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Chromatographic analysis on a cellulose anion-exchange adsorbent of the natural mixture of typical proteins found in

serum has been described. Gradients of pH and salt concentration were employed for elution.

Ion exchange appeared to

play a primary role in that most of the protein components emerged in the order of decreasing isoelectric point in the de-

creasing pH, increasing salt gradient.
by electrophoretic techniques.

(Effluent fractions were examined by ultraviolet spectrophotometry and characterized
Practically quantitative protein nitrogen recovery was obtained. The chromatographic

patterns were reproducible, and loads as high as 170 mg. protein per gram of adsorbent could be chromatographed with

good resolution.

were detected by chemical and immunological techniques.

Most protein fractionation procedures have been
designed for the purpose of purification of specific
components of complex mixtures. Relatively few
attempts have been made in the direction of in-
clusive schemes of fractionation which would si-
multaneously separate as many components of a
mixture as possible. These have relied, in general,
on solubility differences or differences in migration
velocity induced by various force fields. Particu-
larly for the fractionation of the proteins of blood
serum, does it appear necessary that inclusive pro-
cedures of great resolving power be developed for
preparative or analytical purposes.

Several groups of investigators have attempted
this with varying degrees of success. The elegant
methods based on solubility phenomena developed
by Cohn and his group for the fractionation of
blood! have provided ample evidence of the valuable
results to be obtained by such procedures. Other
investigators, by the systematic removal of salts by
ion-exchange resins® or by the careful and controlled
addition of ammonium sulfate® have provided the
basis for still other inclusive fractionation schemes
based on solubility.

The physico-chemical methods such as electro-
phoresis and ultracentrifugation have, in general,
been used as analytical rather than fractionation
procedures although separations into groups of sim-
ilar charge or weight distribution have long been
practiced. The more recent developments in elec-
trophoretic convection* and zomne electrophoresis in
supportive media® offer considerable promise for the
simultaneous and possibly continuous separation of
various components of protein mixtures.

The chromatographic method with ion-exchange
adsorbents, which has been so successful with sim-
ple and well-defined organic structures, has just
begun to find application in the separation of the
more complex, high molecular weight compounds.®
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Several chromatographic components were obtained in each of the globulin subdivisions.
colored protein components could be followed down the column and characterized in the efluent.

Bands of
Other specific components

Here again, however, except for a recent report,’
the emphasis has been on the study of specific
rather than general components of a protein mix-
ture.

The development in this Laboratory of cellulose
ion-exchange adsorbents of relatively high protein
capacity and low irreversible adsorption, and the
promising preliminary results achieved in a variety
of protein systems,*® prompted an investigation of
the use of these adsorbents in analytical and prepar-
ative fractionation schemes for the protein compo-
nents of serum. The experience to date affords
evidence for the feasibility of the chromatographic
procedure employing cellulose ion exchangers and
for the resolving power and reproducibility of the
technique, as well as for the tentative identification
of specific components in some areas of the chroma-
togram. The procedures to be described are not
presented as established methods, but rather as a
basis for further development along the diverse
lines undoubtedly required for the application of
this principle to the highly ramified studies of se-
rum proteins.

Experimental

Preparation of the Sample.—Three different serum prepa-
rations were used. Horse serum was prepared from the
fresh whipped blood of a single donor. OD human serum
was prepared from the outdated plasma samples of 3 normal
donors.® The plasma was clotted by the addition of throm-
bin, centrifuged, dialyzed against tap water for 4 days, and
finally, after dialysis against distilled water, it was lyo-
philized and stored in a refrigerator. FP human serum was
collected! from another group of 3 normal volunteers and
allowed to clot without the addition of thrombin. The
serum, after centrifugation was orange-yellow and quite
cloudy. Some was used immediately, and the remainder
was dialyzed for 24 hours against distilled water before lyo-
philization and storage in a refrigerator.

The fresh or lyophilized protein samples to be chromato-
graphed were dialyzed in the cold against the starting buffer,
0.005 M sodium phosphate at pH 7.0, the same buffer with
which the columns were equilibrated. The small amount of
white flocculent precipitate (globulin) which formed was
separated by centrifugation, and the clear amber superna-
tant liquid was applied to the coluinn and allowed to enter
the adsorbent under flow conditions induced by gravity.
Samples containing 100-150 mg. of N (600-900 mg. pro-

(7) H. G. Boman, Nalure, 175, 898 (1955).

(8) E. A. Peterson and H. A. Sober, THIs JoURNAL, T8, 751 (1956).

(9) H. A. Sober and E. A. Peterson, ibid., T8, 1711 (1954); E. A.
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tein) in 8-16 ml. were used, except in the experiment shown
in Fig. 6, where 775 mg. N (about 5 g. protein) in 39.5 ml.
was the column-charge.

Preparation of the Adsorbent Column.—The anion-
exchange cellulose adsorbents DEAE-Polycel or DEAE-
SF?® were used. After the exchange had been adjusted to
the desired pHY by the addition of NaH,POjy solution, they
were washed with buffer of the chosen pH and ionic strength
several times on a filter. Non-sedimenting material was
then removed by decantation. The adsorbent was poured
as a slurry into a glass tube fitted at the bottom with a
coarse fritted disc and was allowed to settle under flow
conditions induced by gravity. After gravity settling was
nearly complete, the adsorbent was further compacted by
the application of air pressure at 10 p.s.i. until a constant
column height was achieved. After such preparation, the
column would not run dry under gravity flow.

The packed adsorbent column was then mounted above
a fraction collector in a cold room (5°) and washed with
several column volumes of the same buffer to ensure pH and
temperature equilibrium. Approximately 28 g. of adsorb-
ent was used to prepare packed columns of 40-47 X 2.5 cm.
The exact height depended on the adsorbent employed.?

Development of the Chromatogram.—The equilibrated
protein samples were washed into the column with several
1-ml. portions of buffer before the continuous flow of buffer
was begun. Gradients of salt or pH—or both—were em-
ployed for elution in order to achieve the required range of
eluting power without sharp changes in the composition of
the eluant. Sodium phosphate buffers containing toluene
were used, with the addition of NaCl in the later parts of
the elution schedule to raise the salt concentration. Flow
rates of 10 to 12 ml. per hour were achieved with a total
hydrostatic head of about 40 in. At the completion of the
run, the adsorbents were regenerated with 1 ¥ NaOH.?

Gradients were established!? in the usual way by intro-
ducing, from a Mariotte-tube controlled separatory funnel,
buffer having the composition of the gradient limit into a
constant volume (250 ml.) mixing chamber. In the follow-
ing discussion gradient solutions will be designated in the
text and in the legends of the figures by their limit concen-
trations, although these were never reached in these experi-
ments.

All dialysis and column operations were performed in the
cold room and effluent tubes were covered and stored in a
refrigerator. Individual tube collections of about 6 ml.
were determined by a drop counter but the volume of each
tube was measured directly.

Examination of the Effiluent.—The effluent fractions were
routinely examined in a Beckman DU spectrophotometer at
260 and 280 mgu. Occasionally, other appropriate wave
lengths were employed when colored components were
eluted. Volume and pH determinations were performed
at room temperature on the contents of individual tubes.
Nitrogen was determined on aliquots from pooled fractions
by a modification of the Friederick method.!3

Electrophoretic Examination.—Effluent fractions from the
column were also routinely examined by electrophoretic
techniques. Rather large volumes of effluent, indicated by
the dotted vertical lines in the figures and designated by
upper case letters (in block capitals and in italics for horse
and human serum, respectively) were concentrated by
‘“pervaporation’’!* and subjected to boundary electropho-
retic analysis at pH 8.6 in 0.1 u veronalat 1° in the standard
11 ml. cell of the Klett apparatus. Mobilities and relative
concentrations were calculated from the descending bound-
aries. The gross sampling was necessary in order to pro-
vide sufficient protein for each determination.

In order to utilize more fully the resolving power of the
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chromatographic column, smaller combinations of efluent
fractions were examined by paper electrophoresis. These
samples are designated in the figures and the text by lower
case letters and numbers in italics and represent 3 to 5
tubes (18-30 ml.) at positions immediately above or below
the appropriate symbol. The solutions were concentrated
by ultrafiltration in the cold room to 0.3-0.5 ml. in the
manner described below,

The paper electrophoretic determinations were made on
0.01-0.03 ml. of such concentrated effluent in a hanging-
strip cell®% in 0.075 u veronal at pH 8.6. Eight Whatman
3 MM strips were run simultaneously in one cell for 18 hours
at room temperature under constant current conditions of
6 milliamp. per cell and under a potential of 68-72 volts.
The strips were stained in brom phenol blue under the con-
ditions recommended by Jencks, et al.®® The paper strip
patterns were evaluated by transmission densitometry with
the Analytrol,'” using a cam which provided linear response
for albumin dye-binding. Each electrophoretic run in a
given cell included at least 1 strip which contained 0.01 mil.
of a standard 39, albumin!® (BPA). Migration distances
or ‘“‘paper mobilities’’ were calculated relative to the move-
ment of this standard.

The boundary electrophoresis patterns (upper case
letters) were traced from a projected image and have been
adjusted along the mobility axis so that the various patterns
can be compared directly for mobilities, although not for
total concentration. The peak at the zero mobility point
is due to the starting salt boundary and is not a protein
component. The paper electrophoresis patterns (lower case
designations) were symmetrically reduced with the aid of a
pantograph and have not been adjusted with regard to con-
centration or mobility.

In the discussion that follows, a chromatographic compo-
nent will be classified, in the absence of data pertaining to a
specific characteristic, on the basis of its mobility in an elec-
trophoretic field at pH 8.6. The values expressed should
be multiplied by 10~% cm.? sec. ™ volt~!, Components with
mobilities less than —2.1 will be designated v-globulins;
between —2.1 and —3.4, B-globulins; between —3.4 and
—4.6, as-globulins; between —4.6 and —5.5, o-globulins;
and between —5.5 and —7.0, albumins. It will become
apparent that these designations are arbitrary and will have
to be modified in the future since several distinct chroma-
tog.raphic components have appeared in most of these cate-
gories.

Ultrafiltration Apparatus.—A 20 cm. disc was cut from
/5 in. brass stock and equipped with a !/; in. rubber gasket
to fit the ground surface of the lower part of a small desicca-
tor (Corning 3078). Seventeen §/3 in. holes were drilled
through the disc and also a small hole connecting the edge
with the bottom surface. A short brass tube fastened at
the side opening permitted connection to a vacuum line.
After lubrication of the gasket with silicone grease, the disc
was mounted on the desiccator. Reservoirs of 40 ml. ca-
pacity were formed by sealing 5 em. lengths of selected 6-7
mm. o.d. glass tubing to 12 cm. lengths of 20 mm. tubing.
The tip of each reservoir was inserted into a No. 1 rubber
stopper, and a cellophane dialysis sac, !/s X 2!/, in. and
knotted at one end, was slipped over the protruding end
until the knot was 4 em. from the end of the glass tubing.
It was then bound tightly to the glass with a well-stretched
rubber band. After the addition of the sample and the re-
moval of bubbles from the sac, the unit was inserted into
one of the holes in the brass disc-desiccator assembly.
When all the holes were filled, the internal space was evacu-
ated, and a cylindrical battery jar of suitable size was in-
verted over the reservoirs to prevent evaporation and con-
tamination from dust. With a filtering sac 4 cm. long and
a pressure difference of 2/; of an atmosphere, about 6 ml. of
liquid passed through each membrane per day. Usually
the ultrafiltrate was collected in vials mounted below the
sacs in a plastic tray. Protein solution concentrated at the

(15) F. G. Williams, Jr., E. G. Pickels and E. 1. Durrum, ib:d., 121,
829 (1955).

(16) W. P. Jencks, M. R. Jetton and E. L. Durrum, Biochem. J.,
60, 205 (1935).

(17) The electrophoretic cell, power pack and Analytrol were ob-
tained from the Spinco Division, Beckman Instruments, Inc., Belmont,
California.

(18) Crystallized bovine plasma albumin, Armour Labs., Chicago,
Illinois.
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wall sank to the bottom of the sac and in several cases
brightly colored layers were formed. Losses due to the dry-
ing of protein on the wall of the sac were much smaller than
those encountered when ‘‘pervaporation’’ was used, be-
cause a very small area of cellophane was employed and
only a fraction of that was allowed to become dry in the
course of concentrating the sample to 0.3-0.5 ml. Upon
completion of the ultrafiltration the sacs and their contents
were inserted into small vials and cut away from the reservoir
tips with a razor blade, then stored in a refrigerator until
used.

Results

Horse Serum.—In Fig. 1is shown the elution dia-
gram obtained when dialyzed and lyophilized horse
serum protein was chromatographed on the anion
exchanger, DEAE-Polycel. The starting buffer,
0.005 M sodium phosphate at pH 7.0, was con-
tinued to point II, after which decreasing pH and
increasing salt gradients were instituted at points
indicated in the figure. The first three chromato-
graphic components (in A and B, Fig. 1) had mo-
bilities in the ~-globulin range as represented by
the shaded areas at the top of the figure. Observa-
tions made in other experiments indicate that all
the protein emerging before point III belonged in
that category. In the subsequent fractions there
was a general trend toward increasing mobility, but
none of the combinations of fractions examined
electrophoretically were homogeneous. In this
chromatogram, material with albumin mobilities
did not begin to appear until fraction G, after
about 900 ml. of effluent had emerged.

HORSE SERUM ON DEAE- POLYZEL (36 X25CH)

@
A
RN
PUAN

1.4 H . QRIGINAL

\,

D2g0-

K . 075 1o ES L\S 20
EFFLUENT VOLUME [ LITERS )

Fig. 1.—Effluent diagram of horse serum: 670 mg. dialyzed
and lyophilized protein (79 mg. N) in 6 ml. applied to 25 g. of
adsorbent; effluent collected in 5-6 ml. fractions. Buffers:
I, 0.005 M Na phosphate, pH 7.0; II, gradient to 0.02 A/
Na phosphate, pH 5.9; III, gradient to 0.1 M/ NaCl-0.05
M NaH;POQy; 1V, gradient to 0.5 M NaCl-0.1 i NaH.PO..
Mixing chamber volume, 250 ml. Shaded areas are bound-
ary electrophoretic patterns of the fractions included be-
tween the broken vertical lines. Peaks at the zero mobility
point are due to the starting salt boundary and are not pro-
tein components, Mobility scale units = —1 X 1075 cm.2?
sec. ™! volt—1

Another chromatogram of horse serum protein
which differs from that just mentioned only in re-
gard to the elution schedule is shown in Fig. 2.
In this case, a gradient to 0.02 M sodium phosphate,
pH 6.0, was introduced at about 72 ml. (I1), at the
beginning of peak A rather than at the end of the
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peak as in the previous figure. As a result, fewer
chromatographic peaks appeared in fractions A
and B. Another change in elution schedule, the
introduction of a gradient to 0.05 M NaH;PO; at
250 ml. (I1I, Fig. 2) resulted in the emergence of a
new, well resolved peak, E. This component ap-
peared in Fig. 1 as a small hump on the leading edge
of the large peak, E. The remainder of the chro-
matogram was less well resolved thanin Fig. 1. Itis
noteworthy that in both of these chromatograms a
component which moved faster than albumin in the
electrophoretic field became apparent only after
chromatographic separation (see original and G in
Figs. 1, 2) and emerged before the bulk of the albu-
min.
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Fig. 2.—Effluent diagram of horse serum with altered
elution schedule: 880 mg. dialyzed and lyophilized protein
in 6.1 ml. applied to 24 g. of adsorbent; effluent collected
in 6-7 ml fractions. Buffers: I, 0.005 M Na phosphate,
pH 7.0; 11, gradient to 0.02 M Na phospate, pH 6.0;
III, gradient to 0.05 M NaH.PO.; IV, gradient to 0.1 M
NaCl-0.05 M NaH;POy; V, gradient to 0.5 M NaCl-0.1 M
NaH;PO,;. Remainder as in Fig. 1.

Human Serum.—A standardized elution sched-
ule derived from our experience with horse serum
has been applied to two different samples of human
serum, and the effluent diagrams that have re-
sulted are shown in Figs. 3, 4 and 6. The pro-
tein was applied to the adsorbent in 0.005 M
sodium phosphate, pH 7.0, at I, and gradients were
instituted as indicated in the figures.

The effluent pattern obtained from dialyzed and
lyophilized outdated human serum (OD) is shown
in Fig. 3, and a comparable!® chromatogram ob-
tained from the fresh serum of other donors (FP) is
given in Fig. 4. Comparison of these elution dia-
grams showed that an additional sharp peak, g,
(Fig. 4) was obtained from the fresh serum, al-
though absent from the OD serum chromatogram.
Chromatography of lyophilized FP serum resulted
in an elution diagram essentially identical to that
shown in Fig. 4. However, dialysis of the lyophil-
ized FP serum against the starting buffer, 0.005 M/
sodium phosphate at ¢H 7.0, for 35 hours rather
than 18 hours, produced a chromatogram in which

(19) No difference in resolution has been encountered between

DEAE-Polycel and DEAE-SF although the latter showed a higher
resistance to the fow of buffer.®
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Fig. 3.—Effluent diagram of OD human serum: 970 ing.
dialyzed and lyophilized protein (128 mg. N) in 7.5 ml. ap-
plied to 29 g. of adsorbent; effluent collected in 6-ml. frac-
tions; flow rate, 15-16 ml./hr. Buffers: I, 0.005 M Na
phosphate, pH 7.0; II, gradient to 0.02 M Na phosphate,
pH 6.0; III, gradient to 0.05 M NaH,PQ,; IV, gradient to
0.02 M NaCl-0.05 M NaH,POQ,; V, gradient to 0.05 M
NaCl-0.05 M NaH,PO,; VI, gradient to 0.1 M NaCl-0.05
M NaH,POs Mixing chamber volume 2.50 ml. See text
for explanation of symbols.

peak g was absent. Perhaps prolonged dialysis
after lyophilization removed a small molecule from
an ‘“‘albumin complex” so that the chromatographic
behavior of the residual albumin was no longer dif-
ferent from that of the bulk of the albumin in serum.
The apparent absence of an a; peak in Fig. 4 is a
consequence of the broadening of the bands of
slightly retarded protein as a result of the applica-
tion of the sample in twice the usual volume (un-
concentrated serum). Chromatography of lyo-
philized FP serum, applied in a smaller volume,
demonstrated the presence of this component.
However, other differences in the elution diagrams
appear to reflect real variation in the composition of
the two samples.

Load, Recovery and Reproducibility.—The usual
column charge in the human serum fractionation
studies was 130 to 150 mg. of protein N for 28 to
29 g. of adsorbent, about 5 mg. N per g. (Figs. 3
and 4). This has been increased 5-fold in Fig. 6,
while maintaining good resolving power, and it
became easy to follow the migration of colored
bands along the column. The effluent pattern of
Fig. 6 is generally similar to that of Fig. 4 in that
corresponding components emerged at approxi-
mately the same effluent volumes (compare frac-
tions q, d, and o with 1, 8, and 28). Additional de-
tail in the form of small peaks has appeared in Fig.
6, but the components labeled fi, f» and g in Fig. 4
are poorly resolved in the corresponding region of
Fig. 6 (13-18).

Recovery of protein from the columns was de-
termined in 27 different chromatographic experi-
ments dealing with serum or serum fractions. With
column loads of 3 to 23 mg. of protein N per g. of
adsorbent, the nitrogen recovery averaged 87 =
129,, which in view of the large number of sub-
fractions collected (as many as 400) and the many
manipulations involved, can be considered quanti-
tative.
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Fig. 4.—Effluent diagram of FP human serum: 20 ml of
dialyzed fresh FP serum (156 mg. N) applied to 28 g. of
adsorbent; effluent collected in 6-7 ml. fractions; flow
rate, 11 ml./hr. Broken line and scale at right represent
pH of effluent. Remainder as in Fig. 3.
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Fig. 5.—Comparison of paper and boundary electrophore-
sis patterns of chromatographic fractions from Fig. 4. See
text for symbols and electrophoretic conditions.

With a given elution schedule and a given serum
the reproducibility of the positions and magnitudes
of the chromatographic peaks was excellent. When
serums from different donors were chromatographed
the peaks varied in size, but corresponding com-
ponents emerged at the same points. A pooled
fraction similar to that encompassed by GHI of Fig.
3 was concentrated by ‘‘pervaporation” and re-
chromatographed on the same adsorbent column
(regenerated) with the original elution schedule.
The center of the resulting peak emerged at 1680
ml., closely matching its appearance in the original
chromatogram at 1670 ml. A small second peak
appeared at the position occupied by the succeed-
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Fig. 86.—Effluent diagram of 5-fold amounts of FP human
serum: 5.0 g. of dialyzed and lyophilized protein (775 mg. N)
in 39.5 ml. applied to 30 g. of adsorbent; effluent collected in
7-ml. fractions; flow rate, 12 ml./hr. The diagonal, crossed
diagonal and stippled areas represent the red, tan and blue
bands, respectively, with the distance of the band from the
bottom of the column indicated by the scale at the right.
Broken line represents Dyss mu, dashed-dotted line, Dy mu.
Remainder as in Fig. 3.

ing component of the original chromatograph (cor-
responding to j in Fig. 3). Since the original peaks
overlapped, the presence of the second component
in the rechromatographed sample was to be ex-
pected.

Elution Schedule, the Effect of pH and Salt.—
Early experiments had indicated that the affinity
of the anion exchange adsorbents for a specific
component could, in general, be reduced in at
least three ways: (1) a decrease in the pH of the
solution, reducing the anionic character of the
protein; (2) a rise in pH, partially repressing the
ionization of the tertiary amine groups of the ad-
sorbent®and thus curtailing the anion-binding capac-
ity of the exchanger itself; and (3) an increase in
the ionic strength of the buffer. Chromatograms
have been developed with increasing or decreasing
pH gradients and with salt gradients alone. Each
of these procedures resulted in some degree of reso-
lution.

Because the isoelectric points of the recognized
components in serum range from pH 3 to 8,! and
they are gemnerally stable in the slightly acid range,
the serum protein mixtures have been applied to
the adsorbent at pH 7.0, accomplishing elution by
the gradual reduction of pH and the simultaneous
increase in salt concentration. Relatively little
work has been done on the improvement of elution
schedules. Probably no single scheme can be ex-
pected to suit all purposes. The schedules em-
ployed here have given a fair degree of resolution,
particularly with the serum proteins of high isoelec-
tric points, but exploration in this area has been
deferred in favor of developmental work on the
characterization of a multiplicity of small fractions.
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Fig. 7.—Paper electrophoretic patterns of chromato-
graphic fractions from Fig. 6. See text for symbols and
electrophoretic conditions.

It should be emphasized that while the elution
schedules in the legends to the figures are designated
in terms of the gradient limit, protein eluted from
the column during the period in which that gradient
was being used was never in contact with solution
of that composition since the gradients were not
permitted to run long enough, and the buffering
action of the adsorbent, as well as that of the pro-
tein, tended to modify the pH and salt gradients.

As an illustration of the effect of the adsorbent
and the protein in modifying the eluting solution,
the pH of the effluent (broken line) is included in
Fig, 4. The pH remained at the initial value of
7.0 for about 250 ml. A gradual rise to a maximum
of pH 7.27 at peak ¢, occurred, followed by a slow
decrease. The pH was 6.40 at IV, 5.90 at V, and
5.44 at VI. At the end of peak p, the pH had only
dropped to a value of 4.80, although NaH,PO, had
been entering the column since 350 ml. (III).
Although NaCl was introduced at 900 ml. of ef-
fluent (IV) chloride did not emerge from the col-
umn until about 1500 ml. had appeared. Since
the maximuwm mechanical hold-up of the column
was about 73 ml. (the volume at which the first
peak appeared), retardation of chloride by the
adsorbent is evident. The addition of NaCl was
a convenient means of increasing the salt concen-
tration of the eluent without contributing addi-
tional buffer components (e.g., NaH,PO,) which
would undergo acid-base reaction with the in-
completely titrated adsorbent. The observed bind-
ing of chloride by the adsorbent was the result of
exchange with phosphate already bound.

Electrophoretic Characterization.—An inspec-
tion of the electrophoretic patterns in Figs. 1, 2, 5
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and 7 shows that there was a general trend toward
higher electrophoretic mobilities in successive
fractions, as one would expect if ion exchange
were playing a dominant role. The proteins with
high isoelectric points lost their anionic character
earlier in the declining pH gradient than those with
lower ones. This generalization holds for fractions
A through F in Figs. 1 and 2, for samples a through
¢ in Figs. 8, 4 and 5; and for samples 7-16 in Figs.
6 and 7. It can be most easily demonstrated from
Fig. 2 in which the first four peaks, A, B, Cand D
were electrophoretically homogeneous in veronal at
pH 8.6, with mean mobilities of —0.86, —1.32,
—1.53 and —1.84 X 107° cm.? sec.”! volt~!, re-
spectively. A combination of peak A and B (yx =
—0.86 and —1.32) resulted in a single peak in the
electrophoretic field with a mean mobility of —1.13.
Fraction E had 2 components with mobilities of
—2.29 and —3.00 and fraction F contained compo-
nents with mobilities of —2.73, —3.59 and —4.33
X 107% cm.? sec. 7! volt—L

Preliminary chromatographic studies with Red
Cross y-globulin® have provided fractions which
emerged from the anion exchanger with a decreas-
ing pH and increasing salt gradient in the order of
increasing mobilities. On the other hand, elution
from a cation exchanger, CM-cellulose,® with a gra-
dient of increasing pH and salt concentration pro-
vided fractions which emerged in the order of de-
creasing mobilities.

Electrophoretic examination of the {ractions
emerging from the anion exchanger beyond F in
Figs. 1 and 2, g in Figs. 3 and 4, and 16 in Fig. 7
reveal several components which do not appear to
follow the generalization just presented. These
anomalies may result from (1) a difference in the
relative order of decreasing electrostatic charge on
the proteins within the buffer-column milieu, as
compared with that obtaining in the veronal buf-
fer used for electrophoresis; (2) the formation of
protein complexes which are stable under the
chromatographic conditions employed (pH 7.0-
4.8) but unstable at pH 8.6 in veronal; or (3) the
existence of specific affinities of a non-electrostatic
nature between the adsorbent and the protein.

The constituent mentioned above which moves
faster than albumin in the electrophoretic field
would be expected, on a purely ion-exchange basis,
to move more slowly on the anion exchanger than
albumin itself. This was actually the case for
both lots of human serum, where the faster-than-
albumin component (u = —7.7) emerged after al-
bumin (u = —6.4to —6.9) at the end of the chro-
matogram (see NOand o, Fig. 5; and 28-30, Fig. 7).
However, in the horse serum chromatograms the
corresponding component (p = —8.2) emerged
before albumin in fraction G (Figs. 1 and 2). A
component in normal undialyzed plasma with
similar electrophoretic properties in 0.1 M NaCl at
pH 8 has been reported.?!

A comparison of the diagrams obtained from
specific areas of a serum chromatogram (Fig. 4) by
paper and boundary electrophoresis is given in Fig.
5. General agreemnent is apparent. The differ-

(20) Ohtained through the courtesy of Dr. J. N. Ashworth of the
Amnerican Red Cross.
(21) H, Hoch and A. Chanutin, J. Biol. Chem., 200, 241 (1953).
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ences that do occur are a reflection of the fact that
the paper electrophoresis was performed on smaller
combinations of effluent tubes than the boundary
electrophoresis. A careful examination of Fig. 5
as well as Fig. 7, which contains the patterns ob-
tained from specific areas of the chromatogram
shown in Fig. 6, indicates the difficulty encoun-
tered in attempting to classify components solely on
the basis of electrophoretic mobility. Samples ¢-¢;
(Fig. 5) and 14 (Fig. 7) showed only mobilities in
the v range, whereas the effluent diagrams (Fig. 4
and 6, respectively) clearly indicated several com-
ponents. Protein with mobilities in the 8 range
appeared first in samples ¢; and 5 and continued
through f; and 15. The heterogeneity of this 8-
protein, apparent in the chromatograms, was sub-
stantiated by sharp differences in the color of the
fractions.

Mobilities in the a, range were present to a con-
siderable extent in samples f and g and 12-16 but
were practically absent in samples #, ¢« and 17-19.
More than 939, of the latter samples consisted of
material with the mobility of albumin. In fraction
20, a peak in the S-region was again discernible and
as- and os-mobilities began to appear. Fractions
21-23 showed a progressive increase in relative con-
tent of a ‘“‘fast” as- and an «;-component, concomi-
tantly with a relative decrease in material in the
albumin range. Samples 26-29 showed a progres-
sive redistribution of material having as- and ay-mo-
bilities, the first decreasing while the latter in-
creased. In fractions 28-30 (Fig. 7) the faster-
than-albumin component appeared. The same
general trends could be observed in other serum
runs (e.g., Fig. 3).

Specific identification of each of the components
indicated by this combination of chromatographic
and electrophoretic techniques requires further
separation or the use of other criteria.

Colored Components.—The application of the
yellow serum protein solution to the top of the
adsorbent column quickly produced a series of dis-
tinct colored bands. In the order of increasing
adsorption, they appeared buff, red, tan, yellow
and blue. During elution in the usual chromato-
grams, where 1 g. of protein was added to a 30-g.
adsorbent column, the buff band was visible for
only a short time. The red and tan bands moved
down the column at different rates and could be
followed for some distance. The yellow band
broadened and moved away from the top of the
column leaving a narrow blue band which was the
last to move. In the usual runs (Figs. 3 and 4)
none of the bands could be followed out of the col-
umn although the blue band was discernible for
about 809, of the column length. Concentration
of the effluent fractions by ultrafiltration revealed a
deep red in fraction 4 and a deep blue in fraction o
(Fig. 4). The intervening fractions were very
faintly yellow.

In the chromatographic run shown in Fig. 6
where the initial serum load was 5 times the usual
amount, the colored bands were so intense that
some of them could be followed all the way down
the column into the effluent. The niovement of
the red, tan and blue bands is shown in Fig. ¢ by
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the diagonal, crossed diagonal and stippled areas,
respectively. The yellow band between the tan
and blue was not plotted since it became very broad,
with diffuse boundaries, and appeared to contain
three maxima which could not be defined reliably.
The distribution of the red color (458 mu) and the
tan color (406 my) is shown in the figure by broken
and dashed-dotted lines, respectively. The blue
color was followed to the bottom of the column but
unlike the red and tan components could not be
seen in the unconcentrated effluent.

Concentration of the effluent tube combinations
some 50-fold by ultrafiltration produced colorless
solutions in fractions I-7, deep red in &, orange in
9, yellow in 10-13, yellow-amber in 14, and deep
tan in 15. Fractions 16—27 were yellow with max-
ima at fractions 16-17 and 19-20. Thereafter the
intensity of the yellow color decreased. Fraction
28 was a deep blue and 29-30 were colorless.

The red component in fraction § had the elec-
trophoretic mobility of a 8-globulin at pH 8.6 (Fig.
7), and material with this mobility accounted for
90%, of the sample. The solution showed maxima
at 278 and 462 mu.?? Its properties agreed with
those of the 8;-metal-combining protein which was
first described by Schade and Caroline?® and later
named siderophilin® or transferrin.?® It was
concentrated by Surgenor, ef al.,?® and crystallized
by Koechlin® and Laurell.??

The tan band emerged in fraction 15 (Fig. 6), the
point at which albumin first appeared (Fig. 7). It
showed maxima at 278 and 407 mu with a 278/407
ratio of about 10. This colored component resem-
bled in absorption spectrum and electrophoretic
mobility the “‘methemalbumin” prepared by Rosen-
feld and Surgenor® and reported to occur as an ab-
normal component of blood plasma in certain dis-
eases associated with excessive hemolysis.??

The yellow fractions, 16-17 and 19-20 which
contained primarily albumin-type mobilities may
well be complexes of albumin and various small
molecules stable under chromatographic conditions
but dissociated in veronal at pH 8.6. However, it
has been observed, in these studies, that the mo-
bility of the albumin component in successive frac-
tions varied in electrophoretic mobility from —6.40
to —6.85 X 107 cm.? sec. 7! volt—L

The appearance of the blue component at the end
of the chromatogram in fraction 28 coincided with
the appearance of a ‘‘fast” ay-component in paper

(22) C. B. Laurell (Adcta Chem. Scard., T, 1407 (1953)) has described
a highly purified and recrystallized preparation of ‘'transferrin’ from
pig’'s plasma. He suggested that the absorption ratios 278 mu/470
my and 470 mu/408 mu be used as criteria of purity and reported 25
and 1.4 as the respective values obtained from 4-5 times crystallized
material. Qur fraction d (Fig. 4) from human serum gave values of
21 and 1.3 for 278 mu /462 mu and 462 mu/408 my, respectively, with-
out further purification.

(23) A. L. Schade and L. Caroline, Science, 104, 340 (1946).

(24) A.L.Schade, R. W. Reinhart and H. Levy, d»ch. Biockem., 20,
170 (1949).

(25) C. G. Holmberg and C. B. Laurell, Acia Chem. Scand., 1, 944
(1947).

(26) D. M. Surgenor, B. A. Koechlin and L. E, Strong, J. Clin.
Invest., 28, 73 (1949).

(27) B. A, Koechlin, THiS JOURNAL, T4, 2649 (1952).

(28) M. Rosenfeld and D. M. Surgenor, J. Biol. Chem.{ 188, 663

1950).
( (29)) M. Rusenfeld, C. G. Zubroil, W. ID. Blake und J. A. Shanunon,
J. Clin, Invest., 37, 138 (1948).
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electrophoresis (Fig. 7). This fraction showed ab-
sorption maxima at 278 and at 602 mu. The blue
color and the absorption at 602 myu disappeared
in the presence of ascorbic acid and was regenerated
by exposure to atmospheric oxygen. The blue
component exhibited the properties attributed to
caeruloplasmin?:38! and comprised about 30%
of this fraction, on the basis of spectrophotometric
data. A deficiency of caeruloplasmin has been re-
ported?®? in the serum of patients with hepatolentic-
ular degeneration (Wilson’s disease) by Schein-
berg and Gitlin, who suggested that this disease
was another example of a pathologic condition re-
lated to a congenital deficiency of specific plasma
protein.

Other Specific Components.—The distribution of
hexosamine in the column effluent was examined.3?
It was found, in a run similar to that shown in Fig.
3, that 2 maxima of hexosamine concentration oc-
curred: one at fraction d (1.89, hexosamine in pro-
tein) and one at 0 (49,). Fractions ¢ and #, ¢ con-
tained 0.49, hexosamine, a value as low as that ob-
tained for crystalline albumin.!® This distribution
of hexosamine is in general accord with the reported
distribution among the electrophoretically char-
acterized proteins.! However, as much as 7.25%
hexosamine has been found in a terminal peak of a
chromatogram of pathological serum.

Thrombin activity, as measured by the ability to
form a clot with fibrinogen, was localized?® in frac-
tion 29 (Fig. 7). None was detected in fractions 2§
or 30. Since caeruloplasmin preparations have al-
ways shown thrombin activity® and since fraction
28 contained the bulk of the caeruloplasmin but
no thrombin activity, it can be concluded that
thrombin was a contaminant in previous caerulo-
plasmin preparations.

Immunological examination® of effluent frac-
tions (Fig. 6) for albumin by the Oudin® technique
showed that albumin was just detectable in fraction
9 but absent in earlier ones. Albumin reaction rose
to a maximum in the area encompassed by frac-
tions 16-22 and then decreased. Slight albumin
activity was detected beyond fraction p.

Effluent fractions were also examined® for oroso-
mucoid.?® Nearly all of the orosomucoid was
found in an area corresponding to #, o and p of
Fig. 3, which is also the area with the highest

(30) K. Laki, Abstract Communications, XVII, Intern. Physiol.
Congress, Oxford, 373 (1947); C. G. Holmberg and C. B. Laurell,
Actia Chem. Scand., 3, 550 (1948).

(31) We are indebted to Dr. D. R, Kominz for unpublished results
which he kindly made available to us.

(32) 1. H. Scheinberg and D. Gitlin, Science, 116, 484 (1952).

(33) We are indebted to Dr. N. F. Boas and Mr. J. B, Foley for the
hexosamine determinations (J. Biol. Chem., 204, 553 (1953).

(34) We are indebted to Dr. K. Laki for these determinations.

(35) Personal communication from Dr. K. Laki.

(38) We are grateful to Dr. E. L. Becker of the Army Medical Serv-
ice Graduate School, Washington, D. C., who performed this examina-
tion with sheep anti-mercaptalbumin.

(37) J. Oudin, Compt. rend. Acad. Sci., 223, 115 (1946).

(38) We are indebted to Dr. R. J. Winzler of the University of
Illinois College of Medicine, Chicago, Illinois, for the examination of
the chromatographic fractions by a quantitative immunological
method with chicken anti-orosmucoid.

(39) R. J. Winzler, A. W. Devor, J. W. Mehl and I. M. Smyth,
J. Clin, Invest., 27, 609 (1948): H. E. Weimar, J. W. Mehl, and R. ]J.
Winzler, J. Biol. Chem. 185, 561 (1950); K. Schmid, THIS JOURNAL,
75, 60 (1953).
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hexosamine content. A sub-fraction contained
749, orosomucoid. Orosomucoid, with its low
isoelectric point of 2.8 emerged from the column at
a position in accord with the assumption that ion
exchange was primarily responsible for the chroma-
tographic separation.

Discussion

The procedures described were time consuming
(8-9 days), and the protein emerged from the col-
umn considerably diluted. Concentration by ‘‘per-
vaporation” involves the risk of losses by drying
on the cellophane walls and ultrafiltration is rela-
tively slow. However, preliminary experiments
have indicated the feasibility of concentrating
large volumes of dilute protein solution of low
ionic strength by adsorption on very short cation-
exchange columns at pH 5.0, followed by displace-
ment in a sharp band with a strong eluting agent
such as 0.05 M/ NaCl-0.05 M/ NaH,PO,.

Work in progress has indicated that the complex
mixture of proteins in serum can be separated into
groups by stepwise elution from short columns in
one day. Further resolution of these groups can
then be attempted on separate columns of the
same type under different elution conditions or
with other cellulose ion-exchangers.

The chromatograms presented here demonstrate
the separation of y-globulins from whole serum into
electrophoretically homogeneous fractions hav-
ing different mobilities at pH 8.6. As indicated in
the discussion of the horse serum chromatograms
in Figs. 1 and 2, y-globulin fractions with distinctly
different individual mobilities may appear as a sin-
gle electrophoretic peak when combined. These
observations support the concept of a more or
less continuous distribution of mobilities within the
v-globulin range which is not resolved by conven-
tional electrophoretic techniques but has been in-
dicated by results obtained by electrophoretic con-
vection and immunological methods.® Prelimi-
nary studies with Red Cross y-globulin on cellulose
ion-exchangers have also resulted in the separation
of several components.®

Protein with the mobility and immunological

(40) S. M. Timasheff, J. G. Kirkwood and A, W. Moyer, Federation
Proc., 18, 310 (1954); J. R. Cann, R. A. Brown, J. G. Kirkwood and

J. H. Hink, J. Bsol. Chem., 188, 663 (1950); J. R. Colvin, D. B. Smith
and W. H. Cook, Chem. Revs., 54, 687 (1954).
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properties of albumin was found throughout the
latter half of each serum chromatogram. It is
unlikely that this was merely a consequence of
poor desorption of albumin and mercaptalbumin or
an artifact of the chromatographic procedure.
Evidence for the multiple nature of the albumins,
either as distinct molecular species or as complexes
with small molecules, is afforded by the distribu-
tion of color, the differences in the electrophoretic
mobility of successive fractions, and the chromato-
graphic integrity of an albumin fraction rechroma-
tographed under the original conditions. More-
over, preliminary results obtained in the chromatog-
raphy of Red Cross serum albumin (Fraction V)
on a cellulose anion-exchanger demonstrated the
presence of at least three compomnents which dif-
fered in electrophoretic properties at pH 4.0, in
sugar content, in tyrosine-tryptophan ratios, and
in immunological behavior.4

It is unfortunate that the poor separation in
the albumin and a-globulin regions tends to ob-
scure the rather good separation of the specific pro-
teins examined. Recourse to the use of other elu-
tion schedules or rechromatography on other ad-
sorbents® will be necessary.

Results obtained to date have shown that the
chromatographic procedure with the cellulose ex-
changers can become the basis for the separation of
a variety of protein mixtures. Preliminary studies
with Red Cross vy-globulin? have indicated that
immunological properties have been retained and
fractionated. Studies with crystalline bovine se-
rum albumin!® have shown that the sedimentation
constant and the electrophoretic mobility at pH
8.6 have remained unchanged after the protein has
been chromatographed three times on the anion-
exchange adsorbent. Effluent fractions subjected
to ultracentrifugation before concentration or stor-
age have shown a great reduction, if not complete
removal, of the heavy component usually present
in this crystalline protein.

These preliminary observations as well as more
extensive chemical, immunological and enzymatic
characterization of the serum fractions are being
further developed and the isolation of specific com-
ponents on a preparative scale is contemplated.

BETHESDA, MbD.

(41) Unpublished work in collaboration with Dr. E. L. Becker.



