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A procedure is described for the purification of human

erythrocyte aldolase (EC 4.1.2.13). The process involves

a specific substrate elution of the enzyme from phospho-

cellulose followed by a reverse ammonium sulfate fraction-

ation. The preparation has been shown to be homogeneous

by analytical ultracentrifugation, thin-layer electrophore-

sis, and polyacrylamide gel electrophoresis in sodium

dodecyl sulfate. The enzyme exhibits a specific activity

of 16 I.U./mg protein, a K of 7.1 x 10-6 M for fructoseZ> m

1,6-bisphosphate, and a substrate specificity

(Fru-1,6-P2 /Fru-1-P) of 40. The native protein is a

tetramer of 158,000 molecular weight possessing identical

or nearly identical subunits, an isoelectric point of 8.9,

-72
a diffusion coefficient of 4.68 x 107 cm /s, and a mole-

cular radius of 4.56 nm. The study shows the enzyme to be a

type A aldolase resembling other muscle forms in chemical and

physical properties, as well as amino acid composition.

The study has determined several parameters affecting

the association of aldolase with the isolated erythrocyte

membrane. Human erythrocyte ghosts retain differing

amounts of the total red cell aldolase content



(35,000 molecules/cell) depending upon ionic strength and

volume of the hemolysis buffer. Millimolar levels of the

substrate, fructose 1,6-bisphosphate, selectively elute

the bound enzyme from the membrane, while related metabo-

lites have little or no effect. Exogenous aldolase can

bind to the membrane and two types of binding sites have

been detected. High affinity sites bind a maximum of 6.3

x 105 aldolase tetramers per ghost with a KD of 4.8 x 10-8

M. Low affinity sites bind up to 1.2 x 106 molecules per

ghost with a KD of 1.3 x 10-6 M.

A procedure is described for determining the in vivo

localization of human erythrocyte aldolase. The method

involves incubating intact erythrocytes for a short time in

low levels of glutaraldehyde at temperatures below 100 C.

The process does not effect hemolysis, and greater than 90%

of the total cellular aldolase is found crosslinked to the

ghosts. Cytochalasin B and colchicine, added to the cells

prior to glutaraldehyde treatment, perturb the crosslinking

of aldolase in vivo.

The implication of cytoskeletal proteins as aldolase

receptor sites in vivo was supported by the high affinity

associations observed between erythrocyte aldolase and puri-

fied spectrin-actin and actin in vitro. Analyses of aldo-

lase binding to these proteins gave very low dissociation

constants (10~9 M) suggesting that the majority of the



aldolase would be bound to these proteins in situ. Cyto-

chalasin B, but not colchicine, disrupted these high

affinity associations in vitro. Competition binding

experiments support the assertion that the erythrocyte

aldolase-actin association is highly specific.

The crosslinking, detergent, and binding studies

suggest an in situ location of aldolase at the membrane

and an intimate association with the membrane-bound spec-

trin-actin complex. It is postulated that several of the

glycolytic enzymes may be associated with microfilaments in

the intact red cell. This association may function to

retain the glycolytic pathway near the membrane, such that

the ATP produced would be in immediate proximity to the

transport ATPases and other functions necessary to maintain

the viability of the cell.
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INTRODUCTION

Over the past 25 years, studies on red cells have

contributed greatly to our understanding of the complex

ultrastructure and dynamic mechanisms that operate to

maintain the cell as a functioning unit. The developing

nucleated red cell contains all the necessary subcellular

components and enzyme systems for replication, maturation,

and differentiation. It is organized primarily for the

biosynthesis of some 400 million molecules of hemoglobin

which, in the mature erythrocyte, function to transport

oxygen. The adult erythrocyte retains constituents that

provide the metabolic processes required to support this

transport function. In addition, mature erythrocytes

contain the necessary enzymes to synthesize de novo

cofactors necessary for anaerobic glucose metabolism and

support functions. Although the erythrocyte does

utilize a portion of its reductive capacity to maintain

hemoglobin in a reduced and functional state, the cell

appears unique in that it does no work itself in fulfilling

the primary function of oxygen and CO 2 transport. These

are passive functions of hemoglobin that do not require

the expenditure of energy by the cell. Energy production

1
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is directed at maintaining the cell in a functional state

so that these passive activities can proceed effectively

(Harris and Kellermeyer, 1972).

Under resting conditions normal adult red cells

catabolize the major part of the glucose (90%) through the

glycolytic pathway to lactate and the remainder through

the pentose phosphate pathway. While use of the total

amount of available energy generated in these pathways

remains obscure, a portion has been identified in

(a) the maintenance of various trans-membrane gradients

and the Na-K pump; (b) maintenance of hemoglobin in a

functional state capable of reversible deoxygenation;

(c) maintaining the normal equilibrium of oxidized and

reduced glutathione; (d) priming the Embden-Meyerhof

pathway; and (e) synthesis of NAD, NADP, and purine nucleo-

tides (Brewer, 1974; Harris and Kellermeyer, 1972; Jacobasch

et al., 1974).

Early studies of erythrocyte glycolysis included

identification of intermediates (c.f., Bartlett, 1970),

specific enzyme activities (Chapman et al., 1962) and

the identification of different metabolic pathways by

employing glucose labeled with 1 4C (c.f., Brewer, 1974).

The glycolytic enzymes were shown to be generally localized

in the soluble portion of the cell (DeDuve et al., 1962).

Several years later Green et al. (1965) reported that
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when bovine erythrocytes were treated with 250 mM sucrose

and lysed in distilled water, most of the glycolytic enzymes

remained at least partially associated with the membrane.

Hexokinase, aldolase, and triosephosphate isomerase were

recovered in 50% or greater yield by sedimentation at

60,000 x g. However, in the presence of 0.15 M NaCl,

these enzymes dissociated from the membranes and were

recovered in the supernatant solution. Green and coworkers

suggested that all glycolytic enzymes were associated with

membranes in bovine erythrocytes. Other reports were

soon published describing membrane-bound enzyme activity

after hemolysis. Nilsson and Ronquist (1969) reported a

"large" proportion of glyceraldehyde-3-phosphate dehydro-

genase (G3PD) retained on the membrane and concluded that

a portion of the cellular G3PD complement was intimately

associated with the membranous structure. Tanner and Gray

(1971) showed that 70% of the G3PD found in intact erythro-

cytes was associated with hemoglobin-free ghosts. In a

report describing the effects of detergents, trypsin, and

ATP on membrane-bound G3PD activity, Shin and Carraway

(1973) concluded that 60-80% of the total G3PD and aldolase

present in intact cells remained membrane-bound upon

hemolysis.

Evidence for specificity in glycolytic enzyme binding

to red cell membranes was reported by Kant and Steck (1973)
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for the association of G3PD with human erythrocyte mem-

branes. These workers found that a finite number of G3PD

molecules bound reversibly to the inner (but not the outer)

membrane surface, and hypothesized that a fraction of the

enzyme may be specifically bound to the membrane in vivo

in a fashion which was responsive to metabolic and ionic

flux. In a report published a few months later, McDaniel

et al. (1974) found a similar specificity in the

G3PD-membrane association and suggested that the interaction

between this enzyme and the membrane may have a physiolog-

ical function. The suggestion that specificity existed in

the binding of G3PD to ghosts was by no means universally

accepted. In a study examining the membrane association

of G3PD under different methods of hemolysis, Maretzki

et al. (1974) concluded that under hypotonic conditions of

hemolysis and ghost preparation the enzyme binding was

an artifact.

During the course of the present study two reports

were published by Strapazon and Steck (1976, 1977) on the

association of aldolase with human erythrocyte membranes.

The first study suggested specificity in the association

of rabbit muscle aldolase to ghost membranes and that

rabbit muscle aldolase bound specifically to band 3. The

second study included a membrane affinity scheme for the

preparation of erythrocyte aldolase, along with the
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suggestion that human erythrocyte aldolase bound quanti-

tatively and specifically to the cytoplasmic surface domain

of band 3.

There were also reports of enzyme-bound activity from

workers investigating glycolytic enzymes in other types

of tissues. Rose and Warms (1967) reported the reversible

association of hexokinase with mitochondria in ascites tumor

cells. This work suggested the possibility that the equili-

brium might play a regulatory role, since the Km for ATP

was about three times greater for the soluble than the

bound enzyme. Clarke et al. (1970) found that 20 to 30%

of the total aldolase sedimented when a homogenate of rat

brain or muscle was centrifuged at 100,000 x g. Arnold and

Pette (1968, 1970) found that aldolase and G3PD from rabbit

muscle could be reversibly bound in vitro to F-actin. The

binding of aldolase was sensitive to alkaline pH, to ionic

strength greater than 100 mM, and to the presence of certain

phosphorylated intermediates. The Km for the bound enzyme

was about eight times greater than the Km for the soluble

enzyme, while the Vmax was increased by two-fold. In situ

histochemical staining confirmed that the binding to

F-actin might have physiological significance. Specific

staining of aldolase at the light microscope level indicated

that in sections of rabbit muscle, the enzyme was located

at the sites of the actin filaments (Arnold et al., 1969).
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In spite of differences in interpretation of the

various binding data, the elucidation of this phenomenon

was important, and it was apparent that because both

aldolase and erythrocyte membranes were well-characterized,

they formed a valuable model system for examining

enzyme-membrane interactions in vitro.

Studies on the glycolytic enzyme aldolase from a

number of tissueshave been extensive and the subject of

detailed reviews (Horecker et al., 1972; Snell and Di Mari,

1970; Zeffren and Hall, 1973). Two general types of

aldolases have evolved independently and utilize distinctly

different chemical approaches to catalyze the same

reaction -- the reversible cleavage of fructose-1,6-bis-

phosphate (Fru-1,6-P2). The two mechanistic types of

aldolases are commonly referred to as Class I and Class II

aldolases, and the cleavage products are DHAP (from both

substrates) and glyceraldehyde-3-phosphate (from Fru-1,6-P2

cleavage) or glyceraldehyde (from F-1-P). It appears that

all plant and animal aldolases are of the Class I type,

and microbial aldolases are of the Class II type.

Exceptions include the report by Lebherz and Rutter (1973)

that Micrococcus aerogenes contains a Class I instead of

a riietallo-aldolase, and the work by Jayanthi et al. (1975)

showing that Mycobacterium smegamantis contains an aldolase
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similar in properties to other Class I aldolases. Addi-

tionally, Mo et al. (1973) have shown that both classes

of aldolase can be detected in Euglena, depending upon

environmental growth conditions. Class I enzymes are

Schiff-base forming aldolases and operate through ketimine

formation between the ketone modality of Fru-1,6-P2 and

the c-amino group of a lysine residue in the active site.

The Class II enzymes are the metallo-aldolases and require

a heavy metal ion, usually zinc, for catalysis (Zeffren

and Hall, 1973).

Three isozymal forms of Class I aldolases are dis-

tributed in animal tissues. The principal criteria used

for this classification are (1) activity ratio with

Fru-1,6-P2 and F-l-P as substrates, (2) inhibition by

specific antibodies, and (3) electrophoretic mobility

(Lebherz and Rutter, 1969). Aldolase A is the major form

present in muscle. Aldolase B is the predominant type in

liver and kidney. Aldolase C is present in brain, together

with aldolase A (Horecker et al., 1972). In tissues where

more than one aldolase isozyme is present, hybrid forms

composed of subunits of both primary forms are found to

be present (Penhoet et al., 1966). The molecular and

catalytic properties of the three forms have been defined

(c.f. Horecker et al., 1972).
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The red cell membrane has also been the subject of

extensive review (Guidotti, 1972; Marchesi et al., 1976;

Steck, 1974). The membranes can be purified after osmotic

hemolysis in dilute mildly alkaline buffer by repeated

washing until the "ghosts" are pearly white (Dodge et al.,

1963; Fairbanks et al., 1971; Schwoch and Passow, 1973).

Approximately 52% of the membrane mass is protein, 40%

is lipid, and 8% consists of carbohydrate (Dodge et al.,

1963; Rosenberg and Guidotti, 1969; Winzler, 1969).

The number and types of different phospholipids and

fatty acids in the erythrocyte membrane were known in

great detail before preliminary information on membrane

proteins became available. It is now almost universally

accepted that the lipids of the erythrocyte membrane are

organized as one double layer of closely packed molecules

in which the hydrocarbon chains of fatty acids of each

layer are in close apposition and form a stable and

uninterrupted shell around the cell, offering maximum

stability under in vivo conditions (Singer, 1971;

Stoeckenius and Engelman, 1969). It eventually became

evident, by employing probes such as ESR, that lipid

molecules in membranes are in a far more dynamic state

than had been appreciated earlier, and display lateral

mobilities at rates comparable to lipids in artificial

membranes (Singer and Nicholson, 1972). Studies also
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showed that phospholipid classes are apparently distributed

asymmetrically in specific halves of the lipid bilayer

(Zwaal et al., 1973).

A significant approach in achieving some systematic

way to approach the study of the major proteins of the

red cell membrane was reported by Singer and Nicolson

(1972), who pointed out that these proteins fall into two

categories based on the ease with which they can be

extracted from the membrane. The polypeptides that were

easily extracted from the membranes were considered to be

peripheral or extrinsic to the membranes and were thus

categorized as extrinsic proteins. The remaining poly-

peptides were more intimately connected to the membrane

via lipid-protein interactions, and thus were labeled as

integral membrane proteins.

The membrane proteins are typically analyzed by

disaggregation with the anionic detergent, sodium dodecyl

sulfate (SDS), and resolved by electrophoresis in poly-

acrylamide gels in the presence of SDS. Coomassie Blue

is commonly used to determine the position of the resolved

proteins after electrophoresis, and the bands are usually

numbered according to the convention of Fairbanks et al.

(1971). A number of bands have been identified and

associated with specific properties and function as illus-

trated in Table I (c.f. Marchesi et al., 1976; Steck, 1974).
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The extrinsic membrane proteins, which comprise

approximately 40% of the total, are made up of bands 1,

2, 4, 5, and 6, and based upon labeling and proteolytic

enzyme digestion studies, are now thought to be located

on the inside of the lipid layer.

The polypeptide chains of spectrin (bands 1 and 2),

along the inner surface of the membrane, have also been

demonstrated by direct labeling (Nicolson et al., 1971),

and are thought to be in close juxtaposition both in the

membrane and in solution, since the peptides can be

crosslinked by bifunctional reagents (Wang and Richards,

1974). Band 5, which is now thought to be actin or an

actin-like protein similar to the muscle protein (c.f.

Sheetz et al., 1976; Steck, 1974; Tilney and Detmers, 1975),

is thought to associate with the spectrin polymers, and

there is evidence for considering that bands 1, 2, and

5 represent an actomyosin-like complex (c.f. Marchesi et

a., 1976).

The polypeptides in band 4, which often migrate as

bands 4.1 and 4.2, remain uncharacterized. It is not

known whether they represent one or several different

polypeptides, nor is there any specific evidence with

regard to their location aside from the fact that it is

internal to the lipid bilayer. Some investigators feel

that band 4 might be associated with band 3 (Steck, 1974).
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The other remaining major extrinsic polypeptide, band

6, has been identified as the monomeric form of G3PD

(Carraway and Shin, 1972; Tanner and Gray, 1971). Studies

have shown that this enzyme preferentially binds to the

cytoplasmic surface of the ghost membrane (Kant and Steck,

1973; Letko and Bohnensack, 1974; McDaniel et al., 1974;

Shin and Carraway, 1973), possibly in association with the

cytoplasmic extension of band 3 (Kant and Steck, 1973).

Band 3 represents the most prominent species of the

integral membrane proteins and may have portions of its

polypeptide chain exposed to both the external and cyto-

solic surfaces of the cell (Bretscher, 1971; Steck, 1972).

A number of laboratories have isolated and purified band

3 (c.f. Marchesi et al., 1976), found it to contain

approximately 5-8% carbohydrate, and to bind Concanavalin

A (Pinto da Silva and Nicolson, 1974).

Band 7 has not yet been characterized, and it is not

clear where and how it is arranged in the membrane.

The two minor integral proteins, the Na-K ATPase and

acetylcholinesterase, have not been precisely localized.

The acetylcholinesterase seems to be attached to the exter-

nal surface of the membrane, while the ATPase is probably

on the inside surface, although it must have some access

to the external surface in order for an inhibitor such

as ouabain to exert its effects (c.f. Marchesi et al., 1976).
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Several reports of red cell "actomyosin" have appeared,

in which muscle extraction methods have been applied to

red cell ghosts. The resulting extracts were found to

exhibit ATP-dependent viscosity changes, myosin-like ATPase

activity, and "super-precipitation" (c.f. Kirkpatrick,

1976). Several lines of evidence indicate that band 5 is

homologous with muscle actin. In addition to the similar

molecular weight and amino acid composition of band 5

and rabbit muscle actin (Guidotti, 1972), band 5 has an

ATP binding site (Clarke and Griffith, 1972) and elutes,

along with spectrin, at ionic strengths appropriate for

actin (Fairbanks et al., 1971). More recently, workers

have successfully repolymerized band 5 into actin-like

polymers starting from acetone-powder ghosts (Sheetz et al.,

1976; Tilney and Detmers, 1975) or by trypsinization or

treatment with myosin fragment S1 (Tilney and Detmers,

1975).

Tilney and Detmers (1975) hypothesized that spectrin

and actin in vivo form a complex in which each inhibits

the polymerization of the other. This is supported by

their results with tryptic digestion, and by viscometric

experiments in which spectrin partially inhibits the poly-

merization of excess muscle G-actin. Other workers,

however, report that spectrin causes polymerization of

muscle G-actin when measured by viscosity, and causes small
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increases in sedimentation of protein when spectrin and

actin are mixed at approximately stoichiometric ratios.

Networks were seen by electron microscopy when spectrin

and actin were mixed (c.f. Kirkpatrick, 1976). Tilney and

Detmers (1975) obtained similar networks but only after

addition of salt. Avissar et al. (1975) found that actin

activated the Mg-ATPase of spectrin, but according to

Kirkpatrick and LaCelle (1975) actin inhibits this activity

slightly.

It is highly likely that spectrin and erythrocyte

actin are present in vivo as a complex, but the nature of

this complex is still not understood. Since peptides of

molecular weights comparable to spectrin, and with

actin-binding properties, have been found in several other

systems (Tilney, 1974; Wang et al., 1975), the spectrin-actin

complex may prove to be an example of a widely distributed

phenomenon. The evidence that at least part of the protein

in band 5 is erythrocyte actin does not necessarily invali-

date the hypothesis that spectrin is a polymer of

actin-sized subunits (Dunn and Maddy, 1973).

Evidence for a contractile system in erythrocytes,

presumably involving spectrin, actin, and possibly other

components, has been reported by several groups. Palek

et al. (1974) found that addition of calcium plus Mg-ATP

causes contraction of ghosts, while several groups have
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found that the endocytotic processes in intact red cells

and ghosts are related to ATP hydrolysis and possibly

calcium (Hayashi et al., 1975; Penniston and Green, 1968;

Schrier et al., 1974, 1975); and the spectrin-actin complex

has been implicated in both endocytosis and cell shape

(Gaines et al., 1977; Plishker et al., 1976). Recently,

Sheetz and Singer (1977) have shown that the presence of

ATP is necessary in both intact erythrocytes and ghosts in

order to prevent the onset of crenated shapes, and suggest

that shape changes are a function of ATP-related poly-

merization or network formation involving the spectrin-actin

complex on the membrane.

A problem underlying the above perspective on aldolase

and the erythrocyte membrane concerns the in vivo disposition

of the enzyme; that is, whether aldolase exists freely

dispersed throughout the cytosolic contents as assumed for

many years, or "compartmentalized" in a unique microenviron-

ment perhaps intimately related to the energy-requiring

movements involving at least the spectrin-actin complex.

The present work is an inquiry into this problem, and will

examine the relationship of aldolase to the erythrocyte

membrane by utilizing approaches designed to: (1) purify

and characterize aldolase from human erythrocytes; (2)

establish the biochemical parameters affecting aldolase-mem-

brane interactions in vitro, and quantitate the specific
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association; (3) determine to which membrane constituent

aldolase binds, and to quantitate the binding character-

istics; (4) resolve if aldolase is bound in vivo and its

probable in situ proximity; and (5) hypothesize a functional

implication for the intracellular location of aldolase.



MATERIALS AND METHODS

Materials

The following materials were obtained from Sigma

Chemical Co.: fructose 1,6-bisphosphate (Fru-1,6-P29,

fructose-l-phosphate (Fru-1-P), dihydroxyacetone phosphate

(DHAP), glyceraldehyde-3-phosphate (G-3-P), glucose-6-phos-

phate (G-6-P), fructose-6-phosphate (Fru-6-P),

3-phosphoglycerate, ATP, NADH, cytochrome c, chymotrypsin,

human serum albumin, rabbit muscle aldolase, rabbit muscle

glyceraldehyde-3-phosphate dehydrogenase (G3PD), fumarase,

triosephosphate isomerase, a-glycerophosphate dehydrogenase,

pyruvate kinase, 3-phosphoglycerate kinase, -galactosidase,

phosphocellulose, Trizma, dithiothreitol, Triton X-100,

sodium deoxycholate, Concanavalin A, colchicine, vinblastine

sulfate, podophyllotoxin, dimethyl suberimidate, dimethyl

dithiobispropionimidate dihydrochloride (DTBP), 5,5'-dithio-

bis(2-nitrobenzoic acid) (DTNB), 3-(4,5-dimethyl thia-

zolyl-2)-2,5-diphenyl tetrazolium bromide (MTT tetrazolium),

and phenazine methosulfate. Cytochalasin B was from

Aldrich Chemical Company and Sigma. Reagents for

acrylamide gel electrophoresis were from Bio-Rad

Laboratories. Sephadex G-200 and Blue Dextran were from

Pharmacia. Carrier ampholines were from LKB Productor.

17
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Cellulose acetate plates were from Helena Labs (Beaumont,

Texas), and glutaraldehyde was from Polysciences, Inc.

All other chemicals were reagent grade.

Methods

Erythrocyte Preparation

The following operations were carried out at 40 C.

Recent outdated whole blood was sedimented at 1460 g for

10 min in a Sorvall GSA rotor and the plasma and buffy

coat carefully removed by aspiration. The erythrocytes

were resuspended in four volumes of 25 mM Tris-HC1, pH

7.8, 0.1 M NaCl, and the above process repeated with par-

ticular care to remove any remaining buffy coat fragments.

The additional washes were performed with the same iso-

tonic Tris buffer. The final centrifugation was carried

out at 5,000 g for increased packing of the erythrocytes.

Hemolysis of the erythrocytes was then performed with

five volumes of 25 mM Tris-HC1, pH 7.8, 10 mM 2-mercapto-

ethanol and the suspension stirred gently for 15 min. The

erythrocyte ghosts were then sedimented at 23,000 g for

45 min and the aldolase-containing supernatant solution

carefully aspirated. The centrifuge brake was not used

during this step in order to prevent ghosts from swirling

up during the deceleration process.
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Enzyme Assays

Aldolase was assayed according to the coupled enzyme

procedure of Racker (1947). The reaction mixture contained

100 mM Tris-HC1, pH 8.0, 0.25 mM NADH, 1 mM Fru-1,6-P2 '

and 10 pg each of triosephosphate isomerase and a-glyero-

phosphate dehydrogenase in a final volume of 1 ml. NADH

oxidation was monitored at 340 nm on a Beckman Model 25K

Spectrophotometer.

G3PD was assayed by a modification of the method

described in the Boehringer Mannheim Biochemica Catalogue

(1968). The reagents present in the reaction mixture

(1 ml) were in the following concentrations: 50 mM

Tris-HCl, pH 7.5, 0.28 mM NADH, 1 mM ATP, 10 mM

3-phosphoglycerate, 5 mM MgCI2 , 1 mM EDTA, 5 mM 2-mercapto-

ethanol, 10 U./ml 3-phosphoglycerate kinase. Enzyme activity

was monitored as a decrease in absorbance at 340 nm.

Protein Determination

Protein concentrations were estimated by the

dye-binding method of Bradford (1976), using human serum

albumin as the standard. Ghost protein was determined in

0.1% SDS.

Aldolase Quantitation

The total amount of human erythrocyte aldolase per

cell was determined by combining the hemolysate activity
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after complete lysis with the activity from repeated salt

and detergent extractions of aldolase from the ghosts.

Aliquots of cells were diluted with isotonic phosphate

buffer, pH 7.4, and counted in an Electrozone Celloscope

(Particle Data, Inc.) using an 80 pm aperture, current of

0.5, and a gain of 12.

Ion Exchange Chromatography

Cellulose phosphate was washed and equilibrated by

the procedure of Peterson and Sober (1962). The cellulose

was used as a batch, or packed into either a 1.5 x 30 or

2.5 x 40 cm column and equilibrated with 25 mM Tris-HC1,

pH 7.8, 10 mM 2-mercaptoethanol for several days prior to

use.

Ammonium Sulfate Fractionation

The reverse ammonium sulfate fractionation method

described by Jacoby (1971) was used without modification.

Electrophoresis

Cellulose acetate electrophoresis was performed on

cellulose acetate plates (1 x 3 in) equilibrated in High

Resolution Gelman Tris-barbitol buffer, pH 8.8. Samples

of 8 il were applied to the plates and subjected to elec-

trophoresis for 45 min (1.5 mA/plate) in a Gelman Rapid

Electrophoresis apparatus. The plates were stained for
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aldolase by the procedure of Penhoet et al. (1966) and

for protein with 0.2% Coomassie Brilliant Blue in 5:5:1

methanol, water, acetic acid.

Polyacrylamide gel electrophoresis was performed on

5.6% polyacrylamide gels containing 1% SDS according to the

procedure of Fairbanks et al. (1971) with the following

modifications. Sample solutions were made 1% in SDS,

immersed in boiling water for 1 min, and dialyzed overnight

prior to electrophoresis against 10 mM Tris-HC1, pH 8.0,

1 mM EDTA, 10 mM 2-mercaptoethanol and 1% SDS. Each gel

was overlaid with water of the same temperature as the gel

mixture. After 24 hours the water overlay was replaced

with electrophoresis buffer until use. The gels were

stained with Coomassie Brilliant Blue and photographed,

or scanned with a Helena Laboratories Quick Scan equipped

with a digital integrator.

Isoelectric Focusing

Aldolase samples were electrofocused in a linear

sucrose or glycerol density gradient according to the pro-

cedure of Payne et al. (1972) and the LKB manual, using 2%

solutions of narrow-range ampholines in a LKB Model 8100

apparatus (LKB Productor). Dithiothreitol (10 mM) was

included in all sample solutions. Electrofocusing was

performed at 40 C for 72 hours at 500 volts. Columns were

eluted at a flow rate of 30 ml per hour with a
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peristaltic pump. The pH of the eluant was determined at

40 C with a Markson Flow-Thru electrode as 1 ml fractions

were being collected.

Catalytic Studies

Concentrations of Fru-1,6-P2 and Fru-1-P were deter-

mined by standard enzymatic methods (Bergmeyer, 1965).

Km values were determined for Fru-1,6-P2 using substrate

concentrations from 10- to 10- M and for Fru-1-P using

10-5 to 10- M concentrations. Km values were evaluated

using the weighted least squares method of Wilkinson

(1961) and the Fortran programs of Cleland (1967) adapted

to the IBM 360-50 Computer.

Analytical Ultracentrifugation

Analytical ultracentrifugation was performed on a

Spinco Model E analytical ultracentrifuge equipped with

an electronic speed control and RTIC temperature control

unit. Sedimentation velocity studies were performed in a

standard 12 mm double sector cell with an An-D rotor at

60,000 rpm, 19.60 C, and analyzed with Schlieren optics.

The sedimentation coefficient was calculated according to

Schachman (1957) and corrected to s 20,w. A partial

specific volume of 0.733 cm3/g was obtained from the

amino acid analysis. Sedimentation equilibrium studies

were performed in a 12 mm, six-channel Yphantis cell at
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16,000 rpm or 30,000 rpm using interference optics

(Yphantis, 1964). Subunit molecular weights were deter-

mined by sedimentation equilibrium ultracentrifugation in

guanidine hydrochloride. Photographic plate negatives

of interference fringes or Schlieren boundaries were

measured with a Nikon Model 6C Microcomparator equipped

with digital x-y encoders.

Gel Filtration

Sephadex G-200 was swollen in 25 mM Tris-HC1, pH 8.0,

0.1 M NaCl, 1 mM EDTA, 10 mM 2-mercaptoethanol. The gel

was packed into a 2.5 x 100 cm column at room temperature

and washed with the same buffer at 40 C for 10 days at

6 ml/h4. Void volume, internal volume, and elution volumes

were determined with Blue Dextran, tyrosine, and standard

proteins, respectively. The elution volumes were correlated

with molecular weights (Andrews, 1970) or Stoke's radii

(Ackers, 1964).

Amino Acid Analysis

Amino acid analyses were performed with a Beckman

120 C automatic amino acid analyzer after acid hydrolysis

(Moore and Stein, 1963; Spackman, 1958). An internal

standard of norleucine was added, and the samples were

sealed in reactitherm tubes (Pierce Chemical Co.) and

hydrolyzed in vacuo at 1100 C for 24, 48, and 72 hours in
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2 ml of 6N HC1. Tryptophan was determined spectrophoto-

metrically by the method of Edelhoch (1967), and cysteine

was determined with DTNB after the method of Eliman (1959).

Erythrocyte Ghost Preparation

Fresh blood from volunteers was drawn into heparinized

saline and processed within two hours of collection. Ghosts

were prepared essentially by the method of Dodge et al.

(1963). Whole blood was sedimented for 10 min at 1400 x g

in a Sorvall SS-34 rotor at 40C, and the plasma and buffy

coat were removed by aspiration. The erythrocytes were

resuspended in 5 volumes of the appropriate isotonic buffer

(25 mM Tris-HC1, pH 7.2-8.0, 0.1 M NaCl; 5 mM sodium phos-

phate, pH 7.2-8.0, 0.15 M NaCl), swirled gently to assure

dispersement, and centrifuged as above. This washing pro-

cedure was repeated two more times with care taken to remove

any additional buffy fragments. After the final wash, the

sedimented erythrocytes were combined with at least 10

volumes of the appropriate hypotonic buffer for hemolysis

(5-25 mM Tris-HC1, pH 7.2-8.0; 5 mM sodium phosphate, pH

7.0-8.0) and stirred for 15-60 min at 41C. The volumes of

hypotonic buffer were varied from 10 to 30 and were always

chilled to OoC prior to hemolysis in order to promote

greater efficiency of cell lysis (Schwoch and Passow, 1973).

1Fragments from the buffy coat are rich in potential

proteolytic enzyme activity and can lead to degradation-related

spurious results particularly during extended ghost incubations.
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The ghosts were sedimented at 23,000 x g for 30 min in a

Sorvall SS-34 rotor or at 16,000 x g for 45 min in a GSA

rotor. The supernatant solution was removed by aspiration.

Also removed were the characteristic "buttons" that form

against the centrifuge tube bottom under the ghost layer.

These buttons have a pale opalescent appearance and have

been shown to possess proteolytic enzyme activity presumably

from residual leucocyte contamination (Fairbanks et al.,

1971). Following removal of the final wash supernatant

solution, the ghost layer was transferred to another tube,

swirled intermittantly for 1 min, and allowed to stand at

40 C for 1 hour. This was necessary to insure homogeneous

dispersement of the ghosts after centrifugation. At this

point the ghosts were freely permeable to both metabolites

and protein molecules. Ghosts were then diluted 20-50,000

fold and counted in an Electrozone Celloscope using a 30

,m aperture, current of 0.7, and gain of 34. The final

ghost concentration was approximately 1.9 x 109 per ml.

Unless otherwise mentioned, this ghost concentration value

was used for all experimental computations along with an

experimentally determined value of 8.28 x 10-13 grams

protein per ghost.
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Aldolase Association With Ghosts

Experiments exploring the effect of various metabolites,

salts, and detergents on aldolase-ghost associations with

respect to time and temperature all followed essentially

the same design. Fresh ghost samples in stock volumes

(1.9 x 109/ml) from 1 to 5 ml were incubated by gentle

swirling in an Evapomix. Upon addition of the desired

effector (aqueous aliquot from stock solution) and adjusting

ionic strengths with aqueous KCl, the final volumes ranged

from 2 ml to 7 ml. Incubations were performed in 15-ml

Corex tubes. The time course for the incubations ranged

from 5 to 60 min, and temperatures were varied between 4
0 C

to 300 C. Optimal time and temperature conditions were

employed for all experiments. When it was necessary to

assay the ghost fraction, ghosts were diluted 1:1 with

buffer and swirled gently several times over a period of

1-2 min. This was necessary in order to freely disperse

the packed ghosts. Erratic ghost measurements were obtained

until this step was employed.

Aldolase Binding to Ghosts

Fresh ghosts (20 ml) were depleted of aldolase by

incubation in either 5 mM Fru-1,6-P2 or 0.15 M KCl in a

final volume of 200 ml of 5 mM phosphate buffer, pH 7.5,

5 mM 2-mercaptoethanol. The incubation mixture was swirled

at 100C in an Evapomix incubator for 45 min, and followed
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by centrifugation for 45 min at 16,000 x g. The supernatant

solution was removed, and the ghosts were subjected to a

repeated extraction. The second extraction was followed

by one 30-min and two 15-min incubation/centrifugations

in 10 volumes of hypotonic buffer to remove residual

Fru-1,6-P2 or KCI. The depleted ghosts were then counted

in an Electrozone Celloscope. Typically less than 5% of

the original ghost sample was lost during the centrifugation

and decantation steps. The ghosts were then divided into

1-ml aliquots and known quantities of rabbit muscle or

human erythrocyte aldolase added to the samples in final

concentrations of 0.005 to 0.5 mg/ml in a total volume of

1.5 ml. Incubations were from 10 to 60 min over a tempera-

ture range from 4-240C. Following the incubation, 0.175 ml

aliquots were taken for centrifugation in a Beckman Airfuge.

Suspension aliquots were also taken for enzyme assay during

centrifugation. Ghosts were found to sediment completely

at 50,000 x g for 5 min. Following centrifugation the

supernatant solutions were removed and assayed for aldolase

activity. While four supernatant solutions were simul-

taneously being measured for enzyme activity, the sedimented

ghosts were resuspended to the original 0.175 ml volume,

mixed thoroughly, and then assayed for bound activity.

As a control to assure binding sidedness, resealed

ghosts were prepared after the method of Steck (1974-b).
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Washed erythrocyte samples were subjected to the usual

method of hemolysis except that the hypotonic buffer contained

1 mM MgSO4 . This treatment caused the ghosts to reseal

immediately. After two standard ghost washes less than 5%

of the normal accessible ghost aldolase activity could be

detected in these Mg++-resealed ghosts. These ghost

preparations exhibited identical sedimentation behavior to

unsealed ghosts.

Erythrocyte Incubations in Glutaraldehyde

Erythrocytes from freshly drawn blood were isolated

in isotonic phosphate buffer. The sedimented erythrocytes

(1.7 x 109/ml) were then diluted to a 30% suspension

(5.1 x 108/ml) in the same isotonic buffer. After washing,

approximately 5 ml of packed erythrocytes were typically

obtained from 15 ml of whole blood. Erythrocyte samples

(1 ml) in 15 ml test tubes were mixed with an aliquot of

ultrapure 8% aqueous glutaraldehyde, pH 7.0, from a

refrigerated sealed ampule (under N2) and swirled imme-

diately at moderate speed in a vortex mixer and placed in

a 100C Evapomix incubator. The final glutaraldehyde con-

centration was usually 10 mM; however, in those experiments

that required differences in concentration, dilution

compensation volumes of isotonic buffer were placed in

each tube prior to glutaraldehyde. The glutaraldehyde-treated

samples were then swirled slowly in the Evapomix for a short
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period of time. Following incubation the samples were

placed in ice and immediately mixed with ten volumes of

ice-cold 5 mM phosphate buffer, pH 7.4, 5 mM 2-mercapto-

ethanol, for hemolysis. The tubes were inverted

intermittantly over a 30 min period. No further cross-linking

was found to occur during the hemolysis period. Following

hemolysis, 0.175-ml aliquots were taken for centrifugation

in a Beckman Airfuge. The ghosts were sedimented at 50,000

x g for 5 min and the tubes removed and placed in ice.

Aliquots of the supernatant solutions and resuspended ghosts

were taken for enzyme assay.

In those experiments involving a perturbation incu-

bation prior to treatment with glutaraldehyde, 1-ml

erythrocyte samples were placed in 15 ml test tubes. The

samples were then mixed with an aliquot from the appropriate

perturbant stock solution, swirled gently, placed in the

100 C Evapomix incubator, and incubated for 60 min. Fol-

lowing the incubation, samples were treated with

glutaraldehyde and the experiment continued as described

above.

For experiments involving aldolase extraction subse-

quent to treatment with glutaraldehyde, 2-ml erythrocyte

samples were incubated in the presence of 10 mM glutaralde-

hyde as previously described. Following incubation,

hemolysis, and centrifugation of the sample at 16,000 x g
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for 45 min, the ghosts were resuspended to a final volume

of 10 ml containing the appropriate extraction solute.

The samples were then incubated for 60 min at 10C, followed

again by centrifugation and assays of the supernant solutions

and resuspended pellets were prepared for polyacrylamide

electrophoresis in SDS.

Lumicolchicine Synthesis

Lumicolchicine, a non-biologically-active structural

isomer of colchicine, was prepared by the method of Wilson

and Friedkin (1966). Twenty mg of colchicine was dissolved

in 1 ml of 95% ethanol. The sample was then diluted with

ethanol until the absorbance was approximately 0.4 (observed

at 350 nm). The solution was then poured into a shallow

dish and placed 25 cm from a long wavelength U.V. light

source and irradiated for 24 to 28 hours. Ethanol was

added periodically to compensate for evaporation. Absorbance

measurements were conducted at various intervals, and the

decrease followed until the A350 was 0.02. This absorbance

level indicated that the structural conversion was com-

plete (Wilson and Friedkin, 1966). The sample was then

dried in vacuo. The sample was resuspended in Tris buffer

and employed as a colchicine control. The initial color,

a pale amber, was unchanged after the irradiation procedure.
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Purification of Erythrocyte Actin

Erythrocytes from recently outdated blood were isolated

in 5 mM sodium phosphate, pH 7.4, 0.15 M NaCl, and hemolyzed

and washed in 5 mM phosphate, pH 7.4, 5 mM 2-mercaptoethanol.

The ghosts were diluted into 10 volumes of the same hypo-

tonic phosphate buffer containing 0.15 M KC1 and stirred

at 40 C for 30 min.I Following centrifugation at 24,000 x g,

the ghosts were resuspended in 10 volumes of cold water,

stirred for 10 min, and again subjected to centrifugation.

This washing procedure in water was repeated three times in

order to remove residual KC1. The washed ghosts were then

suspended in 10 volumes of buffer containing 1.37 mM Tris,

pH 8.0, 0.5 mM ATP, and 0.5 mM 2-mercaptoethanol. The

buffer is a modification of the buffer used by Sheetz et al.

(1976) to extract actin from erythrocyte acetone powder.

The ghosts were stirred 12 hours in this buffer at 40 C,

followed by centrifugation at 24,000 x g for 60 min. The

supernatant solution was then subjected to centrifugation

at 80,000 x g for 3 hours in a Beckman L3-40 preparative

ultracentrifuge using a Type 42 rotor. This latter step

was useful in clarifying the supernatant solution from the

ghost extraction. The supernatant solution from the 80,000

x g centrifugation (containing primarily spectrin and actin

as revealed by SDS gels) was then brought to 0.1 M KC1

'This step was employed to remove some of the peripheral
proteins, including G3PD.
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and 1 mM MgCl2 by slow addition of solid material. The

mixture was allowed to stand at room temperature for two

hours. Solid KC1 was added slowly to make the final con-

centration 0.6 M KC1 (Spudich and Watt, 1971). The mixture

was then incubated at 40 C for 12 hours and centrifuged at

80,000 x g for three hours. The pellets after this centri-

fugation were colorless and translucent with a gelatinous

consistency. SDS electrophoresis revealed that the actin

was 50-60% of the protein, and the remainder was spectrin.

By employing two additional depolymerization/polymerization

steps, actin could be obtained that was greater than 95%

homogeneous. The purified actin was stored in the KCl/MgCl2

polymerization buffer that included 10~4 M sodium azide.

Purification of Spectrin

Spectrin was isolated essentially by the water-azide

method of Reynolds and Trayer (1974). Erythrocytes from

recently outdated blood were isolated in isotonic phosphate

buffer, and hemolysis was perfomed by suspending the packed

erythrocytes in 15 volumes of hypotonic phosphate buffer for

30 min. The ghosts were centrifuged at 16,000 x g for 45

min, the supernatant solutions aspirated, and the ghosts

resuspended in 10 volumes of the same hypotonic buffer.

This washing procedure was repeated three times. The

ghosts were then washed with 10 volumes of cold water

containing 5 x 10~4 M sodium azide, pH 7.5, by stirring
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for 10 min at 40 C. The membranes were centrifuged again,

resuspended in 10 volumes of the same water-azide solution,

and stirred for 12 hours at 40 C. The ghosts were centrifuged

again and the supernatant solutions decanted and stored at

40 C. The sedimented ghosts were resuspended in the

water-azide solution and the extraction procedure repeated.

The supernatant solution from the second 12 hour extraction

was combined with the first, and the combined solutions

were concentrated by ultrafiltration using an Amicon

XM100A membrane. After this concentration step, the fil-

trate was centrifuged at 16,000 x g for 30 min to remove

denatured protein. The supernatant solution from this

centrifugation was prepared for gel filtration chromatography

(Marchesi et al., 1970). The sample was dialyzed for 12

hours against 100 volumes of gel chromatography equili-

bration buffer: 20 mM Tris-HC1, pH 8.4, 1 mM EDTA, 0.1 M

NaCl, 20 mM 2-mercaptoethanol, 0.1 mM NaN3 . Sephadex G-200

was prepared as described earlier and equilibrated for 7-10

days at 41C in a 2.5 x 100 cm column at a flow rate of

4-6 ml/hr. The dialysate extraction solution was applied

to the column and 4-ml fractions collected. SDS gel

electrophoresis showed spectrin eluting in the void volume

along with a small amount of Band 5. Fractions from the

spectrin peak were pooled, salted out by adding an equal

volume of saturated (NH4 )2 SO4, and the precipitate
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resuspended in a minimum volume of the buffer. The sample

was then reapplied to the Sephadex column, and fractions

collected as above. SDS gels of the spectrin peak from

the second chromatography step showed spectrin to be essen-

tially homogeneous. Ammonium sulfate was again added to

the pooled fractions and the spectrin stored at 40 C as a

precipitate in (NH4 )2SO4 containing 10~4 M sodium-azide.

Aldolase Binding to the Spectrin-Actin Complex

Samples of spectrin-actin obtained from erythrocyte

ghosts as described above were dialyzed against 100 volumes

of binding buffer (5 mM KC1, 1 mM MgC12 , 0.2 mM imidazole,

pH 7.0) for 12 hours at 40 C. The sample was then clarified

by centrifugation at 16,000 x g for 30 min and protein

concentrations determined. The binding procedure was as

follows. Aliquots of spectrin-actin were mixed with

purified human erythrocyte aldolase (dialyzed against same

buffer) in a final volume of 0.2 ml. The mixture was then

incubated for 15 min at 200 C. Aliquots (0.175 ml) were

centrifuged for 10 min at 160,000 x g in a Beckman Airfuge.

The supernatant solutions were decanted, mixed and tested

for enzyme activity. Pellets were resuspended in buffer

containing 0.1 M KC1 and assayed for aldolase. Control

experiments were performed without the addition of spec-

trin-actin, and it was shown that the centrifugation

conditions did not affect the aldolase activity.
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Aldolase Binding to Erythrocyte Actin

Samples of purified actin stored in the KC1/MgC1 2

polymerization buffer were dialyzed against 0.2 mM imidazole,

pH 7.0, 5 mM KCl, 1 mM MgCl2, 0.2 mM 2-mercaptoethanol,

and clarified at 24,000 x g for 30 min. All proteins used

in the binding experiments were dialyzed against the above

buffer prior to use. Protein determinations were then per-

formed on all samples and binding experiments conducted as

described above. Proteins employed in the competitive

binding experiments were added just after the aldolase

aliquot.
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Purification of Erythrocyte Aldolase

Batch Process

All procedures, unless otherwise noted, were carried

out at 40C. Fresh hemolysate was mixed with phospho-

cellulose (exchange capacity = 0.94 meq/g) that had been

equilibrated with the lysing buffer. A ratio of 1 g

semi-dry phosphocellulose cake per 10 ml hemolysate was

usually employed, although this value was altered

occasionally depending upon variations in phosphocellulose

exchange capacities. The phosphocellulose-hemolysate

suspension was then gently stirred for 10 min at 40 C. The

suspension was then vacuum filtered and the filtrate

discarded. Essentially all of the aldolase present in the

hemolysate was found to bind to phosphocellulose under

these conditions.

A washing process was then performed in order to remove

the hemoglobin. By using the same process of resuspension,

stirring, and filtration described above, the phospho-

cellulose was washed two times with 25 mM Tris-HC1, pH

7.8, 10 mM 2-mercaptoethanol; two times with 50 mM Tris-HC1,

pH 7.8, 2-mercaptoethanol; and two times with 50 mM

Tris-HCl, pH 8.4, 10 mM 2-mercaptoethanol, thus removing

36
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approximately 98% of the hemoglobin, while allowing most

of the aldolase to remain bound to the cellulose

ion-exchanger. Between each of the above buffer changes,

the cellulose was washed once with a mixture of the two

transition buffers. This gradual change in ionic strength

and pH was found to prevent release of aldolase that was

caused by sudden changes in buffer pH or ionic strength.

A substrate elution of the aldolase was then performed

by suspension of the phosphocellulose in the final wash

buffer containing 2 mM Fru-1,6-P 2* The filtrate, which

contained virtually all of the aldolase that remained

bound to the phosphocellulose, was then dialyzed against

saturated ammonium sulfate at pH 7.3. The buffering of

the ammonium sulfate solution was necessary because

filtrate-induced pH increases approaching pH 8.0 caused

aldolase denaturation during this step.

The precipitated protein was collected by centrifu-

gation, resuspended, and dialyzed in 25 mM Tris-HC1,

pH 7.3, 1 mM EDTA, 10 mM 2-mercaptoethanol.

Column Chromatography

The resuspended eluant from the batch process was

then applied to a phosphocellulose column equilibrated

with 25 mM Tris-HC1, pH 7.8, 10 mM 2-mercaptoethanol.

A wash process similar to that used during the batch

process was used to remove final hemoglobin traces.
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Prior to the elution step, the column was washed with one

volume of 1 mM NADH in 50 mM Tris-HC1, pH 8.4, without

2-mercaptoethanol. This was effective in removing G3PD

which was a persistant contaminant until this step was

employed.

The aldolase was then eluted with one column volume

of 50 mM Tris-HC1, pH 8.4, 10 mM 2-mercaptoethanol con-

taining 2 mM Fru-1,6-P2 (Figure 1). A final wash with

0.5 M NaCl failed to remove additional aldolase, indicating

that aldolase elution was complete. The eluted aldolase

was again precipitated by dialysis against saturated

ammonium sulfate.

The final step involved a reverse ammonium sulfate

fractionation of 2% increments from 65% saturation to

45% saturation, with the bulk of the aldolase salting in

at 49% saturation.

A typical purification procedure representing the

washed erythrocytes from four units of whole blood is

shown in Table II. With some sacrifice in yield, the

process results in an 8,000 fold purification of the aldo-

lase and a specific activity of 16 I.U./mg protein. At

this point the enzyme was stable for several months when

stored as a crystalline suspension in ammonium sulfate at

40C. Cell count, specific activity, and molecular weight
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Figure 1 - Elution of human erythrocyte aldolase from
phosphocellulose. The enzyme was eluted with 2 mM
Fru-1,6-P 2 in buffer. Arrow A indicates addition of
Fru-1,6-P 2. Arrow B indicates addition of 0.5 M NaCl.
Fractions (2 ml) were collected at a flow rate of 0.5 ml/min
and assayed for aldolase activity (e) and absorbance at
280 nm (o).
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parameters gave an average value of 35,000 aldolase mole-

cules per red blood cell.

Electrophoresis

Thin layer and polyacrylamide gel electrophoresis

were carried out on both the hemolysate and the pure enzyme.

The results of thin layer electrophoresis of the hemolysate

(Figure 2A) and pure enzyme (Figure 2B) demonstrated only

one band when stained for enzyme activity. Polyacrylamide

gel electrophoresis in SDS (Figure 3) gave a single band

after electrophoresis of the pure enzyme. The figure also

illustrates the migration of human erythrocyte aldolase

compared with rabbit muscle aldolase. They were found to

migrate identical distances when subjected to electrophore-

sis under identical conditions.

Electrofocusing

Isoelectric focusing of hemolysate or purified enzyme

showed one peak focusing at pH 8.9 (Figure 4). SDS gels

of the elution peak showed one major band and one diffuse

low molecular weight minor band, the minor band coinciding

with the migration of ampholines.

Kinetics

The catalytic properties of human erythrocyte aldolase

are illustrated in Table III, along with comparisons of

the human heart and rabbit muscle enzymes. The enzyme
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Figure 2 - Densitometer tracings of cellulose acetate
electrophoretograms. (A) Fresh hemolysate was subjected
to electrophoresis on cellulose acetate plates for 45
min at 1.5 mA/plate. Aldolase activity was visualized
as described in Methods. (B) Purified erythrocyte
aldolase was subjected to electrophoresis as described
under Methods.
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Figure 3 - (A) SDS polyacrylamide gel electrophoresis
of purified human erythrocyte aldolase. A 25 pg sample
of protein was subjected to electrophoresis as described
under Methods. (B) SDS polyacrylamide gel electrophoresis
of rabbit muscle aldolase.
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Figure 4 - Isoelectric focusing of human erythrocyte
aldolase. The conditions of the experiment are described
under Methods.
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exhibits Michaelis-Menten kinetics at 301C with K valuesm

of 7.1 x 10-6 M for Fru-1,6-P2 and 3.0 x 10- M for Fru-1-P.

The V values for the two substrates were 16.1 and 0.4
max

ymoles/min/mg protein for Fru-1,6-P2 and Fru-1-P,

respectively. Thus, the substrate specificity

(Fru-1,6-P2 /Fru-1-P ratio of V max values) of the enzyme

was 40.

Molecular Wegh

Molecular weight determinations were made from sedi-

mentation velocity and sedimentation equilibration

ultracentrifugation. The sO 20,wvalue of 7.78 x 10-13 sec was

determined by extrapolating to zero protein concentration

as shown in Figure 5. High-speed equilibrium ultracen-

trifugation was used to determine the homogeneity and

molecular weight of the enzyme. A weight average molecular

weight of 158,000 was calculated from the slope of ln dy/r2

of fringe displacement (Figure 6). This method was also

used to determine the subunit molecular weight in 6 M

guanidine hydrochloride, and a value of 40,000 was obtained.

Both plots were linear and indicate a monodisperse species.

Gel filtration chromatography of the purified enzyme gave

a molecular weight of 160,000 (Figure 7) and a Stoke's

radius of 4.56nm. A diffusion coefficient (D2 0 ,w) of

4.68 x 10~ cm2sec1 and a frictional ratio of 1.27 were
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Figure 5 - Determination of sedimentation coefficient
for human erythrocyte aldolase. Purified human erythrocyte
aldolase in concentrations of 6, 3, and 1.5 mg/ml were

subjected to sedimentation velocity at 60,000 rpm.
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Figure 6 - Fringe displacement obtained from sedi-
mentation equilibrium of native human erythrocyte aldolase.
The protein (0.5 mg/ml) was dissolved in and dialyzed
against Buffer A (25 mM Tris-HC1, pH 7.3, 1 mM EDTA, 10
mM 2-mercaptoethanol, 0.1 M NaCl). Sedimentation was at
16,000 rpm for 22 hours at 20*C in an An-D rotor in a 12
mm six-channel Yphantis cell with Sapphire windows.
The protein concentration was calculated from the fringe
displacment (yi-yo) in millimeters and measured on the
microcomparator.The abscissa represents the square of
the distance (cm) from the center of rotation.



54

8.0

7.0

6.0

5.0

4.0

41 42 43 44

r2 (cm)



55

Figure 7 - Determination of molecular weight of human
erythrocyte aldolase by gel filtration. The ordinate repre-
sents the ratio of Ve (elution volume) to v (void volume)
and the abscissa the molecular weight. The column was
prepared and calibrated as described under Methods.
Fractions of 2 ml each were collected at a flow rate of
6.0 ml/hr and monitored by their absorbance at 280 nm.
Cyto c, cytochrome c; a-Chytrp, a-chymotrypsin; HSA,
human serum albumin; GAPD, glyceraldehyde-3-phosphate
dehydrogenase; RM Ald, rabbit muscle aldolase; HE Ald,
human erythrocyte aldolase; Fum, fumarase; PK, pyruvate
kinase; s-Gal, -galactosidase.
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also determined. A comparison of the physical properties

of related aldolases is seen in Table IV, with only slight

differences apparent between the forms.

Amino Acid Analysis

The amino acid composition from human erythrocyte

aldolase is shown in Table V. Analyses from human heart

and rabbit muscle are included for comparison. Possible

differences in residue numbers can be detected between

the aldolases; however, the overall compositions are

remarkably similar.

Aldolase Association With Ghosts

In order to proceed with a molecular examination of

aldolase-membrane interactions, it was imperative to

quantitate the amount of aldolase present in normal eryth-

rocytes. This was done by correlating the amount of

aldolase recovered from hemolysates and repeated ghost

extractions with numbers of ghosts. The values obtained

from these experiments are shown in Table VI, and show

that G3PD is present in a nearly 10-fold excess over aldo-

lase. The value shown for G3PD compares closely with the

result of McDaniel et al. (1974), who reported 2.7 x 105

G3PD molecules per cell.

The initial step in the study of erythrocyte aldolase

association with the membrane was to determine the amount
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TABLE V

COMPARISON OF AMINO ACID COMPOSITIONS

Residues/ Human Human* Rabbit**
40,000 Erythrocyte Heart Muscle

Lys

His

Arg

Asp

Thr

Ser

Glu

Pro

Gly

Ala

Val

Met

Ile

Leu

Tyr

Phe

Trp

Cys

27

10

15

27

21

18

48

17

32

43

21

3

18

36

12

8

4

8

25

8

17

30

22

23

48

20

32

37

20

3

15

34

12

8

4

8

25

11

15

25

22

20

40

19

30

41

21

3

19

34

12

7

3

8

*Data taken from Allen et al. (1973).

**Data taken from Lai et al. (1974).
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TABLE VI

ENZYME CONTENT OF ERYTHROCYTES AND GHOSTS

Enzyme Molecules/cell Molecules/ghost** % Bound***

Aldolase 3.5 x 104* 1.4 x 104 40

G3PD 2.5 x 105 7.5 x 10 4 30

*Hemolysate plus ghost activity; specific activity
of 16 I.U./mg (Yeltman and Harris, 1977).

**Assayed following treatment with 0.1% Triton X-100.

***Bound under specific conditions: Hemolysis of fresh
erythrocytes in 20 volumes of 10 mM Tris-HC1, pH 7.4,
10 mM 2-mercaptoethanol; 0.1% Triton X-100 in assay; ghost
concentration approximately 1.8 x 109/ml.
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of enzyme in the hemolysate and ghost fractions after

hemolysis. Table VII shows that the majority of aldolase

and G3PD released upon hemolysis (50-55% using 30 volumes

of Tris buffer) occurs during the inital hemolysis step,

and that the remainder is removed during the first wash.

This table also illustrates that the vast majority of

total erythrocyte protein resides in the cytosolic fraction.

This protein, while not indicated in this table, consisted

mainly of hemoglobin with an intracellular concentration

of approximately 5 x 10-3 M (Harris and Kellermeyer,

1972).

Wide variations in the amount of aldolase retained by

the ghosts after hypotonic hemolysis have been reported.

With reports ranging from "negligible" (Solti and Friedrich,

1976) to 80% bound (Shin and Carraway, 1973), it was

necessary to compare several standard conditions used rou-

tinely by other workers and observe any differences by

using erythrocytes from the same preparation. The results

from these experiments are illustrated in Table VIII.

Marked differences were found to exist in the extent of

bound aldolase depending upon the volume of hypotonic

buffer employed, as well as the buffer type. The amount

of aldolase bound to the membrane can vary between

approximately 18% of the potential cellular aldolase by

employing phosphate buffer, to 53% of this total
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TABLE VII

ASSOCIATION OF ALDOLASE AND G3PD TO ERYTHROCYTE
MEMBRANES DURING GHOST PREPARATION

Cellular Enzyme Activity*

Aldolase G3PD

Fraction % Total I.U./ml % Total I.U./ml % Total
Protein (x102) (x102 )

Hemolysate** 90.9 7.92 55 43.7 50

1st Wash 8.0 0.72 5 17.5 20

2nd Wash 0.7 0.00 0 0.00 0

3rd Wash 0.2 0.00 0 0.00 0

Ghosts 0.5 5.76 40 26.2 30

Washed erythrocyte samples (10 ml) were mixed with
300 ml of 00C 10 mM Tris-HC1, pH 7.4, 5 mM 2-mercaptoethanol,
and hemolyzed at 0*C for 30 min. Following centrifugation,
the hemolysate solution was assayed for enzyme activity
and protein concentration. The sedimented ghosts were
resuspended to 100 ml in the same Tris buffer and stirred
for 10 min. The supernatant solution (1st wash) from the
centrifugation was analyzed as above and the procedure
repeated three times. The final ghost pellet was resus-

pended in 10 ml buffer. The values are averages from
at least five experiments.

*Available for assay without detergent.

**Hemolysis in 30 volumes of 10 mM Tris-HC1, pH 7.4,
5 mM 2-mercaptoethanol.
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TABLE VIII

ALDOLASE RELEASE FROM ERYTHROCYTES UNDER
DIFFERENT HEMOLYSIS CONDITIONS

Cellular Aldolase Activity*

Hemolysate Resuspended Ghosts

Buffer/volumes I.U./ml % Total I.U./ml % Total
(x10 2) (x102 )

Phosphate/10** 11.6 82 2.54 18

Phosphate/20 10.7 76 3.38 24

Tris/10*** 10.9 77 3.24 23

Tris/20 10.0 71 4.23 30

R.O. water/10 7.90 56 6.34 45

R.O. water/20 6.77 48 7.47 53

Aliquots (1 ml) of freshly prepared erythrocytes were
subjected to hemolysis by dilution with different volumes
of various buffers. The suspensions were incubated for
15 min at 0*C, followed by centrifugation. Hemolysate
supernatant solutions were assayed for aldolase activity
as were the resuspended ghosts. The values are averages
from three experiments.

*Available activity without detergent.

**5 mM phosphate, pH 7.4.

***l0 mM Tris-HC1, pH 7.4.
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using water. Retention is also affected by the hemolysate

dilution. The amount that remains bound tends to increase

with the dilution factor. This is also supported by the

results of McDaniel et al. (1974) who reported 85%

retention using 40-50 volumes of phosphate buffer.

It was of interest to determine if the bound aldolase

could be released from the ghost membrane by its substrate,

Fru-1,6-P2 , in a fashion analogous to the substrate elution

of aldolase from phosphocellulose (Allen et al., 1973)

or actin (Arnold and Pette, 1970). The ghosts were incu-

bated with Fru-1,6-P2 as well as several phosphorylated

glycolytic intermediates, and the results of these exper-

iments are illustrated in Table IX. Fru-1,6-P2 exhibited

the greatest elution efficacy. Dihydroxyacetone phosphate

(DHAP) and glyceraldehyde-3-phosphate were also effective

but to a lesser extent. ATP was the only other phosphory-

lated metabolite tested which released the enzyme.

Figure 8 illustrates the effect of increasing sub-

strate concentrations on the release of membrane-bound

aldolase. The amount released at substrate concentrations

greater than 1 mM was gradual, with a double reciprocal

plot showing that complete release would be obtained at a

Fru-.,6-P2 of slightly greater than 100 mM.

The next experiment was designed to examine the degree

of electrostatic influence on the aldolase-ghost association.
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TABLE IX

EFFECT OF METABOLITES ON ALDOLASE RELEASE
FROM GHOSTS

Aldolase Activity*

Metabolite I.U./ml % Total
(x102 )

Fru-1,6-P 2  4.45 80

DHAP 2.84 51

G-3-P 2.11 38

ATP 2.06 37

Fru-l-P 0.00 0

NADH 0.00 0

G-6-P 0.00 0

Fru-6-P 0.00 0

Aliquots (2 ml) of freshly prepared ghosts were
incubated in the presence of 2 mM concentrations of
various metabolites in a final volume of 4 ml. The
mixtures were swirled for 15 min at 10 0C followed
by centrifugation for 60 min at 75,000 x g. Supernatant
solutions were assayed for aldolase activity.

*Enzyme activity expressed in percent total ghost
content as measured without detergent; values are
averages from three experiments.
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Figure 8 - Substrate elution of membrane-bound aldolase
with Fru-1,6-P 2. Ghost samples (2 ml) were incubated with
increasing concentrations of Fru-1,6-P 2 in 10 mM Tris-HC1,
pH 7.4, 5 mM 2-mercaptoethanol in a final volume of 4 ml.
Following incubation for 15 min at 10C and centrifugation,
aliquots from the supernatant solutions were taken for
enzyme assays. The ordinate represents the percent of
total ghost aldolase content.
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The effect of increasing the ionic strength in ghost

suspensions is shown in Figure 9. The figure illustrates

an increase in aldolase release as the KC1 concentration

is increased to 0.1 M. There was essentially no difference

in the amount released between 0.1 and 0.15 M concen-

trations, with a slight decline in the amount released

observed at higher KC1 concentrations.

The question remained as to whether or not the aldo-

lase that remained bound after incubation with KC1 could

be released by subsequent incubations. Figure 10 shows

that after the initial incubation, which releases the

majority of the enzyme, two repeated incubations release

approximately 30% more of the bound aldolase.

Only one method, enzyme activity measurement, had

been employed to measure the elution/retention charac-

teristics of aldolase with ghosts, and while this method

was extremely sensitive, it was necessary to utilize

another means of observing the same phenomenon. The

method of polyacrylamide gel electrophoresis was chosen

because discrete differences in protein quantities could

be detected when samples were solubilized and subjected

to electrophoresis in he presence of SDS. Extraction

supernatant solutions and ghosts were solubilized and the

electrophoretic profiles correlated with enzyme activities.

The protein distributions in ghosts and elution products
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Figure 9 - Determination of optimal KC1 concentration
for elution of bound aldolase from erythrocyte ghosts.
Aliquots of fresh ghosts (2 ml) were incubated for 15 min
at 100C in 10 mM Tris-HC1, pH 7.4, 5 mM 2-mercaptoethanol,
containing KC1 concentrations from 0.01 to 0.2 M in a
final volume of 4 ml. Following centrifugation, super-
natant and resuspended ghost fractions were assayed for
aldolase activity. The ordinate represents the per cent
of total ghost aldolase content. (e) supernatant solution;
(o) resuspended ghosts.
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Figure 10 - Effect of repeated extractions of aldolase
with KC1. Two-ml ghost aliquots (1.9 x 10 9 ghosts/ml)
were incubated for 15 min at 101C in 10 mM Tris-HC1, pH 7.4,
5 mM 2-mercaptoethanol, containing 0.1 M KC1 in a final
volume of 10 mi. Following centrifugation, the supernatant
solution was assayed for aldolase activity, discarded, and
the pelleted membranes resuspended in the same buffer.
Assays were then performed on the resuspended ghosts and
the incubation procedure repeated. The ordinate represents
aldolase activity as per cent of total ghost content.
(o) resuspended ghosts; (e) total aldolase.
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are illustrated in Figure 11. Figure 11A shows the

standard profile of ghost proteins as they are distributed

after SDS polyacrylamide gel electrophoresis. The numbers

assigned to the protein bands are taken from Fairbanks et

al. (1971). Figure 11B shows that upon incubation of

washed ghosts in hypotonic buffer, the primary proteins

released are bands 1,2 (spectrin) and 5 (actin) along

with some 7,8 and hemoglobin (Hb). The amount of hemoglobin

released depended upon the extent of washing prior to

incubation, as well as the ionic strength of the hemolysis

buffer. Figure 11C shows the effect of high ionic strength

on the release of peripheral ghost proteins and illustrates

that band 6 (G3PD) was the principle protein released

along with residual protein. Note that very little

spectrin and actin are released upon treatment with salt.

Figure 11D to 11F illustrate the specific elution of a pro-

tein concomitant with increasing Fru-1,6-P2 concentrations

and aldolase activity. Figure 11G represents standard

control migrations for aldolase and G3PD as these purified

proteins were included with the low ionic strength elution

products represented in Figure 11B.

Reports that low levels of Triton X-100 extracted

certain ghost proteins (Yu et al., 1973) and the fact that

this detergent was used in enzyme assay mixtures (Shin and

Carraway, 1973; McDaniel et al., 1974) led to an examination
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Figure 11 - Electrophoresis densitometer traces from
SDS gels of ghost elution supernatant solutions. Freshly
prepared ghost samples (2 ml; 1.9 x 109 ml) were incubated
under appropriate conditions for 30 min at 10 0C in a final
volume of 4 ml. Following incubation and centrifugation
the supernatant solutions were prepared for polyacrylamide
gel electrophoresis in SDS. (A) untreated ghosts; (B)
10 mM Tris-HC1, pH7.4; (C) 10 mM Tris-HC1, pH 7.4, 0.15 M
NaCi; (D-F) increasing concentrations of Fru-1,6-P,;
(G) sample "B" containing aldolase and G3PD as markers.
The tracings are from one experiment and are representative
of data obtained from ten separate experiments.
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of detergent effects on aldolase-ghost associations. The

effects of Triton X-100 and deoxycholate (D.O.C.) in the

presence of ghost mixtures are shown in Table X. When

ghosts were incubated in the presence of detergents, aldo-

lase activities were elevated substantially; but when

the suspensions were subjected to centrifugation, the

majority of the enzyme activity remained in the pellet.

The effects of KC1 and Fru-1,6-P2 on the release of the

enzyme are included for comparison. When the detergent

incubations were followed by the addition of either KC1

or Fru-1,6-P2 prior to centrifugation, aldolase was

released into the supernatant solutions.

Aldolase Binding to Ghosts

The occurrence of enzyme-membrane complexes under

hypotonic conditions and their reversal at high ionic

strength provide indirect evidence for binding of aldolase

to ghosts but do not yield information on in vivo

conditions. Evidence was sought for specificity in the

association of aldolase with the isolated human erythrocyte

membrane by measuring the extent of aldolase rebinding to

ghosts depleted of the enzyme.

When the aldolase-depleted ghosts were incubated with

increasing concentrations of purified human erythrocyte

aldolase, the enzyme resorption to the membrane obeyed a

simple saturation isotherm as shown in Figure 12.
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Figure 12 - Aldolase binding to unsealed and Mg++-re-
sealed ghosts. Aliquots (1 ml) of aldolase-depleted or
Mg++-resealed ghosts were incubated with increasing con-
centrations of erythrocyte aldolase in 5 mM phosphate
buffer, pH 7.4, 2 mM 2-mercaptoethanol, in a final volume
of 1.5 ml. Following a one-hour incubation at 40C, the
membranes were pelleted and the supernatant solutions
assayed for aldolase. Membrane-bound aldolase was
estimated by subtracting the supernatant activity from the
total activity in the suspension prior to centrifugation.
(e) unsealed ghosts; (o) resealed ghosts; six experiments.
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The Mg ++ -resealed ghosts, which have only their outer

surface exposed to the incubation media, bound only a

negligible amount in comparison to the association with

unsealed ghosts.

The capacity and affinity of the aldolase-ghost

interaction were estimated by plotting the binding data

according to Scatchard (1949). From the biphasic curve

shown in Figure 13 the number of high and low affinity

binding sites per ghost and apparent dissociation constants

were obtained by regression analysis from the intercept

and slope values, respectively. The high affinity binding

capacity was 1.04 x 10-18 moles of aldolase (6.26 x 105

aldolase tetramers) per ghost, and the dissociation con-

stant was 4.81 x 10-8 M. The low affinity capacity was

1.25 x 106 aldolase molecules per ghost with a dissociation

constant of 1.34 x 10-6 M.

Several agents known to react with certain membrane

constituents were chosen as rebinding effectors. This

was carried out because the selective perturbation of

membrane moieties with concomitant changes in aldolase

rebinding behavior could reveal important characteristics

of the membrane surface binding domain. Concanavalin A

has been shown to bind to the external terminus of a band-3

transmembrane polypeptide (Pinto da Silva and Nicolson,

1974). Cytochalasin B inhibits cell motility and has
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Figure 13 - Scatchard analysis of aldolase bound to

depleted ghosts. Aliquots of unsealed aldolase-depleted

ghosts (1 ml) in 5 mM phosphate buffer, pH 7.4, 2 mM

2-mercaptoethanol, were incubated with increased concen-

trations of rabbit muscle aldolase in a total volume of

1.5 ml for 60 min at 40C. Each mixture was then assayed

for aldolase activity. Following centrifugation the

supernatant solutions were assayed for the activity of

free aldolase. Membrane-bound activity was taken as the

difference between total activity before centrifugation

and supernatant activity afterwards. Abscissa, aldolase

bound (attomoles/ghost); ordinate, aldolase bound

(attomoles per ghost)/aldolase free (M).
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been found to disrupt microfilaments (Goldman, 1972;

McGuine and Moellmann, 1972; Wessells et al., 1971) and

binds specifically to actin in vitro (Spudich and Lin,

1972). Colchicine disrupts microtubules, shows antimitotic

activity (Inoue and Sato, 1967; Malawista et al., 1968)

and has been reported by Jacob et al. (1972) to induce

a reversible artificial state of hereditary spherocytosis

in normal erythrocytes -- presumably by binding to a

membrane constituent responsible for maintaining cell

shape and conformity.

Erythrocyte ghosts were prepared and depleted of

aldolase as described previously. Prior to the addition

of aldolase, the ghosts were incubated in the presence

of Concanavalin A (1 mg/ml), Cycochalasin B (1 mM), or

colchicine (2 mM) for 15 min at 100 C. Following aldolase

repletion (0.1 - 0.3 mg/ml human erythrocyte aldolase

in each sample) for 30 min, the suspensions were

measured for enzyme activity, subjected to centrifugation,

and the supernatant solutions assayed for non-bound

aldolase. Concanavalin A had no effect on aldolase

rebinding. Ghosts incubated in the presence of Cytochalasin

B or colchicine were found to bind slightly less (7-14%)

aldolase than control samples, an observation that led to

the choice of these drugs as membrane perturbants in

subsequent experiments.
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Hypotonic hemolysis may create an artificial condition

that is not conducive to the maintenance of the polymerized

state of microfilamentous protein, especially in light

of work suggesting that a rearrangement of at least the

spectrin-actin complex occurs upon hemolysis (Elgsaetor

and Branton, 1974). To explore this possibility, washed

erythrocytes from freshly drawn blood were incubated in

the presence of Concanavalin A, Cytochalasin B, and

colchicine prior to hemolysis. The lysed samples were

centrifuged and supernatant solutions and resuspended

pellets analyzed for aldolase activity in the usual manner.

Slight differences from control samples were occasionally

observed, but there was no particular trend.

Crosslinking of Human Erythrocytes

Alternative methods to demonstrate the in vivo

proximity of aldolase to the membrane were pursued.

Chemical crosslinking in vivo was plausible if conditions

could be developed such that mild intracellular crosslinking

occurred without affecting hemolysis. The in situ dispo-

sition of aldolase could possibly be demonstrated under

in vivo conditions -- something that had never been

demonstrated.

The crosslinking reagents tested were dimethylsuberimi-

date, dimethyl dithiobispropionimidate hydrochloride (DTBP)

and glutaraldehyde. Dimethylsuberimidate and DTBP were
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found unsuitable due to inadequate intracellular

crosslinking and instability. Glutaraldehyde was chosen

as the preferred probe, and initial control results of the

effects of aldolase activity are shown in Figure 14.

When pure rabbit muscle aldolase was incubated in

glutaraldehyde concentrations of 10S molar excess (e.g.,

10~ M aldolase in 10-2 M glutaraldehyde), progressive

gradual inactivation occurred for approximately 25 min

followed by a plateau of unchanging activity for 60-90

min. As glutaraldehyde concentrations were increased

above this amount, greater inactivation occurred. How-

ever, when fresh ghosts were incubated in glutaraldehyde

in a proportion of 10 mM reagent per 20-30% suspension

of membranes, virtually no inactivation of bound aldolase

occurred. Aldolase activity in hemolysate solutions from

10-volume dilutions of 30% erythrocyte suspensions also

remained unchanged in the presence of 10 mM glutaraldehyde

over a 90-min time course.

Attempts were then made to incubate washed erythro-

cytes in the presence of low levels of glutaraldehyde

followed by hemolysis. Experiments varying erythrocyte

numbers, glutaraldehyde concentration, and incubation time

and temperature were then performed in order to determine

optimal conditions. Results from conditions considered

Low temperatures were found to be particularly critical
in the control of crosslinking and presumably the control
of polymer formation described by Peters and Richards (1977).
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Figure 14 - Effect of glutaraldehyde on aldolase
activity. Samples of purified erythrocyte aldolase
(0.063 mg/ml) along with hemolysate and resuspended ghosts
from standard hemolysis conditions were incubated in the
presence of 10 mM and 20 mM glutaraldehyde at 10C in a
final volume of 1 ml. Aldolase activity was measured at
10-min intervals for at least 60 min. In the case of
hemolysate and resuspended ghost samples, assays were
made periodically up to 24 hours. The ordinate represents
the per cent of initial aldolase activity. Sample and
glutaraldehyde concentration: Aldolase, 10 mM (o); aldolase,
20 mM (o); hemolysate, 10 mM (A); hemolysate, 20 mM (a);
resuspended ghosts, 10 mM (0); resuspended ghosts, 20 mM
(0). The values are representative of at least three
experiments.
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optimal are shown in Table XI. The results show that the

critical concentration range for glutaraldehyde was from

5 to 10 mM. Under these conditions approximately 92%

of the total cellular aldolase content was found to remain

membrane-bound upon hemolysis. Apparently, little or no

enzyme inactivaton occurred under these conditions, as

enzyme totals in both glutaraldehyde-treated and control

cells were almost identical.

Experiments were also performed in which the fresh

erythrocytes were incubated in the presence of 0.1% glucose

for 30 min at 370 C prior to the addition of the glutaral-

dehyde and subsequent analysis of hemolysis fractions.

No differences in retention amounts were observed when

the cells were pre-incubated with glucose.

The time course of intracellular aldolase-membrane

binding in the presence of glutaraldehyde was observed by

removing aliquots for hemolysis at 5-min intervals after

the onset of incubation. Hemoglobin determinations were

also performed on hemolysate supernatant solutions. The

results are illustrated in Figure 15 and show that

approximately 80% of the intracellular aldolase was cross-

linked to the membrane within 10 min, the remainder bound

over the following 10 min. The amount of hemoglobin that

became membrane-bound, as measured by the decrease in free

hemoglobin, increased linearly over the incubation time
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TABLE XI

EFFECT OF GLUTARALDEHYDE CONCENTRATION ON ALDOLASE RELEASE
FROM ERYTHROCYTES UPON HYPOTONIC HEMOLYSIS

Cellular Aldolase Activity*

Hemolysate Resuspended Ghosts

Sample I.U./ml % Total I.U./ml % Total
(x102 ) (x102 )

Control 10.8 80 2.57 19

5 mM glutaraldehyde 10.9 81 2.30 17

7.5 mM glutaraldehyde 4.59 34 9.04 67

10 mM glutaraldehyde 0.945 7 12.4 92

Fresh erythrocytes (2 ml; 30% suspension) in isotonic
phosphate buffer were incubated with different glutaralde-
hyde concentrations in a final volume of 2.2 ml for 20 min
at 10'C. The samples were then hemolyzed with 10 volumes
of ice cold 5 mM phosphate buffer, pH 7.4, for 15 min.
The membranes were then pelleted, and the supernatant
solutions and resuspended pellets were assayed for aldolase.
The values are averages from five experiments.

*Total activity determined using detergent.



90

Figure 15 - Effect of incubation time on aldolase-mem-
brane crosslinking by glutaraldehyde. Washed erythrocyte
samples (1 ml; 30% suspension) from freshly drawn blood
were incubated in 25 mM Tris-HC1, pH 7.4, 0.15 M NaCl,
containing 10 mM glutaraldehyde for various time intervals
at 10 0 C prior to hemolysis for 15 min with 10 volumes of
0C 10 mM Tris-HC1, pH 7.8, 10 mM 2-mercaptoethanol.
After centrifugation the supernatant solutions and resus-
pended ghost pellets were then assayed for aldolase
activity. Hemoglobin determinations were made by measuring
absorbance at 410 nm. Hemolysate activity (e); resuspended
ghosts activity (o); hemoglobin concentration (A).
The values are representative from data obtained from at
least ten experiments.
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span and approached 10% of the total cellular hemo-

globin content.

The selective perturbation of aldolase binding in

vivo was then conducted by observing changes in enzyme

binding by following perturbation incubations with glutar-

aldehyde crosslinking. Cytochalasin B and colchicine were

again chosen because the results from rebinding experiments

suggested a possible involvement of microfilaments in

the adsorption of aldolase. The results from erythrocyte

incubations in the presence of these agents prior to

crosslinking and hemolysis are shown in Table XII. Other

agents tested for their ability to disrupt aldolase binding

are also included in the table. Both colchicine and

Cytochalasin B cause decided increases in aldolase release

over the glutaraldehyde control sample, with vinblastine

sulfate showing a lesser degree of perturbation. Lumicol-

chicine, a structural isomer of colchicine, and known to

have no disruptive activity toward microfilaments or

microtubules (Wilson and Friedkin, 1966) had no effect on

aldolase release. The effect of DMSO is also shown

because it was used to solubilize Cytochalasin B.

The effects of increasing concentrations of both

colchicine and Cytochalasin B on aldolase release upon

hemolysis after incubation with the drugs and glutaraldehyde

are shown in Figure 16. Under the time, temperature and
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TABLE XII

EFFECTS OF MICROFILAMENT/MICROTUBULE-ACTIVE AGENTS ON
ALDOLASE RETENTION UPON HEMOLYSIS

Aldolase Activity*

Sample I.U./ml % Total
(x 102)

Cytochalasin B 1.35 42

Colchicine 1.65 74

Lumicolchicine 0.91 0

Vinblastine sulfate 1.14 20

Podophyllotoxin 1.02 7

Glutaraldehyde control 0.95 0

DMSO 0.96 0

Washed erythrocyte aliquots (1 ml; 1.7 x 109/ml)
from freshly drawn blood were incubated in the
presence of 2 mM colchicine, 2 mM lumicolchicine,
1 mM Cytochalasin B, 0.2 mM vinblastine sulfate, 0.03
mM podophyllotoxin or 1% DMSO for 1 hour at 100 C.
Samples were then made 10 mM with respect to glutaral-
dehyde and allowed to incubate for an additional 20
min. Hemolysis was then performed for 15 min by
addition of 10 volumes of ice cold hypotonic buffer.
The suspensions were then assayed for aldolase activity.
Following centrifugation, the supernatant solutions
were assayed for activity and checked as the differ-
ences between resuspended ghosts and suspension
activities. (Averages of at least 10 experiments.)

*Supernatant activity expressed in per cent
increase of total aldolase released over glutaraldehyde
control sample.
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Figure 16 - Effect of colchicine and Cytochalasin B
on aldolase prior to crosslinking and hemolysis. Washed
erythrocyte aliquots (1 ml; 1.7 x 10 9/ml) from freshly
drawn blood were incubated in the presence of increasing
colchicine and Cytochalasin B concentrations in isotonic
phosphate buffer, pH 7.4, for 1 hour at 10'C. Samples
were then made 10 mM with respect to glutaraldehyde and
incubated an additional 20 min. Hemolysis was then per-
formed by adding 10 volumes of 5 mM phosphate buffer,
pH 7.4, containing 5 mM 2-mercaptoethanol to the sample.
After addition of the hypotonic buffer, the sample was
allowed to incubate at 0*C for 15 min. Following centri-
fugation, the supernatant solutions were assayed for
aldolase activity. Supernatant activity expressed in per
cent increase of total aldolase release over glutaral-
dehyde control samples is represented by the ordinates.
Values are averages from three experiments.
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cell-number conditions employed, saturating concentrations

were approximately 3 mM colchicine and 0.4 mM Cytochalasin

B.

A series of experiments was conducted to probe the

nature of the aldolase-membrane association that resulted

from incubation with glutaraldehyde. Three agents were

employed in an attempt to release the membrane-bound

aldolase from ghosts prepared following glutaraldehyde

incubation. The present study has shown that KC1 releases

aldolase from untreated ghosts; EDTA releases the

spectrin-actin complex in untreated ghosts (Marchesi

et al., 1969); and Triton solubilizes a portion of the

ghost membrane including some of Band 3 (Yu et al., 1973).

The results comparing ghosts treated with and without

glutaraldehyde, followed by incubation in extraction

media, are shown in Table XIII. All three agents released

relatively little of the cross-linked aldolase, with EDTA

showing slightly greater elution efficacy over KC1.

Extraction supernatant solutions in Triton X-100 also

showed very little release from glutaraldehyde-treated

cells. Results show that aldolase and G3PD follow essen-

tially the same elution/retention profile.

Aldolase Binding to Cellular Constituents In Vitro

Evidence obtained thus far suggested that aldolase

might associate in vivo with filamentous proteins or that
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TABLE XIII

EFFECTS OF SURFACE AND INTEGRAL MEMBRANE PERTURBATION
ON ALDOLASE RELEASE FROM GHOSTS AFTER INCUBATION

OF INTACT ERYTHROCYTES IN GLUTARALDEHYDE

Enzyme Activity of Ghost Extraction
Supernatant Solutions

Treated* Untreated**

Ghost I.U./ml % Bound*** I.U./1 % Bound***
Bath (x 103) (x 100)

Control 2.52 98 2.24 92

KC1 5.04 96 22.96 18

EDTA 6.93 95 2.38 92

Triton 7.56 94 2.54 91

Washed erythrocytes (2 ml; 30% suspension) from
freshly drawn blood were incubated in 5 mM phosphate buffer,
pH 7.4, 0.15 M NaCl containing 10 mM glutaraldehyde for
30 min in 100 C prior to hemolysis with 10 volumes of ice
cold 5 mM phosphate buffer, pH 7.4, 10 mM 2-mercaptoethanol
for 15 min at OoC. The suspensions were assayed for aldo-
lase and G3PD. Following centrifugation the ghost samples
were resuspended in the presence of 5 mM phosphate buffer,
pH 7.4, 10 mM 2-mercaptoethanol, and this control buffer
containing either 0.15 M NaCl, 1 mM EDTA, or 0.1% Triton
X-100, for 60 min at 100 C in a final volume of 10 ml. The
samples were then subjected to centrifugation for 30 min
at 10,000 x g, and the supernatant solutions and resuspended
pellets assessed for enzyme activity; (four experiments).

*Erythrocytes incubated in glutaraldehyde prior to
hemolysis.

**Erythrocytes incubated in isotonic buffer prior to
hemolysis.

***Per cent remaining bound after incubation of ghosts
with extraction buffer; the data did not differ by more
than 11% from the mean.
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the in situ binding domain could be influenced by micro-

filament perturbation. In order to further substantiate

these observations, the spectrin-actin complex from human

erythrocyte ghosts was isolated in a pure form, as

described in Methods, and aldolase binding studies con-

ducted. The purified spectrin-actin preparation was

shown by SDS polyacrylamide gels (Figure 17B) to be com-

prised of a 1:1 proportion of spectrin to actin with the

two proteins representing about 98% of the total protein

preparation.

The enzyme bound to the spectrin-actin complex very

tightly, and the saturation curve is shown in Figure 18.

A Scatchard analysis of these data is shown in Figure 19,

and gives a dissociation constant of 2.64 x 10~ M and a

capacity of 3.53 x 1012 high affinity binding sites per

microgram of spectrin-actin. The low affinity sites

numbered 6.29 x 1013 with a KD of 1.28 x 10-6 M. When

incubation mixtures near saturation were made 0.2 mM in

Cytochalasin B, approximately 60% of the bound aldolase

was displaced. On the other hand, colchicine had no

effect on aldolase binding to the spectrin-actin complex.

An attempt to discern the crosslinked bound product of

SDS gels was unsuccessful because extensive crosslinking

between the three species occurred.
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Figure 17 - Purified membrane proteins used for
aldolase binding determinations. Membrane proteins were
purified and subjected to SDS polyacrylamide gel electro-
phoresis as described under Methods. (A) intact ghosts;
(B) spectrin-actin complex; (C) actin; (D) spectrin.
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Figure 18 - Aldolase binding to the purified
spectrin-actin complex. Aliquots of the spectrin-actin
complex (0.3 mg/ml) were incubated with increasing concen-
trations of human erythrocyte aldolase in 0.2 mM imidazole
buffer, pH 7.0, containing 5 mM KCl, 1 mM MgC12, in a final
volume of 0.2 ml. The mixture was incubated for 15 min
at 200C; following centrifugation, the supernatant solutions
were tested for aldolase activity. The ordinate represents
picomoles of aldolase bound per microgram of spectrin-actin.
The values are averages from five experiments.
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Figure 19 - Scatchard analysis of aldolase bound to
the spectrin-actin complex. "Bound" represents picomoles
of aldolase bound per microgram of spectrin-actin. "Free"
represents free aldolase (M).
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Because the results from the above experiments

suggested a specificty in aldolase binding to the purified

spectrin-actin complex, enzyme binding studies were then

performed on purified human erythrocyte actin (Figure 17C).

The saturation curve for the aldolase-actin complex is

shown in Figure 20.

The Scatchard analysis of these data, as illustrated

in Figure 21, resembles the plot for aldolase binding to

the spectrin-actin complex. Regression analysis of these

data gave a dissociation constant of 3.17 x 10~9 M and

a high affinity binding capacity of 1.28 x 1013 sites per

microgram of actin. Incubation mixtures near saturation

were made 0.25 mM in Cytochalasin B or 1.4 mM in colchicine

during the absorption incubation period. Approximately

55% of the bound aldolase was released in the presence of

Cytochalasin B. No effect on binding was observed with

colchicine. Identical results were obtained when either

the enzyme or the effector was added first to the actin

mixture. The wide scatter of experimental points near

saturation precluded the determination of a low affinity

capacity.

Aldolase binding experiments were also attempted

with purified spectrin (Figure 17D), prepared as described

under Methods. In the presence of the KC1/MgCl2 binding
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Figure 20 - Aldolase binding to the purified erythro-
cyte actin. Aliquots of actin (0.11 mg/ml) were jixed with
increasing concentrations of human erythrocyte aldolase
in 0.2 mM imidazole buffer, pH 7.0, 5 mM KCl, 1 mM MgCl2,
0.2 mM 2-mercaptoethanol in a final volume of 0.2 ml.
The mixture was incubated for 15 min at 200 C; following
centrifugation, the supernatant solutions were tested
for enzyme activity. "B" represents picomoles of aldolase
bound per microgram of actin. The values are averages
from six experiments.
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Figure 21 - Scatchard analysis of aldolase bound to
actin. "Bound" represents picomoles of aldolase bound per
microgram of actin. "Free" represents free aldolase (M).
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buffer; however, spectrin polymerized into long viscous

strands, a condition that precluded quantitative handling.

Glyceraldehyde-3-phosphate dehydrogenase has been

reported to associate with actin (Arnold and Pette, 1970)

and to occupy a binding domain similar to aldolase

(Strapazon and Steck, 1976, 1977). A competition study

which employed G3PD was undertaken in order to possibly

observe a binding preference. Control proteins included

in the study were cytochrome c, a basic protein, and the

acidic protein bovine serum albumin (BSA). The concen-

tration ranges used for the three proteins were from

0.1 - 3 times the molar concentration of aldolase in the

incubation mixtures. The results of competitive binding

of aldolase to actin are illustrated in Figure 22. BSA

showed no effect on aldolase binding. Cytochrome c exhi-

bited partial competition, with inhibition increasing

gradually as cytochrome c concentrations were increased

to 2.5 x 10-6 M. G3PD exhibited competition throughout

the concentration range used and showed virtually complete

displacement of aldolase from actin as the two enzymes

approached equimolar concentrations.
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Figure 22 - Competitive binding of aldolase to actin
with bovine serum albumin, cytochrome c, and G3PD.
Aliquots of aldolase (0.116 mg/ml) were incubated with
actin (0.11 mg/ml) in the presence of increasing concen-
trations of bovine serum albumin, cytochrome c, or G3PD
as described under Methods. The mixtures contained 0.2
mM imidazole buffer, pH 7.0, 5 mM KC1, 1 mM MgCl 2, 0.2 mM
2-mercaptoethanol, in a final volume of 0.2 ml and were
incubated for 15 min at 200C. Following centrifugation,
the supernatant solutions were assayed for aldolase
activity. Abscissa, molar competitor concentration times
10 ; ordinate, the per cent of aldolase bound. (e) BSA;
(o) cytochrome c; (A) G3PD. The values are averages from
three experiments.
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DISCUSSION

The present study describes a procedure for obtaining

pure human erythrocyte aldolase by phosphocellulose

ion-exchange chromatography and reverse ammonium sulfate

fractionation. The homogeneous preparation, by criteria

of disc gel electrophoresis in SDS, Sephadex gel fil-

tration, and analytical ultracentrifugation, exhibited a

specific activity of 16 I.U./mg protein.

The removal of hemoglobin constituted the major prob-

lem during the purification process. The use of other ion

exchangers were attempted prior to the utilization of

phosphocellulose. Both CM- and DEAE-cellulose were unsuc-

cessful. A variety of organic solvent fractionations were

also attempted, but low aldolase yields precluded the rou-

tine use of this procedure. Thus, phosphocellulose was

chosen as the ideal binding medium with its superior aldo-

lase retention properties during the washes to remove

hemoglobin. Two additional variables which could occur

during the batch procedure bear comments: The cellulose

was never allowed to dry during the filtration process,

as drying tended to cause aldolase release; and care was

taken during the handling of the cellulose to maintain

constant temperature, since the pH of Tris buffer varies

dramatically with temperature.

113
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When the aldolase-containing batch eluant was applied

to the phosphocellulose column, the enzyme bound very

tightly, and the remaining hemoglobin could be easily

removed by washing. At this point G3PD was a contaminant.

An NADH wash in buffer without 2-mercaptoethanol was found

to be successful in eluting all the G3PD prior to the aldo-

lase elution. The reverse fractionation process was

successful only when the protein sample was greater than

70% pure; otherwise, a wide overlap in protein solubility

profiles occurred.

Results from cellulose acetate electrophoresis of the

hemolysate showed a single band when stained for enzyme

activity. This agrees with the results of Weber et al.

(1973), suggesting a single activity band for aldolase in

rabbit erythrocytes. Cellulose acetate electrophoresis of

the pure enzyme also shows a single band when stained for

either protein or enzyme activity, again suggesting a

single form of the native enzyme.

Isoelectric focusing, another method for detecting

isozymes, suggests a single native form of aldolase in the

human erythrocyte. When a sample of hemolysate was sub-

jected to electrofocusing in a pH gradient from 3.5 to 10,

a single activity profile was found. When the pure enzyme

was electrofocused within a pH gradient from 7 to 9, a single

activity peak was again found at pH 8.9; this compares
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closely to the pI of 8.5 reported for rabbit muscle aldo-

lase by Susor et al. (1975). The present results appear

at variance with the report by Weber et al. (1973), who

reported that aldolase inhibition by antiserum antialdolase

C in rabbit erythrocytes illustrated the presence of the

type C isozyme.

Therefore, the predominant, if not exclusive, form of

aldolase found in human erythrocytes is type A, found also

in vertebrate muscle (Lebherz and Rutter, 1969) and human

heart tissue (Allen et al., 1973). This is not entirely

unexpected, since the embryonic origin of blood, the meso-

derm, is the same for muscle and heart. Interestingly,

the liver (type B aldolase) and brain (type C aldolase)

arise from yet other germ layers, the endoderm and ecto-

derm, respectively (Arey, 1968).

An important variable in determining the amount of

aldolase present in the hemolysate was the ionic strength

of the lysing buffer. The concentration of 25 mM Tris

was chosen because aldolase retention by the ghosts was

minimized. As the ionic strengthwas decreased, particu-

larly with a Tris concentration between 5 and 10 mM, aldolase

retention by the ghosts was enhanced. This is why the

assessment of aldolase content in red cells from individuals

possessing an erythrocyte disorder must be performed with

some caution. For example, reports for (Chapman, 1969)



116

and against (Hanes et al., 1970) aldolase deficiency in red

cells from individuals having hereditary spherocytosis

could easily be based upon differences in aldolase release

from membrane stroma, especially since the two aforemen-

tioned reports used different methods for erythrocyte and

hemolysate preparation. The quantitation of the average

number of molecules of aldolase per red cell and a specific

activity value for the enzyme should help avoid difficulties

in determining aldolase content. Aldolase levels could

simply be reported as a percent of the total cell quantity,

thus avoiding volume and hemoglobin concentration variables.

Pette (1975) has found that certain of the glycolytic

enzymes are in similar proportions in a variety of tissues

and different cells. These enzymes are also found in nearly

identical proportions in human erythrocytes, and this sug-

gests that this method of analysis could also provide a

precise method for estimating a particular enzyme deficiency.

Activity comparisons with other reports would be unneces-

sary, as the deficient enzyme could be detected "out of

proportion".

When the general physical and kinetic properties of

the human erythrocyte aldolase are compared with the rabbit

muscle enzyme, they appear similar enough to use the rabbit

muscle form for binding determinations. However, results

from the amino acid analysis suggest that at least the glu-

tamic acid/glutamine content may vary between the two
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enzymes, and could, for example, account for the difference

in isoelectric points between the rabbit muscle and red

cell enzymes. If these amino acids are located in critical

binding domains on the aldolase molecule, the use of the

rabbit muscle enzyme for studies with human erythrocyte

ghosts may not represent a natural binding phenomenon. This

is why human erythrocyte aldolase was used for studies with

ghosts - because sufficient quantities could be obtained.

The aldolase-membrane association in human erythrocytes

has been studied using various techniques. The initial phase

of the study involved the quantitation of aldolase activity

in both intact cells and ghosts. An average value of 3.5

x 104 aldolase molecules per cell was obtained for normal

fresh erythrocytes. In order to compare this number with

other reported values, 4.31 I.U. of aldolase activity/g

hemoglobin was calculated assuming a hemoglobin concentration

of 3.45 x 10 g/cell (Dodge et al., 1963; Harris and

Kellermeyer, 1972). This activity value is approximately

two times the value of 2.0 I.U./g hemoglobin reported by

Beutler (1975) from freeze-thaw hemolysate solutions.

Freeze-thaw preparations have been used extensively in the

past for erythrocyte enzyme preparations. In the present

study preliminary freeze-thaw hemolysates resulted in lower

yields than other preparations, suggesting partial

denaturation of the aldolase during this process.
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Additionally, the values reported by Beutler are for hemo-

lysates only, thus precluding the detection of mem-

brane-bound species.

Erythrocyte glucose consumption is commonly reported

as ymoles/pmole hemoglobin/hr or imoles/ml/hr at 37*C.

When corrections are made for time, temperature and activity

parameters and assuming a normal glucose consumption of 1.5

Pmoles/ml of human erythrocytes/hr at 37*C (Harvey and

Keneko, 1976), glucose consumption becomes 0.046 ymoles/g

hemoglobin/min at 30'C. Therefore, aldolase is present at

greater than 90 times the concentration needed for normal

glucose metabolism. On the other hand, when the normal

resting intracellular Fru-1,6-P2 concentration of 5.6

nmoles/g hemoglobin (Beutler, 1975) is considered (a concen-

tration of 2.2 x 10-6 M) the enzyme is present at greater

than 700 times the maximum catalytic potential. Thus, it

appears that aldolase activity in normal erythrocytes is

operating at something less than 1% of its maximum capacity

(i.e., Vmax). This level of activity compares reasonably

well with the report by Mills and Hill (1971), who were

studying G3PD metabolism in human erythrocytes. These

authors concluded that at physiological concentrations of

substrates and NADH, G3PD is operating at less than 1% of

maximum velocity. Also, Kardsheh and Uyeda (1977) suggest

that phosphofructokinase activity in normal human erythro-

cytes proceeds at less than 0.1% of its maximum capacity.
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Therefore, in spite of a low level of aldolase (3.5 x 104

molecules/cell) compared to the G3PD component (2.5 x

10 5/cell), there are sufficient levels available to support

glycolytic rates in the erythrocyte.

One of the most confusing aspects of comparing data

on erythrocyte ghost preparations and enzyme associations

has been the "per cent-bound" value. This value has con-

sistently been reported and compared by workers in a manner

implying that direct comparisons can be made. The present

work has shown that per cent-bound values are subject to

ionic strength of the buffer and quite sensitive to

dilution volumes as well. Authors that report high retention

values invariably hemolyze cells in large volumes (50

volumes) of buffer (McDaniel et al., 1974), while low dilu-

tion volumes (14 volumes) correlate with low membrane-bound

values (Solti and Friedrich, 1976). Variations between low

ionic strength Tris and phosphate buffers are not as great

as between these buffers and water. Hemolysis in water

tends to maximize enzyme retention - a condition possibly

related to the retentive properties of proteins as they

approach their isoionic point, where the protein contains no

ion other than those intrinsic to the protein itself and

those derived from the dissociation of water (Mahler and

Cordes, 1971). Therefore, per cent-bound values can only
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be helpful within the context of a particular experiment

and should not be compared with other reports unless iden-

tical procedures are employed.

The finding that aldolase can be eluted from ghost

membranes by low concentrations of its substrate,

Fru-1,6-P 2 , suggests: (a) that either the substrate dis-

places the membrane charge involved in that binding; or

(b) that a conformational change in enzyme structure accom-

panying substrate attachment alters the binding. Adelman

et al. (1968) reported that Fru-1,6-P2 promoted a

"tightening" of both tertiary and quaternary structures in

rabbit muscle aldolase. In addition, the study by Lehrer

and Barker (1971) demonstrated a conformational change in

aldolase upon substrate binding and would also tend to

support the latter interpretation. Furthermore, of the

phosphorylated intermediates tested, only ATP and those meta-

bolites acting as aldolase substrates were found to release

the enzyme. Other phosphorylated compounds had no effect.

If a charge displacement were occurring, G-6-P or Fru-6-P

should be as effective in disrupting the interaction. The

release of enzyme by ATP may also involve a conformational

change, as binding of Fru-1,6-P2 to muscle aldolase has

been shown to be competitively inhibited by ATP (Ikehara

et al., 1970). The quantity of enzyme released from ghosts

using 1 mM Fru-1,6-P2 compares closely with the amount
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reported by Stapazon and Steck (1977). These authors also

found that ATP had an elution effect similar to the result

described above. The present work differs from the report

by Strapazon and Steck (1977), in that these authors found

that neither G-3-P nor DHAP eluted aldolase. This differ-

ence may have arise because the latter assays were

performed by polyacrylamide gel electrophoresis and not by

catalytic means.

The specificity in substrate elution of aldolase from

ghosts was confirmed on SDS-polyacrylamide gels after elec-

trophoresis of the elution products. Ghosts incubated in

the presence of small increases in Fru-1,6-P2 concentrations

showed increases in a band corresponding to the aldolase

control band. That no other bands appeared concomitant with

the aldolase band argues for a definite specificity in

elution products. A curious finding was that the aldolase

band consistently migrated to a higher molecular-weight

position on the gels than did band 5 (actin), a 42,000

molecular weight peptide (Guidotti, 1972). This finding

suggests that human erythrocyte aldolase, with a subunit

molecular weight of 40,000 (as determined by sedimentation

equilibrium ultracentrifugation), does not conform to the

standard SDS-protein stoichiometry of 1.4 g SDS/g protein

(c.f. Wallach and Winzler, 1974). This observation is sup-

ported by the finding of Allen et al. (1973), who reported
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a subunit molecular weight by SDS gel electrophoresis of

42,500 for human heart aldolase, along with the more precise

value of 40,000 as determined by sedimentation equilibrium

ultracentrifugation. The above finding suggests that

caution should be exercised when employing SDS electro-

phoresis as the sole method for determining subunit molecular

weights.

The binding of human erythrocyte aldolase to the inner

membrane surface of the erythrocyte gave biphasic Scatchard

plots, suggesting that two types of binding sites existed

for aldolase on the membrane. The high affinity sites

(KD = 10-8 M) bound approximately 6.3 x 105 molecules per

cell and the low affinity sites (KD = 10-6 M) bound about

1 x 106 molecules per cell. Since the total cell content of

aldolase is 3.5 x 104 molecules, most of the endogenous

enzyme in ghosts is probably bound at the high affinity

sites, and further discussions regarding aldolase binding

will be restricted to these high affinity associations.

When the binding values are compared with those reported

by Strapazon and Steck (1976) for the association of rabbit

muscle aldolase with ghost membranes, a similarity in char-

acteristics is seen. These authors found 6.7 x 105

high-affinity sites (KD = 10-9 M) and 7.7 x 105 low affinity

sites (KD = 10~ M) per ghost. However, in a subsequent

report on human erythrocyte aldolase, Strapazon and Steck
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(1977) found a single class of binding sites numbering

6 -8 41.2 x 10 per ghost (KD = 10 ), al' almost two-fold

greater value than found in the present study or in their

previous work using rabbit muscle aldolase.

The results from crosslinking studies indicated that

over 90% of the intracellular aldolase is in extremely

close proximity to the erythrocyte membrane in vivo. This

is apparently the first time that this phenomenon has been

demonstrated. The attempts to define in vivo nearest-neigh-

bor relationships of the glutaraldehyde crosslinked products

were unsuccessful, because the large complexes from cross-

linking did not migrate into 5% SDS polyacrylamide gels.

Furthermore, dimer, trimer and tetramer complexes of

membrane-bound hemoglobin tended to obscure the other bands.

While this crosslinking procedure suggested a close and

extensive association between the components, it was unin-

formative concerning the elucidation of specific protein-pro-

tein interactions.

However, persuasive evidence was obtained for suggesting

that aldolase is bound in situ to one of the cytoskeletal

components of the cell, i.e., microfilament- or micro-

tubule-related proteins (e.g., spectrin-actin). When intact

erythrocytes were incubated in the presence of microfila-

ment/microtubule-specific agents prior to chemical

crosslinking, significantly less aldolase was found to be
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membrane-bound after hemolysis. The drug-induced disso-

ciation of bound enzyme in vivo implies that the

aldolase- and drug-binding domains are intimately related.

Although the in vivo specificities of colchicine and

Cytochalasin B are presently uncertain, previous work has

shown their general effects to be characteristic. For

example, Cytochalasin B has been shown to bind specifically

to actin in vitro (Spudich and Lin, 1972), and to possess

both low and high affinity binding sites in erythrocyte

membranes. The low affinity sites are associated with

glucose transport (Jung and Rampal, 1977) and the high

affinity binding sites (Lin and Snyder, 1977) are "asso-

ciated with contractile proteins" in red cell membranes.

The antimitotic agents, colchicine and vinblastine sulfate,

are known for their disruptive effects on microtubules

in vivo (Malawista et al., 1968), their interaction with

tubulin in vitro (Wilson, 1970), and their extensive use

in investigating the role of microtubules in cell function

(c.f. Giese, 1973). The latter functions are confused,

however, by reports that vinblastine sulfate can precipi-

tate both tubulin and actin (Wilson et al., 1970), that

colchicine inhibits the polymerization of actin (Forsheit

and Hayashi, 1967), and that a colchicine-binding protein

isolated from porcine brain (Puszkin and Berl, 1970) and

blood platelets (Puszkin et al., 1971) is actin or
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actin-like. Alicea and Renaud (1975) suggest that there

may be limited regions in the primary and tertiary struc-

ture of tubulin and actin that are similar. This could

explain the reported similarities in drug-binding proper-

ties.

In the present study, the Cytochalasin B binding site

could well be actin or a microfilament conformation com-

prised of the spectrin-actin complex. On the other hand,

the site of action for colchicine is particularly question-

able, because no microtubules have been demonstrated in

adult human erythrocytes. The present results suggest that

microtubule or microtubule-like protein conformations could

be present, and are simply disrupted by methods employed

for in vitro observations.

The results from the Triton incubations illustrate

an approach that further suggests a close and perhaps

unique aldolase-membrane association. When ghost suspensions

are incubated in the presence of Triton X-100 at low ionic

strength, an approximate four-fold increase in aldolase

activity is observed over a sample of untreated ghosts.

The majority of aldolase remains in the pellet fraction

after centrifugation of the suspension. This finding is

similar to the report by McDaniel et al. (1974) on G3PD

association in ghosts. These authors termed this activity

"cryptic", i.e., detectible only in the presence of Triton.
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As Triton does not enhance purified aldolase activity, the

increased activity may be related to the specific nature

of Triton solubilization, which tends to disrupt only the

hydrophobic moieties without disrupting polar protein-pro-

tein and protein-lipid associations (Helenius and Simons,

1975). Additionally, deoxycholate has effects almost iden-

tical to Triton when concentrations of 0.1% or less are used,

indicating again that hydrophobic moieties were primarily

involved in exposing aldolase activity.

The phenomenon that Triton exposes "cryptic" aldolase

activity raises the question as to where the cryptic aldo-

lase resides. There is evidence that the cytoplasmic

surface of the erythrocyte membrane consists of a "meshwork"

(Elgsaeter et al., 1976) or an "anastomosing network"

(Tilney and Detmers, 1975) of spectrin and actin. It seems

probable that a portion of the cellular aldolase could be

attached to the microfilament network and sequestered

between the meshwork of spectrin-actin and the membrane

bilayer. The amount of spectrin and actin present in the

cell could theoretically overlay the entire undersurface

of the membrane in a tightly interwoven complex (c.f.,

Steck, 1974-a). Thus, it is conceivable that aldolase would

become available for assay from an extracellular direction

upon solubilization of a portion of the membrane by deter-

gents. Triton would tend not to react with charged species
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located on the cytosolic side (e.g., spectrin and actin).

Thus, the only pathway to the cryptic aldolase would be

from the outside. Preliminary experiments involved attempts

to alter membrane permeability to aldolase in vivo. It

was found that intact erythrocytes in isotonic 0.1% Triton

lost 50-60% of their aldolase content, which offers addi-

tional support that aldolase could migrate through the

membrane as a result of detergent perturbation. This would

also explain why membrane-bound aldolase does not elute

with spectrin and actin at low ionic strength, for alter-

ations in microenvironmental charge-charge relationships

upon hemolysis might favor retention on the membrane side

(perhaps to band 3) rather than on the meshwork side.

Several lines of evidence suggested that filamen-

tous-type proteins may be aldolase receptor sites and

binding studies were performed on the purified spectrin-actin

complex and purified actin. A summary of the specific

binding characteristics with derived calculations are shown

in Table XIV. The KD values were all in the 10- M to

10~9 M range, suggesting a high affinity association

between aldolase and spectrin-actin or actin. All three

molar ratios are fairly similar and are consistent with

aldolase-receptor specificity. Because the in vitro

studies probably represent a more sensitive assessment of
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the molecular stoichiometry, a potential molar ratio of

0.5 - 0.9 aldolase molecules bound per actin monomer can

be concluded.

The potential high affinity stoichiometry described

above allows a higher aldolase:actin ratio than if absolute

intracellular concentrations are considered. The intra-

cellular molar ratio of aldolase tetramers (3.5 x 104/cell)

to actin monomers (4.76 x 105/cell) is 0.073:1, suggesting

an abundance of unoccupied sites. Furthermore, when cellu-

lar molarity values (assumed cell volume of 87 -pm3, Harris

and Kellermeyer, 1972) for aldolase (6.68 x 10~7 M) and

actin (9.08 x 10-6 M) are substituted into the equation,

KD = [aldolase][actin]/[aldolase-actin], the molarity of

the bound complex (1.89 x 10-3 M) suggests that less than

0.1% of the total cellular aldolase could exist in vivo

in the unbound form. Given that rabbit muscle and erythro-

cyte actins have similar amino acid compositions (Guidotti,

1972), and that aldolase has been shown to bind to rabbit

muscle actin both in vitro (Arnold and Pette, 1968, 1970)

and in situ (Arnold et al., 1969), perhaps the aldolase

binding domain has been conserved in human erythrocytes.

Thus, it may represent analogous aldolase-actin associations

present in different tissues from the same embryonic origin.

The effects of Cytochalasin B on aldolase binding in

vitro suggest that spectrin-actin and actin possess
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microfilamentous characteristics and are susceptible to

the same influences that Cytochalasin B has been shown

to exert both in vitro and in vivo .

The finding that colchicine was not effective in

disrupting aldolase binding to spectrin-actin and actin

in vitro suggests: That (1) only a microfilament-type

conformation is present in the extracted proteins; that

(2) possibly a microtubule-type conformation is lost upon

extraction, thus precluding its disruption in vitro; that

(3) the colchicine binding site is an integral membrane

component, and separate from the Cytochalasin B sites; or

(4) that a peripheral in vivo "colchicine-binding-protein"

indirectly related to aldolase binding, is not spectrin-actin.

In light of the present work, the finding of Jacob et al.

(1972) that colchicine induces a structure-related change in

normal erythrocytes would suggest that the colchicine-sensi-

tive component becomes insensitive to the drug as a result

of the extraction process.

Competition binding experiments revealed that bovine

serum albumin concentrations had no effect on aldolase

binding to actin, and that cytochrome c, a basic protein

similar in charge to aldolase, had only a slight inhibitory

effect at equimolar concentrations. This suggests a definite

specificity in the association of aldolase with erythrocyte

actin. The binding experiments furhter showed that G3PD
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bound to actin in preference to aldolase, as G3PD was shown

to displace virtually all of the bound aldolase when the

two enzymes were in equimolar concentrations. This phenome-

non may be similar to an observation by Strapazon (c.f.,

Strapazon and Steck, 1977) "that G3PD can block aldolase

binding", and to the report by Solti and Friedrich (1976)

that when equal weight mixtures of aldolase and G3PD were

added to ghosts, "G3PD prevented the binding of aldolase".

The dissociation constants for aldolase and G3PD binding to

ghosts are approximately the same. This suggests that if

G3PD binds to actin in preference to aldolase, other

parameters, including steric hindrance and formation of

insoluble complexes may be contributing to the phenomenon.

Kant and Steck (1973) and Yu and Steck (1975) suggest

that G3PD binds to the band 3 protein in erythrocyte ghosts;

and Strapazon and Steck (1976, 1977) propose that rabbit

muscle and human erythrocyte aldolases also bind in vitro

to band 3. Because the present study suggests a different

viewpoint regarding aldolase binding both in vitro and in

vivo, and because the aforementioned studies are con-

sidered representative of the current concept of aldolase

association in erythrocytes, it is important to review the

evidence supporting the above conclusions. The basis for

proposing a specific G3PD-band 3 association includes:

(1) G3PD and band 3 elute together when ghosts are extracted

with Triton, and they sediment in sucrose density gradients
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(containing Triton) more rapidly than expected for either

component alone (Kant and Steck, 1973); (2) G3PD binds

stoichiometrically to purified band 3 in Triton X-100

solution (1 G3PD molecular per band-3 polypeptide), and

similarly to water soluble tryptic fragments generated

from the cytoplasmic aspect of band 3 (Yu and Steck,

1975); and (3) the stoichiometry is further suggested by

the similarity in the number of G3PD binding sites

(7.2-13 x 105/ghost) and band 3 polypeptides (9.4-2 x

10 5/ghost) (Yu and Steck, 1975).

An examination of the first criterion supporting speci-

ficity reveals that the concomitant extraction of bands 3

and 6 (G3PD) with Triton appears to occur only within a

narrow range of hypotonicity as suggested by the work of Yu

et al. (1973). These authors reported that when ghosts

were extracted with 0.1% Triton at low ionic strength

(0.008), band 3 was released to the greatest extent, fol-

lowed by band 6, with bands 1, 2, 4.1, and 5 remaining in

the pellet (Coomassie Blue staining bands). However, as

the ionic strength approached 0.04, band 6 remained in the

pellet fraction. The present study on aldolase would agree

with the latter finding. When ghost suspensions were incu-

bated in the presence of Triton (ionic strength ~ 0.025)

followed by centrifugation, the majority of aldolase activity

remained in the pellet fraction. When the Triton suspensions
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were treated with either Fru-1,6-P2 or KC1 (ionic strength

~ 0.1), a significantly greater amount of aldolase was

recovered in the supernatant fraction after centrifugation

of the suspension. This indicates that an elution effector

must be present in order to release aldolase in the presence

of this nonionic detergent at moderately low ionic strength.

The fact that bands 3 and 6 can be shown to copurify

only within a narrow range of hypotonicity does not argue

against a specific association; however, the cause of this

phenomenon invites speculation. The phenomenon could be

explained by the observations of Jenkins and Tanner (1977-a)

who reported that ionic strength-dependent changes in the

patterns of tryptic proteolysis probably reflected an

ionic-strength-dependent alteration in the structure of

band 3. These authors suggested that the intracellular

region of the protein adopted a more tightly folded confor-

mation in an isotonic environment than in a hypotonic

environment. Further, this tightly folded conformation

would be expected to prevail in the isosmotic environment

of the intact erythrocyte. While the two ionic strength

conditions employed by Yu et al. (1973) were considerably

lower than isotonic, it seems plausible that changes in

band 3 conformation might affect its inner surface asso-

ciation with band 6, and thus give rise to artifactual

binding. For example, a less "tightly folded" conformation
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at ionic strength 0.008 could provide a receptive surface.

As the ionic strength is increased to 0.04, a "more tightly

folded" conformation might conceal the "site" from surface

exposure, thereby allowing band 3 to co-extract with band

6 only at very low ionic strengths.

The fact that band 3 associates with G3PD or aldolase

in a density gradient might be expected considering their

probable charges at neutral pH. The amino acid compo-

sition of the inner surface domain of band 3 is reportedly

enriched with glutamate (or glutamine) compared with outer

surface and core residues (Steck et al., 1976). The low

pKa value for glutamate (ca 4.4) would suggest an overall

negative charge for the cytoplasmic binding domain of band

3. The isoelectric points of human erythrocyte G3PD

(8.6, Susor et al., 1973) and aldolase (8.9) suggest that

these enzymes would be positively charged species which

would be electrostatically attracted to band 3 at mildly

alkaline pH's.

Yu and Steck (1975) conclude that because G3PD binds to

the water soluble 22,000-dalton tryptic fragment from the

cytoplasmic domain of band 3, this would "seem to rule out

the possibility that the band 3-band 6 association reaction

depends on the presence of Triton X-100". Again, and in

spite of current disagreements regarding the length and

membrane disposition of band-3 proteolytic fragments
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(Steck et al., 1976; Jenkins and Tanner, 1977-a), if the

water soluble cytoplasmic fragments are rich in glutamate

as suggested by Steck et al. (1976), their electrostatic

attraction to molecules possessing an abundance of posi-

tive charges is assured in a hypotonic environment.

The evidence presented by Strapazon and Steck (1976,

1977) for rabbit muscle and human erythrocyte aldolases

binding exclusively to band 3 is similar in nature. These

authors found that similar amounts of aldolase rebound to

the membrane regardless of which peripheral proteins had

been previously removed. That is, the aldolase:band 3

ratio on SDS gels of repleted membranes was similar in mem-

brane preparations lacking various bands that were removed

in chemical or ionic strength perturbations prior to

rebinding. In addition, the authors found the number of

aldolase binding sites to be identical with the number of

band 3 molecules (1.2 x 106/ghost).

While the data presented by Strapazon and Steck (1977)

may indicate the in vitro aldolase binding site under con-

ditions imposed, there are reasons why their interpretation

may not be unequivocal and applicable in vivo. For example,

treatment of ghosts by abnormal ionic strengths or lithium

3,5-diiodosalicylate prior to rebinding could easily dis-

rupt the surface ionic milieu such that band 3 would be

the ideal electrostatic receptor. The number of ghost



136

binding sites for G3PD (Yu and Steck, 1975), rabbit muscle

aldolase (Strapazon and Steck, 1976), and erythrocyte

aldolase (Strapazon and Steck, 1977) were found to be

similar or identical to the number of band 3 polypeptides

in ghosts. However, this cannot be used to support

specificity in association. There is little evidence or

precedent established to support the assertion:that an

enzyme would be inclined to bind to a membrane protein

simply because the number of high affinity binding sites

corresponds to the number of denatured polypeptide copies

per ghost. If aldolase or G3PD bound to band 3 during

or after hemolysis as a result of dilution or ionic strength

effects, this type of stoichiometry would be expected.

Furthermore, there are considerable differences in opinion

regarding the size and conformation of band 3 (Jenkins and

Tanner, 1977-b; Steck et al., 1976), and carbohydrate

composition (c.f., Furthmayr et al., 1976), and the degree

of possible peptide heterogeneity within a "family of pro-

teins" (Kahlenberg et al., 1976)*. The reports on the in

vivo nature of band 3 range from a dimer conformation

(Yu and Steck, 1975) to a mixture of closely related species

(Knufermann et al., 1973).

Crosslinking studies of ghost membranes have generally

not supported the contention that band 6 (G3PD) is bound to

*Band 3 migrates with a sharp leading edge (88,000 MW)
and diffuse trailing edge (100,000 MW) in SDS gels.
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band 3. Only one study has shown that band 3 can be cross-

linked to band 6 (Huang and Richard, 1977). Formaldehyde,

glutaraldehyde, Cu-orthophenanthroline, and DTBP were

ineffective in crosslinking band 6 to band 3 (Steck, 1972;

Wang and Richards, 1974; Huang and Richards, 1977). The

crosslinking results of Wang and Richards (1974) suggest

that band 6 is linked to spectrin. Recently, Gaines et al.

(1977) have shown that low levels of acetaldehyde will

crosslink bands 1, 2, 5, and possibly 6; and Liu et al.

(1977) showed that band 3 formed complexes with spec-

trin-actin, and with heterogeneous aggregates involving

spectrin, band 4.2, and actin. In the two aforementioned

studies, there was no evidence of band 6 crosslinking with

band 3.

The intimate association observed between aldolase and

the cytoskeletal components of the erythrocyte could repre-

sent a level of supramolecular organization with considerable

physiological significance. The spectrin-actin complex

has been implicated in both endocytosis and the maintenance

of cell shape (Plishker et al., 1976). If energy-requiring

(ATPase and protein kinase activity) movements involving

the spectrin-actin complex are to occur efficiently, a close

juxtaposition of aldolase and other glycolytic enzymes

within the spectrin-actin domain would appear necessary

for efficient ATP distribution. The work by Sheetz and
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Singer (1977) shows that the presence of ATP is necessary

in both intact erythrocytes and ghosts in order to prevent

a variety of crenated shapes - shapes that convert back

to the biconcave disc upon addition of ATP. These authors

propose that shape changes are a function of ATP-related

polymerization or network formation involving the spec-

trin-actin complex on the membrane. These events would

require a vital proximity of glycolytic enzymes. Further-

more, glycolytic activity within the submembrane space

would assure a greater efficiency in ATP apportionment in a

region known to require the majority of ATP produced, i.e.,

the transport ATPases of the membrane responsible for the

exclusion of Na+ and Ca++ from the cytosol (c.f., Gomperts,

1977).

The high affinity interaction of aldolase with erythro-

cyte actin is consistent with the muscle actin associations

described by Arnold and Pette (1967, 1968), Arnold et al.

(1971), Clark and Masters (1975), and Morton et al. (1977)

for aldolase, pyruvate kinase, G3PD, phosphofructokinase,

and other glycolytic enzymes. The low molar ratio of

intracellular aldolase to actin in erythrocytes infers that

ample space exists for similar interactions between the

actin and the other glycolytic enzymes exhibiting high

actin affinity.

Most of the other glycolytic enzymes have been well

characterized, and the sites and effectors involved in the
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control of glycolysis established. However, enzyme acti-

vities as measured at optimum conditions in vitro may not

be equivalent to physiological rates in vivo. A precise

account of molecular interactions in vivo must ultimately

include a consideration of microenvironmental parameters.

For example, the intracellular hemoglobin concentration in

human erythrocytes is approximately 330 mg/ml (Harris and

Kellermeyer, 1972). This condition may influence the

kinetic properties of certain enzymes. A concentration

dependent association-dissociation equilibrium affecting

specific activities has been reported in the case of

phosphofructokinase (c.f., Pette, 1975) and G3PD (Keleti

et al., 1977). If these enzymes were present within the

submembrane environment at concentrations favoring an asso-

ciation to higher aggregates, catalytic activity and

coordinated mechanisms of control could be modified not only

by means of allosteric effectors, but also by the influence

of homologous and heterologous protein-protein interactions.

While certain specifics of erythrocyte metabolism

remain to be defined, the localization of aldolase, and

perhaps other glycolytic enzymes, at the membrane may be

interpreted as an optimal arrangement of the cellular

constituents for anaerobic energy supply directly at the

site of energy consumption.
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