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Chromatographic techniques have recently been
introduced which provide new approaches to
serum protein separation and characterization
(1-4). Sober, Gutter, Wyckoff, and Peterson,
using diethylaminoethyl (DEAE) cellulose, de-
scribed the initial application of anion-exchange
cellulose chromatography to the fractionation and
identification of serum proteins (1, 2). Their
study indicated the great potential usefulness of
anion-exchange cellulose chromatography for the
study of proteins, but considerable time and work
was required to carry out a single determination.
The system of analysis employed in these stud-

ies was adapted from a technique developed dur-
ing a continuing investigation by Drs. Peterson
and Sober (5) of chromatographic methods for
protein separation. It differs from the technique
described previously (2) principally in the use of
a single gradient elution system and in modifica-
tions introduced in the present study for the pur-
pose of decreasing the initial loss of euglobulins
and reducing the time and work involved. These
modifications made feasible the chromatographic
examination of multiple individual serum samples
and serum fractions. Serum samples of 20, 10,
2, and 1 ml. have been examined by this method.
The present study reports the initial findings in

the application of the modified chromatographic
procedure to the examination of normal human
serum and serum obtained in various diseases.
The chromatographic fractions of normal serum
were characterized by electrophoresis and by car-
bohydrate and cholesterol content. The chroma-
tographic behavior of siderophilin (iron-binding
protein, transferrin), vitamin B12-binding protein,
thyroxin-binding protein, alkaline and acid phos-

phatases, myeloma protein and radioiodinated
human serum albumin was also determined.

METHODS

Sample. Early morning fasting blood samples were ob-
tained and allowed to clot at room temperature for about
four hours. Serum was removed after centrifugation, and
dialysis was started immediately or the sample was frozen
for future analysis. The serum to be chromatographed
was dialyzed at 40 C. for six or more hours with internal
stirring against at least three changes of 15 to 30 volumes
each of pH 8 sodium phosphate buffer that was 0.01 M
for phosphate. After dialysis, a small amount of white
flocculant precipitate, comprising 0.5 to 3 per cent of the
total serum protein was separated by centrifugation at 2
to 40 C. The volume of the clear amber supernatant
serum was measured and an aliquot was set aside for
analytic purposes.
Column preparation. Anion-exchange cellulose adsorb-

ent, DEAE-SF, which had been prepared as a single
large batch, was used throughout these studies.' After
each chromatogram was completed, the adsorbent was
regenerated (1), employing the following sequence of
washes: 0.3 M monosodium phosphate, 0.5 N sodium hy-
droxide alternating with water, acidified alcohol to re-
move nonsaponifiable lipid, and finally alkali and water
washes prior to adjustment of the adsorbent to pH 8.
The adsorbent was then rinsed with at least 1 L. of
0.01 M pH 8 sodium phosphate buffer. A dilute suspen-
sion of the adsorbent was added to a 2.5 cm. O.D. pyrex
column and packed with the aid of air pressure (grad-
ually increased to 10 p.s.i. to maintain an effluent flow of
1 ml. per 15 to 30 seconds), then transferred to a cold room
(40 C.) and washed further with buffer. Approximately

1 Solka-Floc SW-40B was sieved to obtain a 230 to 325
mesh fraction that was used as the starting material in
preparation of the DEAE-cellulose, which was generously
made available by Drs. E. A. Peterson and H. A. Sober.
This preparation contained 1.34 per cent nitrogen (0.96
mEq. per Gm.).
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TABLE I

Conditions employed for chromatography of a range of serum volumes

Column size
(cm.)

Serum
Adsorbent sample Adsorbent x 0. D. Round Erlenmeyer Flow rate

(Gm.) (mi.) length of tube flask* flaskt (ml./hr.)

16 20 36.5 X 2.5 1,000 500 20-25
9 10 21 X 2.5 500 250 15-20
3 2 29 X 1.4 250 125 10

110 55 10
2 1 27 X 1.2 110 55 10

* Size of flask and volume (ml.) of 0.01 M pH 8 phosphate buffer.
t Size of flask and volume (ml.) of 0.30 M monosodium phosphate.

16 Gm. of adsorbent was used to prepare columns packed
36 cm. high.
Development of the chromatogram. Elution of proteins

was accomplished by a system which produced a continu-
ous rise in phosphate molarity from 0.01 to 0.30 M and a
fall in pH from 8.0 to 4.5 in the buffer entering the col-
umn. This was achieved by the apparatus (5) illustrated
in Figure 1, which consisted of a cone-shaped reservoir
(Erlenmeyer flask) filled with 0.3 M monosodium phos-
phate connected by a syphon to a spherical mixing cham-
ber (round bottom flask) filled with 0.01 M pH 8 sodium
phosphate buffer. The syphon and tubing leading to the
column were filled with this latter buffer. Dialyzed
serum was applied to the column as previously described
(2), and continuous buffer flow from the gradient elu-
tion apparatus was started. With the 16 Gm. adsorbent
columns a flow rate of approximately 20 to 25 ml. per
hour was achieved with the flasks 32 inches above the top
of the adsorbent column. Effluent fractions of 4 ml. or
8 ml. were collected in an automatic fraction collector 2
from the time of introduction of serum onto the adsorbent.
For smaller serum samples (or equivalent amounts of

protein) the equipment was modified as outlined in Table
I. The relative ratio of the capacity of the round bottom
and the Erlenmeyer flasks was kept at 2:1. In the
smaller chromatograms 3 ml. fractions were generally
collected.
Examination of the effluent. The effluent fractions

were routinely examined for protein content in a Beck-
man DU spectrophotometer by measuring the optical den-
sity at 280 mny. Biuret determination of the total protein
in serum was made by the method of Gornall, Bardawill,
and David (6). Dilute solutions were tested by the
modification described by Lever and co-workers (7).
Each series of biuret readings was standardized against
a preparation of crystalline bovine serum albumin which
had been checked by a micro-Kjeldahl method. pH meas-
urements were made at room temperature. Ultrafiltra-
tion, when required, was carried out at 40 C. (2).
Paper electrophoretic determinations were made on

0.008 ml. of whole serum or 0.01 to 0.05 ml. of concen-
trated effluent (usually 0.1 to 0.5 mg. protein). Eight

2 Gilson Medical Electronics, Inc., Madison, Wisconsin.

2.9 by 30.0 cm. Whatman 3 MM filter paper strips mois-
tened with 0.075 st pH 8.6 diethyl barbiturate buffer were
run simultaneously in one cell of the hanging strip type
(8) at room temperature for 18 hours at a constant cur-
rent of 6 ma. per cell and under a potential of 68 to 72
volts. The strips were stained with bromphenol blue (9)
and evaluated by transmission densitometry with an inte-
grating scanner,3 using a cam which provided a plot
linear with sample concentration. In each electrophoretic
cell a normal human serum was utilized as a standard on
at least one paper strip. Electrophoretic identification of
components on other strips was made relative to the
movement of the components in this standard. In order
to better detect and quantify components present in small
amounts, a crystalline bovine albumin "carpet" (0.01 ml.
of a 3 per cent solution) was applied and subjected to
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FIG. 1. DIAGRAM OF THE MIXING-CHAMBER AND

RESERVOIR UTILIZED DURING CHROMATOGRAPHY
At the beginning of the chromatographic procedure the

round bottom flask is filled with 0.01 M pH 8 phosphate
buffer and the Erlenmeyer flask with 0.3 M monosodium
phosphate in a ratio of 2:1, respectively. The fluid level
was the same in each flask. A small notch (not illus-
trated) is present at the orifice of each glass tube in the
mixing chamber and reservoir and serves to prevent seal-
ing and facilitate mixing.

8 Analytrol (R), Spinco Division, Beckman Instru-
ments, Inc., Belmont, California.
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electrophoresis for five hours prior to application of the
fractions to be analyzed.

Localization of specific properties. Serum to be exam-
ined was prepared as described above and a standard
chromatographic procedure was employed, utilizing about
20 ml. of serum, 16 Gm. of adsorbent, a flow rate of 20
to 25 ml. per hour, effluent collected in 4 ml. fractions,
and gradient elution with 1,000 ml. of 0.01 M pH 8 so-
dium phosphate in the round bottom flask and 500 ml. of
0.30 M monosodium phosphate in the Erlenmeyer flask.
This procedure was altered only in the study of thyroxin-
binding protein as described below.

Protein-bound carbohydrate distribution was assessed
by a modification of the thymol-sulfuric acid method of
Shetlar and Masters (10). The results expressed here
are considered to represent protein-bound hexose. Se-
rums to be tested for glycoprotein distribution were di-
alyzed against an extra two changes of buffer to assure
the removal of free sugar.

Cholesterol measurements were made according to the
method of Abell, Levy, Brodie, and Kendall (11). Ali-
quots of the effluent fractions were pooled so that the
chromatogram was divided equally among 40 fractions.
These pools were then lyophilized to reduce the volume
prior to cholesterol analysis.

Siderophilin (iron-binding protein, transferrin) was
located by means of tracer amounts of radioactive iron.
To 25 ml. of fresh normal serum, which contained 73 ,ug.
per cent iron and 300 ,ug. per cent total iron binding ca-
pacity (12), was added 24 /Ag. (25 /Ac.) of iron as ferric
chloride. Unlabeled ferric chloride was then added to
assure saturation of the serum iron-binding capacity.
Twenty ml. of the dialyzed serum was added to the ad-
sorbent column and chromatography was carried out in
the usual way. Radioactivity in the effluent fractions was
determined in a well-type scintillation counter. About 30
per cent of the radioactivity was recovered in the eluate.
The remaining radioactive iron, having become separated
from the protein and bound to the adsorbent during chro-
matography, was later removed from the adsorbent and
found to be dialyzable.
The vitamin B,2-binding protein was identified by means

of B,, assays utilizing L. leichmanii ATCC 4797 in a
modification of the standard U.S.P. procedure (13).
< Serum with high acid or alkaline phosphatase activity
was obtained from patients with metastatic neoplasms.
The whole serum and individual fractions were assayed
for alkaline and acid phosphatase activity by adaptations
of the method of Bessey, Lowry, and Brock (14). Phos-
phate was removed from the chromatographic fractions
prior to acid phosphatase analysis by thorough dialysis
against pH 5, 0.15 M sodium acetate buffer and prior to
alkaline phosphatase analysis by dialysis against a 0.05 M
sodium acetate: 0.10 M sodium chloride solution. The
alkaline and acid phosphatase recoveries in these chro-
matograms were 125 and 91 per cent, respectively.

Thyroxin-binding protein was located by utilization of
radioiodine-labeled thyroxin of at least 90 per cent pu-
rity. Normal serum (20 ml.) mixed with 6.2 l&g. of la-

beled thyroxin was allowed to equilibrate overnight in the
refrigerator before dialysis. Serum chromatography dif-
fered from the usual procedure in the use of a 750 ml.
Erlenmeyer reservoir containing 0.3 M monosodium phos-
phate and a beaker 10 cm. in diameter containing 1 L. of
0.01 M pH 7.5 phosphate buffer as the mixing chamber.
Effluent fractions of 6 ml. were collected, and the radio-
activity was determined in 4 ml. aliquots by means of a
well-type scintillation counter.
The electrophoretic localization of the radioactive thy-

roxin in the chromatographic fractions was ascertained
by standard electrophoretic procedures and by reverse-
flow zone electrophoresis (15). After the strips were
dried, radioactivity was measured with an end window
Geiger-Muller counter, employing a continuously record-
ing counting-rate meter (15), and the distribution of
radioactivity was compared with protein distribution as
determined by bromphenol blue staining.
The distribution of radioiodine-labeled albumin4 was

determined by addition of 0.1 ml. of solution containing
1.0 mg. (20 uc.) of albumin to 27 ml. of fresh normal
serum with a total protein concentration of 6.6 Gm. per
cent of which 54.5 per cent was albumin on electropho-
retic examination. After dialysis 20 ml. of serum was
chromatographed. The radioactivity of the serum and
chromatographic fractions was determined in a well-type
scintillation counter and results were corrected for decay.
The radioactivity recovered following chromatography
was 91 per cent of the amount applied to the column.

RESULTS

Normal serum chromatogram

Chromatographic analysis has been performed
as described -above on 23 individual serums (20
ml. samples) from normal adults and also on 14
serums from patients representing a variety of
diseases. A representative normal chromatogram
is reproduced in Figure 2. A number of peaks of
protein distribution are evident.

Electrophoretic characterization of the chro-
matogram (Figure 2) indicates that the usual
electrophoretic components of serum have been
subdivided by the chromatographic procedure.
Also, it is apparent that most of the chromato-
graphic regions are composed of several electro-
phoretically separable components.

Recovery of protein from the chromatogram
was essentially complete. Table II compares the
recovery of electrophoretic components in the

4RISA was obtained from the Abbott Laboratories,
North Chicago, Illinois, and is described by the manu-
facturers as containing 1 iodine: 52 molecules of albumin,
less than 0.5 per cent dialyzable radioactivity, and as
being homogeneous by electrophoretic analysis.
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TABLE II

Recovery of serum electrophoretic components in the
chromatogram effluent

Chromato- Electro-gram* phoretict
protein protein

Component (%) (%)

Faster-than-albumin 0.17
Albumin 60.3 58
Alpha, 3.0 3
Alphal2 2.0
Alpha2 5.6} 7.6 7
Alpha3 0.8
Beta 7.4 12.4 13
Gamma (very fast) 4.2
Gamma (fast) 1.9, 16.5 19
Gamma 14.61

* Electrophoretic distribution of chromatographic com-
ponents as illustrated in Figure 2.

t Whole serum electrophoretic analysis.

chromatogram illustrated in Figure 2 with the
results of whole serum analysis. Good agreement
is evident, suggesting that no major change in
electrophoretic properties was produced by expo-
sure of the serum proteins to the chromatographic
procedure.
The sequence of serum protein elution is simi-

lar to that reported previously with a more com-
plex procedure (2). Gamma globulins are the
first proteins to appear in the effluent fractions.
A high peak containing most of the gamma glo-
bulin is seen early in the chromatogram. How-
ever, gamma globulins continue to be removed
from the column in succeeding fractions and are
characterized by a gradually increasing electro-
phoretic mobility (Figure 3). Finally a small
amount of gamma globulin of low mobility is seen
again in the latter portion of the chromatogram.
The progressive elution of electrophoretically
faster-moving proteins extending into the "slow
beta" electrophoretic region emphasizes the exist-
ence of a spectrum of electrical properties among
the proteins in the gamma globulin region.
The beta globulins are divided into at least

three components by the chromatographic proce-
dure, and the alpha globulins are divided into at
least seven components (Figure 2).
Albumin emerges approximately midway

through the elution procedure. The major por-
tion of the albumin is obtained in a relatively
narrow portion of the effluent volume. However,
albumin continues to be eluted from the column
in progressively decreasing amounts.

NORMAL SERUM CHROMATOGRAM' Electrophoretic Coiposltlon

0 400 Boo 1200 1600

EFFLUENT VOLUME (ml.)

FIG. 2. NORMAL SERUM CHROMATOGRAM: ELECTRO-
PHORETIC COMPOSITION

Chromatographic distribution of protein (D.,0) is rep-
resented in the upper half of the figure. The distribution
of electrophoretic components is illustrated below. In
each of the 66 chromatogram fractions the total protein
content was measured by the biuret technique and the
amount of each electrophoretic component was determined
on the basis of the relative quantity found on paper elec-
trophoresis. Each electrophoretic category (e.g., A, a,
a 1-2) is plotted from its own baseline. The scale of
protein concentration is presented only from the albumin
baseline but applies to all of the categories. F. A. refers
to a component with an electrophoretic mobility faster-
than-albumin. Twenty ml. of normal serum and the
standard chromatographic procedure employing 16 Gm. of
adsorbent, a flow rate of 20 to 25 ml. per hour., effluent
collected in 4 ml. fractions, and gradient elution with
1,000 ml. of 0.01 M pH 8 sodium phosphate buffer in the
round flask and 500 ml. of 0.30 M monosodium phosphate
in the Erlenmeyer flask were utilized.

Among the last components to be eluted from
the column is one that has the interesting property
of migrating faster than albumin in an electric
field (Figure 2). This component comprises
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CATHODE POINT OF
APPL ICATION

If the serum contains appreciable hemoglobin, a
red pigment will be detectable in the effluent just
prior to albumin elution, suggesting the location
there of the hemoglobin-haptoglobin complex
(16, 5). Yellow pigments are seen in regions
containing albumin. A blue component emerges
in the region of 1,400 ml. and corresponds to the
location of ceruloplasmin (2).
The pH and phosphate molarity of the effluent

solutions are illustrated in Figure 4 for a 16 Gm.
adsorbent chromatogram (20 ml. normal serum).
These results provide a general picture of the
conditions for protein adsorption and elution dur-
ing chromatography, since a relatively fixed elu-
tion schedule was employed throughout these
studies.5 A sharp fall in pH is noted to occur
coincident with the appearance of the second
major protein peak. This association is charac-
teristic of the chromatographic procedure em-
ployed in these experiments. The conditions de-
termining protein adsorption and elution from
DEAE-cellulose columns have been discussed
elsewhere (1, 17, 18).

Representative results of the chromatography
of 10, 2, and 1 ml. serum samples are illustrated
in Figure 5. Also included in this figure are the
results of electrophoretic examination of serial

(+)
ANODE

FIG. 3. ELECTROPHORETIC CHARACTERISTICS OF SERIAL
FRACTIONS ELUTED IN THE FIRST PART OF THE CHRO-
MATOGRAM ("GAMMA" GLOBULINS)
The fraction sites are identified in Figure 2 as 1, 2, 3,

et cetera. Electrophoresis was carried out on approxi-
mately 0.1 mg. of protein from each fraction, and the se-
quence of samples in the electrophoresis cell was random-
ized so that mobility progression could not be attributed
to a procedural artifact.

about 0.1 to 0.2 per cent of the total protein ap-
plied to the column.

Colored protein bands are readily apparent on
the column during chromatography, and three,
sometimes four, pigmented regions are detectable
in the effluent fractions. A pink color is noted in
the 500 to 600 ml. region (Figure 2), correspond-
ing to the distribution of the iron-binding protein.

FIG. 4. SERUM CHROMATOGRAM: PH AND MOLARITY
CHANGES IN THE EFFLUENT

Normal serum (20 ml.) was chromatographed. Pro-
tein distribution is indicated by the solid line, pH by the
dotted line, and phosphate molarity by the broken line.

5 In several of the chromatograms the relative level of
the bottoms of the round and Erlenmeyer flasks was al-
tered by a few millimeters with slight shift in component
elution volume. This is most readily apparent with al-

bumin. However, these minor changes are not thought
to have significantly altered relative elution volumes.

ELUTION
POSITION

(ml.)
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Serum

80-90

112(fi116
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subdivisions of the 1 ml. serum chromatogram.
Although component resolution appears to be re-
duced with the smaller columns, this is due at
least partially to inability to reduce proportion-
ately the volume of effluent fractions. Actually,
the first alpha-2 component is better separated
from albumin under the conditions employed on
the 3 and 2 Gm. adsorbent columns.
For a 20 ml. serum sample, about three days

were required for column elution, and the entire
procedure from the drawing of the blood sample
to determination of the protein concentration of
the final chromatographic fraction can be carried
out in five days by one person. For the chroma-
tography of 2 and 1 ml. serum samples only 24
hours were needed for column elution and several
samples could be chromatographed concurrently
by one person.
Although the detail of resolution is reduced in

the small scale chromatograms, unless the individ-
ual elution fractions are made inordinately small,
a considerable saving in time and sample can be
achieved by such modified procedures.
The conditions for chromatography utilized

here are relatively mild, employing buffers with
a pH range of 8.0 to 4.5 and molarity from 0.01
to 0.30 M. Several specific serum proteins, alka-
line phosphatase, iron-, thyroxine, and B12-binding
protein, retained their specific functions and do
not appear to have been altered by the chromato-
graphic procedure.

Protein-bound carbohydrate
Most serum proteins contain some carbohydrate

although the relative amount varies markedly
among individual proteins (19). Protein-bound
hexose has been measured in the effluent of eight
serum chromatograms, and the findings in a rep-
resentative normal chromatogram are illustrated
in Figure 6.
At least five distinct peaks of hexose distribu-

tion are evident. The initial chromatographic
peak, composed solely of gamma globulins, con-
tained 1.2 per cent hexose, which agrees well with
published data for the gamma globulins (20).
The remaining carbohydrate peaks represent the
composite hexose content of several electropho-
retically distinct protein components. Further
studies are underway to elucidate the distribution

SERUM CHROMATOGRAPHY

0W904

W EFFLUENT VOLUME (ml.)

FIG. 5. CHROMATOGRAPHY OF 10, 2, AND 1 ML.
SERUM SAMPLES

Aliquots of a single sample obtained from a normal in-
dividual were employed. The conditions of chromatogra-
phy are outlined in Table I. For the 2 ml. serum sample
an eluting system of 110 ml. of 0.01 M pH 8 phosphate
buffer in the round flask, 55 ml. of 0.30 M monosodium
phosphate in the Erlenmeyer flask, and a 3 Gm. adsorb-
ent column were utilized. Electrophoretic analysis of the
1 ml. serum chromatogram is also illustrated.

of hexose among these proteins in normal and
pathologic sera.

In a previous study using related chromato-
graphic procedures (2) orosomucoid and a high
hexosamine content were found in a region corre-
sponding to the peak at 1,370 ml. in Figure 6.
Hexosamine was also found in a region approxi-
mating the 550 ml. peak. The present studies
emphasize the distribution of hexose among many
serum components. Gamma globulin and at least
four other chromatographic regions contribute to
the total serum level. Since albumin is reported
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SERUM CHROMATOGRAPHY
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FIG. 6. PROTEIN-BOUND CARBOHYDRATE (HEXOSE) AND
CHOLESTEROL DISTRIBUTION

Protein distribution (D,.,) is outlined by the solid line,
and hexose and cholesterol distribution by the shaded
areas. The 20 ml. serum samples employed for these
chromatograms were obtained from two normal male
donors.

to be free of carbohydrate ( 19), it should be noted
that, although the carbohydrate level at the site
of albumin elution is quite low (0.3 per cent), the
finding of any carbohydrate here suggests the
presence of protein components other than albu-
min which were not detected on electrophoretic
analysis.

Protein-bound cholesterol
The chromatographic distribution of choles-

terol-containing proteins is also illustrated in
Figure 6. These lipoproteins are seen to be dis-
tributed among several regions in-the chromato-
gram. More than one protein is present in these

9~~~~~~~~~~

regions, and localization of the cholesterol with
respect to electrophoretic and other categories
remains to be done.

Siderophilin
Plasma iron is normally bound to a beta glo-

bulin referred to as siderophilin, iron-binding
protein, or transferrin (21). The location of
siderophilin in the chromatogram was ascertained
by addition of radioactive iron to normal serum
prior to chromatography.6 The similarity of dis-
tribution of radioactive iron and protein through-
out the peak at 500 to 600 ml. is illustrated in
Figure 7.

Electrophoretic examination of the chromato-
graphic region containing the siderophilin re-
vealed it to be composed primarily of a beta glo-
bulin (85 per cent), consistent with the known
electrophoretic character of siderophilin. How-
ever, this region also contained a fast gamma elec-
trophoretic component that comprised 15 per cent
of the protein present. This "gamma" globulin
constituted a variable minor proportion of the
protein eluted in the 500 to 600 ml. region by the
chromatographic procedure employed throughout
this study. Recent refinements in technique have
further improved the separation of siderophilin
from gamma globulin (5). It should be noted
that with the present chromatographic procedure
the siderophilin is separated from much of the
beta globulin which emerges later in the eluate.

Vitamin B12-binding protein
The vitamin B12 present in serum is largely

bound to the serum proteins. In chronic myelo-
cytic leukemia the serum B12 level may be mark-
edly elevated (22). Chromatography of serum
from a patient with chronic myelocytic leukemia
and a serum B12 level 20 times normal is illus-
trated in Figure 7. The B12 activity is almost
entirely confined to a single region in the latter
third of the chromatogram. This region was fur-
ther fractionated by electrophoretic techniques
and the B12 activity was located in an alpha glo-
bulin fraction. This has been confirmed in addi-
tional studies on similar sera (13).
The finding of B12 in an alpha globulin fraction

is in agreement with observations made by paper
electrophoresis alone (23, 24). The use of chro-
matographic techniques in the present work has

6 For assistance in this experiment we are greatly in-
debted to Drs. A. L. Schade, R. C. Woodworth, and
J. M. Stengle.
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SERUM CHROMATOGRAPHY
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FIG. 7. CHROMATOGRAPHIC LOCATION OF SIDEROPHILIN, B12-BINDING PROTEIN, ALKA-
LINE AND ACID PHOSPHATASES

Protein distribution is represented by the solid line and special activities by broken
lines. Amounts of dialyzed serum applied to the columns: siderophilin, 20 ml., with
total protein of 6.5 Gm. per cent; B.-binding protein, 18 ml., with total protein of
6.6 Gm. per cent and B,, content of 12.0 millimicrograms per ml.; alkaline phospha-
tase, 20 ml., with total protein of 4.5 Gm. per cent and 22.5 units alkaline phosphatase
per ml.; acid phosphatase, 19 ml., with total protein of 4.3 Gm. per cent and 43.2 B-L
acid phosphatase units per ml.

permitted further separation of the B12-binding
protein from several of the components which
contribute to the alpha globulins.7

Alkaline and acid phosphatases

Alkaline and acid phosphatases, enzymatic ac-

tivities normally present in the serum in small
amounts, may be markedly increased with disease.
Chromatography of serum having a high alkaline
phosphatase activity, obtained from a patient with
carcinoma of the breast and metastases to liver
and bone, revealed the alkaline phosphatase activ-
ity to be largely distributed in two peaks (Figure
7). The possibility that these peaks might repre-

sent two different enzymes has been explored and
confirmed in further studies carried out in collabo-
ration with Dr. A. C. Peacock (25).
Chromatography of a serum with elevated acid

phosphatase activity, obtained from a patient with

7 This study of the B1,-binding protein was conducted
in collaboration with Drs. R. S. Mendelsohn and D. M.
Watkin.

metastatic prostatic carcinoma, is also illustrated
in Figure 7. The distribution of acid phosphatase
activity is seen to differ from that of alkaline phos-
phatase. This observation adds additional evi-
dence indicating the separate identity of these
enzymes.8

Thyroxin-binding protein

Circulating thyroxin has been found to be
largely bound to a specific alpha globulin, referred
to as the thyroxin-binding protein (26). The
chromatographic location of the thyroxin-binding
protein was determined by addition of an excess

of radioiodine-labeled thyroxin to normal serum

in vitro prior to dialysis and chromatography.9
Electrophoretic analysis of this labeled serum

before chromatography revealed that the alpha
thyroxin-binding protein contained 40 per cent of

8 The phosphatase observations were carried out in col-
laboration with Dr. A. C. Peacock.

9 This study was carried out in collaboration with Dr.
Jacob Robbins.
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the radioactivity and was saturated with thyroxin.
The remaining 60 per cent of the radioactivity
was associated with albumin. The results illus-
trated in Figure 8 demonstrate one principal peak
of radioactivity. Further testing of 10 effluent
fractions obtained throughout this region demon-
strated that the radioactivity was nondialyzable
and that on electrophoresis it was primarily con-
fined to an alpha globulin fraction. Very little of
the radioactivity was associated with albumin, and
on completion of chromatography a considerable
amount of radioactivity remained on the column.
This material was eluted with 0.5 N NaOH and
found to be ultrafiltrable, and is presumed to have
been thyroxin that originally was associated with
albumin. The small peak of radioactivity seen
near the end of the chromatogram was found on
electrophoresis to be associated with the faster-
than-albumin components of this chromatographic
region. It is not known whether this component
is thyroxin or one of the nonthyroxin contami-
nants of the radioactive thyroxin preparation.
The elution schedule employed for this chro-

matogram differed from that utilized throughout
the remainder of this study and achieved a mod-
erate spreading of the components which compose
the latter half of the usual chromatogram. It
seems unlikely that the relative chromatographic
location of the thyroxin-binding protein was al-

SERUM CHROMATOGRAPHY: Thyroxin- binding Protein
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FIG. 8. THYROXIN-BINDING PROTEIN
Chromatogram obtained after addition of radioiodine-

labeled thyroxin to normal serum. Protein distribution
is indicated by the solid line and radioactivity by the
broken line. The elution schedule employed for this chro-
matogram was not the usual one and is outlined under the
Methods section.

tered by this modification in procedure. The find-
ing of thyroxin bound to an alpha-globulin con-
firmed results obtained by electrophoretic tech-
niques alone (15), and, in addition, a further
separation of thyroxin-binding protein from a
portion of the other alpha globulin components
was achieved.

Radioiodine-labeled albumin
Radioactive iodine-labeled human serum albu-

min (RISA) was added to normal serum prior to
dialysis and chromatography.'0 This iodinated
albumin is available commercially and is com-
monly used in this country for observations on the
physiology of human serum albumin (27). How-
ever, as is seen in Figure 9, the chromatographic
distribution of the radioactive albumin did not cor-
respond to that of the bulk of the serum albumin.

Further examination of the effluent revealed
that the radioactivity was not dialyzable and was
associated only with albumin when electrophoresis
was performed on the regions of the chromato-
gram containing radioactivity. The results indi-
cate that the radioactive albumin was not repre-
sentative of the native serum albumin, at least in

SERUM CHROMATOGRAPHY: Radio iodine-loheled Albumin
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FIG. 9. RADIOIODINATED ALBUMIN
One mg. of iodinated albumin (20 fuc. of Il"l) was

added, prior to dialysis, to 27 ml. of fresh normal human
serum containing 961 mg. of albumin, and 20 ml. of the
dialyzed serum was chromatographed. The protein dis-
tribution in the chromatogram is indicated by the solid
line, the albumin distribution by the shaded area, and the
distribution of radioactivity (iodinated albumin) by the
broken line.

10 This study was carried out in collaboration with Dr.
J. L. Steinfeld.
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FIG. 10. PAPER ELECTROPHORETIC PATTERNS OF MULTIPLE MYELOMA SERA AND
CHROMATOGRAM FRACTIONS

The paper electrophoretic patterns are arranged so that albumin is seen at the upper
(anodal) end of the normal serum strip and gamma globulin at the lower end.
Electrophoretic analysis of the first four E. J. chromatogram peaks are included.

regard to behavior during column chromatogra-
phy. This difference is of interest because of the
large amount of information obtained in recent
years on the biological behavior of iodinated al-
bumin and the general inference from these stud-
ies as to the biological characteristics of native
albumin.
The present studies do not indicate whether the

difference in chromatographic distribution of the
native serum albumin and the iodinated albumin
resulted from changes induced during preparation
or during "pasteurization" of the albumin, by se-

lective iodination of a distinctive group of albumin
molecules, by the presence of iodine on the tyro-
sine residues of albumin, by the oxidation proce-

dure used to achieve iodination, or by the effects
of radioactivity on the albumin molecules. Fur-
ther studies are underway to elicit this informa-
tion.

Myeloma protein

Sera from two patients with multiple myeloma
were selected for chromatographic analysis. Both
sera on electrophoretic examination demonstrated
large amounts of a homogeneous protein having
a gamma mobility (Figure 10). The chromato-

graphic results, illustrated in Figure 11, demon-
strate that in both instances the abnormal protein
emerged from the column near the region where
most of the normal gamma globulin appear. No
abnormal protein was discerned in the later parts
of the chromatogram. A diminished peak in the
albumin region corresponded to the lowered serum
albumin seen on electrophoresis. It is noteworthy
that the myeloma protein patterns of the C. R. and
E. J. serum chromatograms suggest the presence
of several components. This is particularly evi-
dent in the E. J. serum. Chromatographic analy-
sis was repeated on both sera with similar results.
Serial electrophoretic examination of the myeloma
regions from the E. J. chromatogram is recorded
in Figure 10. There was no evidence of electro-
phoretic distinction among the several chromato-
graphic peaks.
Of particular interest in the serum chromato-

gram of E. J. was the observation of a small pro-
tein peak at the site of normal gamma globulin
elution. Electrophoretic examination of this peak
revealed a qualitatively normal gamma globulin
pattern without evidence of any abnormal compo-
nent (Figure 10). The adjacent M peak, how-
ever, was found to consist of electrophoretically
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SERUM CHROMATOGRAPHY: Multiple Myelomo
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FIG. 11. MULTIPLE MYELOMA
Sera from two subjects with multiple myeloma were

chromatographed in the usual way. The large amount
of protein eluted in the initial portion of the chromato-
gram could not be included within the limits of this scale.

homogeneous protein of narrow distribution that
was characteristic of the myeloma protein seen in
the whole serum. Gamma globulin was not evi-
dent in this chromatographic component. The
chromatographic separation of "normal" gamma

globulin from myeloma protein in the E. J. serum

was improved on further chromatographic study
by using a starting buffer of lower molarity
(0.005 M). In the C. R. serum the myeloma pro-

tein began to emerge at the same site as normal
gamma globulin and no distinction could be made
chromatographically between normal gamma glob-
ulin and the initial myeloma protein peak.

Decreased levels of gamma globulin have been
reported previously in patients with multiple mye-
loma (28). However, these observations have
been restricted to sera in which the electrophoretic
gamma region was not obscured by a large amount
of myeloma protein. The chromatographic results
reported here indicate that anion-exchange cellu-
lose chromatography may be useful in certain
instances for the evaluation of the serum proteins
of patients with multiple myeloma.

DISCUSSION

The demonstration that the serum proteins can
be divided into many components by anion-ex-
change cellulose chromatography suggests many
applications of this technique in the study of pro-
teins (2). The simplified method presented here
has preserved most of the resolving capacity of
the DEAE-cellulose column while making the pro-
cedure more suitable for clinical studies. The
chromatographic and analytic results reported here
are in essential agreement with the earlier obser-
vations on the application of ion-exchange cellu-
lose chromatography to human serum (2).

Fractionation of the serum electrophoretic cate-
gories is one of the most interesting characteristics
of DEAE-cellulose chromatography (2). Subdi-
vision of alpha and beta globulins is readily ap-
parent. In the present study fractionation of the
serum glycoproteins and lipoproteins has been
demonstrated. The beta iron-binding globulin and
the beta lipoproteins have been separated chro-
matographically. The determination of siderophi-
lin distribution by means of a radioactive iron
preparation also confirms results obtained by a
spectrophotometric technique (2). Among the
alpha globulin subdivisions the thyroxin-binding
protein, vitamin B,2-binding protein and cerulo-
plasmin have been identified. Acid and alkaline
phosphatases in pathologic serum have also been
separated by Boman and Westlund (4) who em-
ployed anion-exchange chromatography on col-
umns of Dowex-2 resin. This resin, however,
has a low capacity for proteins when compared
with DEAE-cellulose (1).
Albumin also appears to be fractionated by

anion-exchange cellulose chromatography. Previ-
ous immunologic and electrophoretic studies of
albumin fractions obtained by chromatographic
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separation suggested differences between the albu-
mins of several fractions (2). The chromato-
graphic distribution of the radioiodinated albu-
min preparations that have been tested differed
markedly from the distribution of the bulk of
native serum albumin.
The composition and significance of the faster-

than-albumin component is unknown at present.
Hoch and Chanutin observed such a component,
and in about the same concentration, on electro-
phoresis of normal undialyzed plasma in 0.1 M
NaClat pH 8 (29).

Tiselius, Hjerten, and Levin (3) have reported
fractionation of human gamma globulin and of
bovine serum albumin on calcium phosphate col-
umns, and Porter utilized celite columns to frac-
tionate the immune proteins among the gamma
globulins (30). Cation-exchange cellulose col-
umns have also been employed to fractionate hu-
man gamma globulin (31). These reports and
the findings with anion-exchange cellulose chro-
matography serve to reemphasize the heterogeneity
of materials normally present in the serum electro-
phoretic compartments.

Chromatographic analysis has been performed
on many individual normal sera and also on
sera obtained from patients with a variety of
diseases. The chromatographic patterns of the
pathologic sera were frequently abnormal.
Chromatograms of pathologic sera obtained
from patients with chronic myelocytic leukemia,
carcinoma of the breast, carcinoma of the prostate
and multiple myeloma are presented. In several
instances the initial (gamma) peak was increased
or decreased, the peaks containing siderophilin
and albumin were decreased, and the regions con-
taining ceruloplasmin and the alpha glycoproteins
were increased.
These findings, although preliminary, suggest

that anion-exchange cellulose chromatography
may have considerable value as an analytic pro-
cedure, in addition to its evident usefulness in
protein fractionation. The potentialities of chro-
matography as an analytic procedure are perhaps
best illustrated in the present report by the ob-
servations on radioiodinated albumin and mye-
loma protein distribution. Whether myeloma se-
rum will yield characteristic chromatograms dis-
tinctly different from those found with sera
zontaining markedly elevated gamma globulins of

other etiology remains to be seen. However, the
demonstration that in certain instances the mye-
loma protein may be separable from the "normal"
gamma globulins does indicate that anion-exchange
cellulose chromatography may be useful for the
quantification of the "normal" gamma globulins
present in this disease.

SUMMARY

A modified anion-exchange (DEAE-) cellulose
chromatographic procedure for the separation and
characterization of serum proteins is described.
This procedure has been applied to serum samples
of 20, 10, 2, and 1 ml.
The chromatographic fractions of normal se-

rum were characterized by electrophoresis and by
carbohydrate and cholesterol content. The usual
serum electrophoretic components have been sub-
divided into several fractions by this chromato-
graphic procedure, and a faster-than-albumin com-
ponent has been regularly uncovered. The
chromatographic distribution of siderophilin (iron-
binding protein), thyroxin-binding protein, B12-
binding protein, and acid and alkaline phospha-
tases was determined. These components were
separated on the chromatogram from many pro-
teins of similar electrophoretic mobility. The
chromatographic distribution of radioiodinated
human serum albumin was found to differ sig-
nificantly from the distribution of native serum
albumin.
Chromatograms of serum obtained from pa-

tients with chronic myelocytic leukemia, carcinoma
of the breast, prostatic carcinoma, and multiple
myeloma are presented. Several of these differed
markedly from the normal -chromatograms. In
one instance the myeloma protein appeared to be
separable from most of the normal gamma globu-
lin. The significance of these observations is
discussed.
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