,
there was often little or no movement, and where movement did oceur,
~no well-defined 1eading fraction occurred. Above this pH, a large,
well-defined spot appeared, which was quite constant in size. The
Rp values depended upon pH in a similar way, being least around pH L,
which is near the isoelectric point of some of the proteins. Rp
values and sizes of the spot were remarkably constant from pH 6 and

upwards.

RESULTS.

Bovine albumin-hemin complex. The Rp value of bovine albumin-

hemin complex was least in the region of pH L. At pH 2, two separ-
ated fractions appeared inside the finger. This was also true at
pH 3, but the spots were smaller and less intensely colored. From
pH 5-12, there was a well-defined leading fraction which was quite
constant in size and position (Fige 2).

In two dimensional chromatograms; when citrate buffer was used
in the first dimension, snd phthalate buffer was used in the second

dimension, various results were obtained. At pH li, there was move-



Figure 5

Two-dimensional chromatograms of a solution of bovine serum
albumin are illustrated, which were chromatographed in aqueous
buffers at pH L, .5 and 5 (top row), and pH 5.5 end 6 (first
two figures in the second row). The buffer used in the first
dimension was citrate buffer, and the buffer used in the second
dimension was either phthelate or acetate buffer. The last pie-
ture in the second row represents the protein chromatogrephed at
pHE 6, but after the protein solution had remained in the refrig-
erator at 0° C. for more than 36-/8 hours.

It was observed that the protein was homogeneous at pH Le5, 5.0
and 6.0. Movement occurred one-dimensionelly only at pH L.0. At
PH 5.5, two fractions appeared. At pH 6.0, after the protein had
remained in solution for some time, two fractions also appeared.
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ment in the first dimension only. At pH 5.5, two separated fractions
appeared, but at pH 5,6 and 7 only single fractions occurred (Fig. 5).
This was elso true if citrate buffer was used in the first dimension,
and followed by acetate buffer in the second dimension. It was also
observed that if bovine albumin was allowed to remain in solubtion

for a period of more than 36-l;8 hours, multiple fractions, sometimes
as many as four, appeared. Various combinations of buffers have
shown the separation of these fractions at pH 6 (Fig. 5).

It was aéparent from these resuljts, that a freshly prepared
crystelline bovine albumin behaved as a homogeneous protein at pH 6é-
T, whereas two components were present in the region of pH 5.5.

~ A private comnunication from Dre Ge. Perlmenn, who kindly sup-
plied these samples, stated that this protein was homogeneous
electrophoretically from pH 3.0-3.8 and pH 5-10. In the region of
the isoelectric point, the protein separated into two distinct elec-
trophoretic components. This phenomenon seems to be a property of
most serum slbumins end indicates that crystalline albumin prepara-
tions contain several closely related proteins. Paper chromato-
graphy appears to confirm and may possibly extend the results of
electrophoretic analysise.

lg—lactoglobulin—hemin complex. It was found that the combina-

tion between /g-lactoglobulin end hemin was not complete if the pH
was 5 or less, i.'e., the leading fraction of the chromatogram was
colorless. From pH 6 and up, the complex showed as an intense blue
color vhen streaked with the benzidine reagent. Thus the formation

of & complex between this protein and hemin was dependent upon phHe



Figure 6

A two-dimensional chromatogram of fA-lactoglobulin is illustrated.
Devel opment was carried out with L/@O citrate buffer at pH 6.5

in the first dimension, and 1/20 phthalate buffer at pH 6.5 in
the second dimension.

It was observed that this protein showed the presence of several

fractions which were not completely separated from each other
under these conditions.

L.



Figure i,

A two-dimensional chromatogram of 7=globulin is illustrated.
Development was carried out with a M/20 phthalate buffer et pH

640 in the first dimension, and 2% tartaric acid in the second
dimension.

It was observed that the main protein component moved only in

the second dimension, while the minor fraction moved only in the
first dimension.
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Rp valués showed much less variation than those of bovine albumin.
The Rp value wes least around pH lj, and greatest at pH 6, where the
value was 0.86, All other values were close to 0.80 (Fig. 3).

Two dimensional chromatograms between pH 6 and 7 demonstrated
that this crystalline protein was not homogeneous. The use of cit-
rate buffer in the first dimension, and tartrate, phthalate or ace-
tate buffer in the second dimension, showed that there were a number
of fractions in this sample. However, & complete separation under
these conditions has’not yet been achieved (Fig. 6).

Dr. Perlmann, who also supplied this sample, stated that this
protein was found to be a mixture, there being two distinct electro-
phoretic components in the pH range of 3.7-5.0, and also between pH
6 and 7.

Humen 2-globulin-hemin complex. It appeared that }=globulin, at

the concentrations used, did not combine with hemin completely over
the entire pH reange. A% each pH value, some combination did teke
place, but it was evident that from pH 3-8, there was & portion of
the protein that did not combine, the amount of which decreased with
an increase in pH.

At pH 2, 7<globulin gave rise to two separate fractions inside
the chromatogrem finger, in much the same manner as that shown by
bovine albumin, although the fractions were smaller in size. Move-
ment was least at pH L. Rp values were 0.78 at pH 2 and 7, &nd in-
creased to 0.8L at pH 10 (Fig. L).

A two dimensional analysis showed en excellent separation of two

components of 7°globulin, the separation occurring at right angles.
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Figure 8

The seperation of a mixture of papain and casein, when 2% succinic
acid was used as the developing solution, is illustreted.

On the left, papain, which did not combine with hemin (the hemin
was left at the point of origin), and on the right, casein which
did combine with hemin, is illustrated. In the eentre, it will be
observed that the movement of the papain was depressed in the
presence of casein, although the two proteins were still separated.
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The first developing solvent may be phthalate buffer at pH 6, 5%
ammonium sulfate or 2% oxalic acid, followed by 2% tartaric acid in
the second dimension (Fig. 7).

This protein, apcording to Dr. Perlmann, consisted of one main
electrophoretic component (967 of the total protein content), end
showed a marked boundary spreading, indicating lack of homogeneitye.

Protein Mixtures. One dimensional chromatograms rarely separ-

ated a pair of proteins. We have succeeded, however, in separating
components of a mixture of.pepain and casein, using 2% succinic acid
as the developing solution (Fig. 8). The movement of the papain was
apparently retarded by the presence of casein. Other proteins have
been run in combinatioﬁ with the preparations of papain and diastase,
but no separations were effected.

Enzyme Preparations. Some preliminary work has been done on the

movement of enzyme solutions. Preparations of pepsin, paepain, malt
diastase (commercial preparations from British Drug Houses), and
urease (Urease-Dunning tablets) were used, and it wés found that
hemin did not combine with any of them. After streaking the peper
with the benzidine reagent and allowing the peper to stand for a
time, it was observed that the malt diastase and papain preparations
gave rise to very well-defined, colorless spots. The urease prepar-
ation produced a vertical stresk, but the pepsin preparation failed
to show eny detectable spot. The papain preparation showed Rp values
of 0.81 up to pH 3, and increasing to 0.90 at pH 8-12. The malt die~
stase preparation showed a very constent Rp value over the entire pH

range, farying only between 0.90 end 0.95, whereas ﬁhe'RF value of
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urease was 0.78 at pH 2, increasing to 0.85 at pH 3, and 0.92 at pH 12.
It seems likely that paper chromatography will be of service in the
evaluation and exemination of commercial enzyme preparations.

Urease Chromatography and Menometric Estimation. The question

arose as to whether enzymés would retain their cetalytic activities if
they were subjected to the chromatographic technique. 4A series of
chromatograms were therefore set up for this purpose, the enzyme se-
lected being ureasé.'

The enzyme solution was prepared by grinding twenty 25 mg.
Urease-Dunning tablets in a small mortar in~2 ml of a 27 cysteine-
glycine solubtion that had been adjusted to pH 6. It was then centri-
fuged for 15 minutes, and the supernatent solution was used for
chromatogfaphy. Aliquots of 0.0l ml were applied to the paper by
placing 0.02 ml on the paper, allowing it to dry, and adding eanother
0.02 ml. The developing solution was prepared by dissolving 2.grans
cysteine hydrochloride in water, adjusting the pH to 6 with caustic
soda solution, making the volume to 100 ml, end then adding 1 gram
glycine. This reagent should be prepared just prior to use. The
solution was allowed to advance 20-22 cm. The paper wes then re-
moved ana allowed to stand at room temperature for a few minutes.
While the paper was still demp, it was cut into 3 cm. sections,
starting 0.2 cm. from the bottom of the paper. The boundaries were
marked 7 mm. on each side of the point of application of the aliquot.

Each section of the filter paper was then cut into four parts,
all of which were immediately placed in & Warburg manometric vessel

with 3 ml. acetate buffer at pH 5. 0.2 ml. 10% urea was placed in
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the side am. As a control, a ten times dilution of the original
supernatant was used (diluted with physiological saline) and 0.l ml
was placed in the Warburg vessel with 2.6 ml. buffér and 0.2 ml. urea
in the side arm. A period of 30 minutes was sllowed for the nontenté
of the vessel to attain thermal equilibrium (37°). The urea in the
side arm was then tipped into the vessel, and carbon dioxide output
wes measured manometrically in the usual manner for one hour.

The results showed the existence of a distribution curve of
urease on the paper strip. Traces of enzyme were left at the point
of origin, but a fair proportion ascended the paper, in which the
maximum urease activity was between 6 and 12 cm. from the origin.

On either side of the maxiﬁum, there was a drop in enzymic activity
(Figs 9). 1If a parallel chromatogram was streaked with the benzidine
reagent, it was found that the greatest extent of the colorless
region on the colored background was 6-12 cme from the origin.

On assessing the activity of the urease over the entire sirip,
by adding together the activities of the various parts of the strip,
it was found that the total urease activity over the entire strip
showa& a recovery of 85% of that expected from the amount of urease
placed on the paper. Another assessment of the total urease activity
over the entire strip showed a recovery of 110%, the assessment being
made from a calibration curve previously prepared, relating activity
(rates of carbon dioxide prodnctionj to the quantity of urease. These
results showed that urease activity was not diminished within experi-
mental error by this technique, and that the movement of urease on

filter paper could be followed.
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Figure 9

" The activity of urease along a strip of filter paper after chrome-

tography is shown in this graph.

Urease was chromatographed one-oimensionally on filter paper, then
the strip was cut into 3 cm sections, and each section was placed

in a Warburg vessel for manometric estimation.

It was observed that the site of greatest urease activity coin-
cided with the position of the characteristic 'colorless spo:t' of
urease, which was shown when the chromatogram was streaked with the

benzidine reagent.
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Egg Albumin. Crystalline egg albumin was used, and like enzyme
preparations, it did not combine with hemin, but appeared as\é color=-
less spot on a colored background (Fig. 10). It was barely detect-
able below pH lj, at which point it had an Rp value of 0.60, increas-
ing to 0.75 at pH 9.

The identity of the protein present in the colorless spot was
shown by the ability of the egg albumin to form a precipitin with a
specific antiserum produced in a rabbit by albumin injections*. Pre-
cipitin formation was produced only by soclution of the substance con-
tained in that part of the paper strip believed to contain the protein,
as determined by the streaked control.

Thesé results proved that a solution of crystalline egg albumin
may be chromatographed under the given experimental conditions, the
position of the protein being indicated by a well-defined colorless
region on a colored backgrounds. The protein present in this region
reacted typically with an ovalbumin antiserum.

Humen Plasma. A few experiments were carried out on the chrom-

atography of human plasma. The results showed the presence of a
complex mixture of heﬁin—reacting proteins,. when chromatographed at
pi 6 and 7, using citrate buffer followed by phthalate buffer. It
was estimated that between 6 and 10 protein fractions appeared under

these conditions.

DISCUSSION.
Color development with protein-hemin complexes was generally

*This antiserum was kindly prepared by Professor E«G.D. Murray, of
the Department of Bacteriology, McGill University.



Figure 1.0

Egg albumin, which was developed in distilled water, pH Galy, is
illustrated in this chromatogram.

Egg albumin did not combine with hemin, but its position on the
chromatogram was illustrated by streaking the paper with the
benzidine reagent, which allowed the protein to show up as a
colorless spote

Only the colorless spot gave a positive precipitin test when
sections of the filter paper were eluted and mixed with the anti-
serum, indicating that the colorless spot represented the position
of the unchanged egg albumin.

52.
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blue, but may be purple, brown or green. Some salts, e.g. magnesium
sulfate and sodium phosphate, interfered with color development.
Citrate, glucose, trisodium phosphate and potassium hydrogen phthal-
ate at some pH values gave rise to a deep purple color.

Background color development varied considerably, depending on
the ease with which the benzidine reagent was oxidized. Acid pH
values tended to retard development of ﬁhe‘background color, whiié-
alkaline pH values gave rise to & deeply colored background. Photo-
graphs were made of the chromatograms at the optimal development of
color, generally within 20 seconds of streaking.

The use of organic solvents gave unsatisfactory results. n-
Butanol saturated with water allowed extremely little movement of the
proteins and favored the formation of an immediate, deeply colored
background on application of the benzidine reagent. Aqueous solu-
tions of ethylene glycol, propylene glycol, ethanol or acetone in-
duced meximum or near maximum movemente. All proteins tested moved
about the sesme distance under these conditions.

It has not been found necessary to allow the solution front to
advance beyond 20-25 cm., which required from 60-90 minutes. The
composition and shape of the chromatogrem was determined within the
first 20 minutes, and further development only resulted in a more
easily evaluated fraction. A complete two dimensional chromatogram
may be obtained within five hourse.

The chromatography of proteins with thls technique appears to
be useful as & new method for showing homogeneity and heterogeneity

of protein samples. Since results are in good agreement with those
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of electrophoresis, it would seem that this technique could be used
in conjunction with electrophoretic analysis, and possibly, to ex-
tend it. The technique is also valuable, since specific properties
of proteins, such as serological properties of ovalbumin, and the
enzymic properties of urease, are apparently not altereds It may be
ultimately possible to isolate enzymes from complex mixtures such as
homogenates, and study the properties of these enzymes without the
effects of other substances normally present.

.The result of the protein chromatogram appears to be a rela-
tionship between the solubility characteristics of the protein, or
protein complex, and the adsorptive effect of filter paper. This
was apparent when a protein such as bqvine albumin was chromato-
graphed with a series of buffers at various pH values. Movement of
the protein was least in the regioh of pH L, which is near the iso-
electric point of the protein, and increased with higher pH values.
This was also true with some of the other proteins tested. It is
also of interest to note that pH values of 7 and higher show no
apprecieble differences on the chromatogram for that particular pro-
tein. The use of various types of filter papers also gave different
results, probably due to the differences in adsorptive capacity.
Some of the Schleicher and Schuell filter papers allowed no protein
movement in the second dimension, even at higher pH values.

The failure to repress the ionization of the protein molecules
during chromatography probebly explains the inability of the protein
to travel as a discrete spot. It is & well known fact that molecules,

such as organic acids, move as streaks in a developing solvent in
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which the ionization of the acids has not been repressed. However,
in an acid medium, organic acids travel as well-defined spots, and
can therefore be separated from each other from a mixture of acids
on a one dimensional chromatogran.

It is also of interest to note that a protein need not neces-
sarily combine with hemin to detect it chromatographically. As in
the case of the enzymes tested, and egg albumin, it was noticed that
the presence of the protein appeared to depress the oxidation of the
benzidine reagent on the paper, leaving a colorless spot at the loca-
tion of the protein.

The use of the conventional Rp values used in paper chromato-
graphy appears to be of doubtful value in describing the movement of
a protein. Although it may be used when discussing single dimen-
sional chromatograms, the Rp value is not being used to describe two
dimensional movements. It appeared, in almost every case, that the
trailing edge of the protein in the second dimension was quite dis-
tinct, but the leadihg edge ﬁas often quite diffuse, due to the
presence of the salts which had been moved up in the second dimen-
sion, and collected at the leading edge.

Since some metals will combine with proteins, it was con-
sidered possible that this would be a sensitive means of detection.
Copper (detected with diethyldithiocarbamate) and mengenese (detected
with formaldoxime hydrochloride) were combined with proteins, but
were not found to be as satisfactory as detection with hemin.

Swingle and Tiselius have recently reported on the chromato-

graphy of phycoerythrin (a fluorescent red protein from a sea weed)
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on an adsorbent of tricalcium phosphate. In this paper, mention was
made of the ~published portion of the work described in this chapter.
They referred to 'paper chromatography of proteins under conditions
not involving salting out, a}though experiments by one of us (S.M.S.)
indicate that such chromatograms may be artifacts resulting from the
combined effects of viscous resistance to flow offered by the pro-
tein spot, and the irreversible adsérption of small quentities of
protein in an immobile tail' (197).

Not knowing the nature of their experiments in arriving at this
observation, it is difficult to assess the evidence upon which this
statement is baseds. It does not seen probable to us that the re-
sults of our chromatograms are due to artifacts, since agreement
with results of electrophoresis is good, and we do not get the same
results when chromatographing unrelated proteins. There is little
doubt that there is an effect of viscous resistance to flow offered
by the protein spot, but this is considered to be characteristic of .
the protein, and therefore to be of advantege in determining the
mobilities of various proteins. Furthermore, we have not observed
an irreversible adsorption of proteins, since both egg albumin and
urease can be eluted from the filter paper to give their character-
istic serological snd enzymic reactions. It is, however, possible
that smaller quantities then were used in these experiments, could

be irreversibly adsorbed.

SUMIARY.

(1) A new technique has been described for the paper chromato-
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graphy of proteins such as bovine albumin, /611actoglobu1in, 7=glob-
ulin, papain, pepsin, diastase, egg albumin and urease. The pro-
teins were combined with hemin, wherever possible, which acted as a
'marker', and detected with the benzidine reagent. Aqueous solu-
tions of buffers or salts were used as developing solutions.

(2) Chromatographic results of bovine albumin,/6Llactoglobulin,
and 7=globulin were in agreement with results of electrophoresis.

(3) It was shown that egg albumin did not lose its serological
specifiﬁity during chromatogrephy, as shown by thé precipitin reac-
tione |

(L) It was shown that urease did not lose its specific enzymic
properties, which could be estimated manometrically, when chromato-

graphed on filter paper.
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Chapter 5

PAPER CHROMATOGRAPHY OF PROTEIN MIXTURES AND BLOOD PLASVAS

INTRODUCT ION

The movement of proteins onlfilter paper has been described in
the previous chaptér, which showed that chromatographic results
were in good agreement with electrophoretic analyses, and that pro-
teins such as egg albumin and wrease did not lose their specific
?roperties during this technique. Thus, it seemed possible that
chromatography of proteins could be extended to the separation of
complex mixtures, such as plasmas.‘ Since some very preliminary
experiment s on chromatography of human plasma indicated hetero-
geneity, further work was necessary to improve the separations.

It had been noticed that, in the chromatography of plasma, in-
§;mplete separations of the fractions had occurreds Therefore, new
developing solutions were investigated, to see if a better resolu-
tion of the mixture could be achieved. Furthermore, the use of
synthetic detergents was considered, to see if the addition of a
surface active agent would aid in this resolution.

The use of new developing solutions and surface active agents
was then applied to the chrometography of some crystalline protein
ffactions, as well as humen, rat, guinea pig ad horse plasmas.
(Mrs. Mary Hersey assisted with the testing of new developing solu-

tions end the effects of various surface active agents on the
chromato graphy of protein mixtures.)
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MATERIALS AND METHOD

Developing Solutions. M/ﬁO sucrose solution is used as the

developing solution in the first dimension, when this is followed by
M/iO sodium potassium tartrate in the second dimension.

Plasma Solutions. Plasmas are taken with a heparinized syringe

(1/10 ml 1% heparin-Na salt for 10 ml blood) from a fasting animal.
The blood is then centrifuged for 15 minutes at 2500 r.p.m. The
plasma is pipetted into culture tubes in 0.5 ml quantities, and 0.02
ml 0.3% hemin is added. If a surface active agent is to be used, it
is generally added to the test tube first to facilitate its solution.
The contents of the tube are now well mixed, and 0.02 ml aliquots are
applied to the paper, each sample being tested in duplicate.
Technique. Whatmen No. 1 filter paper is cut into eight inch
squares, and 0.02 ml of the plasma solution is placed in the lower
left hand corner. After being air-dried, the paper is formed into a
cylinder, and stapled so that the edges do not touch. The cylinder
is then placed in a pyrex dish which contains the developing solu-
tion. When the solution has reached the top of the paper, it is re-
moved and air-dried. The cylinder is then restapled at right angles
to the original direction of flow, and placed in the second develop-
ing solution. It is only necessary to allow the solution to move
about two-thirds of the distance up the filter paper. After the
chromatogram has dried, it is streaked with freshly prepared benzi-
dine reagent, as has been previously described. The entire technique

can be carried out easily in 5 to 6 hours.



Figure 1l

Comparison of the protein chromatograms of human plasma, rat
plasma and guinea pig plasma is illustrated. M/lO suerose was
used as the developing solution in the first dimension, and
M/.I.O Na K tartrate in the second dimension.

No. 6. Human plasma with 5 mg "Elvenol 31-31" per 0.5 ml plasma

No. 7. Rat plasma with 5 mg "Elvenol 31-31" per 0.5 ml plasma

No. 8. Guinea pig plasma with 5 mg "Elvanol 31-31" per 0.5 ml
plasma.

The plasma of these three different species were seen to give
characteristic patterns when chromatographed under identiecal
conditions.
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OBSERVATIONS

Comparison of Human, Rat and Guinea Pig Plasmas. Heparinized

plasmas of different animals showed different patterns on the chrom-
atogrem when they were chromatographed under similar conditions.

Rat and guinea pig blood was collected from & decapitated ani-
mal in a test tube containing heparin, and centrifuged for about 15
minutes. 0.5 ml plasma was mixed with 0,02 ml 0.3% hemin, end var-
ious emounts of surface active agent was added to a number of such
semples. Using 5 mg "Elvanol 31-31" as surface active egent, evi-
dent differences between the pilasma chromatograms appeared (Fig. 11).
On the other hend, the presence of "Elvanol 51-05" feiled to show
any obvious difference. "Elvanol 5&#22" yielded & much better sep-
aration of the constituents of human plasma then was obtainéd'with
either rat or guinea pig plasma. "Span 20" gave excellent separa-
tions of the protein components, but whilst failing to show a
marked difference between humen and rat plasma, it gave a aistinc-
tive pattern with guinea pig plasma. "NNO" gave a good separation
of the constituents of each of the plaémas; but the differences
between the plaesma patterns were not very striking. "Tween 20",
"Tween 81" and "Tween 85" are the best surface active»;gents to use
when examining human plasmase.

Chromatography of Pure Proteins and Protein Mixtures. A number

of chromatograms has been made of preparations of purified proteins
and protein fractions isolated from blood. These preparations were
kindly presented by the courtesy of the Cutter Laboratories, end

consist of fractions of blood plasma isolated according to the
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Figure 12

Some protein fractions end a protein mixture are illustrated. M/lO
sucrose solution was used as developing solution in the first dimen=-
sion, =nd M/lO Na K tartrate in the second dimensione.

Noe« 9« Cohn Fraction V (16 mg) dissolved in 0.5 ml 0.85% NaCl

No. 10. Cohn Fraction III (8 mg) dissolved in 1.0 ml sel ine.

No. 1l. Mixture of Cohn Fractions: 22 mg V, Ly mg II end 5 mg IV-
3,L dissolved in 0.5 ml 0.85% NaCl.

No. 12. As in No. 9 with 0.01 ml "Tween 85" per 0.5 ml solution.

Noe 13. As in NWo. 10 with 0.01 ml "Tween 85" per 0.5 ml solution.

Nos lli. As in No. 11 with 0.01 ml "Tween 85" per 0.5 ml solution.

The addition of globulins to albumins did not result in the appear-
ence of new fractions, but altered the existing pattern of the
albumins.
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procedures of Dr. Cohn end his colleagues (1145). Electrophoretic
analyses have shown that Fraction III consists of a mixture of & ,/g,
and y-globulins, and that of Fraction V is largely albumin. Chroma-
tograms of Fractions V and IiI are shown in Fig. 12. It will be
noticed that the chromatogreams of Fraction V indicate the presence
of more than one protein, whilst those of Fraction III show little
movement in the second dimension. The chromatograms did not resemble
those of blood plasma. When mixtures of the fractions were taken in
such proportions and in such quantities as to constitute the propor-
tions and amounts of albumin and globulin in blood plasma, chromato-
grems were obtained which resemblea those of normal blood plasma.
This is shown in Fig. 12. The evidence from a number of chromato-
grams of protein mixtures indicates that an interaction between pro-
teins occurs, whereby the chromatogrem of a mixture of proteins is
not necessarily that to be expected from a simple addition of the
chromatograms of the proteins teken separately.

This fact is also illustrated by the results of some preliminary
experiments carried out with mixtures of proteins with hemoglobin and
cytochrome C. Chromatograms indicated that both these substances
formed associations with other proteins, but further experiments are
required to decide whether the conditions of the chromatographic
technique may result in sufficient dissociation of the hemin from
hemoglobin or cytochrome C to produce hemin complexes with the other
proteins present (Fig. 13).

Comparison of normal end hyper-immunized horse serum. Through

the courtesy of the Department of Microbiology and Hygiene of the



Figure 13

Combination of cytochrome C and hemoglobin with the plasma proteins
is illustrated. M/io sucrose solution was used as developing solu-
tion in the first dimension, andTLﬁO ¥a K tartrate in the second
dimension.

The upper series indicates the movement of three concentrations of
1% cybochrome C solution. The second series indicates the combina~-
tion of these three concentrations of cytochrome C with human
plasma. The single chromatogram at the bottom indicates the chrom-
atogram of human plasma and hemoglobin, obtained by lysis of the red
blood cells.

There was & non-specific combination of cytochrome C &nd hemoglobip
with humen plesme, giving & pattern similar to the addition of hemin
to plasme.
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Figure 1l

Comperison of normel and hyperimmunized horse serum is illustrated.
M/].O sucrose was used as the developing solution in the first
dimension, and M/lO Na K tartrate in the second dimension.

¥o. 15. Normal horse serum.

No. 16. Horse serum immunized against diphtheria toxin.

N¥oe 17+ As in No. 15 with 0.01 ml "Tween 85" per 0.5 ml serums.
Noe. 18. As in No. 16 with 0.01 ml "Tween 85" per 0.5 ml serum.

There were differences in the chromatograms between. normal and
hyperimmunized horse serum, the latter having fractions not present
in the normal serum.
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University of Montreal, specimens of normal horse sera and the sera
of hyper-immunized horses (immunized against diphtheria toxin) have
been obtained. Chromatograms of the two sera both with and without
the addition of a surface active agent are shown in Fig. 1. For

the experiment, 0.01 ml "Tween 85" was added to & mixture of 0.02 ml
0.3% hemin end 0.5 ml serum, and chromatographed with M/ﬁO sucrose

solution in the first dimension, and M/iO sodium potassium tartrate
in the second dimension. It will be seen that the chromatograms of
the sera (both with and without the addition of the Tween) showed

differences from each other. The hyper-immunized horse serum indi-

cated the existence of fractions not present in the normal serum.

DISCUSSION

It was found that citrate buffer and phthalate buffers at pd
6 end 7 could be used to\partiallyﬁseparate the fractions present
in plasmas, but due to the poér guffering effect at these pH values,
it was considered desirable to investigate the problem of developing
solutions further. M/iO sucrose solution was found to be very
efficient for use in the first dimension, when this was followed by
M/iO sodium potassium tartrate in the second dimension. This com-
bination is used in all the chromatograms described in this chapter.
Other combinations gave good results, e.gs., dextrose, lactose or
maltose in the first dimension, end nicotinate, malate, succinate,
fumarate, mandelate, acetate or citrate in the second dimension.
Certain amino acids have also given good results when used as devel-

oping solutions, e.g., M/iO methionine solution followed by M/10
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acetyl glycine, or M/10 cysteine solution followed by M/10 sodium
glutamate solution.

It is possible that the substances used in the developing solu-
tions in the first dimension, such as sucrose, form loose complexes
with the plasmanproteins. These complexes appear to have different
mobilities on paper, thus resulting in a more efficient separation
of the protein components.

When a plasme is chromatographed in the manner that has been
described, the various protein components did not entirely separate,
and tended to remain bunched together. This is illustrated in Fig.
15. It was found that if certain surface active substances were
added to the plasma before chromatography, good separations of the
protein fractions occurred. The following substances yielded excel-
lent results: sodium alginate, the “Elvanols", "Spans", "Tweens",
"BRIJ" and "NNO". Results with sodium tauroglycholate were relative-
ly poor. The various surface active substances did not give identi-
cal results, both their structnres;and their concentrations being
important in determining the pattern of the protein chromatogrem.*
It has been made a matter of practice to make chromatograms of blood
plasma, or protein mixture, in the presence of different concentra-
tions of & selected surface active agent. Usually, 0.01 to 0.06 ml

*Elvenols: A group of polyvinyl alcohols produced by hydrolysis.of
polyvinyl acetates of varying degrees of polymerization

(Dupont)
Span 20: Sorbitan monolaurate
NNO: Glycerol mamiten laurate

BRIJ 30: Polyoxyethylene lauryl alcohol

Tween 20: Polyoxyethylene sorbitan monolaurate
Tween 8l: Polyoxyethylene sorbitan moncoleate
Tween 85: Polyoxyethylene sorbitan trioleate
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Figure 15

The effect of some surface active agents on the chrometography
of human plasma is illustrated. /10 Sucrose was used in the
first dimension, end M/ﬁ.o Na K tartrate as the developing solu-
tion in the second dimension.

No. l. Human plesma control.

No. 2. Humen plasma with 0.03 ml "Span 20" per 0.5 ml plasma.
Wo. 3. Human plasma with 0.0% ml "MWWO" per 0.5 ml plasma.

No. L. Human plasma with 0.05 ml "BRIJ 30" per 0.5 ml plasma.
No. 5. Humen plesma with 0.0l ml "Tween 20" per 0.5 ml plasma.

It will be noticed that these surface active agents had a
spreading effect on the humen plasme pattern. The detergents
also appeared to have had effects which differed from each other.
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of a selected surface active agent was added to 0.5 ml;plasmafbefqre
the addition of the hemin, and subsequent chromatography. ' The. sepa-
ratién-qf the plasma constituents,;as;facilifated by the presence of
the surface acﬁiﬁe;égenﬁsjgis;shown.in Fig. 15.. High concentrations
of surfacegactive agents must not be,addea; in their presence, the
movementlaf,the proteins on the filter paper eppeared to be greatly -
depressed.

Once again, it would appear that. plasme proteins combine with -
surface aotivevagénts:in such a:.menner as to;givefvarious~mobilities
on paper.  Large excesses-appear.to form .insoluble complexes, pos-..:
sibly analogous to.the lipoproteins.v Thus it would seem that these )
chromatographic results. are due to the formation of ‘plasma. protein-
sucroseédetergent:complexes;’which\have‘characteristic,mobilities‘on
filter paper. - - -.

It must be emphasized at this point,. that the use of synthetic
detergents will not lead to;a;methodﬁfor;the_iéolatippvof proteins.
from complex mixtures onafiltér;paper-,1Detergents have been' shown to
cause denaturation of proteins, and our use of detergents with pro-
tein mixtures is;merely to accentuate differences: which mey exist -
between protein complexes. = .= ..

. The spreading of the protein,patterﬁ,_as~séen by the use of.
synthetic-deterge;ts, cap’also‘be:demonstrated by the use of other.-
substanées, @eg.s ricinoleate can be shown to. have & similar, though
not so pronounced effect (see Chapter 9). It is probable that
nﬂtural,sdfface.activegsubstances,;suchias;the1bile-salts;~behave;;

in an analogous manner, but this has not been investigated. -



70'

Loomeijer (1h6) has recently reported that serum proteins méy
be fractionated using 'Desogen', a quaternary ammonium detergent
(methylphenyldodecyl trimethylammoniun methosul fate). Serum cen be
separa’ce.d in’cod, /4 and Y—globulins, as well as albumin, and some= “
times the/e-fracti on can be divided into two or three’ minor frac-
tions. The identity of the various fractions was proven by electro-
phoresis.

Dialysis of human plasma against running water did not seem to
affect the pattern of the plasma chromatogram. - It was concluded,
therefore, that the dialyzable material of the piasma.l had little or '
no influeﬁce on the movement of the proteins on the filter paper. »

The choice of> filter papers seems to be very important, as it
appeared that nc;t “all' animel plasmas gave the best.results with the
same filtex; paper. Human and rat plasmas gave the best chromato-
grems with Whatmen No. 1 filter peper, bﬁt guinea pig plasma gave
the best results when using S&S 589. When comparing the plasmas.of
verious-species, howevef; Whatman No. 1 éaper hés been consistently
used.

With any given plasma, or protein mixture, excellent. duplica~-
tion of results has been obtained. It is necessary to be strictly
accurate in the measurement of the sur face active ggent added to ~th§
plasma, but if due care is teken, there is no difficulty in obtain-
ing good duplicétion‘with aﬁy' semple of a protein mixture.

The differences observed between humah, rat end guinea pig
plesma are in agreement with Moore's observation that 'the sera of

different species of the animal kingdom differ widely in their
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con'ten’caOffalIrJumins,‘ and of “the'different types of globulins' (192).
It has'also :.beén observed:that differences are found in: the -plasmas
of individuals of different ages..

AERE The ‘intéraction ‘of :proteins has been apparent in much.of the - .
work on'paper: chromé.tography. v .The »::jihteracti on between- cytochrome C
and hemoglobin .with the plasma proteins is evident in Fige. 13. The
I’n.OVte;I‘len'b»,ij human albumin alone is seen in Fig. 12 (No. 12), and the
addltlon of physiological concentrations of globulins to it did not
increase ﬁhe mmbér qf\prot ein frfictions s buj: only altered the move-
ment qf the albumin. It will be observed that there were seven frac-
tions in gabh case ( compare with No. 1l}). Thus, 1’0 wqul'd' seem, that
ﬁhere has been a reaction between the albumins and the globulins to
pfo‘ducg_a a eomkplexxthat moves in a menner which is different to its
é;xﬁﬁo'névn’c fractions,.

Th:leoo sé éémbihatign of prpteins that. has been qbservgd is in
agreement with the statement s made by Hewk et al (191;,}. "Studie s of
the behaviou; of the serum globulins led S;Jrenson, some years ago,
to conclude that euglobulin and pseudoglobulin were réversibly com-‘-‘.
bined‘irix a 190 se conibiné‘tion; ~F.Subée.§uent,investigations of other
prote’in‘s led to the rrewsult 'thaf ﬁighl;‘purified preperations of ser;wn
albumiﬁ, élései..n\ and giiad:ﬁi Vwe’:vr'.é'e-éch found t6 cShsist of mixtures
of en unknown number of br{)’feins of s:‘uﬁilar char{ac'ber combined in a
reversible ‘mai.nhver. Such'nfd’c eins, according to Sgrenson, represent
rreveféibls' di “s‘s’,oc’iablés cbmpohé;lt , systems' . In serum, foi". example »
we probﬂably have not only'such component systems such as albumins

end globulins, but sl so more complex systems in which these proteins
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ere combined in varying proportions not only with each other, but
with other serum constituents, ‘such as the lipids. In protoplasm,
instead of relé‘bifeiy"‘iher% ’,‘:':A'er{iepehdenﬁ ~substences, there are
Pf?b‘%}f?l}.[fif’??.plex sysfems composed of protein, lipid and carbohyg‘irvate
in equilibrium with each other, and.constantly shifting :in;vresponSe

to chenges. in environment".

SULMARY
(l) A technique for the two dimensional chromatography of blood
plasma end protein mixtures on filter paper is described.

(2) Separatlons of protem oons‘cltuents were g;rea’cly facllltated

sl wetoy o

bj the addltlon of surface ac‘c:.ve ager;ts such 8s the "Tweens or(;
"Spans .k: The technioue at present adopted is ’co add Tween 81 or
Tween 85 Jco ‘l:he plasma before chromatography, and to develop the
chromatograms Wl’ch M/lO sucrose solutlon in the flrst dlmens:Lon, and
' M/lO sodlum potasswm tartrate solu‘blon in the second dlmensmn. o
| (3) leferences ’oetween thelproteln pat’cerns of human, 'r‘a;o az;d
gumea plg plasmas were noted.

| (h) Wlth proteln m:.xtures. assoolatlons of 'protelns may occur
-bhat may be detec’ced by chromahography. - ‘

; (5) The sera of hyperlmmun:.zed horses (as agamst dlph‘cherla
foxin) yielded chromatograms ‘which differed from, and exhibited |
fractlons not present in, chromatograms of normal horse serae.

(6) The presence of several closely related proteln fractlons

1n a orys'ballme human albmnln preparatlon has been ob served.
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Chapter 6

THE EFFECT OF BOMBARDMENT ON PROTEINS

“INTRODUCTION -

‘I{: has been observed for several years that protein structure
may be inrofoimdly affected by exposure.to ‘bombardment of various:
types of irradiation.-’ Thé-»first o‘bsérva’cions on the effect of -
ibhiiing~ particles on” albumin were’ published by Fournau in 1923
(147), who noticed that egg albumin' solutions were coagulated by
&-rays. - Svedburg end Brohult:(1li8) :studied the action of £-rays
on solutions of humen serum slbumin'by mesns of the ultracentrifuge.
They reported the: findingfof-@'low\molécular weight substances and-
general  inhomogenization 'of the protein. 'These effects were attri-
buted to an indirect reaction, since they did not appear when the
irradiation was carried out at the temperature of liquid air. These
authors also showed the spllttlng of hemocyanm (1L9), which has a -
molecular welght of 6.7 x 106, ‘was attrlbuted to the: ‘direct act:.on
of the rays; concludmgwtha’c ’che small albumin molecules are ex-~
'bremely stoble so long as secondary chemical effec'bs were excluded,
Whereas the large hemocya.nln molecule was readlly split in two by
ix‘r_adia’cion.'~ Senigar et al (150) irradiated & solution of serum
with 29,000 roentgens of x-rays end found no effect. Clark (151)
carried out experiments on:slbumin solutions using," ul_traviolet'light
for irrediation, end observed an increase in light absorption and
flocoulation. He reached the:conclusion that thek"Qénat\Jfa'bion‘ef’fect,

which preceded flocculation, was independent of temperature, and
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therefore, the reaction was direct. Carruthers (152) concluded that
it was apparent that the results of ultraviolet irradiated albumin
solution have shown the same general effect as that observed for
&«~irradiated solutions, i.e., increased absorption, evidence of dis-
ruption of the molecules, and aggregation products. Lea (153) des-
cribed experiments on radiation of enzymes, viruses and genes, which
has yielded valuable information on the destruction of the functional
ability of these substances. He has developed a theoretical basis
for quantitative analysis of results which has shown agreement with
experimental observations on enzymes and viruses. The theory is
based on the assumption that a single ionization will destroy the
activity of a virus, etc., but the extent of molecular deformation
is usually not considered. Carrutﬁers (1525 described the decom-
position of crystalline bovine serum albumin into cleavage products,
which varied in size from effectively non-centrifugable material to
apparently-normalvalbumin. This was attributed to the direct action
of the ionizing %X-rays, since there was an inappreciable effect in
the heat-treated control sample. There was a correlationlbetween
the average size of the ﬁarticles and the radiation dose. Alpha
partiéle radiation of 8 x 107 o 5 x 102 roentgens was obtained
from slow neutron capture in boron mixed with albumin samples.
McLean and Giese (190) have recently postulated that one of
the pfimary actions of ultraviolet light on proteins was to hydro-
lyze the peptide bonds adjacent tovthe ultraviolet chromophores
tyrosine, tryptophan and phenylalanine. Extensive irradiation of

egg albumin resulted in a small but significent increase in the



number of acidic groups, although no significant change was found in
the number of amino or basic groups.

It seemed reasonable to expect that we could show alterations in
protein structure and appearance of cleavage products with the chrom-
atographic technique, so a series of experiments were carried out on
the proton bombardment of crystalline{:%ha\}bovine albumin solution in

the cyclotron.

MATERIALS AND METHOD

Bovine albumin was supplied for proton bombardment in the cyclo-
tron either as a 1% saline solution.or in the crystellized state.
Bombardment was carried out under three main conditions: (a) under
a copper dome, and cooled by ice or liquid nitrogen, (b) in a small
diemeter aluminum tube with no cooling, (c) in sealed glass tubes

€0

placed ebove Co“™ and cooled with ice. Controls were treated in the
same manner, butb ﬁthout exposure to irradiation. In some cases,
cysteine was added to the protein solution to test the protective
ability of cysteine against protein denaturation.

Bombardment of proteins was carried out under conditions which
varied from 20-80 MEV, a meximum current of 0.5 microamperes, and
time of bombardment which varied from less than 15 seconds to 21
minutes. Exposure to Co60 was for seven deys, resulting in a dosage
of 5,000 roentgenss.

Each sample was chromatographed under protein conditions, i.e.,

using M/20 citrate buffer pH 6 as the developing solution in the

first dimension, and M/EO phthalate buffer pH 6 in the second di-
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mension; and also under amino acid conditions, i.e., & uni-dimen-
sional analysis, using n-amyl alcohol (20)-957% ethenol (&0)-10N
emmonium hydroxide (20) as the developing solution. In the former
instance, the protein was combined with hemin, and its final posi-
tion determined by streaking with the benzidine reagent (133), and
in the latter instance, the chromatogram was sprayed with 0.1%

ninhydrin in water-saturated n-butanol.

RESULTS

The chromatograms of the bombarded proteins were compared with
controls, as described in Chapter L. 1In every case, there was &
significant decrease in protein solubility, thus resulting in a
chromatogrem in which there was little or no movement from the point
.of origin. In the case of proteins which had been bombarded in
aluminum tubes, the color of the protein crystals varied from white,
grey, end increasingly darker shades of brown along the length of a
single 25 mg sample. The solubility of the protein was nil or
extremely slight, and when the protein had been colored a dark brown,
a characteristically unpleasant odor was apparent when saline was
added to try to dissolve it. The inclusion of cysteine in the pro-
tein solution during bombardment did not protect the protein from
losing its solubility characteristics.

No amino acids or other ninhydrin sensitive substances were
found to be liberated from the protein during bombardment. In cases

(Mr. Frenk Eadie built the cells for proton bombardment, end super-
vised the bombardment of the protein samples. )



where the protein had been highly discolored, there were no ninhydrin
sensitive spots left at the origine. This would indicate that even
the protein was absent.

In the small number of experiments that were carried out, it
was found "chat quantitative recoveries of the crystalline protein
after bombardment was not possible, even though the protein was
sealed off during this procedure. Recoveries averaged Q% in 20-25

mg samples, although recoveries ranged from 50-89%.

SUMMARY

Bovine albumin wes irradiated with pro;c:ons in both the dry and
dissolved state in the cyclotron end with Co®0. No effects other
than a decreased solubility of the protein was observed by the chrom-

atographic technique.
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Chapter 7

PAPER CHROMATOGRAPHY OF IODINATED AMINO ACIDS IN UNHYDROLYZED

THYROID AND PLASNMA

INTRODUCTION

De Robertis (15)) demonstrated the presence of a proteolytic
enzyme in the colloid of the thyroid follicle. He postulated that
this enzyme causes the breakdown of thyroglobulin with the release
of bioiogically active fragments, which are of low enough molecular
weight to diffuse out of the follicle, and which presumebly consti-
tute the thyroid hormone. The only compound of small molecular
weight found so far in the unhydrolyzed thyroid is thyroxin (155).
In the present work, the fechnique of paper chromatography has been
used to confirm this result, and to study the production of other
iodinated amino acids which might be formed during the breakdown of
thyroglobuline. The appearence of these substances in the circula-
tion has been studied by observing their presence in n-butanol ex-
tracts of plasma. In addition, chromatographic enalysis of whole
plasma has supplied evidence of the nature of the circulating thy-
roid hormone.

Although ﬁethods had been presented for the chromatography of
iodinated compounds on paper by Fink et al (156) end Trikojus.(157);
it was not considered that the separations were good enough to carry
out elution experiments and isotope dilution amnalyses. Thus, new
sets of developing solvents were investigated; and a new set of

conditions are described in this chapter, that allows excellent
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separation of the lodinated amino acids, and also shows the presence

of hitherto undetected iodinated substancese.

MATERITALS AND METHODS

Female albino rats weighing 150-200 grams and sustained on
Remington's low iodine diet No. 342 (158), to which 10% Brewer!'s
yeast had been added, were injected subcutaneously with about 100
microcuries of carrier-free radiocactive iodide (NaIlBl). After 1,8
hours the animals were anaesthetized with ether and exsanguinated
with a heparinized syringe via the inferior vena cava.

Chromatography of n-butenol extracts of thyroid and plasma.

The thyroids were removed imediately, ground in 1 ml of ice=cold
seline in a chilled mortar, and extracted three times with an equal
volume of n-butanol. Similarly, the plasma was extracted three
times, first with a double volume, and then twice with an equal vol-
ume of butanol. In both cases, the combined butanol extracts were
reduced to dryness in vacuo at room temperature. The dry residue
was teken up in distilled water, 0.1 ml and 0.2 ml being used for
the thyroid and plasma residues, respectively.

Aliqubfs of 0.02 ml of this solution were then chromatographed
by the capillary ascent method (23), with or without the addition of
the following carriers: DL-thyroxine, IL-diiodotyrosine, DL-diiodo-
thyronine, and DL-monoiodotyrosine.

(Dr. J. Gross and Miss J. Cambron supervised the care of the enimals
and their subsequent injection with 1131, They carried out the
preparation of the thyroid and plasma extracts. Radioautographic
procedures were carried out in the darkroom of the Department of
Anatomy, McGill University.)
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The aliquots were placed in the lower left hand corner of ten inch
by twelve inch Whatman No. 1 filter paper sheets and dried. The
developing solvent used for the first dimension was the upper layer
obtained after shaking n-butanol with 2N formic acid in a separatory
funnél. For the second dimension, the upper layer of a mixture of
parts n-butanol andvl part dioxane shaken with 5 parts of 28 ammonium
hydroxide was used. After overnight development for each dimension,
the papers were removed and dried in a current of air. They were
then applied to Eastman No-Screen X-ray film, with a sheet of cello-
phane intervening, and thus exposed for varying periods of time.

The duration of exposure depended on the activity present, as deter-
mined with a Geiger probe monitor. After autography, (Figs. 16,17,
18), the papers were dried for 30 minutes at 100° C., sprayed with
ninhydrin (0.1% ninhydrin in chloroform with the addition of 0.1%
collidine), and dried at 100° C. again. The colors obtained with
ninhydrin were rather pale, but were sufficiently clear to locate
the added carrier amino acids. By this technique, it was possible
to obtain a complete separation of the four iodinated emino acids
and of iodide as well.

Chromatography of the Plasma Proteins. The plesma proteins

were combined with hemin, in the manner described in Chapters ly and
5, end chromatographed at pH 7, using M/?O citrate buffer in the
first dimension; and /20 phﬁhalate buffer in the second dimension.
After the paper had dried, it was streaked with the benzidine re-
agent, and the chrdmatbgram photographed immediately.

This method was used with radioactive plasma obtained from the
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radio-iodide-treated animals described. 0.02 ml plasma was applied
directly %o tﬁe paper. After two-dimensional chromatography, the
paper was placed in contact with X-ray film for autography, amd then
treated with benzidine reagent for localization of the proteins (Fig.
19).

The remaining plesma was extracted with butanol, and the buta-
nol divided into two portions which were dried in the usual manner.
The first portion was dissolved in O.1 ml L% sodium chloride, of
which 0.01 ml was chromatographed with the bubanol buffers and auto-
graphed (to act as a control on each batch of radioactive plasma
that was produced). Another 0.01 ml aliquot was chromatographed
with buffers and autographed (Fig. 20). Finally, the second portion
of the dried butanol extract was dissolved in non-radioactive plasma
obtained from another rat, mixed with hemin, chromatogrephed with
buffers and autographed (Fig. 21).

Confirmatory experiments with plasma proteins not containing
hemin were carried out by the addition of non-radioactive DL-thy-
roxine. O.l mg thyroxine was mixed with 0.02 ml radioactive plasnma,
chromatographed with buffers and the location of the thyroxine

determined by spraying with ninhydrin.

OBSERVATIONS AND RESULTS

Thyroid end plasma fractions of ten animals were chromato-
graphed end autogrephed. The autographs (Fig. 16) of the butanol
extract of thyroid, with added carriers, showed the presence of

spots corresponding to monoiodotyrosine, diiodotyrosine, thyroxine



Figure 16

An autograph of a two-dimensional chromatogram of the entire
butanol extract of the fresh thyroid taken from an adult rat
given 100 microcuries of carrier-free NaIlll subcutaneously,
;8 hours previously is illustrated. Twenty micrograms each of
non-radioactive DL-monoiodotyrosine, DL-diiodotyrosine, DL-
thyroxine and DL-diiodothyronine were added to the butanol ex-
tract. The psper was developed vertically with a butenol-
formic mixture and horizontally with a butanol-dioxane-ammonia
mixture. The material was deposited on the lower left hend
corner. Some spots are due to thyroxine, diiodotyrosine, mono-
iodotyrosine end iodide; others are due to unidentified sub-
stances, indicated by the numbers 1, 2 and 3.

824
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Figure 17

An autograph of the entire butanol extract of 2.5 ml of the
plasme of the same animal as in Figure 16 is illustrated. The
same carriers were added. An intense thyroxine spot is visible.
The much less intense spot next to it is probably due to the
substance causing spot 1 in Figure l6.
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Figure 18

An autograph of a control chromatogream of a mixture containing
carrier-free WaIl’l, md 20 micrograms each of the non-radio-
active DL-monoiodotyrosine, DL-diiodotyrosine, DL-thyroxine &nd
DL-diiodothyronine is illustrated. Besides an intense spol due
to iodide, & faint spot is visible in the location of diiodo-
tyrosine. Two spots due to unidentified substances are &lso
present. When the marked intensity of the iodide spot is com-
pared with the low intensity of all other spots, it is apparent
thet only a very small percentage of the iodide present exchenged
with diiodotyrosine and none at all with thyroxine.

8ly.
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and ilodide; all of which were found in the ten animals investigated.
These spots were similar in location and intensity when no carrier
was used, and therefore, the presence‘of these substances cannot be
due to an interchange betﬁeen the labelled iodide and the carriers.
This was borne out by control experiments in which tracer iodide was
chromatographed with carriers (Fig. 18). In addition, several com-
pounds, whose identification are unkndwﬁ, were found more or less
regularly throughout the series of thyroid chromatogrems. Thus, of
the unknowns marked 1, 2 and 3 (Fig. 16), compound 1 was found in
ten thyroids, and the other two compohents were found in seven of
the preparations.

Thyroxine made up the greater part of the radioactivity of the
butanol extract of plasma (Fig. 17). By using the entire plasma
extract and exposing for a long period of time, it was possible to
distinguish faint spots corresponding to iodide in five plasma
samples and to.diiodotyrosine in six samplesf Both substances were
found together in extracts of five samples of plasma. The results
were lidentical whether or not carriers wére added to the plasma
extract.

A possible source of error'lay in the production of artifacts
by the radiochemical effect of large doses of radioactivity used.
However, it could be demonstrated that the same amino acids were
present in the thyroia and plasma of two rats, in which the radio-
activity of the injected radio-iodide was only one microcurie, &
dose which has been shown to have no effect on the physiological

processes of the thyroid (159). A very long exposure had to be
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Figure 19 Figure 20

Figure 19. A chromatogram of 0.02 ml of the plasma of a rat given
100 microcuries of carrier-free NaIlll subcutaneously 4,8 hours
previously is illustrated. A small amount of hemin was added to
the plasma, and the location of the proteins wes indicated by
reaction with benzidine. The pencil lines indicate the leading
edges of the developing solvents. The photograph on the right is
the radioautograph corresponding to the chromatogram on the left.
The radioactive material of the plasma is arranged in a pettern
similar to that of the proteins.

Figure 20. The redioautogreph of the butanol extract of another
aliquot of the seme plasma as used in Figure 19, and chromato-
graphed with buffers as in Figure 19 is illustrated. By the
method used in Figure 17, this extract was found to consist wholly
of radioactive thyroxine. The radioactive thyroxine did not move
from the point of origin.



Figure 21

On the left, a chromatogram of 0.02 ml of the non-radioactive
plasma is illustrated. Hemin was added to the plasma and com-
bined with an aliquot of the butanol extract used in Figure 20,
chromatographed with buffers as in Figure 19, and streaked with
the benzidine reagent. The protein pattern is epparent. On
the right, the radioautogreph corresponds to the chromatogrem
on the left. The radioactive thyroxine added to non-radioactive
plasme moved with the proteins, giving a pattern similar to that
obtained with radioactive plasma, which is showm in Figure 19.

87.
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used to detect the minute amounts of radioactivity present in the
chromatographic spot obtained under these conditions.

Nature of the circulating thyroid hormone. When an aliquot of

whole plasma from an animal given radioactive ilodide was mixed with
hemin, and chromatographed with buffer solutions for development,
the distribution of the proteins, as shown by the benzidine reagent,
corresponded to the location of the plasma radioactivity (Fig. 19),
indicating that the radiéactivity had moved with the plasma proteins.
When the radioactivity extracted by butanol was chromatographed with
butanol developers, it proved to consist elmost entirely of radio-
thyroxine. However, when chromatographed with buffers, this radio-
active thyroxine remained at the point of origin (Fig. 20).
Nevertheless, if the radio-thyroxine was added to non-radioactive
plasma, it was displaced along with the plasma proteins (Fig. 21),
in & manner similar to that of the original radioactive plasma (Fig.
19).

The same results were obtained when non-radioactive thyroxine
was chromatographed with plasm% that did not contain hemin, indicating
that the presence of hemin was not necegsary for plasme-thyroxine

combination.

DISCUSSION

These results demonstrate that, besides thyroglobulin and
iodide, the thyroid glend contains smell esmounts of monoiodotyrosine,
diiodotyrosine and thyroxine (Fig. 16). It has been shown that the

presence of these amino acids is not due to exchenge phenomena (Fig.
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18) or to radiochemical action. The presence in the thyroid of
these smino acids, which are known to be components of thyroglob-
ulin; iends support to the hypothesis that thyroglobulin undergoes
proteolysis by the enzyme system described by De Robertis.

The thyroxine found in the plasma is most likely of thyroid
origin. This was indicated by experiments showing that the butanol-
soluble radioactivity of plasma is extremely low in thyroidectomized
rats (L60). The passage of thyroxine into the ciroulation has
previously been explained by a gradient of thyroxine concentration
in thyroid tissue and plasma (155). It may be pointed out further
that the diffusion of thyroxine from the thyroid would tend to cor-
rect the increase in osmobtic tension due to protéolysié in the
colloide The failure to find significant amounts of other ilodinated
amino acids in plasma may be explained by their destruction within
the follicle and a re-utilization of their iodine by the gland.

In the plasma, thyrox1ne has been found comblned Wlth proteins.
/—‘" T ~—— e S
Thls\gomblnatlogjmay be severed easily by butanol but was reconsti=-

im0

tuted when thyrox1ne was placed in contact with the plasma proteins
(Fig. 21). Furthermore, since plasma proteins may combine with
amounts of thyroxine well above the physiological doses'(1007’in
0.01 ml), it may be assumed that under phy31010g1ca1 conditions the

thyroxine secreted from the thyroid comblnes w1th the plasma pro-
“‘\.... ./

g

teins as it is released.

e

The nature of the thyroxine{comPIGXRin plesma is obscure. How-
x

s s

ever, iodine has been found in the albumin fraction of plasma (161,

152,163), and to a somewhat lesser extent in the globulin fraction
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(161,162).

SUMMARY

(1) When adult female rats on & low iodine intake were sacri-
ficed 18 hours after an injection of carrier-free radioiodide,
butaenol extracts of unhydrolyzed thyroid end plasma analyzed by
radioautography of two dimensional chrometogrems revealed the pres-
ence of six radioactive compounds besides iodide and thyroglobulin.
Of these, three were identified as thyroxine, diiodotyrosine and
monoiodotyrosine.

(2) Three unidentified, iodinated substances have been found
more or less consistently in dried butanol extracts of unhydrolyzed
'thyroid.

(3) In the blood plasma, practically all the butanol-extract-
able radioactivity was present as thyroxine, with a very low amount
of diiodotyrosine.

(L4) When the whole plasma was analyzed by radiosutography of
two dimensional protein chromatography, it was shown that the loca-
tion of the radioactive material corresponded to that of the plasme
proteins. Although thyroxine solutions showed no movement from the
origin under these conditions, radioactive thyroxine dissolved in
non-radioactive plasma was displaced along with the plasma proteins
and gave a pattern very similar to that of the radioactive plasma
itself.

It was concluded that thyroxine, after its release by the thy-

roid gland, circulates in combination with plasma proteins, thus



constituting the circulating thyroid hormones. The complex thus

formed can be split with bubanol and reconstituted in vitro.

91.
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Chapter 8

THE BINDING OF THYROXINE TO PLASMA PROTEINS

INTRODUCTION

It was shown in Chapter 7 that thyroxine combined with plasma
proteins, after being liberated by the thyroid gland into the circu-
lation. The thyroxine-protein complex thus formed was readily split
by the action of butanol and reconstituted by adding thyroxine to
plasma. This chapter describes some of the factors controlling the
combination of thyroxine with plasme proteins. For this purpose,
radiocactive thyroxine was added either to whole plasma or to various
purified plasma proteih fractions. The mixtures were then chroma-
tographed on paper, and the location of proteins on the paper was
compared with that of radio—thyréxine on radio-autographs of the
peper. In this manner, the association of thyroxiné with given
proteins was ascertained, and the mobility of thyroxine-protein

complexes was examined.

METHODS AND MATERIALS.

Since thyroxine may be séparated from the complex formed with
plasma proteins by the action of butanol (L6), the radio-thyroxine
used in these experiméntS’was obtained by butanol extractions of
the blood of rats on a low iodine diet given 100 microcuries of
radio-iodine Lj8 hours previously. The method, which has already
been described (14,), was completed by a check on the thyroxine

content of the extract by chromatography with butanol solvents (Lé) .
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The dose of radio-thyroxine used in each experiment in vitro was cal-
culated as previously indicated (L€}) and found to be 0.001 micro-
grams. Further purification of the radio-thyroxine was effected in
some of the experiments as follows: the whole radio-thyroxine con-
taining exfract was chromatographed two dimensidnally'with acid and
alkel ine butanol respectively (L6), & procedure which restricts thy-
roxine to a well defined area of the peper. This area was cut out
of the paper, and eluted in water-saturated butanol, the volume of
which was then reduced in vacuo, thus supplying a purified thyroxine
freed from the other butanol soluble components of plasma.

Radio-thyroxine which had thus been purified was used in the
first series of experiments (Fig. 22, Nos. 1-6). The radio-thyroxine
was added to either whole humen plasma or a mixture of the following
plasma protein fractions? 120Y of Fraction II (Y-globulin), 5887’
of Fraction V (albumin), 72Y¥ of Fraction IV-1 (mainly &-globulin),
120Y of Frection IV-3,l («and ﬁ—globulin, and albumin), emd 12% of
Fraction VI (fringe fraction) added in amounts proportional to those
present in plasma. This mixture was dissolved in 0.85% sodium
chloride and chromatographed two dimensionelly on paper by the method
described in Chapters L and 5.

An experiment was also carried out under similar conditions %o
find out whether the emount of butanol soluble material present with
radio-thyroxine in the unpurified but anol extract of plasma influ-
enced the chromatographic pattern. 0.02 ml of plasma containing
radio-thyroxine wes chromatographed two-dimensionally as above after

addition of the dried butenol extract from O.l ml of plasma, i.es,



Ol

five times the normal quantity. The chromatogram was exposed to X-
ray film for autography (Fig. 22, No. 6).

In a second series of experiments (Fig. 23, Nos. 7-18), the in-
fluence of changes in the medium on the chromatogrems of the thy-
roxine~-plasma protein complex was further examined by using various
concentrations of sodium chloride end also Ringer solution. In this
experiment, the samples were chromatographed on paper in a single
dimension with M/20 citrate buffer at pH 7. Three different sets of
conditions were used, namely, plasme removed from & rat given 100
microcuries of radio-iodine ;8 hours previously (hereafter referred
to as radioactive plasma), plasme from an uninjected rat to which
radio-thyroxine had been added in vitro (hereafter referred to as
reconstituted plasma), and & mixture of purified plasma protein
fractions similar to that used in the first experiment. Three ali-
quots of each were used, & control (Fig. 23, Nos. 7,11,15) and two
others to which enough sodium chloride was added to raise the con-
centration respectively to 1% and L% (Fig. 23, Nos. 9,13,17). In
addition, two aliquots of the plasma protein mixture to which radio-
thyroxine had been added were dissolved in Ringer and Ringer-glucose
respectively. After chromatography, all samples were exposed to X-
ray films (Fig. 23, Nos. 8,10,12,11,16,18).

In a third series of experiments (Fig. 23, Nos. 19-30), con-
trols were carried out with radio-iodide. Uni-dimensional chromato-
graphy with M/EO citrate buffer at pH 7 was carried out with semples
containing tracer radio-iodine and either whole plasma (Wo. 21), the

same plasma protein mixture as above (No. 23), or individual plasma
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protein fractions, neamely 120Y of Fraction IV-3,l (No. 25), 29L4¥ of
Fraction V (No. 27) and 180¥ of Fraction VI (No. 29). The paper
chromatograms were then radioautographed (Nos. 20,22,2],,26,28,3%0).
In a fourth series of experiments (Fig. 23, Nose. 31-40), the
binding cepacity of separate plasma protein fractions and thyroxine
was systematicelly exemined. Uni-dimensional chromatography with
M/EO citrate buffer at pH 7 was carried out with semples containing
radib-thyroxine and 200) of each of the available purified protein
fractions, namely Frection II (No. 33), Fraction III, Fraction IV-1
(No. 35), Fraction IV-3,l; (No. 37), Fraction V (No. 39) and Fraction
VI (No. L}1). Reconstituted plasma was also run simulteneously (No.
31). The peper chrometograms were then radiosutographed (Nos. 32,
3),,36,38,l0,142) . This experiment was repeated using the following
develobing solutions: 2% glycine, acetate Euffer at pH 6, 1/5
sédium acetéte, M/iO Sucrose, phthalate buffer at pH 6 and 2% tar-
taric acids Only the results obtained with 2% tartaric acid are
illustrated (Fig. 23, Nose. L43-5L). The series carried out with
tartaric acid also included samples containing mixtures of globu-
1ins such as (72Y of Fraction IV-1 and 120Y of Fraction IV-3,l -
Nos. 51,52) or (200Y of Fraction II, 72 Yof Fraction IV-1 and 1207
of Fraction IV-3,l)) and mixtures of globulins end albumin (€00 of
Fraction IV-1 and 29LY of Fraction V - Nos. 53,54) or 120¥ of
- Fraction IV-3,l, and ®L¥ of Fraction V) or (2000 of Fraction II,
72Y of Fraction IV-1, 120Y¥ of Fraction IV-3,l and 2L Yof Fraction
). |

in a fifth series of experiments, the behaviour of the complex



formed by the binding of the individual proteins to radio-thyroxine
was examined in two-dimensional chromatograms. The available pro-
tein fractions (II, IV-1, IV-3,l, V end VI) were used singly (Fig.
2ly, Nos. 55,57,59) or in combination. The amounts of proteins were
at the seme concentration as those found in plasma. The paper chrom-

atogrems were then radio-autographed (Nos. 56,58,40).

RESULTS

TIdentity of the location of plasma proteins and thyroxine on

chromatogrense. In the first experiment, radib-thyroxine purified by

elution from peper efter chromatography, was added to plasma protein
fractions mixed in amounts proportional‘to those of plasma. The
chromatography of this material with buffers made it possible to
show that the proteins moved to & location (Fig. 22, No. 1) identi-
cal with that of the radioactivity (No. 2). The superimposition of
the two spots indicated that thyroxine must have combined with the
plasme proteins and remained bound to them while they were displaced
on the paper. It may be néted that some substances (presumebly
including unbound hemin) remained situated in the first dimension
(Wo. 1), but these did not bind radio-thyroxiné.

Purified radio-thyroxine similarly combined with proteins of
whole human plasma, since there was an exact coincidence between the
protein spot (Fig. 22, No. 3) and radio—thyroxine (No. L). When a
large amount of crude butanol extract of plasma was added to radio-
thyroxine, there was é more widespread distribution of plasma pro-

teins (Nos 5). The combination of radio-thyroxine with proteins
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Figure 22

The two dimensional chromatograms of proteins on the left are to
be compared with their radioautogrephs on the right.

Wos. 1 and 2. Combination between mixed protein fractions from
humen plasma and purified radio-thyroxine. The location of the
proteins in the upper centre of No. 1l corresponds to the location
of the radioactivity in the upper centre of No. 2.

Nosifé and lj. Combination between humen plasma (0.02 ml) =nd
purified radio-thyroxine. The location of the protein in No. 3
corresponds to that of the radioactivity in No. li. Also, the
pattern obtained here was somewhat similer to that given by
protein mixtures (Nos. 1 eand 2).

Nos. 5 and 6. Radio-thyroxine conmtaining rat plasma (0.02 ml)
To which has been added five times the normal quantity of dried
plasme butenol extract, The increase in the smount of butanol
extrect produces a spreading of the protein patbern (No. 5) with
a corresponding spreading of the radioautographic image due to
thyroxines
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Figure 23

Each one of the four rows of pictures illustrates an experiment.
The odd-numbered pictures represent chromatograms, and the even-—
numbered ones, radioautographs.

Nos. 7-18. Effect of L% NaCl on the combination of radio-thyroxine
with plasma or plasma protein mixture, as shown on citrate buffer
chromatograms.
Nose 7, B. Radioactive rat plasma.
Nos. 9,10. Radioactive rat plasma in which enough NaCl had been
added to raise the concentration to L%.
Nose. 11,12. Reconstituted rat plasma.
Nose 13,1l;. Reconstituted rat plasma in which enough NaCl had
been added to raise the concentration to L%.
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Nose 15,16. Mixture of plesma protein fractions end radio-thy-
roxine in 0.857 NaCl.

Nos. 17,18. Mixture of plasmea protein fractions and radio-
thyroxine in L% NaCl. The protein sites and radio-
thyroxine location coincide in all cases.

Therefore, the combination of thyroxine with plasma
proteins is not affected by raising the NaCl concen=-
tration. '

Nos. 19-30. Behaviour of radio-iodine in the presence of plasma or
plasma proteins on citrate buffer chromatograms.

Nose 19,20. Radio-iodide alone.

Nos. 21,22. Radio-iodide added to plasma.

Nos. 23,2l;. Radio-iodide added to a mixture of plasma protein

fractions.

Nos. 25,26. Radio-iodide added to Fraction IV-3,li.

Nose. 27,28. Radio-iodide added to Fraction V.

Nos. 29,3%30. Radio-iodide added to Fraction VI.
While radio-iodide alone moved to the top of the paper, its progression
was limited by all protein fractions but VI. Furthermore, the location
of the radio-iodide tends to surround from below the protein sites, but
the protein and radio-iodide spots never coincidee.

Nos. 31-li2. Combination between single protein fractions (0.2 mg.) and
radio-thyroxine as compared to that of plasma when chromatographed with
citrate buffer at pH 7 as the developing solution.

Nos. 31,32, Whole plasma.

Nos. 33,34. Fraction II.

Nos. 35,36. Fraction IV-1.

Nos. 37,38. Fraction IV-3,l.

Nose %39,L0. Fraction V.

Nose 11,42, Fraction VI.
It will be noted that the whole plasma proteins, Fractions IV-l, 1v-3,L
and V combine with thyroxine since their location on the chromatogram
coincides with that of radio-thyroxine. Fractions II and VI show no
displacement, nor does the added thyroxine.

Nos. Li3-5l;. Combination between single protein Fractions (0.2 mg) end
radio-thyroxine as compared to that of plasma when chromatographed
with 2% tartaric acid as the developing solution.

Nos. L;3,L];. Whole plasma.

Nos. 1i5,46. Fraction II.

Nose. 117,48, Fraction IV-3,L.

Nos. 19,50. Eraction V.

Nos. 51,52. Mixture of globulins (IV-1 end IV-3,L).

Nos. 53,5, Mixture of globulins and albumin (IV-3,L and V).
It will be noted that, in the presence of tarteric acid, there is comb-
ination of thyroxine with plasma proteins, no combination with §ingle
protein fractions (except for & slight one in the case 9f albumly) or
with the mixture of globulins, but a good combination with the mixture
of globulins and albumin, the one most closely resembling plasma.
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remained unaffected, since the pattern of radioactivity distribution
(No. 6) still coincided with that of the plasme proteins (No. 5).

Control experiments. The second series of experiments demon-

strated that radioactive plasma from a rat given radio-iodine 1,8
hours previously gave a chromatographic pattern (Fig. 25, Nos. T, 8)
which was not modified by addition of sodium chloride up to a con-
centration of L% (Nos. 9, 10). Reconstituted plasmae obtained by
adding radio-thyroxine to plasme showed a similar pattern (Nos. 11,
12) which was not affected by the addition of sodium chloride (Nos.
13, 1). Similarly, the complex obtained by adding redio-thyroxine
to a mixture of plasma proteins (Nos. 15, 16) remained the seme in
the presence of sodium chloride (Nos. 17, 18). Finally, no change in
pattern was obtained when Ringer or Ringer=-glucose was used as sol-
vent for plasma protein mixtures.

Since at all times iodide is present with thyroxine in the cir-
culating plasma, it was necessary to understand its behaviour. A
third experimental series was designed to determine how radio-iodide
was displaced on chromatograms in the presence of plasma proteins. A
first control with iodide alone showed that this substance moved to
the top of the paper (Fig. 23, Nos. 19, 20). In presence of the pro-
teins, movement also occurred but was depressed in such a way that
the radio-iodide spot appeared to follow the trailing edge of the
protein spots (Fig. 23, Nos. 21-28), in contrast to the radio-thy-
roxine spots which superimposed directly on the protein sites. This
behaviour of radio-iodide was observed on mixing it with whole plasma

(Nos. 21, 22), or & purified protein mixture (Nos. 23, 24), or
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separate protein fractions, namely, Fractions II, IV-3,lL (Nos. 25, 26)
and V (Nos. 27, 28). The location of radio-iodine in the case of
Fractions IV-1 and VI (Nos. 29, 30) was the same as the iodide con-
trol (Nos. 19, 20).

Combination of thyroxine and individual protein fractions. Mix-

tures of radio-thyroxine with individual purified protein fractions
were chromatographed in the fourth-series of experiments. The re-
sults obtained using citrate buffer as the developing solution (Fig.
23, Nos. 31-L2) were similar to those obtained when the developing
solutions were 2% glycine, acetate buffer at pH 6, M/iO sucrose,
phthalate buffer at pH 6 or M/B sodium acetate. They demonstrated
that a combination with thyroxine took place with Fractions IV-1l
(Nos. 35, 36), IV-3,l; (Nos. 37, 38) and V (Nos. 39, LO). Therefore,
both globulin and albumin fractions showed ability to combine with
thyroxine.,

With 2% tartaric acid as the developing solution, a fair pro-
portion of the protein moved from the origin with all fractions (Nos.
L5, L7, L9), except Fractioﬁ VI. However, under these conditionms,
radio-thyroxine did not move appreciably as may be seeﬁ in the casse
of Fractions II (No. Lj6), IV-3,L (No. L8), énd V (Wo. 50). Since
nmigration occurred with whole plasma (Nos. 43, Ll}), a series of pro-
tein mixtures were then examined. No combination of thyroxine
appeared to occur with mixtures of globulins, nemely, Fractions II,
IV-1, end IV-3,l or Fraétions IV-1 and IV-3,L (Nps. 51, 52). Thy-
roxine, howsver, combined With‘mixtures>containing albumin, nenmely,

Fractions II, IV-l, IV-3,l, end V (Nos. 53, 54). The migration of

s
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thyroxine in all mixtures containing Fraction V may indicate that thy-
roxine has the highest affinity for the albumin component of blood
plasmsa.

The predominent role of Fraction V was illustrated in the fifth
experiment, which consisted of a series of two-dimensional chromato-
grems of thyroxine mixed with separate protein fractions. These were
carried out to see which thyroxine-protein complex would be distri-
buted according to a pattern similar to that obtained with whole
plasma. Under these conditions, when single protéin fractions were
examined, only the pattern obtained with Fraction V (Fig; 2y, Nos.
55, 56) was‘similar tb the pattern obteained with protein mixtures
(Fig. 22, Nos. 1, 2) or with whole plasma (Fig. 22, Nos. 3, Li). No
such pattern was obtained with Fractions II, VI, IV-1 (Fig. 2l;, Nos.
57, 58) or IV-3,l, (Fig. 2L, Nos. 59, €0), alfhough some combination

was present in the last case.

DISCUSSION.

It was previously shown that addition of radio-thyroxine to
plasme. produced a radio-thyroiiné-protein complex (hé). The seme
complex was identified in the plasma of rats sacrificed 1.8 hours
after an injection of radio-iodine, that'is, after an intérval of
time sufficient for the thyroid of the animal to place labelled thy-
roxine into the circulation. It was concluded that the circulating
thyroid hormone consisted of thyroxine attached to plasma proteins
(L6). 1In this work, the formati§n of a thyroxine-protein complex
remaining bound in the course of chromatographic migration was con-

firmed with the help of a highly purified radio-thyroxine (Fig. 22,
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Figure 2l

The two-dimensional chromatograms of single purified protein frac-
tions on the left are to be compared with their radiocautogreaphs on
the right.

Nos. 55 and 56. Mixture of Fraction V (Albumin) and radio-thyroxine.
The location of the albumins in the upper center of No. 55 corres-
ponds to the location of the radiocactivity in No. 56

Nos. 57 and 58. Mixture of Fraction IV-1 (Globulin) and radio-thy-
roxine. There is no evidence of displecement or combination. The
radioactivity has remained at the origin.

Nos. 59 and €0. Mixture of Fraction IV-3,l; and radio-thyroxine.
There is evidence of a slight displacement of radio-thyroxine in
combination with this fraction.
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Nose 3, lj), as well as with crude preparations similar to those pre-
viously used (Fig. 23, Nos. 11,1L,31,43,L)). All these pictures,
obtained by addition of radio-thyroxine to plasma, were similar to
those found with the plasma of rats given radio-iodine 48 hours
earlier (Fig. 23, Nos. 7, 10), & fact confirming that the seme thy-
roxine-protein complex was involved in both cases. An indirect con-
firmetion was also provided by the fact that iodide, the only other
form in which iodine is present in the circulation, did not combine
with proteins in the same manner as thyroxine (Fig. 23, Nos. 19-3%0).

The combination between thyroxine/and plasme proteins did not
require the presence of other blood components, since it was readily
obtained by placing purified thyroxine in presence of a mixture of
purified plasma protein fractions. Here too, the combination was
maintained as thyroxine migrated on the chromatograms elong with the
plesma proteins (Fig. 22, Nos. 1, 2).

The pattern of protein distribution was unaffected by changes in
the concentration>§f sodium chloride up to L% (Fig. 23, Nos. 7-18), or
by the use of Ringer or Ringer-glucose as solvent for the proteins.
However, the pattern was méré widespread when the proteins were assoc-
jated with a large amount of plasma butanol extract (Fig. 22, No. 5).
Since the same effect was obtained by the addition of detergents (13L),
it was likely that the butanol extract contained surface active
agents which controlled the spreading of the protein pattern. At any
rate, whatever the protein distribution obtained with plasma, the
radio-thyroxine distribution was always superimposed upon it. There-

fore, the protein-thyroxine complex was not modified by the sodium
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chloride concentration; Ringer solution, or by the surface active
agents of plasma.

‘When & combination of separate plaéma protein fractions with thy-
roxine was examined, a mobile thyroxine?protein complex was formed
with the globulins (Fraction IV-1; Fig. 23, Nos. 35, 36, and Fraction
IV-3,Lh; Nos. 37, %8) and albumin (Fraction V; Nose 39, L0). Of these,
only the albumin showed a mobility similar to that of the thyroxine-
carrier of plasma (Nose. 55-60). It is likely, however, that the
globulins shared in the thyroxine carrying ability of albumin, since
the use of tartaric acid as a developing solution revealed that a
mixture of globulins and albumins produced a better combination with
radio-thyroxine than any single protein fraction. Some caution must,
however, be used in interpreting the results obtained with this low
pH solution.

The persistence of association between albumin or globulin on
one hand, and thyroxine on the other hand, through chromatography
with a variety of developing solutions at pH valueé, indicates the
existence of a strong bond between thyroxine and these proteins. It
has been emphasized previously that the bond may be broken with
butenol (L6), and is easily reconstituted by association. Therefore,
the binding is not by way of covalent linkages, such as peptide bonds,
but is rather ionic or by van der Waal's forces. The positive re-

sults obtained at various pH velues favor the latter mechanism.

SUMMARY .

(1) Thyroxine combined with whole plasma proteins.' The combin-
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ation was sufficiently strong to persist during chromatographic
analysis., Butanol secured a dissociation of the thyroxine-protein
conplexes.

(2) Thyroxine combined with a mixture of Cohn's plasma protein
fractions. The chromatographic pattern was similar to that of the
proteins of whole plasma. This combination with proteins occurred
with crude or purified radio-thyroxine; and the addition of salts,
glucose, etc., did not appear to affect it.

(3) Thyroxine also combined with some of the separate purified
plasma protein fractions, namely, Fractions V (albumin), IV-1 and
IV-3,l (¢ and /B -globulins).

(4}) Of the purified plasma protein fractions, which combined
with thyroxine, only Fraction V (albumin) carried thyroxine accord-
ing to & pattern similar to that seen with plasma. The addition of
other proteins appeared to promote'further combination with the

thyroxine.
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Chapter 9

THE COMBINATION OF SMALL MOLECULAR WEIGHT SUBSTANCES WITH PROTEINS

INTRODUCTION.

It is not meny years since plesme proteins were conceived to be
only inert colloids, being concerned with equilibrium in the blood
stream. Now plasma proteins are known to be able to bind small mole-
cules of physioclogical importance.

Within recent years, -the combination of many substences with
isolated protein fractions, or whole plasme, has been shown by a
variety of techniques, such as spectrophotometry, electrophoresis,
ultrafiltration, manometric techniques end dielysis-equilibrium
experiments. Electrophoretic studies by Ballou et al have shown
that a combination existed between serum albumin and the lower fatty
acids (165), and later studies by the seme workers were carried out
on the.quantitative studies on serum albumin combination with the
lower fatty acids by ultrafiltration (166). They determined that the
emount of combination with fatty acids increased markedly with an
increase in chain length of the acid. Under conditions in which the
combination with butyrate was slight, the combination with caprate
was almost complete. A combination between proteins and synthetic
detergents was shown by Putnam and Neurath (167), who stated that
the protein-detergent complex is soluble in an excess of the deter-
gent, apparently due to the formation of & complex around the pro-
tein molecule, whose surface is covered by the anioﬁic groups of the

detergent. Soluble compounds of protein and detergent were also
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formed in alkaline solution. Their presencevcan be proven electro-
phoretically. Combinations with egg albumin and certain buffer
anions, such as citrate, phthalate and acetate was showm by Sm;th
(168), celcium ions and plasma proteins by ultrafiltration by Green-
berg and Gunther (169), and some organic anions (by dialysis-equili-
brium), such as phenyl butyrate, phenyl acetate, cinnemate, hippurate,
phenoxyacetate, nitrophenolate and picrate with bovine serum albumin
;
we.s shown by Teresi and Luck (170). Serum albumin has been shown to
combine with phenol red (by ultrafiltration) (171), end also with
methyl orange, although combination did not occur with Y-globulin
(by dialysis-equilibrium) (172). An interaction between human serum
albumin and ferriprotophorphyrin IX was shown by Rosenfeld and
Surgenor (173). Quastel showed that certain amino compounds could
protect the enzyme urease from the toxic action of some basic dyes,
which indicated an enzyme-amino acid combination (17l). Lea &nd
Hennan showed that as much as 7% of & reducing sugar could be firmly
bound to a protein, almost entirely at the free amino groups, under
conditions of neutral pH and 37° (175). The combination of humen
serun albumin and penicillin was shown by dialysis experiments (176),
and later between crystallized bovine serun albumin and penicillin,
but not between penicillin and ribonuclease (177). The binding of
sulfonamides with serum albumin was shown by equilibrating the drug
between & plasma protein solution and & buffer solution (178). Eakin
et al (193) observed that avidin of egg proteins would combine with
biotin to produce a biotin deficiencys

Stadie et al (202) demonstrated that certain substances which
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are metabolically active combine with considerable rapidity with
elements of tissue structure with sufficient firmmness to resist the
dissociating action of washing and, in combined form, exert character-
istic effects on tissue metabolism. They also demonstrated the com-
bination of epinephrine and 2,li-dinitrophenol with tissue structures,
which, in bound form, brought ebout a diminution of glycogen synthe-
sis from glucose. |

The use of paper chromatography to show a combination between
radioactive thyroxine and plasma proteins was shown'in Chaptefs 7
and 8. This chapter is to demonstrate that paper chromatography can
be utilized to show the combination between many substances having a
relatively small molecular weight, such as amino acids, fatty acids,
sugars, vitamins, some carcinogens and other molecules of physiologi-

cal importance, and the plasma protein fractions.

MATERIALS AND METHODS.

Three ooncentrid cylinders of filter paper are uéed to increase
the number of samples to be chromatographed at the same time. What-
man No. 1 filter paper is cut into sheets; 18 x 10, 15 x 10, and 11
x 10 inches. Samples to be analyzed are placed at 1.5 inch intervals
at a distence of one inch from the bottom of the paper.

0.02 ml aliquots of the protein solution is placea on the paper,
allowed to dry, then 0;01 ml of the test solution is epplied on top
of the dried protein spot. There have been no differences observed

whether the test solution was mixed with the protein solution in the

test tube or on the filter paper.
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For two-dimensional chromatography, 0.02 ml aliquots of the pro-
tein-test substance solution is placed in the lower left hand corner
of the filter paper, and chromatographed in the menner deécribed
previously (13l). |

Developing Solutions. The developing solutions are of an aque-

ous nature, and are freshly prepared. They include: 2% tartaric
acid, MyiO sucrose,\M/&O sodium potassium tartrate, M/% sodium ace-
tate,‘M/éO phthalate buffers at pH 5 and 6, M/20 citrate buffer at

p 6 and 1% glycine, for single dimensionel analyses. For two dimen-
sional chromatography, two combinations of developing solutions are
used: (a) M/10 sucrose as the developing solution in the first di-
mension, when this is followed by M/iO sodium potassium tartrate in
the second dimension, and (b) M/20 citrate buffer pH 6 as the devel-
oping solution in thg first dimension, when this is followed by M/éO
phthalate buffer pH 6 in the second dimension.

Protein Solutions. 10 mg of the Cohn protein fraction is dis-

solved in 1 ml 0.85% saline, to which is added 10 mg of the test sub-
stance per 0.5 ml of protein solution, unless stated otherwise. If
mixed on the paper, 0.0L ml of the test solution is applied on top

of 0.02 ml of the protein solution.

Blood is removed from normal humens with & heparinized syringe,
and centrifuged at 2500 r.p.m. for 20 minutes. The plasma is used
immediately.

If the test substance, such &s ricinoleate, stearate, biotin,
pantothenate, etce. is not easily detectable on filter paper, hemin is

added to the protein solution (0.02 ml 0.3% hemin per 0.5 ml protein
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solution) and cheanges in the protein pattern, due to the test sub-
stence, are observed.

Test Substances. Whenever possible, 10 mg of the test substance

is dissolved in water, neutralized and the volume made to 0.5 ml. If
the substence must be dissolved in alcohol,‘(e.g. dimethyl yellow)
then the corresponding amount of alcoholvis edded to the protein solﬁ—
tion control. Substances such as adenylic acid and riboflavin are
dissolved in dilute bicarbonate solution.

Detéction of Test Substances.

(a) Hemin. If hemin has been added to the protein solution, the
chromatogram is streaked with the benzidine reagent, as described
previously (133).

(b) Natural color. Bilirubin and dimethyl yellow retain their

natural color during chromatography in the presence of protein solu-
tions. The dimethyl yellow chromatograms can also be sprayed with
dilute acid to get a more detectable pink color.

(¢) Fluorescence. Some substences possess a natural fluores-

cence in ultraviolet light, while others can be caused to fluoresce
by spraying with the appropriate reagent. Those substances which may
be detected by»fluorescence include: riboflavin, ascorbic acid,
dehydroascorbic acid, pyridoxine and benzpyrene. Thiamine and thia-
mine pyrophosphate (co-carboxylase) can be caused to fluoresce by
spraying the chromatogram with the Thiamine Reagent (dissolve 30 mg
potassium ferricyenide in 100 ml 15% NaOH).

(d) Ninhydrin. 0.1% ninhydrin in water-saturated n-butenol can

be used for the detection of the amino acids, as well as glutamine,
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muscle adenylic acid and glucosamine.

(e) 0.2M m-phenylenediamine dihydrochloride (in 76% ethanol).

After spraying, the chromatogram is heated for 5 minutes at 105° and
some sugars will show up as dark brown on a light brown background.
It can be used for glucose, fructose, maltose, sucrose, xylose and

ribose.

(f) Alkaline permanganate. 1% potassium permanganate containing

2% sodium carbonate can be used to detect inositol, mannitol, glucose,
fructose, maltose, sucrose and xylose. These substances give a yellow
color on a pink background, but since the color development is very
trensient, it is only used where other reagents fail.

(g) Ammoniacal silver nitrate. The chromatograms can be sprayed

with a solution containing equal volumes of 0.1 N silver nitrate solu-
tion and 5N ammonia solution, and placed in an oven for 5-10 minutes
at 105°, This reagent can be used to detect glucose, fructose, maltose,
inositol, xylose, mannitol and ascorbic acid.

(h) Heat. Alloxan turns red when placed in an oven at 100° for 5
minutes. In the presence of fresh plasma, it turns red within a few
minutes at room temperature.

(i) Substances which were undetectable included: calcium pan-

tothenate, adenosine triphosphate, sodium ricinoleate, sodium stearate
and biotin. Phlorizin did not fluoresce, but its position on the

chromatogram could be seen when exposed to ultraviolet light.

RESULTS.

Combination with Cohn Protein Fractions. The following substances
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combined with Fraction I only, when 2% tartaric escid was used as the
developing solution: +tryptophen, phenylalanine, cysteine, arginine,
histidine, glutemine (these substances did not show a combination with
any fraction when M/iO sucrose and M/io NWa K tartrate were used as
developing solutions), sucrose, maltose, inositol, ribose, xylose,
glucosamine, dehydroascorbic acid, pyridoxine, and alloxan (these
latter substances showed no combination with any fraction when M/B
sodium acetate, citrate buffer pH 6 and phthalete buffer pH 6 were
used as developing solutions).

Glycine, glutamate, methionine, lysine and proline showed com-
‘bination with some or all of Fractions I, II and III, depending on
the type of developing solution used, which were the same as above.

Riboflavin showed combination with 2ll the protein fractions
when M/iO sucrose and M/ﬁO Na K tartrate were used a8 developing solu-
tions, but no combinations with any fraction was observed when 2%
tartaric acid was used.

Glucose, fructose, mennitol and ascorbate showed combination
with some or 8ll of Fractions I, II and III when the following de-
veloping solutions were used: 2% tartarié acid, M/@ sodium acetate,
citrate buffer pH 6 and phthalate buffer pi 6. No combination with
Fractions IV-1, IV-3,l; or V occurred under these conditions.

Thiemine end adenylic acid showed combinations with one or more
of each of the protein fractions when the following developing solu-
tions were used: 2% tarteric acid, M/10 sucrose, M/10 sodium potas-

sium tartrate, M/5 sodium acetate, phthalate buffer p 5 and 1%

glycine.
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Thiamine pyrophosphate showed combination with every protein
fraction under every condition used in this chapter.

Phlorizin showed a slight combination with Fraction I when 2%
tartaric acid, M/fLO sucrose and M/fl.O sodium potassium tartrate were
used as the developing solution, but no combination occurred with
other fractions under these conditions.

Dimethyl yellow did not combine with any of the protein frac-
tions under any of the conditions mentioned.

Benzpyrene showed combinations with Fractions IV-l, IV—B,LL and
V when the following developing solutions were used: 2% tartaric
acid, M/10 sucrose, M/10 sodium potassium tartrate, M/5 sodium ace-
tate, phthalate buffer pH 5 and 1% glycine. No combinations with
Fractions I, II or III were observed under the.se conditions.

Bilirubin showed combinations with Fractions IV-1, IV-3,l, and V
when 2% tartaric acid, M/10 shcrose and /10 sodium potassium tar-

_trate were used as developing solutions. Combinations with Fractions
II and III occurred when the latter two developing solutions were
used, but no combination occurred with Fraction I under any of the se
conditions.

Combination with whole plasma. Cysteine, tryptophan, arginine,

phenylalanine, histidine, glutemine, methionine, lysine, proline,
glycine, glutamate, glucosamine, bilirubin, dimethyl yellow, alloxen,
adenylic acid and benzpyrene appeasred to combine with the plasma
proteins in a non-specific manner when chromatogreaphed with M/‘.LO
sucrose in the first dimension, and M/lO sodium potassium tartrate

in the second dimension. The inclusion of 0.0l ml Tween 85 per 0.5
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ml plasma did not affect this combination. The resulting chromato=-
grams very closely resembled those of the plasma protein~hemin
chromatograms.

Glucose, fructose, maltose, sucrose, inositol, xylose, memmitol
and ribose could not be detected with the sugar reagents when chroma-
tographed in the presence of the plasma proteins, using citrate buffer
pH 6 in the first dimension, and phthalate buffer pH 6 in the second
dinmension. chevef, all the sugar-plasma prbtein complexes showed
chromatograms which were altered from the normal, indicating that a
probable combination had taken place.

Riboflavin, thiamine, thiamine pyrophosphate, ascorbate, dehy-
drbphosphate end pyridoxine combined wiﬁh the plasma proteins in a
non-specific manner when chromatographed two-dimensionally with
sucrose/tar‘cra‘ce or ci’crate/phthalate buffers at pH 6.

Biotin and calcium pantothenatg were not detectable, and their
presence in plasme protein chromatogrems did not alter the pattern
when compared to a control pattern.

Since fatty acids are not easily detectable onbpaper chromato-
grems, hemin was added to the plasma proteins, and comparisons were
ma.de with the plasma protein control. Stearate in relatively high
concentrations (20 mg/0.5 ml plasma) decreased the mobility of the
plasma proteins. Linseed oil (0.02, 0.0l and 0.06 ml /0.5 ml
plasma) caused the plasma proteins to move a&s one fraction only,
which is considerably less then the control pattern. WNeither stea-
rate nor linseed oil had a surface active effect, i.e., no ability

to ceuse a spreading of the protein pattern. Ricinoleate showed a
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Figure 2

The figure on the left illustrates a typical combination between a
non-protein substance and a protein fraction. On the extreme lgﬁ
of this illustration is the control test substance, then the non-

protein-protein complex in duplicate, and finally the control pro-
tein in duplicate. W i

The figure on the right illustrates a typical non-combination be-
tween a non-protein substance and a protein fraction, in the same.
order as the illustration on the left.
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Figure 26

The effect of sodium ricinoleate on the movement of plasma pro-
teins is illustrated.

Human plasma (left), the presence of 3 mg sodium ricinoleate per
0.5 ml plasma (centre) and 10 mg sodium ricinoleate per 0.5 ml
plasme (right) was chromatographed with hemin, and developed with
M/iD sucrose in the first dimension and M/iO sodium potassium
tartrate in the second dimension.

It was observed that sodium ricinoleate had a slight surface active
effect (centre), but larger quantities depressed the movement of
the proteins (right).
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significant surface active effect when 3-5 mg per 0.5 ml plasma was
used (almost identical as with the addition of 0.01 ml Tween 85),
although higher concentrations (10-20 mg /’0.5 ml plasma) decreased

the mobility of the plasma proteins. (Fig. 26).

DISCUSSION.

A combination was assumed to have taken.place between the test
substance and the protein, only when the complex was superimposable
on the chromatogrem of the control protein (Figure 25). Non-combin-
ations were assumed when the test substance remained at fhevpoint of
origin and the protein moved, or when both the test substance and the
protein moved, the result not being superimposable on the control
protein chromatogram (Figure 25). In this case the protein appeared
to hinder the movement of the test substance, particularly when the
letter had en Rp valuevof unity, and the test substance‘formed a
partial halo around the trailing edge of the protein. This'was
particularly striking when observing the movement of the proline-
protein complex, in which prolige gave a yellow color with ninhydrin
and the protein gave a purple color. If any combination occurred
when this 'halo effect' was observed, it was not possible to detect
it under these conditions. A non-combination resulted in a yellow
halo around a purple streak, and a combination gave rise to & third
color, usually blue in this case.

It will be observed that most of these substances combihed with
Fractions I, II and III, particularly Fraction I (glycine, glutamate,

methionine, lysine, tryptophan, phenylalanine, cysteine, arginine,
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histidine, glutamine, "pl"Ol ine, ‘glucosamine, inositol s xylose, .sucrose,
.m;altose,) glucose, fructo§e, mdnnito}., ribosg, riboflavin, -ascorbate,
' dehydroéscbrbaté, é&ridoxine s alloxan e;nd phloriiin) . S.omye,;‘ sub-
stances s]ilowed:_combinations.mainl.yﬁwith Fra@.tions rIVf-l, '~iV-3 ,LL -and
-V (bilirubin andibenzpyrene)‘.,;z .Adenylic'acid showed a mofe.general
combination with the protein fractions. Thiemine and thiamine éyro—
phosphate, particularly the: 1a£t er , showed éomb.in‘ations;with many
" fractions under a.wide variety of ‘lbhrOma.tographié conditions.. Di- -
. meth;}l yellow failed to combine.with any of the: proteip,fractions
‘under. these .conditionss
:-;A;;véry‘.strikingropse,rvationzis;that, «in’spite ‘of :the fact:that
- combinations: between thgse; substa;mem; and the :proteins;occurred‘_only
.slightly, and under certain conditions,. combina’cion;w:"rhh whole plasma
occurred in every.cases. Dimethyl yellow, fQI: example, did not move
with'any .individual _:fragfion;‘-but migrat’ediwifch:.th‘e:Whole;plasma.~ :
In most;casﬂes, ‘the two-dimensioneal chromatogrem closely resemb‘l‘"vedf
that of the: pro‘cein-h'en;mj;chroma.togram which has:been de scribed.?:fj;
previously.
‘The.greater. combininé; ability of ‘Fraction:I-that has been ob-
served, may '56 due “bo(,the‘fact:\’chajb v:lbhi‘s:'fraction'contains some of
© ~all-the: plasmé...r protein fractions,. although Iffiﬁrinogen“ xgakesup;the
greater part: (115).° ‘Since:whole plasma showed. e’ remarkébla;ability
“to combine with all the test su’bstahces, it seems posaiblre that a
' protéin-protein,‘.c()fmplex ise far.moré .:efficie'nt‘jfor binding.power than
ja.*« single protein. . The interaction of proteins has been:evident in-

imuch of:the work carried out in protein chroﬁatography.‘~-».~_"-It;will»-a.lso
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be recalled that the binding ability of whole plasme for radioactive
thyroxine is greater than the sum of the binding capacities of the
individual protein fractions (137). Thus, it seems reasonable to
assume that a mixture of plasﬁa proteins has a greater combining
power for some molecules of physiological importence then that of
its component fractionse.

Haurowitz has observed (191) that ". . . one can expect that
Y-globulin, the isoelectric point of which is near to pH 7, will com-
bine to form saltlike compounds with albumins, whose isocelectric
point is close to pH L4+7 . « « We cannot exclude the possibility,
therefore, that the native blood plasma contains only & small number
of proteins and that many of the fractions found are formed by com-
bination of these basic proteins with lipids, carbohydrates, other
proteins, or certain ions".

Combination of proteins with nqn—protein substances, or pros-
thetic groups, in vivo, lead to the formation of protein complexes,
such &s the lipoproteins, glucoproteins, phosphoproteins, metallo-
proteins eand chromoproteins. On the other hand, a very unstable
relationship exists in the enzyme-substrate complex. In between
these extremes, there exist complexes which are reversible, such as
the thyroxine-plesma protein combination (L6). This latter type
probebly represents the nature of most of the combinations observed
in this chapter.

Sodium ricinoleate at a concentration of 3-5 mg per 0.5 ml
plasma appears to have & significent surface active effect, i.e., it

has o spreading effect, resulting in the separation of 8-9 fractions
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from plasma. This is about the same spreading effect as 0.01 ml
Tween 85 per 0.5 ml plasma (Tween 85 is polyoxyethylene sorbitan tri-
oleate) (13l).

Since the plasma proteins combined with all of the test sub-
stances under these relatively mild chromatographic conditions, it
would seem to indicate that probably physiological substances of a
small molecular weight do not exist in thg plasma as such, but cir-
culate in the blood stream as & loose combination with the protein
components. This could be in & -manner similar to that of the circu-~
lating thyroid hormone, in which thyroxine appears to be loosely
bound to the proteins‘of the plasma (L6).

Haurotwitz (191) has described the nature of the forces oper-
ating between proteins and other su?stances. They include: (a)
ionic groups, which have bonds between the protein and organic or
inorganic ions that are due to electrostatic forces, (b) polar non-
ionic groups, which have dipole-dipole bonds which are effective
between hydroxyl, sulfhydryl and emino groups, and include the
hydrogen bond, (c¢) non-polar groups, which have bonds which are
attributed to short period oscillations of electrons in which the
attractive forces are very weak.

There are also intermediary types of intermolecular bonds.
Electrostatic forces are effective not only between two ions or two
dipoles, but also between an ion and adjacent dipoles. Intermediary
types of linkages may also exist between polar and non—pélar groupse.

The hydroxyl, sulfhydryl, amino and other non-ionic polaer or

polarizéble groups of the protein molecules combine with polar groups
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or with ionic groups of other molecules by means of electrostatic
forces. Many drugs such as the sulfonamides are bound to protein
molecules by means of such bonds. The steric arrangement of the
binding polar groups has a great influence on the strength of the
bonds. The mutual attraction between entigens and their specific
entibodies is due to this type of linkage as well as the mutual
attraction of complementarily shaped surfaces.

The non-polar hydrocarbon group probably combines with the non-
polar groups of the proteins, i.e., with the aliphatic side chains
of alanine, valine, leucine, andvisoleucine, with the benzyl group
of phenylalanine and with the CH2 éroups of the pyrrolidine ring of
proline. By means of these non-polar groups, proteins combine with
fats and fatty acids, and also with simple hydrocarbons.

Przylecki et al (195) observed that the tendency of tyrosine
and arginine to combine with polysaccharides was outstanding. There-
fore, it waé suggested that thé pélysaccharides ﬁére boundrto these
emino acids of the proteih coﬁponent.

This wide range of forces existing between proteins and other
substances may go a 1ong'way in explaining thércombinations oBserved
in this work, which vafy'with the nature of the chromatographic |
conditions. The nature of the éalts used in the developing solu-
tions and the pH of the medium could profoundly influence the binding
ability of the proteins for these various substances. The non-
specificity of the binding of these substances ﬁith whole plasma
proteins could then be explained by the vest number of groups present

in a protein mixture which are available for this wide range of
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binding power.

It must be emphasized that these observations are of a prelim-
inary nature only, since experimental conditions inéluded e very
narrow range of protein and non-protein concentration. The effects
of variations in these concentrations, as well as other experimental
conditions, are being studied at the time of submission of this

thesis (March, 1951).

SUMMARY.

(1) The combination of molecules of physiological importance
and of small molecular weights, with plasma proteins and plasma pro-
tein fractions has been investigated by paper chromatography, using
a wide variety of chromatographic conditions. This includes cysteine,
tryptophan, arginine, phenylalanine, histidine, glutemine, methio-
nine, lysine, proline, glycine, glutamate, stearate, ricinoleate,
linseed oil, glucose, fructose, mannitol, sucrose, maltose, inositol,
xylose, glucosamine, ribose, riboflavin, ascorbate, dehydroascorbate,
pyridoxine, biotin, pentothenate, thiemine, thiamine pyrophosphate,
bilirubin, dimethylaminoazobenzene, benzpyrene, adenylic acid,
elloxan, and phlorizin. They have been combined with the Cohn Protein
Fractions I (mainly fibrinogen), II (mainly Y~globulin), III (mainly
f;—globulin), IV-1 (mainly&-globulin), IV-3,k (‘(and/g—globulins) and
Vv (meinly albumin), as well as humen plasma. Developing solutions
used were: 2% tartaric acid, M/iO sucrose, M/iO sodium potassium
tartrate, M/5 sodium acetate, M/20 phthalate buffers at pH 5 and 6,

M/20 citrate buffer pH 6 end 1% glycine.
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(2) It has been observed that in most cases, combination
appeared to occur only with certain proteins, which probably depen-
ded on the nature of the experimental conditions. However, combina-
tion with whole human plasma appeared to be more complete than with
the individual protein fractions, and in a non-specific memner.

(3) Sodium ricinoleate appeared to have a surface active effect,
i.e., allowed a spreading of the plasma protein pattern.

(L)) This work indicated that substances of physiological im-
portance may exist in the blood stream as loose complexes with the

plasma proteins, end circulate with them.
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Chapter 10

EFFECTS OF FAT MEALS AND HEPARIN ADMINISTRATION ON BLOOD PLASMA

COMPOSITION AS SHOWN BY PAPER CHROMATOGRAPHY

TNTRODUCTION.

The ability to show differences between rat, humen and guinea
pig plasma, as describéed in Chapter 5, indicated %hat changes in an
animal under,vafious biolqgical conditions could probably be followed
with this technique. Thus, & series of experiments were set up, in
collaboration with Dr. R.L. Swank, of the Montreal Neurological Insti-
tute, using the dog as the test animal to show the effects of fat
meals and intravenous heparin administration on blood plasma composi-
tion.

Swank showed in & previous study that six to nine hours after a
large fat meal, and immediately after intravenous injections of a
small amount of heparin, the chylomicra and red blood cells have a
tendency to aggregate (179)5 The clustering of chylomicra after
intravenous heparin has been observed by Weld (180).  These changes

USRS

were frequently attended by a decrease in the hematocrit, and by an

~

increase in the sedimentetion rate in lipemic plasma. Heperin has

also been observed (18l) to cause a significant reduction in the

1

number of chylomicra in the plasma. The maximum aggregation of the

chylomicra and red blood cells after & fat meal did not develop

(Dr. Swank supervised the feeding of fat meals to the dogs and the
removal of plasma from them. Miss Aagot Grimsgaard carried out
determinations of the hematocrit, sedimentation rate and chylom~
jeron counts).
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three hours after the fat meal when the chylomicra were most numerous,
but six to nine hours afterwards when the number.of chylomicra were
rapidly decreasing (179). It was therefore suggested that this alter-
ation in the suspension stability of the blood elements was due to a
change in the factors in the plasma responsible for the maintensnce
of stability. It was presumed that the chylomicra competed with the
red blood cells for these factors and a temporary deficiency resulted.
Because of the possibility that the factors in question are protein
in nature, preliminary studies of the total proteins, albumin, glob-
ulin and fibrinogen were carried out. The studies showed no very
consistent or significant chenges in these factors apart from a pos-

sible slight reduction in the total proteins (Table I).

MATERIALS AND METHODS.

Two male and four female dogs Weigﬁing from 10 to 21 kg. were
studied. A total of 23 experimenﬁs Were.perforﬁed in these six ani-
‘mals. Cream fat (relatively saturated) end & mixﬁure of cod liver
oil and linseed oil (relatively unsaturatéd) were tested; the test
meals consisting of four grams of fat per kilogram of body weight.
The maintenance‘diet of the dogs was beef heart and fox chowe. Prior
to the fat tests, all dogs were fasted for 18 hours unless otherwise
indicated. All bloods were withdrewn from one of the leg veins amnd
prevented from clotting by heparin-sodium salt (Comaught Labora-
tories). Occasionally isotonic ammonium and potassium oxalate were
used es anti-coagulents to provide controls on the heparin. 0.3 ml

heparin (10 mg/hl) was injected intravenously. Observations were
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made of the number of chylomicra, hematocrit, sedimentation rate,
protein fractions (total protein, albumin, globulin and fibrinogen),
and non-protein nitrogen. In the present experiments, the hematocrit
and sedimentation rates were used in Table I to indicate changes in
the aggregation tendency of the red blood cells becauge these measure-
ments are probably more dependable and less subjective than the
chenges in dark field illumination (179). |

The paper chromatographic teclmique as described in Chapter §
was used. Fouf sets of conditions were used %o examine the plasma.
One condition did not include the surface active agent; and the
others used 0.02 and 0.03 ml of Tween 81; and 0.03 ml Tween 85 per
0.5 ml of the test plasma, to which had been added 0.02 ml 0.3%
hemin solution. 0.02 ml aliquots were applied to the peper, and de-
veloped with M/iO sucrose solution in the first‘dimension; end M/iO
sodium potassium tartrate in the second dimension. Thevuse of 0.01
ml Tween 85 and 0.01 and 0.03 ml of BRIJ 30 did not show up chénges

in ﬂhe'protein patterns, and were discarded.

RESULTS.

The effect of intravenous administration of heparin in fasting

dogs. Heparin was given intravenously to four dogs and five tests
were made. In every instance, & significant change in the protein
pattern of the paper chromatograms was observed. The changes under
one set of conditions in two dogs are shown in Fig. 27 (Nos. 1, 2 and
%, 1)+ The changes in the hematocrit, sedimentation rate and chylo-

micra counts before and ten minutes after the intravenous heparin are



Figure 23

The comparison between the protein chromatograms of fasting dog
lasma (Nos. 1 and 3) and 10 minutes after intravenous heparin
(Nos. 2 and L) is illustrated. 0.03 ml Tween 8l was used with
0.5 ml plasma. l[_/lD sucrose solution was used es the developing
solution in the first dimension, and M/10 Na K tartrate as the
developing solution in the second dimension.

128.



Figure 28

The effect of fasting dog plasme (Nos. 5 and 8), 6 hours after a

high fat meal (Nos. 6 and 9), and ten minutes after the intra-
venous administration of heperin (Nos. 7 end 10), on the protein
chromatogrems is illustrated. 0.03% ml Tween 8l was used with

0.5 ml plasma. M/10 sucrose solution was used &s the developing

solution in the first dimension, and 1/10 Na K tertrete in
second dimension. e in Ak oor e A2 edhebane

129.
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Table I

Hem. Sedn C.M. Chrome.
A. F.F.F. Fasting o 1 3 1 0
(Fenmale) After heparin L7 1 0 1t
B. Beagle Fasting 50 | 1 6 0
(Female) After heparin L7 | 3 1 tt
Ce F.F.F. Fasting ) )_],0 28 }4. 0
(Pregnant) Cream lipemia 6 hours 39 26 €0 -t
After heparin 37 3 Lo tt
D. Beagle Fasting Lo 11 2 )
(Female) Cream lipemia 6 hours L8 2 32 t
After heparin L7 2 20 +t
E., Farmer Fasting 50 3 1 0
 (Male) Cream fat 3 hours 5 | 3 55 0
o Cream fat 6 hours L8 5 32 +
Cream fat 9 hours Ll 9 6 +4
F. Farmer Fasting 52 L 9 0
(Male) Cod liver oil and 5L 2 é62 +
‘linseed o0il 52 3 50 t
52 | L 25 0

The hematocrit (Hem.) and sedimentation rates. (Sed.) on whole blood,
chylomicron (C.M.) counts on plasma, and estimations of the changes
in the plasma proteins (Chrom.), in the series of experiments des-

cribed in the text.

Changes in the chromatograms are indicated

arbitrarily by O (normal), t (slight but definite change), and ++

(marked change).
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shown in Table I (A and B) for these same dogs. They suggest only a
slight reduction in the hematocrit in each of these two experiments,
although in other experiments, more marked decreases in the hemato-
crits were seen (179).

One additional experiment showed that the changed protein pat-
terns observed in the plasma after intravenous heparin may return to
normal in less than one hour. In this experiment, the initial
'changes in the red blood cells and chylomicra were slight. This was
frequently the case (179) when the dogs had been fasted for 2 to 36
hours.

Effect of a large cream fat meal with subsequent heparin admin-

istration. A large cream fat meal, with subsequent heparin adminis-
tration, was given to six dogs on eight occasions. Six hours after
the fat meal, seven plasmas showed definite paper chromatographic
changes, presumably due to the fat absorption alonme. In all eight
tests, heparin was injected six hours after the fat meal was given,
and post-heparin samples of plasma were obtained ten minutes later.
All post-heparin bloods exhibited further alterations in the plasma
protein'patterns. ‘The paper»éhromatogréms for two such tests are
‘shown in Figure 28 (Wos. 5,6,7 and‘8,9,10). It is interesting to
note that the changes produced by fat absorption alone appear to be
intermediate between the fasting and post-heparin records in these
experiments. The hematocrit showed & progressive, bﬁf slight de-
cree.se during each of these experiments (Téble I; C and D), end in
’experiment C o marked reduction in the sedimentation rate was ob-

served after the injection of heparin. The dog used in this experi-
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ment was pregnent and parturition occurred two weeks later. Similar
changes in the sedimentation rate h&ve been observed before in males,
and in pregnent and non-pregnant females (179). The reduction in the
chylomicron counts following heparin is also to be noted.

Effects of single, large fat meals. The effects of fat feeding

alone was obsarved five timés with two dogs. DPlasmas were taken at
0, 3, 6 and 9 hours after the fat meal. In two experiments, cream
fat, and in three others, & mixture of cod liver oil and linseed oil
was used. The thres tests with the mixture of very unsaturated fats
all showed changes in the protein patterns at three hours, with max-
imum chenges at six hours (Fig. 29: Nos. 15, 16, 17, 18). The
chromatogrems returned to very nearly normal at nine hours. With the
relatively saturated fat, one dog exhibited no chenge; the othef ex~-
hibited marked changes at six and particularly at nine hours after
the fat meal (Fig. 29: WNos. 11, 12, 13, 14). The dog which exhibited
marked chenges in his plasma proteins also exhibited & marked drop in
the hematocrit and an increase in the sedimentation rate at nine
hours, at a time when the chylomicron count had returned to about
normal (Table I: E). In the test with the unsaturated fat (Table I:
F), no significant cﬁange occurred in the hematocrit or sedimentation
rate.

Effects of separation of chylomicrons from plasma. The effect

of separating the plasme into & very nearly chylomicron free portion
(which is clear), and a cloudy portion containing most of the chy-
lomicra was observed in two experiments. The samples were taken

three and six hours after the fat meal and the plasma was centrifuged
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Figure 29

The differences between fasting plasma (Nos. 11 and 15), three
hours (Wos. 12 and 16), six hours (Nos. 13 and 17), and nine
hours (Nos. 1l and 18) after the feeding of & high fat meal is
jillustrated. 0.03 ml Tween 8l was used with 0.5 ml plasma.
M/10 sucrose was used &s the developing solution in the first
dimension, and M/.LO Na K tartrate in the second dimension.
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Figure ; @

The effect of high speed centrifugation on the plasme of dogs
which have been fed & high fat meal is illustrated. No. 19 is
the chromatogrem of a fasting plasme, No. 20 of the clear
fraction of the plasme of & three hour lipemia, No. 21 is the
same 8t six hours. No. 22 is the lipemic portion at three
hours and No. 23 is the same at six hours. 0.03 ml Tween 8l
wes used with 0.5 ml plasme. M/10 sucrose solution was used
as the developing solution in the first dimension, and _Hﬁ.ﬂ
Na K tertrate in the second dimension.
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Figure 31 e s o i
The effect of the intravenous injection of Tween 8l on a fasting i

and & lipemic dog is illustrated. Nos. 2l and 27 show the pro-
tein chromatograms of fasting dog plasma. No. 25 is & six hour
lipemia, and No. 26 is ten minutes after the intravenous injec-
tion of Tween 8l given after six hours of lipemis. No. 28 shows
the effect of intravenous Tween 8l on & fasting dog. 0.03 ml
Tween 8l was mixed with 0.5 ml plasma in vitro to illustrate
these differences. EA& sucrose solution was used as the devel-
oping solution in the first dimension, and /10 Na K tertrate in
the second dimension.
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Table II
Sample NPN TP - ALB GLOB FIB
Brovmie 1 20.4 8.00 L.28 3.27 -—-
Feb. 27, 1950 2 18.1 8.00 L[..lb. 3086 -
(female) 3 1647 7.76 3,70 11,06 —
Brovmie 1 110.0 6¢79 2.70 11409 1430
Sept. 18, 1950 2 101.0 6.7l 2.56 L.08 .1,80
(female) 3 h8¢6 60714. 2-81]. 3090 .1190
FoF.F. 1 3302 7035 LL095 2-}4_0 =
Feb. 27, 1950 2 20.8 735 Liy3 2.92 -
(female) 3 21.6 7.1L L.95 2.19 -—
F.F.F. 1 é.2 7433 3.21 Le12 613
Sept. 18, 1950 2 €69 7.38 3.13 L2l 302
(female) 3 50.9 7.0l 3.3l 3,70 631
Farmer 1 101.0 6029 303h 2.95 0396
Sept. 21, 1950 2 TL.% 6.50 3.5 3,05 .310
(male) 3 58.11 5.98 | 3.84 2.1l «332
Chrom
Farmer 1 17.6 Fasting )
Sept. 25, 1950 2 18.1 10 min. after heparin +
(male) 3 18.0 €0 min. after heparin 0
n 19.6 150 min. after heparin 0

The non-protein nitrogen (NPN), albumin (ALB), globulin (GLOB) and
fibrinogen (FIB) for a series of experiments described in the text.
Changes in the chromatograms (Chrom) ere indicated by O or + as for

Table I.
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at about 13,000 r.p.m. (R.C.F. 20,000 x gravity) to separate the
chylomicra. This gave two samples of equal volume, one clear and the
other very cloudy, for protein analysis. It cean be seen in Figure 30
that the cloudy portion of plasma (Nos. 22,23) exhibits definite and
.similar changes at both three and six hours, ana that lesser changes
are to be observed in the clear plasma at six hours (No. 21) and
none at three hours (No. 20).

Effects of intravenous administration of Tween 8l.. The effect

of Tween 8l injected intravenously was tested twice in the same doge.
Both times 5 ml of Tween 81, diluted to 20 ml with distilled water,
was injected; once with the dog fasting (Fig. 3l: WNos. 27,28) and
subsequently four hours after a fat meal (Fig. 3l: Nos. 24,25,26).
During the first test, the dog became listless, very weak, and col-
lapsed a few minutes after injection of the Tween, but did not lose
consciousness. During the next test, two weeks later, the dog was
physically unaffected by the Tween injection, which was given at the
presumed height of lipemia. In both cases, the injection of Tween 8l
altered the chromatograms considerably.

“Due to the fact that the clustering of chylomicra was much
greater in plasma thaﬁ whole blood (179), red blood cells from two
normal humans ﬁere wasﬁed with a volume of normal saline equal to the
removed plasma, and chromatograms of this saline were meade. A trace
of a protein fraction was observed in each experiment, which was
believed to be an albumin.

Analyses of protein fractions and of non-protein nitrogen. The

non-protein nitrogen (six experiments), the total proteins, albumin

-
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and globulin (five experiments), and fibrinogen (three experiments)
were determined before a fat meal, six hours after a fat meal, and
ten minutes after injection of heparin given at six hours after the
fat meal (Table II). The total proteins were reduced an averagé of
approximately 0.25 grams per cent after four of the five injections.
The albumin, globulin and fibrinogen varied, but not consistently.
The non-protein nitrogen fell 20 to &% in five of the six experi-
ments. Part of this drop occurred at the end of six hours after the
fat meal, but the greater part during the ten minutes after the in-
jection of heparin. The greatest non-protein nitrogen change
occurred when the fasting nitrogen was highést; and no change

occurred in one animal with & very low initial non-protein nitrogen.

DISCUSSION.

The chenge in the protein pattern in the chromatograms des-
cribed in this chapter is probably not due to an overall reduction
in the plasma proteins, since these changed so little. More likely,
specific fractions were affected selectively, in & way that altered
the protein complex, and consequently its dis%ribution in th§ chrom-
atograme | |

The fact that changes in the chromatogreams may be accompanied by
increased clumping’of the réd blood cells end chylomicra, by a de-
_creased hematocrit, and by changés in the sedimentation raﬁe raises
the question as to whether the prétein complexes in question are
associated with maintenance of the stability condition of blood. The

protein changes were someﬁimes attended by little or no evidence of
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physical change in the blood, such &s no significant change in the
hematocrit and sedimentation rate, indicating that there is & criti-
cal level for these protein complexes beyond which the emulsifica-
tion of the blood elements becomes unstable. The absence of increasses
in the globulin and fibrinogen is of interest since these factors are
increased under certain circumstances in which the sedimentation rate
is also increased (182).

The similarity of the changes in the protein patterns, and in
the physical characteristics of the blood, both after a high fat
meal and after intravenous heparin, and the apparent cumulative na-
ture of these changes suggest that their mechanisms are similar. It
has already been suggested (179) that the chylomicra which appear in
the blood stream after a fat meal may, by cogpeting'with the red
blood cells, produce a deficiency in the so-called emulsification
factors. This deficiency may last no longer than three to six hours
as indicated by chenges in the physical state of the blood (179),
and in the protein pattern. The action of heparin is not clear, but
it may be that this substance, either directly or indirectly, causes
changes in the plasma by surface active forces resulting in altera-
tions in the protein fractions. The duration of this change may be
1ess than one hour. Anderson and Fawcett (183) ﬁave shown that the
surface tension of plasma decreases after injections of heparin
effective in clearing the lipemim. These suthors ascribe this to the
formation of a surface active heparin-phospholipid complex.

The paper chromatogram observations on lipemic plasma, subjected

to very fast centrifugation, indicate that the chenges in the protein
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patterns are not due to the presence of the chylonicra alone. It is
also evident that a very marked lipemia produces additional chenges
in the peper chromatogram resulting in protein patterﬁ similar to
those seen after intravenous heparin. As further evidence that the
presence of chylomicra was not the sole cause of the protein changes,
it is to‘be noted that the meximum changes in the proteins end physi-
cal characteristics of the blood were observed in the cream fat test
in one dog (Table I: E) nine hours after the fat meal, when the num-
ber of chylomicra had returned nearly %o normal; at three hours when
the lipemia was maximum no such changes in the protein patterns were
observed.

The evidence would indicate that the administration of heparin,
as well as a high fat meal, modifies the surface active substances in
the plasma with the result that a marked change occurs in the protein
pattern seen in the paper chromaﬁogr&ms. This is noted also in the
effects due to administration of a surface active agent such as Tween
8l. It has been shown recently (18l) that heparin inhibits the
action of hyaluronidase, possibly by competition with hyaluronic acid
for the enzyme. Conceivably the change in the protein chromatogrem
of plasma after heparin administration is due to some similar assoc-

iation with a protein fraction.

SUMMARY.

(1) Changes in the plasma protein patterns of dogs after high
fat meals, and after the intravenous administration of heparin or

Tween 81, have been demonstrated, using the paper chromatographic
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technique.

(2) Concurrent reductions in the hematocrit, and changes in the
sedimentation rate were observed after these procedures. The chylo-
micron counts were decreased after intravenous heparin.

(3) The evidence indicates that the surface active substances
present in the blood are modified after the above administrations,
thus affecting the protein patterns of the paper chromatograms.

(L) Very small reductions in the total proteins occurred after
high fat meals or intravenous injections of heparin. Much greater

reductions were found to occur in the non-protein nitrogen.
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Chepter 11

PAPER CHROMATOGRAPHY OF BLOOD PLASMAS IN MULTIPLE SCLEROSIS

INTRODUCTION.

The preceding chapter has shown that the changes in the protein
pattern of dog plasma following high fat meals and intravenous hepa-
rin administration can be shown with the paper chromatographic tech-
nique. It seemed reasonable to aséume, therefore, that changes in
the protein pattern of human plasma could also be demonstrated, and
possibly to be of use in the diagnosis of pathological conditions,
or to follow the progress of a patient during clinical treatment. Dr.
R.L. Swank, of the Montreal Neurological Institute, has collaborated
on this problem, and with his aid, a number of patients who have
nultiple sclerosis were followed during the period of exacerbation
end remission. Significant changes in the plasme protein pattern
have been demonstrated.

Previous observations by Swank have indicated the possibility
that the degree of severity of multiple sclerosis is related direct-
ly to the amount of daily fat intake (185). This observation has
stimulated studies of the effects of high fat meals on the composi-
tion of the blood of norﬁal men end of dogs. First, it was fhown
that six to nine hours following high fat meals, the red blood cells
and chylomicre in normal humans and dogs(have a tendency to aggre-
(Dr. Swank was in charge of the clinical reports of the patients with

multiple sclerosis, end supervised the blood transfusions. Miss
Aagot Grimsgeard recorded chenges in sedimentation rate, hematocrit
end chylomicron counts. Mrs. Mary Hersey and Miss Rose Mamelak

aided in chromatography of the plasmas of patients with multiple
sclerosis).
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gate (186). Secondly, these changes in the physical stability of
the blood were found to be accompanied in the dog by alterations in

the plasme protein pattern of the paper chromatogrem (Chepter 10).

MATERIALS AND METHODS.

Plasmas were obtained from a group of intensively studied
patients with multiple sclerosis, who were foliowed at the Neurolo-
gical Clinic of the Royal Victoria Hospital, Montreal. All bloods
were obtained from fasting patients and were prevented from clotting
by heparin-sodium salt. The bloods were obtained at different inter-
vals of time, and when possible, during exacerbations.and remissions
of the disease. From one to eight tests were made on each patient.
A1l of the 26 patients had well established disease; most of them
had been admitted to the Montreal Neurologicel Institute for diag-
nosis and treatment; and all but one were embulatory. Some of the
patients were on low fat diets currently being used in this clinic
to treat patients with multiple sclerosis.

A total of eleven normal subjects was also studied. Three of
these were studied at weekly intervals over a period of six weeks,
and as & control for those multiple sclerosis patients receiving the
low fat diet, these three subjects were put on the same low fat diet
for a period of three weeks.

The technique was followed as described in Chapter 5, using
Whatmen No. 1 filter paper. Seven sets of conditions were used to
examine the plasma of each normel and each patient. One condition
did not include the surface active agent, and the others included

0.02, 0.0l and 0.06 ml Tween 81, and 0.01, 0.03 and 0.05 ml Tween
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Figure 32

Two series of chromatograms of & series of six of & normal healthy
3% year old woman is used to illustrate a set of normal plasma
protein chromatogrems. The upper set represents the plasme on
July 10 (normel diet) and the lower set represents the plasma on
July 2L (low-fat diet). The illustrated chromatograms show in-
creasing concentrations of Tween 81 (0.02, 0.0l; and 0.06 ml per
0.5 ml plasma) in the top row, and increasing concentrations of
Tween 85 (0.01, 0.03 and 0.05 ml per 0.5 ml plasme ) in the
bottom row of each series. M/10 sucrose was used as the devel-
oping solution in the first dimension, and M/10 Na K tartrate in
the second dimension.
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Figure 33

Two series of chromatograms of a series of six of & normal, healthy
29 year old man is used to illustrate & set of normal plasma protein
chromatograms. The upper set represents the plasma on July 3 (normel
diet) and the lower set represents the plasme on July 2l (low-fat
diet). The illustrated chromatograms show increasing concentrations
of Tween 81 (0.02, 0.0l end 0.06 ml per 0.5 ml plasma) in the top
row, and increasing concentrations of Tween 85 (0.0l, 0.03 and 0.05
ml per 0.5 ml plasms) in the bottom row of each series. /10 sucrose
was used a&s the developing solution in the first dimension, and n/iO'
¥a K tartrate solution in the second dimension.
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85 per 0.5 ml plasma and 0.02 ml 0.3% hemin solution. The developing
solvents used were M/ﬁO sucrose solution in the first dimension, and
M/iO sodium potassium tartrate solution in the second dimension. The
illustrated chromatograms show increasing concentrations of Tween 81
in the top row and Tween 85 in the bottom row. Mixing is easier if
the surface active agent is placed in & small culture tube first,
then 0.5 ml of plasma is added, and these are thoroughly stirred
with & glass rods Then 0.02 ml 0.3% hemin solution is added, and
0.02 ml aliquots are applied to the paper. The resulting chromato-
grams are streaked with the benzidine reagent, and photographed, as

previously described.

RESULTS .

Protein patterns observed in healthy, young adults. Fig. 32

shows two chrometograms of a series of six taken at weekly inter-
vals from & healthy woman 33 years of age. The protein pattern in
this subject véried very little from‘week to week during this period.
The maximum veriation consisted of an absence of several central
fractions in the chromatograms obtéined when 0.03 ml Tween 85 was
added to the plasma. Fig. 33 shows two chromatograms of a series of
six taken at weekly intervals from a healthy man 29 years of age.
Even greater consistency of the protein pattern was showp in this
series of tests. Nine other controls (six women, three men) were
examined. They showed similar protein patterns with no great varia-
tions upon repeated testing. When 0.05 ml Tween 85 was used wiﬁh

the plasma, few protein fractions were observed in either the con-
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trol or the experimental subjects.

The chromatograms of normal, healthy persons appeared to vary
to some extent from time to time. The variations, however, the
causes for which are as yet unknown, have not affected the general
protein pattern as observed in normel individuals. Generally
speaking, the normal pattern indicated the presence of a large num-
ber of fractions in all conditions of examination with the excep-
tion of the higher concentrations of the surface active agents.
(Figs. 32,33). It is possible that in normal women these veriations
are greater than in men, but insufficient material prevents anyﬁ
conclusions on this pointe The relationship of the menstrual cycle
to the plasma proteins may be of importance in the apparent greater
variation observed in women, but this has not yet been studied.

Protein patterns observed in Multiple Sclerosis Patients. Of

a total of 8l chromatogreams taken from 26.patients with multiple
sclerosis, 31 tests in 17 patients showed distinct abnormalities,
end one or mbre tests in each of four patients indicated probable
abnormalities. In five patients all the chromatograms were normal,
despite the occurrence in two of them of mild exacerbations of
disease during the period of study. In one of the latter two pat-
ients, the chromatograms were carried‘out four days after, and in
snother case, one day after the onset of mild retrobulbar neuritis
(as evidenced by a sudden partial loss of vision with return to
former vision in about two Weéks).

In three patients, striking changes were observed in the chrom-

atogram during exacerbations of disease. These changes were pre-
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Figure 3L

The sbove two series of chrometograms illustrate the plasme protein
pattern of & male patient with multiple sclerosis. The upper series
we.s made from plasms obtained on April 6, during a routine check
prior to an exacerbatiomn.

The lower series illustrates the plasma
protein pattern during en exacerbation (April 13).

Compere with the normel protein patterns shown in Figures 32 and 33.
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Figure 35

The above two series of chrometograms continue to illustrate the
changes in the seme patient with multiple sclerosis, 8s shown in
Figure 3L. The upper series represents the plasme protein pattern
during the remission period (April 21), which follows the exacer-
bation. The lower series represents the plasma protein pattern
during & routine check on this patient (June 26) .

Compare with Figure 3li, and also with the normasl protein patterns
showm in Figures 32 and 33.
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Figure 36

This series of chrometograms slso illustrate the changes in plasme
protein patterns of a male patient with multiple sclerosis. The
upper series was made from plasma taken on April 6, prior to en
exacerbation. The lower series of chromatogrems wes mede from
plasma taken on April 1l;, three days after the onset of an exacer-

bation.

Compare with the normel protein patterns of Figures 32 and 33.
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Figure 37

The above two series of chrometogrems continue to illustrate the
chenges in the same patient with multiple sclerosis, as shown in
Figure 36. The upper series of chrometograms represent the
plasme protein pattern during the remission period (April 1) of
the disease. The lower series of chromatograms represents the
plasma protein pattern during a routine check on this patient on
Mey 18.

Compare with Figure 36, and also with the normal protein patterns
shown in Figures 32 and 33.
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ceded by normal (two cases), or nearly normel (one case) chromato-
grams, and were followed by & return of the chromatograms towards
(or to) normel during the subsequent clinical remissions. These
patients were not on a low fat diet when the chromﬁtograms before
and during the exacerbations were carried out. During the period of
remission, however, they were given the low fat diet. An example of
the changes in the chromatograms in one patient is shown in Figs. 3L
and %5. The chromatogram prior to exacerbation was essentially
normal. Five to six days after the onset of exacerbation, and while
the neurological signs were still increasing, the chromatogram (Pig.
3),) showed an absence both of a large number of central fractions,
and of some of the upper fractions (compare with Figs. 32,33).
During clinical remission, eight days end eleven weeks (Fig. 35)
later, the chromatograms returned towards normal.

Another exemple of the protein pattern changes during an ex-
acerbation is shown in Figs. 36 and 37. It will be noted that many
of the upper fractions are absent during exacerbation (Fig. 36) and
that these gradually reappear in the subsequent two chromatograms,
one week and five weeks (Fig. 37) later.

Eleven other patients, without clinical evidence of exacerba-
tion of disease, exhibited changes which were considered distinctly
ebnormal in one or more chromatograms. All of these patients suf -
fered from a relatively active disease as judged by the occurrence
of frequent and severe exacerbations during the preceding yearse

Three additional patients with steadily progressive disability con-
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Figure 38 TRT 10

This represents two chromatograms of the plasma protein pattern of
a male patient with steadily progressive symptoms of multiple
sclerosis (June 30). Only the 0.02 ml Tween 8l and 0.0l ml Tween
85 per 0.5 ml plesme conditions are illustrated.

Compere with the normal protein pattern distribution as shown in
Figures 32 and 33.
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sisting of mixed ataxia and spasticity displayed definite altera-
tions of the protein pattern in the chromatograms (see, e.g. Fig. 38).

Effects of Blood Transfusions. Preliminary experiments have

indicated that, following transfusion, the protein pattern tends to

revert to normal. This matter is being investigated.

DISCUSSION.

The significence of the changes which have been observed in the
plasma proteins of patients with multiple sclerosis is not known.
The limited observations suggest that these changes usually do not
precede a clinical exacerbation of the disease by an appreciable
interval of time. It is difficult to assess the time interval, how-
ever, because the exact time of the onset of an exacerbation canndt
be established with certainty. Neither{do the chages in the protein
pattern continue fo be present for maqy'weeks after the onset of the
exacerbation.

If the pattern of the plasma proteins shown by paper chromato=-
grophy is secondary to, and determined by the emount of nervous
tissue undergoing change, then it is reasonable to assume that small
lesions (e.g., mild retrobulbar neuritis) might not alter the pro-
tein pattern. On the other hand, extensive lesions might occur in
the so-called silent areas of the brain end produce merked Qhanges
in the chromatogrems, and yet be wnaccompenied by symptomse

The chromatograms may reflect changes in the blood which occur
concomittantly with, or even prior to, the development of lesions

in the nervous system. It may also be considered that the proteins
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Figure 39

A series of chromstograms of the plesma proteins of a patient (lMrs.
G.) with multiple myeloma is illustrated. The upper series repre-
sents & routine check, and the lower series was done two weeks later,
during which cortisone was given as treatment.

It will be observed that the chromatograms of this patient differ
greatly from the normels (compare with Figures 32 and 33). A dis-
finctive fraction occurs at the top of the chrometograms in the
first series, which diseppears after cortisone treatment.



This series of chrometograms of the plesma proteins represents
a routine check on & multiple myelome patient (Mr. D.)

Tt will be observed that the plasma of this patient lacks meny
of the fractions present in normal plasma (compare with Figures

32 end 33.

156.
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Figure L1

This series of chromatograms represents the plasma proteins during
s routine check on & patient (Mr. T.) with liver cirrhosis.

Tt will be observed that the plesma of this patient lacks many of
the fr;tctions present in normal plesmaes (compare with Figures 32
and 33) .
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Figure ;2

This series of chrometogrems represents the plasma proteins during
& routine check on a patient (Mr. H.) with portal cirrhosis. '

It will be observed that the plasma of this patient lacks many of
the fr;-eﬂam.preaent in normel plasma (compare with Figures 32
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might be modified by chemical changes attending the occurrence of
these lesions.

The abnormalities in the plasma protein chromatograms do not
appear to be specific for multiple sclerosis. Some preliminary ex-
periments were carried out on patients of the Montreal General Hos-
pital, who had multiple myeloma or liver cirrhosis,'and the resulting
chromatogrems showed very distinct abnormalities. It was observed
that & protein fraction sometimes occurred in the chromatograms of
plasma of patients who had multiple myeloma, which was not present
in normal plasma, or plasma of patients with multiple sclerosis or
liver cirrhosis (Fig. 39). In one case, this fraction disappeared
after cortisone treatment (Fig. 39). Another series of plasmas of &
patient with multiple myeloma is illustrated in Figure 1,0. Other
pathological conditions that showed ebnormalities in the plasma pro-
tein pattern include Baker's cyst, s&pbilis, carcinoma of the rectum,
carcinome of the stoméch, carcinoma of the esophagus, ventrel hernia
and pancreatic abscess.

Unpublished observations by Swank have shown that sedimentation
rates of patients with multiple scleroéis (determined at Weekly'or
monthly intervals) are frequently abnormally high, but the evidence
so far has not established a clear correlation between such changed
sedimentation rates and the abnormal chromatograms shown by these
patients. No attempt was made to correlate the plasma protein pat-

terns with the Lange reaction in the spinal fluid.
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STMMARY

(1) Using the paper chromatographic technique, significent
changes in the protein patterns hafe been demonstrated in patients
with multiple sclerosis. We are unsble to state at present the
relationship of these changes to the acti#ity of the diseass, but
our evidence would seem to indicate that they may occur concomit=
tantly with, or immediately following the onset of exacerbation.
Furthermore, the chgnges in the protein patterns revert towards
normal during remission.

(2) The aﬁnormalities.in the plasma protein chromatograms‘do
not appear to be specific for multiple sclerosis, since very ab-
normal patterns have also been observed in multiple myeloma, liver

cirrhosis and some other pathological conditions.
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CLAIMS TO ORIGINAIL RESEARCH

(1) A new chromatographic technique has been developed to study
the movement and Separatioﬁ of proteins and protein mixtures on
filter paper, using hemin as a 'marker?', énd development of the
chromatogram with aqueous salts and buffers.

| (2) Agreement of chromatographic results with those of electro-
phoresis in the case of crystalline proteins such as bovine albumin,
| fs—laotoglobulin and'Yiglobulin has been observed.

(3) Egg albumin caﬁ be detected by serological methods after
chromatography.

(L}) Urease can be demonétrated by manometric techniques after
chromatography.

(5) A method has been described which shows the ability of a
protein to form a hemochromogen in the presence of hemin.

(6) Separation of protein components of plasmas on filter peper,
using synthetic detergents as a meens of accentuating the differ-
ences between various protein fractions, has been described.

(7) Differences between the plasma protein patterms of humans,
rats and guinea pigs by the chromatographic technique have been
demonstrated.

(8) The sera of hyperimmunized horses (as against diphtheria
toxin) yielded chromatograms which differed from, and exhibited
fractions not present in, chromatograms of normal horse serae

(9) The ﬁresence of several closely related protein fractions
in a crystalline huﬁan albumin preparation has been observed.

(10) With protein mixtures, associations of proteins may occur



that can be detected by chromatography.

(11) It has been shown that proton bombardment of bovine
albumin does not cause cleavage of the protein molecule, but does
cause a decrease in solubility of the protein.

(12) Confirmation of the presence of thyroxine and iodide in
the unhydrolyzed thyroid of the rat has been demonstrated using a
radioactive technique.

(13) In the blood plasma of a rat, practically all the butanol-
extractable radioactivity was found to be present as thyroxine, with
a very low amount of diiodotyrosine and iodide.

(1L4) The presence of diiodotyrosine and monoiodotyrosine has
been demonstrated in the unhydrolyzed thyroid of the rat using
radioactive iodide.

(15) Presence of three, unknown, iodinated substances has been
shovn in the unhydrolyzed thyroid of the rat, using radioactive

N
iodide.

(16) The nature of the circulating thyroid hormone as a thy-
roxine-plasma protein complex has been postulated.

(17) It has been shown that thyréxine will combine with a mix-
ture of Cohn's plasma protein fractions in a mamner similar to that
with the proteins of whole plasma. The presence of physiological
salts or glucose did not affect this combination, but the combination
was severed by butanol at 0° C.

(18) Thyroxine combined with Cohn Fractions V (albumin), IV-1
and IV-?,& (- and/s—globulins), but only albumin carried thyroxine

according to a pattern similar to that seen with plasma. The
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addition of other proteins appeared to promote further combination
with the thyroxine.

(195 The combination of molecules of physiological importence
and having a small molecular weight, with plasma proteins and plasma
protein fract;ons, has been demonstrated. It has been shown that
combination is superior in the presence of whole plasma when compared
to the combination with the individual plasma fractions. The postu-
lation is that smell molecules do not exist as such in the blood
stream, but circulate as 1oosercomplexes with the plasma proteins.

(20) Changes in the plasma protein patterns of dogs after high
fat meals, and after the intravenous administration of heparin or
Tween 81, have been demonstrated; using the paper chromatographic
technique. The evidence indicated that the surface active sub-
stances present in the blood were modified after these adninistra-
tions, thus affecting the proteiﬁ patterns of the chromatograms.

(21) Significent changes in the plasma protein patterns have
been observed in patients with multiple sclerosis. These changes
appeared to occur concomittently with, or immediately following the
onset of exacerbation, and tended to revgrt towards, or to, normal
during the remission period.

(22) Distinct sbnormalities in the plasma protein patterns have
been demonstrated in patients with multiple myeloma, liver cirrhosis

and portal cirrhosis.
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Paper Chromatography of Proteins
and Enzymes®

A. E. Franklin® and J. H. Quastel

Montreal General Hospital Research Institute,
Montreal, Canada

The original work of Consden, Gordon, and Martin (1)
on the paper chromatography of substances of biological
importance has been extensively developed, and a large
literature has accumulated which eannot be adequately
summarized here. So far as we are aware, however, there
is mo report of the separation of protein molecules by
paper chromatography. )

We wish to report preliminary results of an investiga-
tion of the paper ehromatography of proteins and en-
zymes. Our work shows that it is possible to study the
movements of proteins on paper, and to determine the
eonditions under which proteins may be separated by this
means. It is also possible by the same means to bring
about separation of the components of enzyme mixtures,
and to study enzyme activity, manometrically, on paper.

Our work has been greatly facilitated by the use of
hemin as a ‘‘marker,”’ the presence of a protein-hemin
complex on paper being easily shown by the benzidine-
hydrogen peroxide reagent. We  employ buffer and
aqueous salt solutions, instead of nonaqueous solvents.
as developing agents.

The technique employed is that of Williams and Kirby
(2), which involves chromatography by capillary ascent.
‘Whatman No. 1 sheet filter paper has been used through-
out this work. When drying is complete, the paper is
streaked with freshly prepared benzidine reagent, using
a small paint brush. Color development is immediate and
intense, and should be photographed almost immediately,
as a background color develops gradually and this tends
to obscure the color from the protein-hemin complex.

Protein solutions. Ten mg erystalline protein is dis-
solved in 1 ml of distilled water or saline and to this is

1 Aided by a grant from the National Cancer Institute of

Canada.
2 Holder of a Canada Packers Research Fellowship of

MeGill University.

added 0.02 ml of 2.09% hemin, which has been dissolved in
8% sodium bicarbonate solution. Aliquots of 0.01-0.02
ml are used for chromatography.

Developing solulions. A search for suitable developing
solutions has resulted in the exclusive .use of aqueous
solutions of salts and buffers. For buffers, 50 ml of a
M/5 solution of the salt is adjusted to the desired pH
with a N/5 solution of HCI or NaOH and the volume is
made up to 200 ml. In the case of acetate-HCI buffers,
normal solutions are used. Salt solution eoneentrations
are usually in the region of 1-2%.

The use of organic solvents gave unsatisfactory results.
n-Butanol saturated with water allowed extremely little
mavement of proteins and favored the formation of an
immediate, deeply colored background on application of
the benzidine reagent, Aqueous solutions of ethylene
glycol, propylene glycol, ethanol, or acetone induced max-
imum or near maximum movement. All proteins tested
moved about the same distance under these conditions.

Bengidine reagent. The preparation is made as fol-
lows: Equal volumes of saturated aleoholie benzidine solu-
tion and 3% hydrogen peroxide are mixed and made acid
with glacial acetic acid. Fresh reagent must be prepared
daily. Poor color development results if the hydrogen
peroxide stock solution has decreased in strength,

Color development with protein-hemin complexes is gen-
erally blue, but may be purple, brown, or green. Some
salts, e.g., magnesium sulfate and Sodium phosphate, inter-
fere with color development. Citrate, glucose, trisodium
phosphate, and potassium hydrogen phthalate at some pH
values give rise to a deep purple color.

Background color development varies considerably, de-
pending on the ease with which the benzidine reagent is
oxidized. Aecid pH values tend to retard background
color development, while alkaline pH values give rise to
a deeply colored background, Photographs are made of
the ehromatograms at the optimal development of ecolor.
It is necessary to photegraph the chromatogram while the
paper is still damp.

Hemin. A stock solution of 2% hemin in 3% sodium
biearbonate solution was prepared and 0.02 ml was added
to 1 ml of the protein solution. In the proteins studied,



Fies. 1-4.
the effects of changes of pH from 2
albumin-hemin. 3. p-Lactoglobulin-hemin,

it has been observed that the presence of hemin does not
alter the R, value of the protein.

A eontrol hemin chromatogram, in which 0.02 ml is
diluted to 1 ml with distilled water, shows that move-
ment is nil up to pH 5 and very slight at pH 6, and that
it inereases considerably above this pH (Fig. 1). Some
developing solutions, among them those containing bicar-
bonate, glucose, sucrose, glyeine, methionine, alanine, and
urea, allow maximum or near maximum movement.

Tt has been found that some proteins and protein mix-
tures such as egg albumin, pepsin, papain, diastase, and
urease will not combine with hemin. However, if hemin
is added to a solution of these proteins, chromatographed,
and streaked with the benzidine reagent, it is noticed that
hemin remains at or near the peint of origin (below pH
7). If the paper is allowed to stand for some time at
room temperature, it is found that the background will
color (to varying degree, depending on the nature of
the salt in the developing solution), and a colorless spot
will appear. It will be shown later that this colorless
region actually contaims the protein. the
protein retards background color development and so pro-
duces a colorless ‘¢ Casein and f-lactoglobulin
give rise to colorless spots or fractions up to about pH 5,
and to deep blue fractions at higher pH values. y-Glob-
ulin and bovine albumin give rise to colored fractions
over the entire pH range (see Figs. 2, 4).

Presumably

spot.’’

Composite photographs of unidimensional chromatograms of hemin and protein-hemin mixtures, showing
to 10 at 1-pH-unit intervals, from left to right.
4. «-Globulin-hemin.

¥

Il

1. Hemin control. 2. Bovine serum

Time of development. It has not been found necessary
to allow the solution front to advance beyond 20-25 em,
requires about 90 The ecomposition and
shape of the chromatogram is determined within the first
20 min, and further development results in a more easily
evaluated fraction.
matogram may be obtained within 5

whieh min,

A complete two-dimensional ehro-
hr.
A long, rather narrow
finger is formed, provided that the protein combines with
hemin. The eolor intensity varies along with the finger,
depending on the pH with which it is developed. Bovine
albumin-hemin at pH 2 shows two intensely colored frae-
tions inside the finger (Fig. 2). It may be shown that
the greatest portion of the protein is coneentrated in
the leading fraction, and only traces remain in the finger.

One-dimensional chromatography results in the forma-
tion of a yellow-colored solution front, which fluoresces in
ultraviolet light, and at pH 2, two separated bands ap-
pear at the leading edge of the chromatogram. Two-di-
mensional ehromatograms result in a series of villus-like
struetures appearing in the second dimension. The pres-
ence of proteins on the paper tends to repress the full
movement of those structures that are in the immediate
vicinity of the protein.

Effect of pH. The variation of protein movement with
change of pH seems to be much the same for all the pro-
teins studied. At very acid pH values, e.g., pH 2, there

The protein chromatogram.



Figs. 5-9. Two-dimen-
sional chromatograms of
boxine serum albumin-
hemin under various
buffer conditions : 5—pH
4.0, 6—pH 5.0, T—pH
6.0, &—pH 7.0, and 9—
bovine serum albumin at
pH 6.0 after the protein
solution has been pre-
pared for more than 36
hr, stored at 5° C, and
then chromatographed with citrate in the first dimension
and fumarate in the second dimension.

usually appears a well-defined leading section. In the
region of pH 4-5 there is often little or no movement,
and where movement does occur, no well-defined leading
fraetion oceurs. Above this pH, a large, well-defined spot
appears, which is quite constant in size. The R, values
depend upon pH in a similar way, being least around
pH 4, which is near the isoelectrie point of some of the
proteins. Ry values and sizes of the spot are remarkably
constant from pH 6 upwards.

Chromatography of bovine serum albumin-hemin com-
plex. The R,y value of a bovine albumin-hemin complex
is least in the region of pH 4. At pH 2, there appear
two separated fractions inside the finger. This is also
true at pH 3 but the spots are smaller and less intensely
colored. From pH 5-12, there is a well-defined leading
fraction, quite constant in size and position (Fig. 2).

In two-dimensional ehromatograms, at pH 4, there is
movement in the first dimension-only (Fig. 5). At pH 5,
with ecitrate-NaOH in the first dimension, and phthalate-
NaOH in the second dimension, two separate fractions
are obtained (Fig. 6). At pH 5.5 with citrate-NaOH
in the first dimension and acetate-HCl in the second di-
mension, there appear two main fractions and a minor
fraction. At pH 6 and 7 there is a single fraction ap-
pearing in the second dimension (Figs. 7 and 8).

It has been observed that if bovine serum albumin is
allowed to remain in solution for a period of more than
36-48 hr, multiple fractions, sometimes as many as four,
will appear. Various combinations of buffers have shown

the separation of these fractions at pH 6 (Fig. 9).

It is apparent from these results that the erystalline .
bovine albumin which we have used behaves, when a solu-
tion is freshly prepared, as a homogeneous protein at pH
6-7, whereas two components are present at pH 5-5.5.

A private eommunication from Dr. G. Perlmann, to
whom we are indebted for our supply of erystalline bovine
serum albumin, states that this protein is homogeneous
electrophoretically from pH 3.0 to 3.8 and pH 5.0 to 10.0.
In the region of the isoelectrie point the protein sepa-
rates into two distinet electrophoretic components. This
phenomenon seems to be a property of most serum
albumins and indicates that erystalline albumin prepa-
rations contain several closely related proteins. Paper
chromatography appears to confirm and may extend the
results of electrophoretic analysis.

Chromatography of B-lactoglobulin-hemin complex. Tt
is found that the union between §-lactoglobulin and hemin
is not complete if the pH is 5 or less, ie., the leading
fraction is eolorless. From pH 6 upwards, the eomplex
shows as an intense blue. Thus the formation of a com-
plex between this protein and hemin is dependent upon
pH. R, values show much less variation than those of
bovine albumin. The R value is least at pH 4 and
greatest at pH 6, where it is 0.86. All other ‘values lie
very close to 0.80 (Fig. 3).

Two-dimensional ehromatograms between pH 6 and 7
demonstrate that this erystalline protein is not homoge-
neous. The use of citrate-NaOH in the first dimension
and tartrate-NaOH, phthalate-NaOH, or acetate-HCL in
the second, shows that there are a number of fractions in
this sample. However, their complete separation under
these conditions has not yet been achieved (Fig. 10).

We are again indebted for this sample of protein to
Dr. Perlmann, who states that in 1945 this protein was
found to be a mixture, there being two distinet electro-
phoretic ‘components in the pH range 3.7-5.0, and also
between pH 6.0 and 7.0.

Chromatography of human vy-globulin-hemin complex.
It appears that sy-globulin, at the concentrations used,
does not combine completely with hemin over the entire
pH range. At each pH value, some combination takes
place, but it is evident that from pH 3 to pH 8, there is a
portion that does not combine, the amount of this portion
deereasing with an inerease in pH.

At pH 2, y-globulin gives rise to two separate frac-
tions inside the finger, in much the same manner as that
shown by bovine albumin, but the fractions are smaller in
size. Movement is least at pH 4. R, values are 0.78 at
pH 2.0 and 7.0, and increase to 0.81 at pH 10 (Fig. 4).

A two-dimensional analysis shows an excellent separa-
tion of two components of ~y-globulin, the separation oe-
curring at right angles. The first developing solution
may be a phthalate-NaOH buffer at pH 6.0, 5% am-
monium sulfate or 29% oxalie acid, followed by 2% tar-
tarie acid in the second dimension (Fig. 11).

This protein, according to Dr. G. Perlmann, who kindly
provided the sample, consists of one main electrophoretic
component (96% of the total protein content), and it
shows a marked boundary spreading, which indicates lack
of homogeneity.



Fi16. 10. Two-dimensional chromatograph of f-lactobulin-
hemin at pH 6.5,
Fra, 11.  Two- dimensional chromatogram of ~y-globulin-

hemin, using a phthalate buffer at pH 6.0 in the first dimen-
sion, followed by a 29 tartaric acid in the second dimension.

Fic. 12.  Papain, papain-casein, and casein, in that order,
developed with 29 succinic acid as the developing solution.

Fic. 13, Papain-bovine serum albumin, diastase-g-lacto-
globulin, and B-lactoglobulin developed in a phthalate buffer
at pH 5.0. There is no separation.

Fre. 14, Rgg albumin developed in distilled water at pH
6.4. 'The resulting white spot was eluted, and identified by
serological means.

Chromatography of enzyme preparations. Some pre-
liminary work has been done on the movement of enzyme
solutions. Preparations of pepsin, papain, malt diastase
(eommercial preparations from British Drug Houses, Ltd.)
and urease (25-mg Urease-Dunning tablets) were used,
and it was found that hemin will not combine with any of
them. After streaking with the benzidine reagent and
allowing the paper to stand for a time, it is observed
that the malt diastase and papain preparations give rise
to very well-defined, colorless oval spots. The urease
preparation produces a vertical streak, but the pepsin
preparation fails to show any definable movement. The
papain preparation shows R, values of 0.81 up to pH 3,
which inerease to 0.90 at pH 8.0-12.0, The malt diastase
preparation shows a very constant R, value over the
entire pH range, varying only between 0.90 and 0.95,
whereas the urease has an R, value of 0.78 at pH 2, which
inereases to 0.85 at pH 3 and then gradually increases
to 0.92 at pH 12. It seems likely that paper chromatog-
raphy will be of service in the evaluation and examina-
tion of commercial enzyme preparations.

Chromatography of mixtures of proteins. One-dimen-
sional chromatograms rarely separate a pair of proteins.
We have sueceeded, however, in separating eomponents of
a mixture of papain and casein, using 2% suceinic acid
as the developing solution (Fig. 12). The movement of
papain is apparently retarded by the presence of casein.
Other proteins have been run in combination with the
preparations of papain and diastase, but no separations
were effected (Fig. 13).

Chromatography of egg albumin. Crystalline egg albu-
min was used and, like the enzyme preparations already
referred to, it will not unite with hemin. It appears as
a colorless spot on a colored background (Fig. 14). Itis
barely detectable below pH 4, at which point it has an R,
of 0.60. This inereases to 0.75 at pH 9.

The identity of the protein present in the colorless
spot with egg albumin was shown by its ability to form
a preeipitin with a specific antiserum produced in a
rabbit by albumin injeetions.® Precipitin formation was
produced only by the solution of the substance contained
in that part of the paper strip believed to contain the pro-
tein, as determined by the streaked control.

Our results prove that a solution of erystalline egg
albumin may be chromatographed under the given ex-
perimental conditions, the position of the protein being
indieated by a well-defined colorless region on a colored
background. The protein present in this region reaects
typically with an ovalbumin antiserum.

Chromatography of a wurease preparation and the
manomelric estimation of urease on paper. The question
arose as to whether enzymes will retain their catalytic
activities if they are subjected to our chromatographie
technique. A series of chromatograms was therefore set
up for this purpose, the enzyme selected being urease.

The enzyme solution was prepared by grinding twenty
25-mg urease-Dunning tablets in a small mortar in 2 ml
of a 2% eystein-glycine solution that had been adjusted
to pH 6. It was then centrifuged for 15 min, and the
supernatant solution was used for chromatography.
Aliquots of 0.04 ml were applied to the paper by placing
0.02 ml on the paper, allowing it to dry, and adding an-
other 0.02 ml. The developing solution was prepared by
dissolving 2 g cystein hydrochloride in water and ad-
justing the pH to 6 with caustic soda solution, making
the volume to 100 ml, and then adding 1 g glycine. This
reagent should be prepared just prior to use. The solu-
tion was allowed to advance about 20-22 em. The paper
was then removed and allowed to stand at room tem-
perature for a few min. While the paper was still
damp, it was cut into 3-em sections, starting 0.5 em from
the bottom of the paper. The boundaries were marked
7 mm on each side of the point of application of the
aliquot.

Each section of filter paper was then cut into four
parts, all of which were placed immediately in a Warburg
manometric vessel with 3 ml acetate buffer at pH 5, and
0.2 ml 109 urea was placed in the side arm. As a con-
trol, a ten times dilution of the original supernatant was

3 This antiserum was kindly prepared for us by Prof. H.
G. D. Murray, of the Department of Bacteriology, McGill
University.
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used (diluted with physiologieal saline) and 0.4 ml of it
placed in the Warburg vessel with 2.6 ml buffer and 0.2
ml 10% urea in the side arm. A period of 30 min was
allowed for the contents of the vessel to attain thermal
equilibrium (37° C). The urea in the side tube was then
tipped into the vessels, and earbon dioxide output rate
measured manometrieally in the usual way for 1 hr.

The results show the existence of a distribution curve
of urease on the paper strip. Traces of enzyme are left
at the point of origin, but a fair proportion ascends the
paper, whose maximum urease activity lies between 6 and
12 em from the origin. On either side of the maximum
there is a drop in enzymic activity. These results are
shown in Fig. 15, If a parallel chromatogram is streaked

with the freshly prepared benzidine reagent, it is found
that the greatest extent of the colorless region on the
colored background is 6-12 em from the origin.

On assessing the activity of the urease over the entire
strip, by adding together the activities of the various
parts of the strip it is found that the total activity
amounted to 85% of that expected from the amount of
urease placed on the paper. Another assessment of the
total urease activity over the entire strip showed a re-
covery of 110%, the assessment being made from a cali-
bration eurve previously prepared, relating activity (rates
of CO; production) to the quantity of urease. These re-
sults show that urease activity is not diminished within
experimental error by our ehromatographic technique, and
that movement of the urease molecule on filter paper can
be followed. It is evident, however, from our prelimi-
nary results that metallic constituents of the filter paper
may appreciably affect the rate of movement of urease
and possibly other proteins. This needs more study.

Chromatography of human serum. A few experiments
have been carried out on the chromatography of human
serum, The results show the presence, at pH 6, of a
complex mixture of hemin-reacting proteins. Three of
the fractions appear to give R, values identiecal with
those found with a preparation of erystalline human
serum albumin. Human serum globulins do not seem to
move appreciably in the second dimension. We estimate
that, with our technique, between 6 and 10 protein fraec-
tions appear. This work is now being extended with a
view to discovering whether paper chromatography of
blood serum may be used for diagnostie purposes.
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Presence of Iodinated Amino Acids in
Unhydrolyzed Thyroid and Plasma®

J. Gross, C. P, Leblond, A. E. Franklin,? and
J. H. Quastel

Department of Anatomy, McGill University, and
Research Institute, Monitreal General Hospital

De Robertis (1) demonstrated the presence of a proteo-
lytic enzyme in the eolloid of the thyroid follicle. He
postulated that this enzyme causes the breakdown of
thyroglobulin with the release of biologically active frag-
ments which are of low enough moleeular weight to dif-
fuse out of the follicle, and which presumably constitute
the thyroid hormone. The only compound of small molee-
ular weight found so far in unhydrolyzed thyroid is thy-
roxine (4). In the present work, the technique of paper
chromatography has been used to confirm this result, and
to study the production of other iodinated amino acids
which might be formed during the breakdown of thyro-
globulin. The appearance of these substances in the eir-
culation has been studied by observing their presence in
n-butanol extracts of plasma. In addition, chromato-
graphic analysis of whole plasma has supplied evidence
as to the nature of the circulating thyroid hormone.

Methods. TFemale albino rats weighing 150-200 g and
maintained on Remington’s low iodine diet No. 342 (5),
to which 10% brewers’ yeast had been added, were in-
jected subeutaneously with about 100 pe of earrier-free
radioactive iodide (NaI'®'). After 48 hours the animals
were anesthetized with ether and exsanguinated with a
heparinized syringe via the inferior vena cava.

Chromatography of n-butanol extracts of thyroid and
plasma. The thyroids were removed immediately, ground
in 1 ml of ice-cold saline in a chilled mortar, and extracted
three times with an equal volume of m-butanocl. Simi-
larly, the plasma was extracted three times, first with a
double volume and then twice with an equal volume of
butanol. In both cases, the combined butanol extraects
were reduced to dryness in vacuo at room temperature.
The dry residue was taken up in distilled water, 0.1 ml
and 0.2 ml being used for the thyroid and plasma resi-
dues, respectively.

Aliquots of 0.02 ml of this solution were then e¢hromato-
graphed by the capillary ascent method of Williams and
Kirby (10), with or without the addition of 20 pg of
each of the following carriers: pL-thyroxine, nr-diiodothy-
ronine, pL-diiodotyrosine, and pr-monoiodotyrosine. The
aliquots were placed in the lower left-hand corner of
10 in.x 12 in. Whatman No. 1 filter paper sheets and

t Carried out in part with the aid of a grant from the Na-
tional Research Council of Canada to C. P. Leblond, and in
part with the help of a grant from the National Cancer In-
stitute of Canada to J. H. Quastel. The help of Mrs. J.
Dougherty and Miss J. Cambron is acknowledged. We are
indebted to Dr. R. Pitt Rivers for the monoiodotyrosine and
to Hoffman-LaRoche, Ltd. for the other iodinated amino acias
used in this study.

2 Canada Packers Research Fellow, MeGill University.

dried. The developing solvent used for the first dimen-
sion was the upper layer obtained after shaking n-butanol
with 2N formic aeid in a separatory funnel. For the see-
ond dimension, the upper layer of a mixture of 4 parts
n-butanol and 1 part dioxane shaken with 5 parts of 2N
NH.,OH was used. After overnight development for each
dimension, the papers were removed and dried in a eur-
rent of air. They were then applied to Bastman No-
Sereen x-ray film, with a sheet of eellophane intervening,
and thus exposed for varying periods of time. The dura-
tion of exposure depended on the aetivity present, as
determined with a Geiger probe monitor. After autogra-
phy (Figs. 1-3) the papers were dried for 30 min at 100°
@, sprayed with ninhydrin (0.19% solution in CHCI; with
the addition of 0.1% eollidine), and dried at 100° C
again. The colors obtained with ninhydrin were rather
pale, but were sufficiently clear to locate the added earrier
amino acids. By this technique it was possible to obtain
a complete separation of the four iodinated amino acids
and of iodide as well.

»
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An autograph of a two-dimensional chromate-

Fic. 1.
gram of the entire butanol extract of the fresh thyroid taken
from an adult rat given 100 pe of carrier-free Nal®! sub-

cutaneously, 48 hr previously. Twenty pg each of nonradio-
anefive bL-monoiodotyrosine, DL-diiodotyrosine, bL-thyroxine,
and bpL-dilodothyronine were added to the butanol extraet.
The paper was developed vertically with a butanol-formie
acid mixture and horizontally with a butanol-dioxane-am-
monia mixture. The material was deposited on the left
lower corner. Some spots are due to thyroxine, diiodoty-
rosine, monoiodotyrosine, and iodide; others are due to uni-
dentified substances indicated by the numbers 1, 2, and 3.
Chromatography of the plasma proteins. The plasma
proteins, combined with hemin in the manner described
by Franklin and Quastel (2), were chromategraphed at
pH 7 using M/20 citrate buffer in the first dimension and
M/20 phthalate buffer in the second dimension. Two
hours were allowed for a satisfactory development in each
dimension. After the paper had dried, the benzidine
reagent was applied with a small paint brush, resulting
in the formation of a blue color at the site of the plasma
protein. The results were photographed immediately.
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Fi6. 2.  An autograph of the entire butanol extract of
2.5 ml of the plasma of the same animal as in Fig. 1; the
same carriers were added. An intense thyroxine spot is
visible. The much less intense spot next to it is probably
due to the substances causing spot 1 in Fig. 1.

(0.02 ml) was applied directly to the paper. After the

This method was used with radioactive plasma obtained
from the radioiodide-treated rats deseribed. Plasma
two-dimensional ehromatography, the paper was placed in
contact with an x-ray film for autography (Fig. 5) and
then treated with benzidine for localization of the pro-
teins (Fig. 4).

The remaining plasma was extracted with butanel, and
the butanol was divided into two portions which were

Fia. 3. An autograph of a control chromatogram of a
mixture containing carrier-free NaI®, and 20 pg each of
nonradioactive DL-monoiodotyrosine, bL-diiodotyrosine, DL-
thyroxine, and pL-diiodothyronine. Besides an intense spot
due to iodide, a faint spot is visible in the location of diiodo-
tyrosine. Two spots due to unidentified substances are also
present. When the marked intensity of the iodide spot is
compared with the low intensity of all other spots, it is ap-
parent that only a very small percentage of the iodide pres-
ent exchanged with diiodotyrosine and none at all with
thyroxine. .

dried in the usual manner. The first portion was dis-
solved in 0.1 ml of 49 NaCl, of which 0.01 ml was chro-
matographed with the butanol developers and auto-
graphed. Another 0.01-ml aliquot was chromatographed
with buffers and autographed (Fig. 6). Finally, the sec-
ond portion of dried butanol extract was dissolved in non-
radioactive plasma obtained from another rat, mixed with
hemin, ehromatographed with buffers (Fig. 7), and auto-
graphed (Fig. 8).

Confirmatory experiments with plasma proteins not
eontaining hemin were earried by the addition of non-
radioactive pL-thyroxine. Thyroxine (100 ug) was mixed
with 0.02 ml radioaetive plasma, chromatographed with
buffers and the location of thyroxine determined by
spraying with ninhydrin.

Identification of components. Thyroid and plasma
fraetions of ten animals were ehromatographed and auto-
graphed. The autographs (Fig., 1) of the butanol ex-
traet of thyroid, with added carriers, showed the pres-
ence of spots corresponding to monoiodotyrosine, diiodo-
tyrosine, thyroxine, and iodide; all of which were found
in the ten animals investigated. These spots were simi-
lar in loeation and intensity when no carrier was used,
and therefore the presence of these substances cannot be
due to an exchange between the labeled iodide and the
This was borne out by control experiments in
whieh ftracer iodide was chromatographed with earriers
(Fig. 3). In addition, several compounds, whose identi-
ties are unknown, were found more or less regularly
throughout the series of thyroid chromatograms. Thus,
of the unknowns marked 1, 2, and 3 (Fig. 1), compound
1 was found in ten and the other two compounds in seven
of the preparations.

carriers.

Thyroxine made up the greater part of the radioac-
tivity of the butanol extract of plasma (Fig. 2). By
using the entire plasma extract and exposing for a long
period of time, it was possible to distinguish faint spots
corresponding to iodide in five plasma samples and to
diiodotyrosine in six. Both substances were found to-
gether in extracts of five samples of plasma. The results
were identical whether or not earriers were added to the
plasma extract.

A possible souree of error lay in the production of ar-
tifaets by the radiochemical effect of the large doses of
radioactivity used. However, it could be demonstrated
that the same amino acids were present in thyroid and
plasma of two rats in which radioactivity of the injeeted
radioiodide was only 1 ue, a dose which has been shown
to have no effect on the physiologieal processes of the
thyroid (7). A very long exposure had to be used to de-
tect the minute amounts of radioactivity present in the
chromatographic spots obtained under these conditions.

Nature of the cireulating thyroid hormone. When an
aliquot of whole plasma from an animal given radioactive
iodide was mixed with hemin and chromatographed using
buffer solutions for development, the distribution of the
proteins, as shown by the benzidine reagent (Fig. 4),
corresponded to the location of the plasma radioactivity
(Fig. 5), indicating that the radioactivity had moved
with the plasma proteins. When the radioactivity ex-
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Fic, 4. A chromatogram of 0.02 ml
of the plasma of a rat given 100 pe of
carrier-free NalI® gubeutancously 48 hr
previously., A small amount of hemin
has been added to the plasma and the
location of the proteins is indieated by
the reaction with benzidine. The peneil
lines indicate the leading edges of the
developing solutions.

Fra, 5. The radioautograph eorre-
sponding to chromatogram of Fig, 4.
The radionetive material of the plasma
is arranged in a pattern similar to thar
of the proteins.

The radioantograph of the butanel extract o“f'unother aliquot of the same plasma as used in Fig. 4, chromato-
ig 2, this extract was found to consist wholly of radiocactive

P, 6,
graphed with buffers as in Fig. 4. By the method used in
thyroxine. The radicactive thyroxine did not move from the origin.

F1G, T.

protein pattern is apparent.
Fia. 8.

The radioautograph corresponding to chromatogram of Fig, 7.

A chromatogram of 0.02 ml of nonradioactive plasma, to which hemin had been added and combined with an
aliquot of the butanol extract used in Fig. 6, chromatographed with buffers as in Fig. 4, and sprayed with benzidine.

The

The radioactive thyroxine added to nonradioac-

tive plasma has moved with the proteins, giving a picture similar to that obtained with radioactive plasma (see Figs. 4 and 5).

tracted by butanol was chromatographed with butanol
developers, it proved to consist almost exclusively of ra-
diothyroxine. However, when chromatographed with
buffers, this radiothyroxine remained at the origin (Fig.
6). Nevertheless, if the radiothyroxine was added to
nonradioactive plasma, it was displaced (Fig. 8) along
with the plasma proteins (Fig. 7), in a manner similar to
that of the original radioactive plasma (Figs. 4 and 5).

The same results were obtained when nonradioactive
thyroxine was chromatographed with plasma that did not
eontain hemin, indicating that presence of hemin was not
necessary for plasma-thyroxine combination.

Interpretation. These results demonstrate that, besides
thyroglobulin and iodide, the thyroid gland eontains small
amounts of monoiodotyrosine, diiodotyrosine, and thy-
roxine (Fig. 1), It has been shown that the presence of
these amino acids is not due to exchange phenomena (Fig.
3) or to radiochemical action. The presence in the thy-
roid of these amino acids, which are known to be com-
ponents of thyroglobulin, lends support to the hypothesis
that thyroglobulin undergoes proteolysis by the enzyme
deseribed by De Robertis (7).

The thyroxine found in plasma is most likely of thyroid
origin. This is indicated by experiments showing that the
butanol-soluble radioactivity of plasma is extremely low
in thyroidectomized rats (3). The passage of thyroxine
into the circulation has been previously explained by a

gradient of thyroxine concentration in thyroid tissue aund
plasma (£). It may be pointed out further that the
diffusion of thyroxine from the thyroid would tend to
correet the inerease in osmotie tension due to proteolysis
in the colloid. The failure to find significant amounts of
the other iodinated amino acids in plasma may be ex-
plained by their destruetion within the follicle and a re-
utilization of their iodine by the gland.

In the plasma, thyroxine has been found combined with
proteins. This combination may be severed easily by
butanol, but is reconstituted when thyroxine is placed in
contaet with plasma proteins (Figs. 7 and 8). Further-
more, sinee plasma proteins may combine with amounts
of thyroxine well above the physiological doses (100 pg
in 0.01 ml), it may be assumed that under physiological
conditions the thyroxine seereted from the thyroid com-
bines with plasma proteins as it is released.

The nature of the thyroxine complex in plasma is ob-
secure. However, iodine has been found in the albumin
fraction of plasma (6, 8, 9), and to a somewhat lesser
extent in the globulin fraction (6, 8). Attempts to
determine the plasma constituent which is the thyroxine
carrier are eurrently under way.

In summary, when adult female rats on a low iodine
intake were sacrificed 48 hr after an injeetion of carrier-
free radioiodide, butanol extracts of unhydrolyzed thyroid
and plasma analyzed by radioautography of two-dimen-




sional paper chromatograms revealed the presence of six
radioactive compounds besides iodide and thyroglobulin.
Of these, three were identified as thyroxine, diiodotyro-
sine, and monoiodotyrosine. In the blood plasma, praecti-
cally all the butanol-extractable radioactivity was present
as thyroxine, with a very low amount of diiodotyrosine
and iodide. When the whole plasma was analyzed by
radioautography of two-dimensional buffer chromato-
grams, it was shown that the location of the radioactive
material corresponded to that of the plasma profeins.
Although thyroxine solutions showed no movement from
the origin under these conditions, radioactive thyroxine
dissolved in nonradioactive plasma was displaced along
with the plasma proteins and gave a pattern very similar
to that of radioactive plasma itself.

It was concluded that thyroxine, after its release by

the thyroid gland, circulates in combination with plasma
proteins. The complex thus formed can be split with
butanol and reconstituted in vitro.
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Paper Chromatography of Protein Mixtures and Blood Plasmas.

(18055)

A. E. FRANKLIN* AND J. H. Quaster. (Introduced by C. P. Leblond)
From the Montreal General Hospital Research Institute, Montreal

It has been shown by Franklin and Quastel
(1) that it is possible, by means of paper
chromatography, to effect separations of pro-
teins on filter paper, using the capillary
ascent technic (Williams & Kirby)(2) and
hemin as a ‘marker’ for the proteins with
which it combines. Buffer and aqueous salt
solutions, instead of mnonaqueous solvents,
are employed as developing agents. Working
with solutions of pure (crystallized) proteins
these workers have shown that the results of
two dimensional paper chromatography are
in accordance with the findings of electro-
phoretic analyses, those proteins exhibiting
homogeneity or heterogeneity under the con-
ditions of electrophoresis giving substantially
the same patterns on filter paper. Moreover,
they have shown that a protein such as egg
albumin, does not lose its serological proper-
ties (precipitin formation with the specific
antiserum) on its ascent on filter paper, and
that an enzyme such as urease, may ascend
filter paper to a particular position without
loss of its enzyme properties. Tt is evident,
therefore, that the technic may be applied to
the separation, and possible identification, of
proteins and enzymes. It is intended, in a
series of forthcoming papers, to show how
the technic, modified from that originally
described by Franklin and Quastel, may be
applied to the study of animal sera and
plasmas under different pathological condi-
tions and to the investigations of wvarious
problems relating to the interaction of pro-
teins, enzymes and a variety of organic sub-
stances.

It has already been demonstrated by Gross,
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Leblond, Franklin and Quastel(3) that the
technic of paper chromatography may be
used for showing the combinations between
thyroxine and plasma proteins.

It is of interest, in connection with this
work, that Cochran(4) has already shown
that the protein of tobacco mosaic virus will
ascend filter paper and still retain its in-
fectivity; incidentally, its position on paper
was marked by the application of the Sakag-
uchi test for arginine. More recently,
Mitchell, Gordon and Haskins(5) have suc-
ceeded in separating constituents of taka-
diastase by the use of a chromatopile.

It is intended, in this paper, to give a brief
account of the chromatography of protein
mixtures with particular reference to animal
plasmas.

Procedure. Whatman No. 1 filter paper
is used almost exclusively throughout this
work, although other filter papers have been
tried. The paper is cut into 8" x 8" squares,
and the aliquot of protein solution is placed
in the lower left hand corner. Plasmas are
taken with a heparinized syringe (1/10 ml
of 1% heparin-Na salt for 10 ml blood),
and centrifuged for about 20 minutes. The
plasma is placed in culture tubes in 0.5 ml
quantities, and 0.02 ml 0.3% hemin is added.
If a surface active agent is to be used, it is
generally added to the tube first to facilitate
its solution. The contents of the tube are
now well mixed, and 0.02 ml aliquots are
applied to the paper, each sample usually
being tested in duplicate. After the aliquot
has dried at room temperature, the paper is
formed into a cylinder in such a manner that
the edges do not touch. The cylinders are
placed upright in a pyrex plate, which con-
tains 100 ml of the developing solution. It
is covered with a suitable container (a large
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Fra. 9. Protein (Cohn) Fraetion V (16 mg) dissolved in 0.5 ml 0.85% saline.

Fig. 10. Protein (Cohn) Fraction I1I (8 mg) dissolved in 1.0 ml 0.85% saline.

Fi6.11. Mixture of Protein (Cohm) Fractions; 22 mg V + 4 mg II 4 5 mg IV—34, dis-
solved in 0.5 ml 0.85% saline.

Fia. 12. As in Fig. 9 with 0.01 ml ““*Tween 857’ per 0,5 ml solution.

Fie. 13. As in Fig, 10 with 0.01 ml ¢ Tween 857 per 0.5 ml solution.

Fig. 14. Asin Fig. 11 with 0.01 ml *‘Tween 857’ per 0.5 ml solution,

Hemin, The hemin solution is prepared
by dissolving 30 mg crystalline hemin in 10
ml of distilled water, to which has been added
a small quantity of sodium bicarbonate.
Hemin solution is generally added in the
ratio of 0.02 ml hemin to 0.5 ml of the pro-
tein solution. _

Benzidine solution. This solution must he
prepared daily, by mixing equal volumes of
saturated alcoholic benzidine solution and 3%
hydrogen peroxide. It is mads acid with
glacial acetic acid. The solution is applied
with a paint brush, and the chromatogram is
photographed immediately.

Developing solutions. A large number of
solutions of organic salts and buffers at dif-

ferent concentrations have heen investigated

for their suitability as developing agents. It
has been found that M/10 sucross solution
is very efficient for use in the first dimension,
when this is followed by M /10 sodium potas-

sium tartrate solution in the second dimension.
This combination is used in all the chromato-
grams given in this paper (Fig. 1-18). Other
combinations also give very good results, as
for example, dextrose; lactose or maltose in
the first dimension, and nicotinate, malate,
succinate, fumarate, mandelate, acetate or
citrate in the second dimension. Certain
amino-acids also give good results when em-
ployed in developing solutions, for ex-
ample, M /10 methionine solution followed by
M/10 acetyl glycine solution, or M/10
cvsteine solution followed by M/10 sodium
glutamate solution.

Effects of various filter papers. The choice
of filter papers seems to be very important,
as it appears that not all animal plasmas
give the best results with the same filter
paper. Human and rat plasmas give the
best chromatograms with Whatman No. 1 but
guinea pig plasma gives the best results when
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Fia. 15. Normal horse serum.

Fig. 16. Horse serum immunized against diphtheria toxin.

Fi6.17. As in Fig. 15 with 0.01 ml “* Tween 85 per 0.5 ml
serum.

Fi6. 18, As in Fig. 16 with 0.01 ml ‘“Tween 85’’ per’ 0.5 ml
sernm.

using S and S 589. When comparing the
‘plasmas of various species, however, Whatman
No. 1 has been consistently used.

Effects of the addition of surface active
substances. When a plasma is chromato-
graphed in the manner that has been described
above, the various protein components do
not separate very well and tend to remain
bunched together. This is illustrated in Fig.
1. It is found that if certain surface active
substances are added to the plasma hefore
chromatography, geod separations of the pro-
tein fractions take place. The following sub-
stances vield excellent results: sodium algin-
ate, the “Elvanols,”” “Spans,” “Tweens,”
“BRIJ" and “NNO.”* Results with sodium
tauroglycholate are relatively poor. The
various surface active substances do not give
identical results, both their structures and
their concentrations being important in de-
termining the pattern of the protein chromato-
gram. It has been made a matter of practice
to make chromatograms of a blood plasma,
or a protein mixture, in presence of different

concentrations of a selected surface active
substance. Usually 0.01 ml to 0.06 ml of
the solution of the surface active agent is
added to 0.5 ml plasma before addition of
the hemin, and subsequent chromatography.
The separation of the plasma constituents, as
facilitated by the presence of surface active
agents, are shown in Fig. 2, 3, 4 and 5. High
concentrations of surface active agents must
not be added to the plasma; in their presence,
the movement of the proteins on filter paper
appears to be greatly suppressed.

Effects of dialysis of blood plasma. Dialy-
sis of blood plasma against running water
seems not to disturb the pattern of the

*“Elvanols'’: A group of palyvinyl aleohols
produced by hydrolysis- of polyvinyl acetates of
virying cegrecs of polymerization (Dupont),

Span 20: Sorbitan monolanrate. '

NNO: Glycerol mannitan laurate.

BRIJ 30: Polyoxyethylene lauryl aleohol.

Tween 20: Polyoxyethylene sorbitan mono-
laurate,

Tween 85: Polyoxyethylene sorbitan trioleate.
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plasma chromatogram. It is concluded, there-
fore, that the dialysable material of plasma
has little or no influence on the movement of
the proteins on filter paper.

Consistency of results. With any given
plasma, or protein mixture, excellent dupli-
cation of results has been obtained. It is
necessary to be strictly accurate in the meas-
urement of the surface active material added
to the plasma, but if due care is taken, there
is no difficulty in obtaining good duplication
with any sample of a protein mixture.

Applications of the techmnic. Comparison
of human; rat and guinea pig plasmas. Hepar-
inized plasmas of different animals show dif-
ferent patterns on the chromatogram when
they are chromatographed under similar con-
ditions.

With rat and guinea pig, the hlood is
removed with a heparinized syringe from the
ether anaesthetized animal, and centrifuged
for about 20 minutes. 0.5 ml of plasma is
mixed with 0.02 ml 0.3% hemin solution, and
various amounts of a surface active agent is
added to a number of such samples. Using
5 mg “Elvanol 31-31" as surface active agent
and two dimensional chromatography with
M /10 sucrose solution in the first dimension
followed by M /10 sodium potassium tartrate
solution in the second, evident differences
between the plasma chromatograms appear
(Fig. 6, 7, and 8). On the other hand, the
presence of “Elvanol 51-05” fails to show
any obvious differences. “Elvanol 54-22”
yvields a much better separation of constitu-
ents of human plasma than is obtained with
either rat or guinea pig plasma. “Span 20"
gives excellent separations of the protein
components, but, whilst failing to show a
marked difference between human and rat
plasma, it gives a distinctive pattern with
guinea pig plasma. “NNO” gives a good
separation of the constituents of each of the
plasmas, but differences between the plasma
patterns are not very evident. “Tween 20,”
“Tween 817 and “Tween 85” are the best
surface active agents to use when examining
various human plasmas.

As a matter of practice when chromat-
ographing human plasmas, from different

pathological conditions, “Tween 817 and
“Tween 85" are being used regularly. They
seem to give the most satisfactory separa-
tions so far. It is obvious, however, that
there is great room for improvement, and
new surface active agents are being contin-
ually tested.

It has already been found that the pattern
of the chromatogram of a plasma, depends
on the nutrition of the animal and the re-
sults of our investigation into this matter
will form the subject of a separate communi-
cation. It is desirable, in comparing the plas-
mas of patients, to keep dietary conditions
as constant as possible. Preliminary work
with the plasmas of dogs, maintained on a
selected diet, has shown little individual var-
iation, so long as a proper control of the diet
is maintained.

Chromatography of pure proteins and pro-
tein mixtures. A number of chromatograms
has been made of preparations of purified
proteins and protein fractions isolated from
blood. These preparations have been kindly
presented by the courtesy of the Cutter Lab-
oratories and consist of the fractions of blood
plasma isolated according to the procedures
of Dr. Cohn and his colleagues(6). Electro-
phoretic analyses have shown that fraction
IIT consists of a mixture of «, B, and v
globulins and that of fraction V is largely
albumin. Chromategrams of fraction V are
shown in Fig. 9 (without Tween) and Fig, 12
(with Tween) and those of fraction of III
are shown in Fig. 10 (without Tween) and in
Fig. 13 (with Tween). It will be noted that
the chromatograms of fraction V indicate the
presence of more than one protein, whilst
those of fraction III show but little movement
in the second dimension. The chromatograms
of the separate fractions do mot resemble
that of blood plasma. When mixtures of the
fractions are taken in such proportions and
in such quantities as to constitute the propor-
tions and amounts of albumin and globulin
in blood plasma, chromatograms are obtained
which resemble those of normal blood plasma.

6. Cohn, E. J., Strong, L. E., Hughes, W, Lu;
Mulford, D. J., Ashworth, J. N., Melin, M., and
Taylor, H. L., J. 4Am. Chem. Soec., 1946, v68, 459,
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This is shown in Fig. 11 (without Tween)
and Fig. 14 (with Tween). The evidence
from a number of chromatograms of protein
mixtures indicates that an interaction be-
tween proteins occurs, whereby the chromato-
gram of a mixture of proteins is not neces-
sarily that to be expected from a simple addi-
tion of the chromatograms of the proteins
taken separately.

This fact is also illustrated by the results
of some preliminary experiments carried out
with mixtures of proteins with hemoglobin
and with cytochrome C. Chromatograms indi-
cate that both these substances may form
associations with other proteins, but further
experiments are required to decide whether
the conditions of the chromatographic technic
may result in sufficient dissociation of the
hemin from the hemoglobin or from the cyto-
chrome to produce hemin complexes with the
other proteins present.

Comparison of normal and hyper-imma-
nized horse serum. Through the courtesy of
the Department of Microbiology and Hygiene
of the University of Montreal, specimens of
normal horse sera and the sera of hyperim-
munized horses (immunized against diph-
theria toxin) have been obtained. Chromato-
grams of the two sera both with and without
the addition of a surface active agent are
shown in Fig. 15, 16, 17, and 18. For
experiment, 0.01 ml “Tween 85" was added
to a mixture of 0.02 ml 0.3% hemin solution
and 0.5 ml serum. Chromatography was
carried out on Whatman No. 1 filter paper
using M /10 sucrose solution in the first di-
mension and M/10 sodium potassium tar-
trate solution in the second dimension. It
will be seen that the chromatograms of the

sera (both with and without the addition of
the Tween) show differences from each other.
That of the hyperimmunized serum indicates
the existence of fractions not present in the
normal serum.

Summary. A technic for the two dimen-
sional chromatography of blood plasma and
protein mixtures on filter paper is described.
Separations of protein constituents are greatly
facilitated by the addition of surface active
substances such as the “Tweens” or “Spans,”
etc. The technic at present adopted is to
add “Tween 857 or “Tween 81”7 and, using
hemin as protein marker, to employ M/10
sucrose solution in the first dimension and
M/10 sodium potassium tartrate solution in
the second dimension. Differences between the
protein patterns of chromatograms of human,
rat and guinea pig plasma are noted. With
protein mixtures, associations of proteins may
occur that may be detected by chromatog-
raphy. The sera of hyperimmunized horses
(as against diphtheria toxin) yield chromato-
grams which differ from, and exhibit fractions
not present in, chromatograms of normal
horse sera.
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