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Studies of individual enzymes and metabolic
pathways in the erythrocyte are hampered by the
fact that in lysates, or even in partially purified
systems, hemoglobin is present in overwhelming
amounts compared to the various enzymic pro-
teins. Although carbonic anhydrase (2), pepti-
dase (3, 4), methemoglobin reductase (5), eryth-
rocuprein (6), nucleoside phosphorylase (7-9),
adenosine triphosphatase (10), and glutathione
reductase (11) have been isolated from hemoly-
sates, some special characteristic of the protein in
each instance has made it possible to remove hemo-
globin in a single operation.

The present paper describes a method which
can be used for the separation of many erythrocyte
enzymes from hemoglobin by treatment of the he-
molysate at pH 7.0 with diethylaminoethyl
(DEAE) cellulose; under these conditions, pro-
teins having an isoelectric point below 7.0 are ad-
sorbed onto DEAE, while hemoglobin, having an
isoelectric point near neutrality, is not adsorbed.
DEAE cellulose has been used widely for the
fractionation of proteins (12-15), and as applied
specifically to red cell enzymes, Kirkman (16)
has utilized this exchanger in the purification of
glucose-6-phosphate dehydrogenase.

The hemoglobin-free, protein fraction, called
hereafter “enzyme protein fraction,” serves as a
useful starting material for the further purification
of many erythrocyte enzymes and, furthermore,
can be used with proper supplements for studying
metabolic sequences and regulatory mechanisms.

* This work was supported by grants from the Office
of the Surgeon General, Department of the Army (Con-
tract DA-49-007-MD-508) and from the National Heart
Institute, United States Public Health Service (H-4614).
A preliminary report of this work was presented at the
meeting of the American Society of Biological Chemists,
Chicago, Il1., April, 1960 (1).

These latter findings will be reported in a sepa-
rate communication.

EXPERIMENTAL

Materials. DEAE cellulose (capacity of 0.6 to 0.8
mEq per g) and semicarbazide were obtained from East-
man Organic Chemicals; Carbowax (polyethylene glycol
compound 20-M) from Union Carbide Chemicals Com-
pany; Sephadex G-25 from Pharmacia Laboratories, Inc.;
DPN, TPN, DPNH, TPNH, sodium pyruvate, and
glucose-6-phosphate, from Sigma Chemical Company;
AMP, ADP, and ATP from Pabst Laboratories; lactic
dehydrogenase and pyruvic kinase from C. F. Boehringer
and Sons; inosine, oxidized glutathione, and dehydrated
firefly tails from Schwarz BioResearch, Inc.; catalase
and xanthine oxidase from Worthington Biochemical
Corporation; crystalline bovine serum albumin from Ar-
mour and Company; sodium formate from Allied Chem-
ical Co.; and glycylglycine from California Corporation
for Biochemical Research.

Methods. Protein was determined by the biuret
method with crystalline bovine serum albumin as the
standard. Hemoglobin was measured by the procedure
of Evelyn and Malloy (17) and by its absorbancy at 410
mu. With the latter method, the concentration of hemo-
globin was calculated, using a millimolar extinction coeffi-
cient of 120 (18). Spectrophotometric assays at a single
wave length were carried out in a Beckman spectropho-
tometer, model DU. Absorption spectra over a large
wave length region were obtained with the Beckman re-
cording spectrophotometer, model DK-1. Inorganic and
organic phosphate fractions were measured by a method
described previously (19). ATP was assayed by the bio-
luminescent reaction of firefly extracts containing luci-
ferin and luciferase (20, 21), with the use of the G. K.
Turner fluorometer. ADP was measured with the
coupled reaction, pyruvic kinase-lactic dehydrogenase
(22). Nucleotide profiles (23) were obtained by the
ion-exchange chromatography method of Hurlbert,
Schmitz, Brumm and Potter (24).

1 The following abbreviations have been used: AMP,
ADP, and ATP, adenosine mono-, di-, and triphosphate,
respectively; DPN, and TPN, di- and triphosphopyridine
nucleotide; DPNH, TPNH, reduced DPN and TPN;
GTP, guanosine triphosphate; CMP, cytidine monophos-
phate; and UDP, uridine diphosphate.

1257



1258

Assays for the following enzymes were performed es-
sentially according to published methods: nucleoside
phosphorylase (7), catalase (25), glucose-6-phosphate
dehydrogenase (26), TPNH-methemoglobin reductase
(5), formate-activating enzyme (27), glutathione re-
ductase (28), and adenylic deaminase (29). The meth-
ods used for the assay of the various glycolytic enzymes
were the same as those described in the preceding paper
(30), except that enolase was assayed by the method of
Warburg and Christian (31) ; the reaction mixture con-
tained 5X 10° M 2-phosphoglycerate and 3X 10® M
MgCl,. Continuous readings at 240 mp were made for
10 minutes in the Beckman recording spectrophotometer,
model DK-1. The amount of phosphoenolpyruvate pro-
duced was calculated, using a millimolar extinction coeffi-
cient of 1.4 (value determined in our laboratory at pH
8.1 in 0.05 M glycylglycine buffer).

Preparation of hemolysate. Fresh human blood was
used in all experiments. The blood was collected in acid
citrate dextrose (ACD, National Institutes of Health,
Formula A) and centrifuged at 1,900 G for 30 minutes.
All centrifugations were carried out at 4° C in the In-
ternational refrigerated centrifuge, model PR-2. The
ACD-plasma and buffy coat were discarded, and the
erythrocytes were washed once by suspension and cen-
trifugation (1,900 G, 20 minutes) with 2 vol of cold 0.15
M NaCl. Approximately 99 per cent of the plasma pro-
teins was removed after the first washing. The cells were
suspended in 1 vol of water, and the hemolysate was
prepared by freezing and thawing the preparation three
times. The pH of the hemolysate was 7.0, and the stro-
mal fraction was not removed.

Preparation of DEAE cellulose. Forty g of com-
mercial DEAE cellulose was suspended in 1 L of 1 M
K.HPO, (pH 9.1), stirred mechanically for 1 hour, and
filtered with suction. This step was repeated several
times until the filtrate was colorless. The adsorbent was
washed further with water until the pH of the filtrate was
approximately 7.0. An aqueous suspension (ca 8 g per
100 ml) of the adsorbent was adjusted to pH 7.0 and
stored at room temperature.

Preparation of the enzyme protein fraction. A con-
venient amount of hemolysate (20 ml), derived from 10
ml of erythrocytes as described above, was divided equally
among four 50-ml Lusteroid tubes. The following pro-
cedure represents the treatment of one of the 5-ml sam-
ples, carried out at 4° C without transfer of the material
from the tube. To 5 ml of hemolysate was added 5 ml
of DEAE cellulose suspension, and the mixture was al-
lowed to stand at 4° C for 20 minutes, with manual stir-
ring approximately every 4 minutes. The unadsorbed
material in the supernatant fraction, principally hemo-
globin, was separated by centrifugation for 15 minutes at
1,900 G, and residual hemoglobin was removed by washing
the adsorbent 5 times with a total of about 175 ml of
0.003 M phosphate buffer, pH 7.0. The final wash was
colorless. The phosphate buffer was more effective than
0.003 M Tris buffer, pH 7.0, or water in removing the
residual hemoglobin.
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The enzyme protein fraction was desorbed from DEAE
cellulose in the following manner. Ten ml of 0.5 M KCl 2
was added to the adsorbent, and the mixture was stirred
magnetically for 1 hour in an ice bath. The supernatant
fluid (extract I) was collected by centrifugation at 1,900
G for 15 minutes. Serum albumin in a final concentration
of 10 mg per ml was added immediately to the extract in
order to stabilize the dilute enzymes. To the adsorbent
was added an additional 5 ml of 0.5 M KCl, and the mix-
ture was stirred magnetically for 15 minutes. The su-
pernatant fluid (extract II) was collected by centrifuga-
tion, as above, and supplemented with serum albumin.
The latter step was repeated once more (extract III),
and the three extracts were combined to yield the enzyme
protein fraction. Continuation of this procedure shows
that 97 per cent of the total extractable protein is re-
moved by the first three extractions. No additional pro-
tein was obtained when the KCl-treated adsorbent was
extracted further with 0.5 M phosphate buffer, pH 9.5.

Although, for most purposes, salts may be removed
from the enzyme protein fraction by dialysis, certain la-
bile enzymes? are inactivated by this treatment. An
alternate, but more laborious, procedure involves desalt-
ing the fraction by the method of molecular sieving with
Sephadex (32). For example, 30 ml of enzyme protein
fraction (in 0.5 M KCl) containing 50 mg of protein was
passed through a 1.5 X 55 cm column of Sephadex with
0.05 M NaCl. The resulting protein solution was more
dilute (0.7 mg per ml) than the starting material, but a
tenfold concentration of the dilute solution could be
achieved in about 2 hours by surrounding a dialysis bag
containing the solution with Carbowax.

RESULTS AND DISCUSSION

Characteristics of the enzyme protein fraction.
In a typical experiment, 145 mg of enzyme pro-
tein was obtained from 20 ml of hemolysate which
contained 3,040 mg of hemoglobin. The total pro-
tein is 3,185 mg, and the enzyme protein fraction,
therefore, comprises about 4.6 per cent of the
original hemolysate. These values do not include
the serum albumin added to the enzyme protein
fraction. Similar analyses of 18 separate blood
samples yielded an average value of 43.0 mg of
enzyme protein per g of hemoglobin. Although

2 Although 0.5 M potassium phosphate buffer, pH 7.0,
was recommended previously for the desorption step (1),
the present investigation has shown that KCl is preferable,
since. HPO,® at high concentrations inhibits glycolysis
[cf Table II in the preceding paper (30)].

3 The conversion of fructose-1,6-diphosphate to lactate
by the enzyme protein fraction, for example, is depressed
by 25 per cent after 6 hours’ dialysis of the fraction
against 0.1 M KCl buffer, pH 7.0 (unpublished results,
this laboratory).
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the above data are based upon the amount of en-
zyme protein fraction recovered, these results give
a good approximation of the relative amounts of
hemoglobin and nonhemoglobin protein in the
soluble fraction of the red cell, and are in general
agreement with the data of Ponder (33), who sug-
gested on the basis of interferometric measure-
ments that the amount of red cell interior protein
was 7 per cent of the hemoglobin concentration.
Since nucleotide coenzymes are also adsorbed
and eluted from DEAE cellulose under conditions
used for the isolation of the enzyme protein frac-
tion, the latter preparation was analyzed chro-
matographically for nucleotides. The following
data represent average values (based upon 10 ml
of original red cells) obtained from nucleotide
profiles of the acid-soluble fractions derived from
three different enzyme protein preparations: 4.3
pmoles of ATP, 1.2 umoles of ADP, approximately
0.1 pmole of AMP, and trace amounts of GTP,
DPN, CMP, UDP, and uric acid. In a separate
experiment with an acid-soluble portion from the
enzyme protein fraction, ATP and ADP were
measured by the enzymatic methods described in
the Experimental section; 5.0 pmoles of ATP and
0.84 pmole of ADP were found. Thus, in a typi-
cal enzyme protein preparation, there is present,
per milligram of protein, about 0.034 pmole of
ATP, 0.007 pmole of ADP, and negligible amounts
of other nucleotides. Comparison of these data
with the results of chromatographic analysis of an
acid filtrate of 10 ml of the original red cells indi-
cated that only about 50 per cent of the ADP and
ATP was recovered in the enzyme protein frac-
tion. After dialysis of this fraction for 24 hours,
90 per cent of the recovered ATP is lost. Chemical
analysis of the enzyme protein fraction for inor-
ganic and organic phosphate revealed that, while
95 per cent of the phosphate originated from the
procedure itself, the remaining 5 per cent (0.13
pmole per mg of protein) could be accounted for
as nucleotide phosphates. From these data it is
apparent that no detectable sugar phosphates are
present, despite the fact that the amount of 2,3-
diphosphoglycerate in the original hemolysate is
about fourfold greater than the amount of ATP.
The absorption spectrum of the enzyme protein
fraction shows a major peak at 260 mp and a
smaller peak at 410 mp. The absorption at 260
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mp is due primarily to the contribution of adenine
nucleotides which are present in the fraction. The
small peak at 410 mp is due to the heme compo-
nents of catalase and methemoglobin reductase.
Parenthetically, it is of interest to note that cata-
lase can be desorbed from DEAE cellulose with
a KCl concentration as low as 0.01 M, and thus
can be separated from many other proteins in the
fraction which require a higher salt concentration
for desorption.

Glycolytic enzymes in enzyme protein fraction.
Data on the levels of the glycolytic enzymes in the
enzyme protein fraction are presented in Table I.
Each enzyme has been assayed at pH 8.1, the over-
all pH optimum for glycolysis in the intact cell
and in hemolysates (30), in order that the indi-
vidual steps may be compared with the over-all
sequence. All of the glycolytic enzymes are pres-
ent in the fraction, although the levels of phospho-
glucose isomerase, aldolase, and phosphoglyceric
kinase are considerably depressed relative to the
original activities in the hemolysate [cf Table ITI,
preceding paper (30)]. Thus, in order to achieve
the glycolytic rate of the original hemolysate, the
enzyme protein fraction must be partially supple-
mented with enzymes from other sources, as well
as with the necessary cofactors (unpublished re-
sults, this laboratory).

TABLE I

Activities of glycolytic enzymes in the enzyme protein fraction
from hemolysates *

Substrate
Enzyme converted
mumoles /hr /
mg protein
Hexokinase 710
Phosphoglucose isomerase 920
Phosphofructokinase 1,730
Aldolase 500
Triose isomerase 168,000
Phosphoglyceraldehyde
dehydrogenase 24,700
Phosphoglyceric kinase 700
Phosphoglyceric mutase 18,900
Enolase 3,180
Pyruvic kinase 4,700
Lactic dehydrogenase 91,200

* The enzyme activities were measured by the methods
described in the Experimental section. All assays were
performed at 25° C in 0.05 M glycylglycine buffer, pH 8.1,
and with concentrations of protein from 0.002 to 0.02 mg
per ml.
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TABLE II

Activities of miscellaneous enzymes in the enzyme protein
fraction from hemolysates *

Substrate converted per hour

Enzyme Enzyme protein fraction Hemolysate
mumoles | umoles /ml cells
mg protein
Catalase 230,000 X108 3,220 X10* 3,230 X108
Nucleoside phosphorylase 115,000 1,610 1,600
Glucose-6-phosphate
dehydrogenase 5,300 74 73
Glutathione reductase 1,850 26 28
Adenylic deaminase 1,640 23 24
TPNH-methemoglobin
reductase 550 7.7 7.8

Formate-activating enzyme 540 7.6 10,

* Concentrations of protein from 0.002 to 0.2 mg per ml were used in
the assays performed on the enzyme protein fraction; and in experi-
ments with hemolysates, an amount of enzyme source equivalent to
0.005 to 0.5 mg of hemoglobin was added.

Miscellaneous enzymes in the enzyme protein
fraction. The enzyme protein fraction contains a
number of miscellaneous enzymes, as listed in
Table II. There is essentially a complete recovery
of each enzyme.

The level of glucose-6-phosphate dehydrogenase
reported in Table II is comparable to the values
of Bock (34), Heller (35), Marks (36), and Kirk-
man (37), and their co-workers. Nucleoside
phosphorylase activity is the same as that reported
previously by this laboratory for the hemolysate
(7, 38), and somewhat higher than the values of
Sandberg, Lee, Cartwright and Wintrobe (9)
and of Tsuboi and Hudson (8). The activity of
glutathione reductase in the enzyme protein frac-
tion is the same as that found in the hemolysate,
and agrees with the value of 29.5 umoles per hour
per ml of erythrocytes given by Lohr and Waller
(39). The value for adenylic deaminase activity
in Table II is about the same as that reported by
Conway and Cooke (40). Approximately 80 per
cent of the formate-activating enzyme was recov-
ered in the enzyme protein fraction when compared
with values obtained in our laboratory and re-
ported by Bertino, Simmons and Donohue (41).

Catalase activity in the enzyme protein fraction
was found to be 230,000 umoles of H,O, decom-
posed per hour per mg of protein. When con-
verted to the Kat F ., units used by Beutler and
Blaisdell (42), the above figure corresponds to a
value of 76, and this may be compared to the
former investigators’ value of 66. Alternatively,
recalculation of the present data for catalase into
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the units reported by Richardson, Huddleson,
Bethea and Trustdorf (43) yields a value which
is 91 per cent of the activity reported by these au-
thors. Thus, the recovery of catalase in the en-
zyme protein fraction from the erythrocyte would
appear to be essentially complete. The activity
of TPNH-methemoglobin reductase (500 mumoles
TPNH oxidized per hour per mg of protein),
when compared with the activity recorded previ-
ously (4) for the hemolysate, indicates complete
recovery of this heme-containing enzyme in the
enzyme protein fraction.

SUMMARY

1. A method, using diethylaminoethyl cellulose,
is described for the isolation of a hemoglobin-free,
enzyme protein fraction from erythrocyte hemoly-
sates.

2. The isolated fraction contains approximately
140 mg of protein derived from 10 ml of packed
red cells. In addition, the presence of ATP and
ADP and small amounts of other nucleotides is
demonstrated. The absorbancy at 260 mu in the
enzyme fraction can be accounted for by the nu-
cleotides, and that at 410 mpy is attributed to the
heme components of catalase and TPNH-methe-
moglobin reductase.

3. Various glycolytic enzymes and a number of
miscellaneous enzymes (catalase, TPNH-methe-
moglobin reductase, nucleoside phosphorylase, glu-
cose-6-phosphate dehydrogenase, glutathione re-
ductase, adenylic deaminase, and formate-acti-
vating enzyme) are recovered almost quantita-
tively in the enzyme protein fraction.
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