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A method has been developed for the rapid, quantita-

tive separation of normal and abnormal phosphoglucose 

isoemrase allozymes from individuals heterozygous for 

genetic variant forms of the enzyme. The method utilizes 

a substrate gradient elution of the enzyme from carboxy-

methyl Biogel and is far superior in terms of resolution 

and recovery to methods based on electrophoresis and iso-

electric focusing. Four different genetic variant forms 

of the enzyme were isolated and subjected to a systematic 

comparison of their physical, catalytic and stability 

properties. The physical and catalytic properties of the 

variants were similar; however, clear differences in the 

stability of the allozymes were apparent. These differences 

were observed as a result of subjecting the variants to 

several specific stability tests, rather than a single 

general test (e.g., thermostability). This systematic 

comparison also provided the basis for a classification 

scheme for variant forms of phosphoglucose isomerase. 



This scheme first placed the variants in general classes 

and then in more specific classes. The 3' variant, which 

exhibited increased stability toward guanidine denaturation 

and pronase inactivation, was also resistant to inacti-

vation by the active site probe, bromoacetylethanolamine 

phosphate, indicating that the 3' mutation affected both 

the stability and catalytic center. Bromoacetylethanol-

amine phosphate was used to investigate the active site 

of normal human and rabbit isomerase. In each case, the 

inactivation was rapid, complete, irreversible, stoichio-

metric, and proceeded in a pseudo first-order fashion. 

Rate saturation effects were observed and minimal half-

life of inactivaton values of 4.5 and 6.3 minutes were 

observed for the human and rabbit isomerase, respectively. 

The isomerases were labeled at an active site histidine, 

and substrate or competitive inhibitors protected the 

enzyme from inactivation. The stoichiometry for both 

human and rabbit phosphoglucose isomerase was one equivalent 

of BAEP bound per catalytic center, as determined by 

inactivation of the enzyme with l-^4C-labeled N-bromo-

acetylethanolamine phosphate. 

The two-dimensional mapping coordinates and composition 

of the carbamylated tryptic peptide from the human enzyme 

was delineated by homology-fingerprinting studies. When 

the rabbit muscle isomerase was subjected to carbamylation 



and tryptic digestion, a similar peptide was obtained. The 

mapping coordinates and compositions of the human and 

rabbit peptides were very similar. 

The rabbit isomerase active site peptide was purified 

by solvent extraction and ion-exchange chromatography before 

and after the enzymatic removal of the phosphate moiety 

from the bromoacetylethanolamine phosphate-modified enzyme. 

The peptide was shown to have a -Tyr-Phe carboxy terminus 

by carboxypeptidase digestion. A Val-Leu- amino terminal 

sequence was determined by Edman degradation by both 

dimethylaminoazobenzene isothiocyanate, phenylisothio-

cyanate and by leucine amino peptidase digestion. Edman 

degradation past the second residue was blocked. Leucine 

amino peptidase digestion and overlap peptide analysis 

were used to obtain a sequence of: 

* 

Val-Leu-His-Ala-Glu-Asn-Val-Asp(Gly,Thr,Ser)Glu-

Ile-(Thr,His,Lys,Gly,Glx)-Tyr-Phe. 
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CHAPTER I 

INTRODUCTION 

Physiological Importance of Phosphoglucose Isomerase and 
the Occurrence of Phosphoglucose Isomerase Allozymes 

Certain enzymes of cellular metabolism are directly 

involved in more than one pathway. One such enzyme is 

phosphoglucose isomerase, D-glucose-6-phosphate keto 

isomerase (E.C. 5.3.1.9) (Fig. 1). 

In the mature erythrocyte phosphoglucose isomerase is 

involved in two of the major metabolic pathways—glycolysis, 

which functions as the erythrocyte1s sole source of ATP, 

and the hexose monophosphate shunt, which furnishes the 

cell with reducing potential (in the form of NADPH). 

Both utilize the substrate/product of the isomerase. 

Although the erythrocyte carries out relatively few 

anabolic processes, there is a definite requirement for 

ATP. Approximately 15% of the ATP is utilized to maintain 

the various transmembrane gradients, including the sodium-

potassium pump, maintaining hemoglobin in a functional 

state capable of reversible deoxygenation, maintaining 

the normal equilibrium of oxidized and reduced glutathione, 

"t" "4" 

priming of glycolysis, and synthesis of NAD and NADP 

(Harris, 1972) . 



Figure 1. Metabolic pathways in which phosphoglucose 
isomerase is involved ( *) Embden-Meyerhoff pathway 
and gluconeogenesis; ( A) glycogenesis; (—gh-*) hexose-
monophosphate shunt. 
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Glucose 6-phosphate can serve as substrate for phos-

phoglucose isomerase in glycolysis, but it can also be 

utilized by the hexose monophosphate shunt to produce NADPH. 

Under normal conditions the shunt utilizes only three to 

five per cent of the cells' glucose 6-phosphate, but during 

times of stress, it can consume as much as 50% (Baughn, 

1968). The NADPH produced by this shunt is vital to the 

cell as a cofactor in the enzymatic reduction of glutathione 

catalyzed by glutathione reductase. 

COOH COOH COOH 
I I I 
CH0 CH« CH0 
I 2 I 2 I 2 
NH NH NH 

C=0 C=0 , , , • C=0 
i I Glutathione i 
^H2CH2-S-S-CH2-(j:H2 reductase^ x 2 

NH NH 2NADPH NADP+ NH 
I I I 
c=o c=o c=o 

[ I I 
CH0 CH„ CH„ 
I 2 i 2 I 2 
CH„ CH„ CH0 
| 2 | 2 | 2 

NH„-C NH0-C NH-CH 

I I l 
COOH COOH COOH 

Reduced glutathione is the primary agent used to 

remove hydrogen peroxide from the erythrocyte (Mills et 

al., 1958). Whether or not H2O2 originates from an intra 

or intercellular source is unclear, but if the levels of 



peroxide are not reduced quickly, the cell will undergo 

damage and eventual destruction (Harris, 1972). 

Premature erythrocyte destruction in a person deficient 

for phosphoglucose isomerase was first reported by Baughan 

51 

and coworkers in 1968. Using chromium-labeled erythro-

cytes from the propositus and injecting them into a normal 

individual, it was determined that the phosphoglucose 

isomerase deficient erythrocyte had a half-life of only 
51 

4.5 days. However, when chromium'-labeled erythrocytes 

from normal individuals were injected into the propositus, 

a normal half-life of 39-44 days was observed. Baughan 

et al. also found that the patient's erythrocytes exhibited 

autohemolysis at a rate twice that for normal erythrocytes. 

This rate could be lowered by the addition of glucose and 

ATP. Osmotic fragility of the isomerase-deficient erythro-

cytes was normal for fresh, defibinated blood, but after 

24 hours at 37°C, fragility was greater than for normal. 

In addition, Baughan et al. observed that fructose 

6-phosphate production from ribose-5-phosphate (i.e., 

hexose monophosphate shunt activity) was substantially 

higher than in normal cells. Other than phosphoglucose 

isomerase, no other enzymatic anomalies, including all 

of the enzymes of glycolysis and the hexose monophosphate 

shunt, were detected. 

Both parents were evaluated with respect to phospho-

glucose isomerase activity and were found to have only 



50% of the normal levels of the isomerase. Enzyme from the 

propositus and from both parents exhibited abnormal 

electrophoretic patterns. However, the abnormal electro-

phoretic patterns of the parents were distinctly different, 

indicating different phenotypes. From this and other 

information gathered in genetic studies, it was concluded 

that each parent carried a normal and an abnormal gene 

and was thus heterozygous for phosphoglucose isomerase. 

The propositus was heterozygous for both of the abnormal 

genes (doubly heterozygous). 

Since these initial observations, nearly 50 different 

variant forms of phosphoglucose isomerase have been 

reported and are summarized in Table I. Most were dis-

covered as a result of routine population surveys utilizing 

starch gel electrophoresis (e.g., Detter et al., 1978) 

or, more often, as a follow-up on nonspherocytic hemolytic 

anemias (e.g., Paglia et al., 1974). Phosphoglucose 

isomerase deficiency is now recognized as the third most 

common cause of enzyme-deficient, nonspherocytic, hemolytic 

anemia (Blume et al., 1972). 

Paglia and Valentine (1974) have reviewed and compared 

the data of 20 reported cases of phosphoglucose isomerase 

deficiency leading to hemolytic anemias. They found that 

a broad spectrum of biochemical, hematological and clinical 

anomalies exist with respect to this erythroenzymopathy. 
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The genotypes of variant forms of phosphoglucose isomerase 

fall into three major categories: 

1- Variant-normal heterozygous. A 1:2:1 ratio of 

normal homodimer:variant-normal heterodimer: variant homo-

dimer is expected, since this is an autosomal recessive 

dimeric enzyme composed normally of two identical subunits. 

In actuality, this ratio may not be found because of 

factors such as altered stability or altered catalytic 

properties of the variants (e.g., Detter, 1968; Tilley, 

1974; Kahn, 1977; Shinoda, 1970). 

2. Variant-variant homozygous. Both alleles code for 

the same variant forms of the isomerase (e.g., Beutler, 

1974). 

3- Variant-variant heterozygous. Each allele codes 

for a different variant form of the isomerase. A 1:2:1 

ratio is again expected. This genotype is the most common 

source of clinical manifestations. In at least two cases, 

one of the alleles is believed to be a "silent gene" 

mutation (e.g., Kahn, 1977; Bovinin, 1979). Examples of 

other double heterozygous variants are numerous (e.g., 

Schroter, 1977; Helleman, 1975; Paglia, 1974; Arnold, 

1974; Kahn, 1979; Rotteveel, 1977; Baughan, 1968; Welch, 

1973) . 

Variations associated with these genetic anomalies 

have resulted in numerous clinical manifestations, including 
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decreased in vivo half-life of erythrocytes (e.g., Lohr, 

1973) , decreased immunologic ratios ( enzY]:ria'tic activity > 
immunologic activity 

(e.g., Kahn, 1976; Purdy et al., 1979) , drug-induced 

hemolysis (Helleman, 1975), and mental retardation (Kahn, 

1975; Van Biervliet, 1977). 

In spite of the recent increase in interest of this 

enzymopathy, a complete, sensitive, and comprehensive 

approach to categorize and identify each of these genetic 

variants has not been developed. This has resulted in 

problems in interpretation and evaluation of the signifi-

cance of individual genetic variant forms of phosphoglucose 

isomerase. For example, the actual gene distribution of 

a specific genetic phenotype cannot be assessed until a 

sensitive, standardized set of conditions are established 

for accurate cross-reference with other genetic variants. 

However, the process of establishing such a cataloging 

system presents some distinctive problems, including: 

1) Most of the genetic variants exist in the hetero-

zygous state (either variant-normal or variant-variant). 

In order to specifically identify differences between the 

variant and normal enzyme (or variant versus variant), it 

is necessary to separate the three dimeric forms of the 

isomerase with a minimal loss of catalytic activity. 

2) Relatively few variant forms of phosphoglucose 

isomerase have obvious kinetic differences. Subtle, but 

possibly physiologically significant, differences can only 
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be observed by using the most sensitive and selective 

probes of the catalytic center. 

3) Most variant forms of the isomerase have altered 

stability properties (Paglia, 1974). However, thermo-

stability, the only common procedure to evaluate stability, 

is neither sensitive, nor selective. More selective and 

sensitive techniques are needed. 

4) A wider range of factors directly pertinent to the 

in vivo conditions experienced in the erythrocyte need to 

be evaluated. For example, factors such as susceptibility 

to cellular oxidizing agents and proteolytic enzymes, also 

may have importance in extrapolating altered in vitro 

properties to physiological interpretation of the in vivo 

consequences. 

Purification of Normal Human 
Phosphoglucose Isomerase 

Until 1974 purification of human phosphoglucose 

isomerase was a lengthy process with low (-22%) yields 

(Tsuboi et al., 1971; Arnold et al., 1974). In 1974 

Tilley and Gracy published a method for the rapid, high 

yield isolation of phosphoglucose isomerase from erythro-

cytes. Subsequently, this method was adapted for isolation 

of the enzyme from other tissues and from other species 

(Phillips et al., 1976). 

The basis of the isolation procedure involves the 

specific elution of the enzyme from cellulose phosphate 
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with substrate. Typically, such an isolation takes no 

more than three days and results in total recoveries in 

excess of 65% with a total purification greater than 50,000 

fold. Routinely, the specific activity obtained is 700 

to 1,000 international units per mg. Phosphoglucose 

isomerase isolated by this method has been shown to be 

homogeneous by a variety of criteria, including analytical 

ultracentrifugation, SDS polyacrylamide gel electrophoresis, 

and isoelectric focusing (Tilley and Gracy, 1974). 

This isolation procedure has also been used to 

purify phosphoglucose isomerase from erythrocytes from a 

patient heterozygous for a variant form of the isomerase 

(Tilley et al., 1974). 

Nature of the Active Center 

After Lohmann first identified phosphoglucose isomerase 

in 1933, several kinetic studies were designed to provide 

information on the nature of the active site and the 

mechanisms of catalysis (e.g., Topper et al., 1958; Rose 

and O'Connell, 1961). These early studies utilized spe-

cifically-labeled substrates as "probes" of the active 

site. For example, Topper synthesized glucose 6-phosphate, 

which was labeled with deuterium at carbon one and subse-

quently incubated the labeled substrate with phosphoglucose 

isomerase. Fructose 6-phosphate, stereospecifically 

labeled at carbon one with deuterium, was obtained and 
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incubated with either phosphoglucose isomerase or with 

phosphomannose isomerase (Fig. 2). Topper found that when 

labeled fructose 6-phosphate was incubated with phosphoglu-

cose isomerase, all of the deuterium label was retained. 

When the substrate was incubated with phosphomannose 

isomerase, however, all of the deuterium label was 

released (Fig ure 2) . 

Topper proposed that a stereospecificity in the 

two isomerases resulted, since fructose 6-phosphate was 

able to form either the cis-enediol or trans-enediol 

intermediates, depending on which isomerase acted upon it. 

These results lead Topper to propose a mechanism with an 

enediol intermediate (Figure 3) . Furthermore, Topper 

found that by incubating fructose 6-phosphate with phospho-

glucose isomerase in the reaction product (glucoses-

phosphate) was labeled with deuterium at carbon two. 

Topper reasoned that this deuterium labeling was indicative 

of proton exchange with the solvent. 

Results obtained by Rose and O'Connell (1961) showed 

that there was also direct proton transfer by the isomerase. 

Rose conducted studies with tritiated fructose 6-phosphate 

in order to show that proton transfer could occur at a 

rate even greater than the rate of solvent exchange. The 

fructose 6-phosphate was labeled stereospecifically with 

tritium by incubating glucose 6-phosphate with phosphoglucose 
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Figure 2. Enzymatic isomerization of fructose 6-
phosphate labeled enzymatically with deuterium. Isomeri-
zation by phosphoglucose isomerase resulted in no loss of 
deuterium. Isomerization by phosphomannose isomerase 
resulted in complete loss of the deuterium label. PGI = 
phosphoglucose isomerase; PMI = phosphomannose isomerase. 
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Figure 3. Topper's proposed sequence of reactions 
occurring during the enzymatic isomerization of glucose 
and fructose 6-phosphates (Topper, 1958). 
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isomerase in tritiated water. The tritiated fructose 

6-phosphate was isolated and then incubated with phospho-

glucose isomerase, glucose 6-phosphate dehydrogenase and 

NADP+.* The amounts of tritiated product and tritium 

remaining in the reaction mixture were measured. The 

results, both with human and rabbit isomerase, indicated 

that 50-55% of the tritium remained in the product and was 

directly transferred from C-l to C-2. Similar ratios have 

since been observed from NMR studies (Feather and Lybyer, 

1969). 

Rose and coworkers (1961) conducted studies with 14C-

deuterium double labeled substrate (1-14C,1-D fructose-6-

phosphate). Rose made three observations from the studies 

utilizing the double-labeled probe. First, the initial 

rates of catalysis of the deuterated substrate were only 

54% that of the natural substrate. He interpreted this 

isotope effect as evidence that the proton transfer step 

determined the initial rate of isomerization. Secondly, 

Rose observed that the amounts of double labeled 1-"*"4C, 

2-D, glucose-6-phosphate obtained from the isomerization 

of a mixture of double labeled and unlabeled fructose 6-

phosphate indicate that the hydrogen transfer occurred both 

intramolecular, as well as intermolecular. Rose's third 

*The dehydrogenase and NADP+ were included to prevent 
glucose 6-phosphate, formed from the initial reaction, from 
being reconverted to fructose 6-phosphate. 
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observation was that the amount of double labeled glucose 

6-phosphate obtained indicated that the base mediating the 

intramolecular transfer had no exchangable hydrogens of 

its own. Rose postulated that once the active site nucleo-

phile was deuterated, the probability that the deuterium 

was transferred would be directly affected by how many 

protons the base had available to transfer. An e-amino 

group would be expected to have a one in three chance of 

deuterium transfer, a group with one exchangable hydrogen, 

a one in two chance. Rose's results indicated that the 

transfer occurred at a rate greater than could be explained 

by either type of base. He, therefore, proposed that either 

an unprotonated imidazole or carboxyl group was the active 

site nucleophile. 

As a result of his studies with tritiated substrate 

14 

and double labeled C-deuterium substrate, Rose suggested 

that Topper's proposed mechanism for the isomerization was 

correct, and also that the enediol intermediate was a cis-

enediol. Rose reasoned that if the hydrogens that would 

occupy or approach from opposite sides of the plane 

of the enediol intermediate, the absolute configuration of 

the products would require that a trans-enediol be 

involved. If the hydrogens approach from the same side, a 

cis-enediol would be required. Since intramolecular hydro-

gen transfer could best be interpreted as attack by a 
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single nucleophilic group on either C]_ or C 2, the proximity 

of this basic group to or C 2 supports a cis-enediol 

intermediate. 

In a series of studies conducted utilizing the a and 

3-anomeric forms of the substrates (fructose 6-phosphate 

and glucose 6-phosphate), the active site reagents, 

Schray et al. (1971) found that the a form of each 

substrate was preferred. Isomerization of the 3 anomer 

occurred, but at a much slower rate (5% of normal). 

This was intepreted by Schray as further evidence of 

a cis-enediol intermediate. 
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Schray (1971) proposed that the 3 anomer was isomerized 

only after the number one carbon was rotated by the enzyme 

to give the proper conformation to produce the required 

cis-enediol intermediate. The work of Wurster and Hess 

(1970) verified that phosphoglucose isomerase could cata-

lyze the anomerization of a-glucosephosphate to 3-glucose-6-

phosphate. It, therefore, appeared probable that both the 

a and 3 forms of the substrate were converted to a common 

intermediate by the isomerase. Schray (1971) proposed that 

the simplest explanation for these observations was that the 

enzyme first opened the ring, then rotated the number one 

carbon, if necessary, to provide the proper conformation 

for catalysis. 

Although studies utilizing labeled substrate were 

effective in obtaining information about the general mech-

anism of catalysis, very little information about the amino 

acid residues participating in catalysis was gained. 



24 

Studies of this nature have been carried out by several 

research groups (i.e., Hines, 1963; O'Connell et al.f 1972; 

Dyson et al., 1967). Most of these studies have utilized 

substrate analogs to probe the active site environment. 

These substrate analogs generally fall into two cate-

gories — competitive inhibitors and affinity labeling 

compounds (See Table II) . 

Substrate and competitive inhibitors were used in 

detailed pH kinetic studies designed to evaluate pK values 

for active site residues when kinetic studies with phos-

phoglucose isomerase were conducted by Hines (1963). On 

the basis of Hine's results, which were obtained on bovine 

isomerase, it was proposed that substrate ionizations 

(monobasic versus dibasic phosphate moiety) were not a 

factor in changes in Vmax. This was significant in that 

interpretation of velocity versus pH studies were simpli-

fied for both substrates and other active site probes. From 

the velocity versus pH studies, ionization constants for 

two active site residues were obtained with pK values of 

5.7 and 9.5. Additionally, a mechanism was proposed for 

catalysis in which a protonated lysine-induced ring opening 

at oxygen and a basic histidine attacked the C o r C2 

hydroxyl group (See Figure 4). This mechanism was com-

patible with the more general one proposed earlier by 

Topper (1958). 
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Figure 4. Hine's proposed mechanism for phospho-
glucose isomerase (Hines, 1963). 
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Studies on the rabbit muscle enzyme by Dyson and 

Noltmann (1968) utilized both substrate and the competi-

tive inhibitor, 6-phosphogluconate. They confirmed that 

the enzyme had two ionizable groups involved in catalysis. 

However, their data indicated pK values of 6.75 and 9.30. 
CI 

When pKi versus pH values were assessed for 6-phosphoglu-

conate, no alkaline pKa values were observed. This 

suggested that the group with the pK of 9.3 (believed to 

be lysine) was not involved in binding of the open chain 

inhibitor. This would be expected if the lysine functioned 

in the ring opening step of catalysis. Dyson and 

Noltmann (1968) also measured heats of ionization for the 

ionizable groups from pl^ versus pH determinations. 

They obtained values of 7.7 Kcal per mole for the pKa 

6.75 group and 16,000 cal per mole for the pKa 9.30 group. 

These values are in good agreement for histidine and 

lysine, respectively (Steinhardt et al., 1964). 

The most powerful competitive inhibitor known for 

phosphoglucose isomerase, 5-phosphoarabinonate (Ki = 

3 x 10"7 M), was used in a study on the enzyme's 

activity site by Chirgwin and Noltmann (1975). Chirgwin 

used 5-phosphoarabinonate because of its structural simi-

larity to the enediolate anion believed to occur transiently 

during isomerization. 
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®°3 p9 

ho^V^\^OH 

HO-A^^-sssO 

5-Phosphoarabinonate Enediolate intermediate 

pK^ versus pH studies conducted with the inhibitor 

resulted in the observation that the analog perturbs the 

pKa of the "acidic" active site residue from pH 7.0 to 

pH 9.0. This was viewed as further evidence of a histidine 

being the nucleophilic group responsible for proton trans-

fer between carbon one and carbon two, since perturbation 

of a carboxyl group pKa to 9.0 seems unlikely. 

5-Phosphoarabinonate has also been used in crystal-

lization of phosphoglucose isomerase by Shaw and Muirhead 
o 

(1976). These preliminary studies conducted at 3.5 A 

resolution suggested that the active site may lie in a 

cleft formed by a beta sheet portion of one subunit and a 

chain portion of the other subunit. On the basis of 

their results, Shaw and Muirhead maintained that as many 

as five groups could be directly involved in ring opening 

and catalysis, including histidine, lysine, and a 

carboxyl group. However, direct crystallographic identi-

fication of these groups has not been obtained. 



30 

One of the first covalent affinity labels attempted on 

phosphoglucose isomrase was pyridoxal 5'-phosphate 

(Schnackerz and Noltmann, 1971). it has been shown that 

pyridoxal 5-phosphate, in conjuntion with sodium borohydride 

reduction, can be used to label lysine residues of enzymes 

which have no requirement for this compound (Rippa et al., 

1967) . For example, sequential reaction with pyridoxal 

5-phosphate and sodium borohydride has been used to iden-

tify a critical lysine residue in yeast 6-phosphoglucose 

dehydrogenase (Rippa et al., 1967; Rippa and Pontremoli, 

1969) and rabbit muscle aldolase (Shapiro et al., 1968). 

Schnackerz cited observations by Topper (1963) and Dyson 

and Noltmann (1968) as a basis for the existence of an 

active site lysine in phosphoglucose isomerase and ini-

tiated experiments designed to specifically label that 

group. Pyridoxal 5'-phosphate reacts with an e-amino 

group of lysine to form a Schiff base which can be 

reduced with sodium borohydride to form a stable secondary 

amine (Fischer et al., 1958). Amino acid analysis of the 

reduced enzyme-pyridoxal phosphate complex of phospho-

glucose isomerase revealed that only a lysine was 

modified. Furthermore, using tritium-labeled pyridoxal 

phosphate, the stoichiometry of the inactivation was 

assessed and found to be essentially one mole of pyridoxal 

phosphate per subunit. By incubating the enzyme with 
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equal amounts of substrate and inhibitor, followed by 

sodium borohydride reduction, only a 7% loss of activity 

was observed, whereas omission of the substrate results in 

an 80% loss of activity. This protection by substrate is 

one of the key criteria, along with stoichiometry, used to 

evaluate the "active site" nature of the specificity 

(Meloche, 1967). Active site peptides, labeled with 

pyridoxal phosphate, have been isolated by Noltmann and 

coworkers (1979). Both rabbit and pig muscle active 

site peptides obtained after thermolysin digestion have 

a sequence of Leu-Gly-(PLP)Lys-Gln. The same sequence 

was also found within a citraconylated cyanogen bromide 

peptide of approximately 60 residues. Additionally, the 

cyanogen bromide peptide appeared to be derived from 

the carboxy terminus of the enzyme and had a carboxy 

terminal glutamine. It appears, therefore, that 

the structure around the active site lysine residue 

is being established. 

Attempts to label the active site residue with the 

acidic pKa value of 6.5 — 7.5 have been less effective 

than those on the alkaline group. For an analog to form 

a covalent attachment to a nucleophilic residue, such as 

an unprotonated histidine, it should possess a chemically 

reactive group, generally an electrophile, e.g., an ct-

halocarbonyl group (Abeles and Maycock, 1976). 
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This type of reagent generally forms covalent attachment to 

the nucleophilic group by means of a SN 2 reaction. It 

is desirable that the enzyme positions the analog in 

the active site in an attempt to catalyze it, and this 

action brings the reagent and nucleophilic group close 

enough together to initiate the nucleophilic substitution. 

Schnackerz and Noltmann utilized the a-halocarbonyl 

structure of iodoacetamide in an attempt to label an 

active site nucleophile on phosphoglucose isomerase 

(Schnackerz and Noltmann, 1970). They obtained half-life 

of inactivation values of three to six hours with iodo-

acetamide concentrations ranging from 20 mM to 40 mM. 

When substrate was added to the incubation mixture, the 

enzyme was only partially protected from inactivation. 

This reagent was not specific, and four amino acid residues 

were alkylated — cysteine, methionine, lysine, and histi-

dine. Histidine was protected to a greater extent than 

the other residues, but it was also modified by iodoace-

tamide when substrate was present in the incubation 

mixture. The stoichiometry of labeling did not approach 

the one—to—one ratio of reagent to enzyme subunits 

required for a specific active site reagent. 

Although affinity labels possessing a-halocarbonyl 

groups are the most frequently utilized (Abeles and 

Maycock, 1976), other types of reactive groups have been 
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used in attempts to label an active site nucleophile. 

One such reagent is the epoxide used by O'Connell and 

Rose (1973), l,2-anhydro-D-mannitol-6-phosphate. The 

epoxide analog, glycidol—phosphate, had been previously 

used by Rose to inactivate triosephosphate isomerase and 

was not prone to nonspecific reactions (Rose and O'Connell, 

1969) . 1,2—anhydro—D—xnannitol—6— phosphate bears a struc-

tural resemblance to glucose 6-phosphate in a manner 

similar to the analog-substrate similarities occurring in 

the triosephosphate isomerase studies. 

HoC-0 
2 \l 

CH 
I 

HO-C-H 
I 

H-C-OH 
I 

H-C-OH 
I 

H-C-0-P03H2 

1,2-anhydro-D-mannitol-6-phosphate 

When O'Connell and Rose reacted the epoxide with 

yeast phosphoglucose isomerase, they obtained a value 

of 2.7 x lO"4 M with a minimum half-life of 28 minutes. 

From the rates of inactivation versus pH, two pKa values 

were obtained, 6.3 and 9.9. The stoichiometry of labeling 

(assessed using tritium-labeled epoxide) was essentially 

one mole of epoxide per subunit of enzyme. Amino acid 
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analysis could not be used to identify the labeled residue, 

because acid or base hydrolysis released the radioactivity. 

O'Connell and Rose eventually tentatively identified the 

labeled residue as a glutamate by isolating a serine-

glutamic radioactive dipeptide from successive enzymatic 

cleavages with pepsin and subtilisin. 

Although many previous studies suggested a histidine 

and not a glutamate as the active site catalytic nucleo-

phile having the acidic pK value (e.g., Chirgwin and 

Noltmann, 1975; Dyson and Noltmann, 1968), it has been 

suggested that a glutamate could have another function in 

the active site (Shaw and Muirhead, 1976). Shaw and 

Muirhead proposed that a carboxyl group held the Cx and 

C2 hydroxyl groups in position for formation of a cis-

enediol intermediate. Furthermore, this carboxyl group 

could mediate the transfer of hydrogen from hydroxyl 

groups. This function could also be the mechanism by which 

3-D-glucose 6-phosphate is converted to a cis-enediol 

intermediate as postulated by Schray et al. (1972). 

Summary of Catalytic Center Studies 

As a result of the early studies on phosphoglucose 

isomerase, general properties of the enzyme's mechanism 

catalysis were elucidated. The C^ - C2 hydrogen 

transfer is carried out by solvent exchange and by 

direct intramolecular transfer (Topper, 1958; O'Connell 
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and Rose, 1961). The substrate is converted to a cis-

enediol intermediate (Topper, 1961; Schray et al., 

1971), and the base which mediates the intramolecular 

proton transfer would appear to have no exchangable 

hydrogens (Rose and O'Connell, 1961). 

More specific information about the residues involved 

in catalysis was obtained using substrate, competitive 

inhibitors and affinity labels. For example, two active 

site residues with approximate pK values of 6.3 - 6.7 
ci 

and 9.3 - 9.9 were indicated (Hines, 1963; Dyson and 

Noltmann, 1968). The residue with the alkaline pKa value 

is believed to be a lysine which particpates in ring 

opening (Schnackerz and Noltmann, 1971; Dyson and 

Noltmann, 1968). There is apparently an active site glu-

tamate (O'Connell and Rose, 1973), but it appears that this 

is not the group with the acidic pKa (Chirgwin and Noltmann; 

Dyson and Noltmann, 1968). There is indication of an 

active site histidine (Dyson and Noltmann, 1968; Schnackerz 

and Noltmann, 1970), but it has never been directly 

identified. 

Purpose of this Investigation 

Considering the large number of genetic variants of 

phosphoglucose isomerase, their distribution and the 

myriad of their clinical and physical properties, it 

becomes evident that a universal means of isolation and 
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classification of the phenotypes is needed. By cataloging 

variants of similar physical properties, the effects of 

similar structural alterations on the enzyme's function-

ality can be assessed. A detailed system for preliminary 

kinetic and structural investigations, established with 

the normal enzyme, will provide a model system to elucidate 

structural anomalies in the variant enzyme and the corre-

sponding changes in functionality. Likewise, by elucidating 

the active site sequence of the rabbit muscle enzyme, a 

model system can be established for determining the 

sequence of the similar, but less abundant, human enzyme. 

Also, comparison of the human and rabbit enzyme can be 

used to determine which structural features are integral 

to maintaining an effectively functional form of the 

isomerase. 

Therefore, the purposes of this investigation have 

been four-fold: 

First, to establish a system for isolation and 

separation of genetic variant forms of phosphoglucose 

isomerase. 

Second, to create a system suitable for sensitive 

and accurate classification of variants isolated by 

different laboratories in different population centers. 

With such a system the actual gene distribution for a 

single genetic variant form of the isomerase can be more 

accurately evaluated. 
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Third, to determine the active site sequence of the 

rabbit muscle enzyme and provide the framework for 

determining the human active site sequence. 

Fourth, to compare the human and rabbit muscle 

enzymes. 

This work should provide a basis for further studies 

on the active site of the human enzyme, both for the 

normal type and for the genetic variant forms. 



CHAPTER II 

MATERIALS AND METHODS 

Materials 

Enzymes 

Rabbit muscle and yeast phosphoglucose isomerase 

(EC 5.3.1.9), bacterial alkaline phosphatase (EC 3.1.3.1), 

glucose-6-phosphate dehydrogenase (EC 1.1.1.49), carboxy-

peptidase B (EC 3.4.12.3), carboxypeptidase A (EC 3.4.12.1), 

and leucine aminopeptidase (EC 3.4.1.1) were all obtained 

from Sigma Chemical Company as crystalline suspensions. 

Trypsin (diphenylcarbamyl chloride-treated, ED 3.4.4.4), 

chymotrypsin (EC 3.4.21.1), pronase, and cathepsin C 

(EC 3.4.14.1) were obtained from Sigma Chemical Company 

as lyophilized powders. Sarueas V8 protease (staphylo-

coccal protease) was obtained from Miles Laboratories as 

a lyophilized powder. 

Substrates and Inhibitors 

Fructose-6-phosphate, glucose-6-phosphate, 6-phospho-

gluconate and NADP+ were obtained from Sigma as the sodium 

salts. 5-Phosphoarabinonate was synthesized and 

generously supplied by K. D. Schnackerz (1973). 
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Active Site Reagents 

N-Bromoacetylethanolamine phosphate (BAEP), 1-chloro-

3—acetolphosphate (CAP), and 1—iodo—3—acetolphosphate 

(IAP) were synthesized and generously provided by F. C. 

Hartman (Hartman, 1973; Hartman, 1971). 

Chromatographic and Electrophoretlc Supplies 

Cellulose phosphate cation exchanger (coarse mesh) 

with an exchange capacity of 1.0 meq/gm was obtained from 

Sigma Chemical Company. Carboxymethyl Biogel cation 

exchanger (153—0840) and the analytical cation exchanger 

AG 50W X-8 resin (100-200 mesh; 1.7 meq/ml) were obtained 

from BioRad Laboratories. Sephadex G-50 (super fine) 

was obtained from Pharmacia. Ampholines and all other 

reagents for isoelectric focusing were from LKB Instruments 

All reagents for SDS polyacrylamide gel electrophoresis 

were from BioRad Laboratories. The amino acid standards 

were obtained from Beckman Instruments, and all other 

reagents for amino acid analysis were obtained from Dionex. 

Precoated, plastic-backed, thin-layer cellulose sheets 

were from Eastman (Eastman Chromatography sheets, #6064) 

and Brinkman (Machen—Nagel, 400—22). Analytical grade 

columns for ion exchange peptide isolation (0.6 x 50 cm) 

were from BioRad Company. Chromatograms were developed 

with fluorescamine (4-phenylspiro furan-2(3H),-1'-phthalan -

3,3'—dione) from Hoffman LaRoche and ninhydrin. 
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Hydrolyzed starch for electrophoresis was from Sigma. All 

reagents for cellulose acetate electrophoresis, including 

Titon XX cellulose acetate plates were from Helena. 

Miscellaneous Reagents 

Iodoacetic acid (Eastman Chemicals) was recrystallized 

prior to use. Guanidinium chloride, sodium dodecyl sulfate 

and dansyl chloride (5-dimethyl-amino napthalene-l-sulfonyl 

chloride) were obtained from Pierce Chemicals. H 20 2 

(30%) solution) was from Fisher. CNBr was obtained from 

Sigma. DABITC (4,N,N-dimethylaminoazobenzene-4'-iso-

thiocyanate) was obtained from Pierce Chemical Company, 

as was phenyl isothiocyanate (PITC). 

Methods 

Isolation of Phosphoglucose Isomerase 

The isolation of phosphoglucose isomerase from human 

placentae was performed by a modification of the substrate 

elution method of Gracy and Tilley (1974). Five to seven 

placentae were thawed, dissected free of membraneous 

material, and minced in a meat grinder. The tissue was 

then homogenized in a Waring Blendor using 150 g of tissue 

with 225 ml of Buffer I (50 mM triethanolamine, 5 mM EDTA, 

10 mM KC1, 0.1% (v/v), 2-mercaptoethanol, pH 8.2). The 

mixture was subjected to centrifugation at 9,800 xg for 30 

minutes at 4°, after which the supernatant solution was 
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filtered through glass wool and dialyzed against two 

changes of 20 liters of Buffer II (10 mM triethanolamine— 

HC1, 0.1% (v/v) 2-mercaptoethanol, 0.1% (w/v) EDTA, pH 7.5) 

Cellulose phosphate (400 g dry weight) equilibrated 

^t pH 7,5 with Buffer II was filtered over a sintered 

glass funnel until essentially dry, and added directly to 

the dialyzed supernatant solution in a ratio of 450 g (damp 

cellulose) per liter of dialyzed extract. The cellulose 

extract was nagnetically stirred slowly for 30 minutes at 

4°, then transferred to a 3-liter coarse sintered glass 

funnel and washed with 3-liters of Buffer II. This was 

followed by washing with 4 liters of Buffer III (25 mM 

triethanolamine, 0.1% (v/v), 2-mercaptoethanol, pH 8.2). 

The enzyme was eluted with 200 ml of Buffer III containing 

7 mM fructose-6-phosphate. The fractions containing PGI 

activity were pooled and concentrated by ultrafiltration. 

The concentrated enzyme was dialyzed against 80% saturated 

ammonium sulfate in Buffer III, and stored in crystalline 

form without significant loss of catalytic activity. 

Specific activities of 800 - 1,000 international units/mg 

were obtained. 

Isolation of phosphoglucose isomerase from rabbit 

muscle (Phillips et al., 1976) was carried out in the same 

manner as for placentae, with the following exceptions: 

Buffer I was 50 mM triethanolamine-HCl, 1 mM EDTA, 0.1% 



42 

(v/v) 2-mercaptoethanol, pH 8.2. Buffer II was 10 mM 

imidazole—HC1, 1 mM EDTA, 0.1% (v/v) 2-mercaptoethanol, 

pH 7.2. The cellulose phosphate dialysate is washed with 

Buffer III until the absorbance at 280 nm was .05 or less. 

Also, the substrate wash was 3 mM in glucose—6—phosphate. 

Enzyme Assays 

Phosphoglucose isomerase was assayed in the reversed 

direction (fructose-6-phosphate -> glucose-6-phosphate) by 

coupling the product to glucose-6-phosphate dehydrogenase 

and measuring the rate of reduction of NADP+ at 340 nm. 

The assay mixture contained in a volume of 1.0 ml: 50 mM 

triethanolamine-HCl buffer at pH 8.2, 6 mM fructose-6-phos-

phate, 0.75 mM NADP+ and 1.5 units of glucose-6-phosphate 

dehydrogenase. The measurements were carried out at 30° 

in a recording spectrophotometer. 

Protein Determination 

Protein concentration was determined by the method 

of Bradford (1970) and by absorbance at 280 nm, utilizing 

an extinction coefficient (E^m) of 13.9, as previously 

determined by Tilley and Gracy (1974). 

Chromatography 

Carboxymethyl Biogel was prepared according to the 

manufacturer's instructions by washing with 0.5 NaOH and 

0.5 N HC1 before equilibration with starting buffer. 
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Cellulose phosphate ion exchanger was washed alternately 

by acid and base and equilibrated in starting buffer, 

according to Peterson and Sober (1962). Ion exchange 

resins were washed and equilibrated by the method of 

Schroder (1972), Buffers used for ion exchange chroma-

tography were; Starting buffer = 0.2 M pyridine-acetate, 

pH 3.1; Developer buffer = 2.0 M pyridine acetate, pH 

5.0. The pH gradient was applied to the column by placing 

80 ml of Starting Buffer in the mixing reservoir and con-

necting it to a reservoir containing 160 ml of Developing 

Buffer, A 10 ml/hour flow rate was maintained by a 

peristaltic pump. Chromatography on cellulose phosphate 

and carboxymethyl Biogel was carried out at 0-4°. Condi-

tions for the substrate elution of the variants were as 

follows: The mixing chamber contained 35 ml of 25 mM 

triethanolamine-HCl, pH 7.8, 0.1% (v/v) 2-mercaptoethanol 

and the reservoir contained 35 ml of Starting Buffer, plus 

10 mM fructose-6-phosphate. A flow rate of 20 ml/hr was 

maintained by a peristaltic pump. The column dimensions 

were 1.2 x 20 cm. 

Elec trophoresi s 

Isoelectric focusing was conducted in a 110-ml LKB 

column at 0-4°; 500 V for 84 to 96 hours in a mixture of 

narrow range ampholines (1% 7-9; 1% 8-9.5) utilizing a 

5% (w/v) sucrose density gradient. Otherwise, reagents 
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were prepared according to the manufacturer's instructions. 

Fractions (1.0 ml) were collected and the pH values deter-

mined immediately after collection. SDS-polyacrylamide 

gel electrophoresis was carried out by the method of Maizel 

(1971). Starch gels were cast as described by Snapka 

(1974). Electrophoresis was carried out in 0.1 M Tris-

citrate buffer, pH 8.0, for three hours at 200 V. Gels 

were sliced and stained for phosphoglucose isomerase acti-

vity with 10 ml of 50 mM Tris-HCl, 5 mM MgS04, pH 8.0, 

containing 5.5 mg fructose-6-phosphate, 0.15 units glucose-

6-phosphate dehydrogenase, 2.5 mg NADP+, 6 mg MTT (3-(4,5 

dimethyl-2-thiazolyl) -2,5-phenyl-2H-tetrazolium bromide) 

and 1 mg of phenazine methosulfate. Electrophoresis on 

Titan II cellulose acetate strips were for 40 min at 8 mA 

at 0-4°, pH 8.0. The cellulose acetate strips were stained 

for phosphoglucose isomerase activity in the same manner 

as the starch gels. 

Catalytic Studies 

The concentrations of substrates and inhibitors were 

determined enzymatically (Bergmeyer, 1965), except for 

N-bromoethanolamine phosphate and 50-phosphoarabinonate, 

which were determined gravimetrically. Km and Ki values 

were evaluated by using the weighted least squares method 

of Wilkerson (1961) and Meloche (1967) and were adapted 

to the IBM 360 computer (Cleland, 1967). 
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Stability Studies 

Heat stability studies were conducted with the tempera-

ture being maintained at 48° in a thermostatically-controlled 

water bath. The incubation buffer was 0.1 M Tris-HCl, 

PH 8.2, containing 10 mM EDTA, 0.1% (v/v) 2-mercatoethanol 

and 2 mg/ml bovine serum albumin. 

Guanidine denaturations were carried out 0.65 M 

guanidine containing 50 mM triethanolamine-HCl, pH 8.2, 

with 0.1% (v/v) 2-mercaptoethanol at 37°. Hydrogen peroxide 

inactivations and proteolytic enzyme inactivations were 

carried out a,t 37° in 50mM triethanolamine-HCl, pH 8.2, 

with a final hydrogen peroxide concentration of 1.3% and 

a final proteolytic enzyme concentration of 0.15 mg/ml. 

Tryptic Hydrolyses 

Bromoacetylethanolamine phosphate—labeled phospho— 

glucose isomerase was denatured in 5 ml of 1 M Tris-HCl, 

pH 8.5, containing urea, 0.5 M EDTA. Alkylation of cysteine 

was carried out as previously described (Gracy, 1977). 

The sample was dialyzed against water and then lyophilized 

to dryness. The protein was resuspended in 59 ml of 0.5 M 

N-ethylmorpholine-HCl, pH 8,5, 6 M guanidine hydrochloride, 

0.5 M EDTA, and treated with potassium cyanate to block the 

e-amino groups (Stark, 1972). After carbamylation, the 

sample was dialyzed and lyophilized. The lyophilized 

protein was resuspended in 0.2 M ammonium bicarbonate, 
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PH 7.8, (250 yl) and trypsin (diphenyl carbamyl chloride-

treated) was added to the protein in three equal aliquots 

at 2 hour intervals. The digestion was allowed to proceed 

for 24 hours at 37°. The reaction mixture was stirred 

with a 1.0 x 3.5 mM magnetic stir bar. The final ratio 

of trypsin to protein was 1:50 (w/w). 

Leucine Amino Peptidase Analyses 

The peptide was suspended in 250 yl of 25 mM ammonium 

bicarbonate, pH 7.8, with 2.5 mM MgCl.,. The peptide mixture 

was incubated at 37° with leucine aminopeptidase in a 1:50 

(w/w) ratio of peptidase to protein. Aliquots were with-

drawn at timed intervals, frozen in a dry ice - acetone 

bath, lyophilized, resuspended in sample dilutant buffer, 

and applied directly to the amino acid analyzer. 

Carboxypeptidase Analyses 

The peptide was suspended in 250 yl of 50 mM N-ethyl-

morpholine-acetate, pH 8.0. The mixture was incubated at 

37° with 0.1 units of carboxypeptidase B, for 20 minutes. 

An aliquot was withdrawn for analysis and 0.1 unit of 

carboxypeptidase A was added. All aliquots withdrawn for 

analysis were frozen and lyophilized immediately. The 

dry samples were resuspended in sample dilution buffer 

(Dionex preparative amino acid analysis buffer, 0.2 M sodium 

citrate) and applied to the analyzer. 
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Alkaline Phosphatase Hydrolysis 

The dry peptide (400 - 600 nanomoles) was suspended 

in 50 mM N-ethylmorpholine-acetate, pH 8.0, at 37° with 

1.0 unit of bacterial alkaline phosphatase, for 18-20 

hours. The peptide was lyophilized to dryness. 

Chymotryptic Digestions 

The lyophilized peptide was resuspended in 50 mM 

ammonium bicarbonate, pH 7.8. The mixture was incubated 

with chymotrypsin, in a 1:50 (w/w) ratio of chymotrypsin 

to peptide, for 12 hours. After incubation the peptides 

were lyophilized. 

Staphylococcal Protease Digestions 

The peptides were suspended in 200 yl of 500 mM phos-

phate buffer, pH 7.8, and incubated at 37° with staphylo-

coccal protease (1:20 w/w), for 8 hours. After the incu-

bation the peptides were frozen and lyophilized. 

Partial Acid Hydrolysis 

The lyophilized peptide was resuspended in 1.0 ml 

0.03 N HC1 for 20 hours at 105^. After hydrolysis the 

mixture was dried under a stream of nitrogen. 

Amino Acid Analysis 

Samples for hydrolysis were sealed in vacuo and incu-

bated at 110° for 24 hours in 6 N HC1 with 0.02% 

2-mercaptoethanol. Dry samples from enzymatic digestions 
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were resuspended in sample dilution buffer (0.2 M in Na+, 

Dionex Co.) and loaded directly on the analyzer. Ami no 

acids were identified by fluorescamine detection after 

reaction with Fluoropa-(o-phthaldialdehyde). The analyzer 

was a Durram protein/peptide analyzer equipped with a 

Gilson Spectra/Glo fluorometer, attached to a Perkin-Elmer 

Sigma 10 integrator. Cysteine was determined as S-carboxy-

methyl cysteine. Hydrolyses for tryptophan were carried 

out in 6 N HC1 containing 2% (v/v) 2-mercaptoacetic acid. 

Amino Terminal Studies with Dansylchloride 

The dansyl-amino terminal studies were conducted 

similar to the method of Weiner et al. (1972). The peptide 

was suspended in 50 yl of 0.25 M NaHCO, pH 9.8, in a 1 ml 

Pierece "reactive vial" and 25 yl of dansylchloride (5 mg/ml 

prepared freshly in acetone) was added. The solution was 

magnetically stirred at 37° for 20 minutes. The sample 

was then divided into two portions. Forty microliters 

was placed in a hydrolysis tube with 1 ml of 6 N HC1, 

sealed in vacuo and subjected to hydrolysis at 110° for 

24 hours. The remainder was dried and subjected to 

two-dimensional chromatography without hydrolysis. The 

solvent for the first dimension was 1.5% formic acid 

in water, the second dimension was benzene-acetic acid (9:1). 
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Peptide Mapping 

Thin-layer peptide fingerprints was carried out 

according to the method of Gracy (1977). Peptides were 

resuspended in the appropriate buffer and spotted in one 

corner of a 20 x 20 cm cellulose thin layer plate. Elec-

trophoresis was carried out first in acetic acid; pyridine? 

water (10:1:89). 

Chromatography in the second dimension was in butanol: 

Pyridine. acetic acid: water (50:33:1:40). Peptides were 

located by spraying the thin-layer plate with a .02% (w/v) 

solution of fluorescamine in acetone. Prior to spraying 

the plate with fluorescamine, it was sprayed with a 10% 

solution of triethylamine in methylene chloride. Elec-

trophoresis was conducted at 4° in a water-cooled DeSaga 

TLE double chamber electrophoresis unit. Peptides were 

extracted from the thin-layer plate according to the method 

of Schiltz et al. (1977), and transferred to 150 mm glass 

Pasteur pipettes that had been tightly plugged with a 

membrane filter (e.g., Sartorius 20-mm, Cat. No. 13400) 

and prewashed with 6 N HC1 containing a 0.02% v/v 2-

mercaptoethanol). 0.2 ml of 6 N HCl—mercaptoethanol 

solution was added to the cellulose. After 15 minutes the 

HC1 was forced through the pipette with dry nitrogen and 

the effluent, containing the extracted peptide, collected. 
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Sequence Analysis 

Edman degradation with DABITC (4-N,N-dimethylamino-

azobenzene, 4'-isothiocyanate) was carried out by the pro-

cedure of Chang et al. (1978). The peptide was placed 

in an acid cleaned 1 ml heavy wall conical vial and dis-

solved in 80 yl aqueous pyridine (50% v/v) and treated with 

40 jil DABITC (10 nanomole/yl pyridine, prepared fresh daily) 

The vial was flushed with dry nitrogen for 10 seconds, 

sealed and incubated at 52° for 50 minutes. After the first 

coupling, 20 jil PITC was added, and the second coupling 

reaction was allowed to proceed at 52° for 30 minutes. 

After the reaction, the excess reagents and by-products 

were removed by mixing the reaction mixture with 0.5 ml 

heptane/ethylacetate 2:1, v/v) on a Vortex mixer. After 

centrifugation the organic phase was removed and dis-

carded. The residue was dried in vacuo and dissolved in 

50 yl anhydrous trifluoroacetic acid, flushed with dry 

nitrogen, sealed and heated for 15 minutes at 52°. After 

15 minutes the sample was dried In vacuo and dissolved in 

50 yl water. Extraction of the dimethylamino azobenzene 

thiazolinones was performed by mixing 200 yl of butyl ace-

tate on a Vortex mixer and centrifuging. After removal of 

the butyl acetate extract, the peptide in the aqueous phase 

was dried in vacuo and subjected to the next degradation 

cycle. The butyl acetate extract was dried, and the thia-

zolinone was converted to the thiohydantoin by resuspending 



51 

in 20 yl water, 40 ul of acetic acid (saturated with 

HC1). The mixture was incubated for 50 minutes at 52°. 

The sample was then dried and suspended in ethanol and 

subjected to two-dimensional chromatography. Identifi-

cation of the dimethylamino azobenzene thiohydantoins by 

two-dimensional chromatography was carried out on a 5 x 5 

cm double-sided polyamide plate. The first dimension 

solvent was acetic acid/water (2:1 v/v). The second 

dimension solvent was toluene/N-hexane/acetic acid (2:1:1, 

v/v). After thin-layer chromatographic separation, the 

plates were exposed to HC1 vapor, which caused the dimethyl-

amino azobenzene thiohydantoins to turn red. 

Subtractive Edman degradation was carried out by the 

same procedure as above with the following exceptions: 

1) The coupling step was for 50 minutes at 53° with 

phenylisothiocyanate rather than dimethylaminoazobenzene 

isothiocyanate. 

2) A portion of the sample was withdrawn, after the 

phenylthioazolinone had been extracted, and was hydrolyzed 

and subjected to amino acid analysis. 



CHAPTER III 

RESULTS 

PART I 

Purification and Resolution of the Variant 
Forms of the Enzyme 

The enzyme used in these studies was obtained from 

packed erythrocytes from four individuals with genetic 

variant forms of phosphoglucose isomerase. The indi-

viduals had previously been demonstrated by Ishimoto 

and Kuwata (1974) to be heterozygous for the isomerase and 

were designated 4-1, 3'-l, 3-1 and 5-1. Several factors 

had to be considered in establishing a procedure for 

separating the normal and abnormal forms of the isomerase 

from the erythrocytes. The procedure needed to be rapid 

to minimize the loss of activity, but able to attain high 

yields. Also, it should be capable of resolving the 

three dimeric forms of the enzyme and yet general enough 

to use on different variants. 

For the normal isomerase, purification has been 

accomplished by using cellulose phosphate as an affinity 

column. Because of this, separation by affinity chromato-

graphy was considered as a possibility for the variants. 
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Unfortunately, chromatography with cellulose phosphate, 

under a variety of conditions (including those used to 

purify the normal isomerase), did not resolve the three 

different dimeric forms. Changes in pH and ionic strength 

did not affect the separation. Additionally, elution of 

the enzyme by salt gradients lowered the recovery (30%) 

and did not result in resolution of the variants. 

Isoelectric focusing had been successfully used as 

a means of separation of the three dimeric forms of the 

Singh variant (Tilley and Gracy, 1974). However, when this 

technique was applied to the present variants, neither 

the crude hemolysate nor the enzyme purified by cellulose 

phosphate chromatography exhibited resolution of the 

variant forms (Figure 5). Changes in the duration of the 

focusing, magnitude of the voltage applied, concentration 

of ampholines or pH range of ampholines had little effect 

on the resolution. Although isoelectric focusing could 

not resolve the three forms of the isomerase, starch gel 

electrophoresis clearly verified that charge differences 

existed. Thus, it seemed probable that these charge diff-

erences could be used to separate the variant forms of the 

isomerase by ion exchange chromatography. 

Due to the basic nature of the phosphoglucose isomerase 

(i.e., pi = 9.3, Tilley and Gracy, 1974), it appeared that 

a cation exchanger might be utilized for separation of 
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Figure 5. Isoelectric focusing of the 3'-l 
variant. Focusing was carried out at 4°C with 2% narrow 
range 8-10 ampholines for 72 hours. Approximately 80% 
of the activity was recovered. (O) = enzyme activity; 
(•) = PH. 
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the variants. In preliminary studies hemolysates were 

applied to 1.2 x 20 cm carboxymethyl Biogel columns 

equilibrated at 4°C with pH 7.9, 10 mM triethanolamine 

HC1, 0.1% 2-mercaptoethanol. The columns were washed for 

10 hours at a flow rate of 25 ml/hr, and the eluant was 

essentially free of protein as determined by absorbance 

at 280 nm. The enzyme was eluted with a salt gradient of 

KC1, ranging in ionic strength from 0 to 5 x 10"2. The 

mixing reservoir contained 100 ml of the triethanolamine 

buffer and was connected to a reservoir containing 100 ml 

of the buffer, plus 50 mM KC1. The enzyme eluted approxi-

mately half-way through the gradient, but the variants 

were not resolved (Figure 6). Based on the units of 

activity in the pooled, concentrated sample, and the 

absorbance at 280 nm, the purification was estimated to 

be 1000-fold. The overall recovery of phosphoglucose 

isomerase activity was in excess of 90%. The "workable" 

pH range for the chromatography was found to be relatively 

narrow. When the column was equilibrated above pH 8.2, 

the enzyme would not bind and eluted with the hemoglobin. 

When the pH was below 7.6, the enzyme eluted over a 

broader range, and the subsequent yields were lower. 

Equilibration of the column between pH 7.8 and 8.0 resulted 

in consistent results with high recoveries. Thus, salt 

gradient elution of the enzyme resulted in a signficiant 

purification, but did not resolve the normal and abnormal 



57 

Figure 6. Elution profile of variant phosphoglu-
cose isomerase by salt gradient elution from carboxymethyl 
Biogel. The elution profile is for the 3-1 variant, but 
representative of the profile obtained for all four 
variants. (Q) = enzyme activity; ( ) = KC1 concentration. 
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forms of the isomerase for any of the four variants. 

It was found that elution with 7 mM substrate (fructose 6— 

phosphate) similar to the one used with cellulose phosphate 

(Tilley, 1974) could elute the enzyme, but not resolve 

the variant forms. However, when a substrate gradient was 

applied to the column, the variant forms of the isomerase 

could be resolved (Figure 7). The optimal gradient was 

found to be from 0 to 10 mfl fructose 6-phosphate in a total 

volume of 70 ml. Three peaks of activity were eluted, 

and the enzyme in each peak was pooled and subjected to 

electrophoresis on cellulose acetate, thin-layer plates. 

Normal controls were run with the samples, and the thin-layer 

plates were stained for phosphoglucose isomerase activity 

as described in "Methods". The peaks of activity were 

identified by their electrophoretic migration rates rela-

tive to the normal enzyme. 

Each of the variants could be purified and resolved 

by this method, and each exhibited similar properties in 

the following manner (Figure 8); 

1) The third peak from the columns exhibited a single 

major band of enzyme activity that co-migrated with the 

normal isomerase controls during cellulose acetate electro-

phoresis and was designated as the normal homodimer (Fraction 

N) . 
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Figure 7. Substrate gradient elution of variant 
4-1. The hemolysate was applied to a .9 x 20 cm carboxy-
methyl Biogel column. The flow rate was maintained at 
10 ml/hr by a peristaltic pump. Chromatographic 
conditions are described in the text. 95% of the initial 
activity was recovered. The peaks of activity emerge 
in order of increasing basicity according to cellulose 
acetate electrophoresis. (O) = enzyme activity; ( + ) = 
substrate gradient. 
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Figure 8. Cellulose acetate electrphoresis of the 
resolved 3-1 variant. Electrophoresis was carried out 
at 4°C, pH 8.0 for 40 minutes at 8 mA. The plate was 
stained for phosphoglucose isomerase activity as 
described in "Methods". The designations are: (V) 
peak 1; (P) pooled fractions of peaksl, 2, and 3; (H) 
peak 2; (N) peak 3. The figure represents a direct 
tracing of the electrophoretogram. 
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2) Both the first and second peaks from the columns 

exhibited a single major band of activity, but abnormal 

rates of electrophoretic migration. 

3) In each case the first peak of activity eluting 

from the columns had the slowest rate of migration (toward 

the cathode) and represented the aberrant homodimer 

(Fraction V). 

4) The second (middle) peak migrated faster than the 

first peak, but slower than the third peak and represented 

the normal-variant heterodimer. The second peak always 

contained a larger fraction of the total catalytic 

activity recovered than either of the other two peaks. 

Based on the above studies, the following general 

procedure was developed for the isolation of genetic 

variant forms of human phosphoglucose isomerase from ery-

throcytes . 

Extraction of the Tissue 

Three to six ml of frozen, packed erythrocytes were 

placed in an equal volume of distilled water and disrupted 

by five cycles of freezing-thawing in a dry ice/acetone 

bath. Cell debris was removed by centrifugation at 10,000 

x 2. for 5 minutes. The supernatant solution was assayed 

and maintained at 4° until applied to the column. 

Routinely 15 to 25 international units were obtained from 

3 ml of packed erythrocytes. Disruption of the erythrocytes 
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by sonification was faster, but resulted, in somewhat lower 

recoveries of catalytic activity. Gradual loss of enzyma-

tic activity in the hemolysate occurred, but was negligible 

if the enzyme was applied to the column within three to 

four hours of the extraction. 

Substrate Gradient Elution 

The entire procedure was carried out at 4° in 10 mM 

triethanolamine-HCl, 0.1% 2-mercaptoethanol, pH 7.9. 

The hemolysate was diluted with the above buffer to a 

concentration of one international unit per ml. The pH 

of the sample was adjusted to 7.9, and the sample was 

applied to a 1.2 x 20 cm column of carboxymethyl Biogel, 

which had been prewashed and equilibrated with buffer. 

The column was washed with buffer at a constant flow rate 

of 20 ml/hr until the absorbance at 280 nm was below 0.01. 

The washing procedure required approximately 10 hours. 

A substrate gradient was then applied to the column. The 

gradient was applied by connecting a mixing reservoir 

containing 10 mM triethanolamine buffer (35 ml) to a reser-

voir containing the same buffer which was also 10 mM in 

fructose 6-phosphate. Under these conditions the three 

forms of the enzyme were easily resolved. Routinely, 85 

to 95% of the initial activity was recovered (Figure 9). 

Attempts to assess the specific activity of the 

three fractions proved to be futile because of the small 
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Figure 9. Substrate gradient elution of 3'-l 
phosphoglucose isomerase. Chromatography was carried out 
at 4 in 10 mM triethanolamine HC1, pH 7.9, 0.1% 
2-mercaptoethanol. The fructose 6-phosphate gradient 
was from 0 to 10 mM, and 70 ml total volume. 
Approximately 90% of the initial activity was recovered. 
The fractions were designated V, H, and N according to 
their migration on cellulose acetate electrophoresis 
versus the normal enzyme, as described in the text. 



67 

PGI A C T f V I T Y (u /ml) 

CD 00 

— F 6 P (Mm) 

O 



68 

amount of protein available. However, a lower limit of the 

specific activity was estimated on the basis of the sensi-

tivity of the methods used to determine the protein 

concentration. Therefore, since by either absorbance at 

280 nm, or the assay method of Bradford (1976), protein 

could not be detected, specific activities of greater 

than 400 international units per mg were obtained. Thus, 

using the separated, purified enzyme from the first (Fraction 

V) peak, the four variant homodimer forms of the isomerase 

were compared to the normal enzyme. 

Comparison of Four Variant Forms of 
Phosphoglucose Isomerase with 

the Normal Enzyme 

Electrophoretic Studies 

Hemolysates from each of the variants were subjected 

to starch gel electrophoresis at 4° in Tris-citrate 

buffer, pH 8.0, for 16 hours at 16 V/cm. The gels were 

stained for phosphoglucose isomerase activity, and 

three bands of activity for each variant were observed 

(Figure 10). For each samples one band of activity 

migrated uniformly toward the cathode, ahead of the two 

remaining bands. The more acific bands migrated differently 

for each variant. As had been reported previously 

(Ishimoto and Kuwata, 1974), the 5 variant exhibited 

altered electrophoretic properties, depending on the 
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Figure 10. Starch gel electrophoresis of the 
variant hemolysates. Electrophoresis was carried out in 
0.1 M Tris-citrate buffer, pH 8.0, for 16 hours at 200 
V. Gels were stained for phosphoglucose isomerase 
activity as described in "Methods". 
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addition or exclusion of reducing agents. In the absence 

of 2-mercaptoethanol, the 5 variant migrated toward the 

anode. However, this pattern was changed by the addition 

of the reducing agent, and the variant migrated toward the 

cathode. 

The electrophoretic migration patterns of all four 

variants indicated that they were more acidic than the 

normal enzyme. Isoelectric focusing of the variants 

confirmed this (Table III). Although the individual 

variant fractions were not reso.lved by isoelectric 

focusing, the isoelectric points that were obtained for 

the unresolved variant forms were lower than the values 

obtained for the normal isomerase under identical focusing 

conditions. 

Stability Studies 

In all cases the thermostabilities of the variants and 

the normal controls were essentially the same (Table IV). 

Neither the addition of bovine serum albumin or the 

addition of protease inhibitors such as phenylmethane-

sulfonyl fluoride (PMSF) affected the thermally-induced 

inactivation. The thermostability of the enzyme in the 

hemolysate was approximately 60% lower than the purified 

enzyme (i.e., the half-life of the hemolysates at 48° was 

approximately five hours for the purified enzymes). 



72 

TABLE III 

VARIANT ELECTROPHORETIC PROPERTIES 

Genetic Variant 
Designation 

*Electrophoretic 
Migration 

(Relative to Normal) 

**Apparent 
Isoelectric 

Point 

Normal (1) 9.6 

3 1 -1 .66 9.1 

3-1 .62 9.2 

4-1 .52 9.3 

5-1 .42 9.2 

Focusing and electrophoretic conditions were as 
described in "Methods". 

*Distance variant moved from the origin 
Distance the normal isomerase moved 

**Unresolved peaks from focusing of hemolysate. 
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However, in both cases there was no difference in the heat 

stability of the variants when compared with the normal 

enzyme. 

It is recognized that the erythrocyte is subjected 

to intracellular accumulation of hydrogen peroxide (Mills 

et al., 1958). If variant phosphoglucose isomerase were 

nomrally sensitive to the oxidative effects of hydrogen 

peroxide, in vivo modifications could be possible. 

Studies on the isomerase from human (Payne et al., 1972) 

and rabbit muscle (Blackburn, 1972) have shown that elec-

trophoretic multiplicity can occur as the result of 

oxidation of sulfhydryl residues. Also, electrophoretic 

studies on the 5 variant (Ishimoto and Kuwata, 1974) 

showed that the electrophoretic migrational properties of 

the variant were altered in the presence of reducing 

agents. Therefore, variant stability in the presence of 

hydrogen peroxide was evaluated (Table IV). When the 

variants were incubated in the presence of 1.3% hydrogen 

peroxide in 50 mM triethanolamine-HCl, pH 8.2, the 

stability of three of the four variants were indistinguish-

able from that of the controls. The 4 variant exhibited 

an increased stability, having a half-life of inactivation 

almost twice that of the normal enzyme. Addition of 

reducing agents such as 2-mercaptoethanol had no effect 

over the stability of any of the variants, or the normal 
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TABLE IV 

COMPARISON OF STABILITY PROPERTIES OF 
GLUCOSEPHOSPHATE ISOMERASE VARIANTS 

Variant Half-life of inactivation(min) ± Std. Dev. Variant 

Heat* H2O2** 

Normal 120±50 42±8 

5 85 35 

3 123 45 

4 125 82 

3' 114 52 

*The enzyme was incubated at 48°C in 100 mM Tris-
HC1 buffer, pH 8.2, containing 0.01 M EDTA, 0.1% 
2-mercaptoethanol, and 2 mg/ml bovine serum albumin. 

**The enzyme was incubated at 37° in 50 mM tri-
ethanolamine buffer, pH 8.2, in the presence of 1.3% 
H 2 ° 2 * 
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enzyme (Figure 11—A). However, when substrate was 

included in the incubation mixture, both variants and 

normal controls were much more resistant to loss of cata-

lytic activity (Figure 11-B). 

Another method which has been useful in detecting 

altered stability has been denaturation titrations in 

guanidine hydrochloride (Sawyer and Gracy, 1975; Tilley 

and Gracy, 1974) . Incubation of the normal enzyme for 20 

minutes at 37°C with varying concentrations of guanidine 

established a standard titration curve for the denaturant 

which would give a consistent, gradual rate of inactivation 

(Figure 12). When the variants were incubated in the 

presence of 0.65 M guanidine, the half-life values indi-

cated that the 5 and 3 variants were essentially normal; 

the 4 variant was less stable than normal (20 vs. 42 

minutes), while the 3' variant was much more stable than 

the normal enzyme (Figure 13). In this respect, the 3' 

variant stability resembles the Singh variant (Tilley and 

Gracy, 1974). 

In order to assess other stability properties that 

could indicate potential in vivo effects of the mutations, 

the resistance of the variants to proteases was evaluated. 

The variants and the normal enzyme were stable in the 

presence of 0.15 mg/ml of trypsin or chymotrypsin. 

However, the normal enzyme and three of the four variants 
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Figure 11. Stability of the 3' variant in the 
presence of hydrogen peroxide. 

Variant 31 was typical of both the variants and the 
normal enzyme. 

(A) - Inactivation of the enzyme in the presence of 
2-mercaptoethanol. The incubation was carried out at 
37°C in 50 mM triethanolamine-HCl, pH 8.2, plus hydrogen 
peroxide to a final concentration of 1.3% (v/v). 
Additions to the mixture were (A) 2-mercaptoethanol to 
a concentration of 0.1%; ( A ) no additions; ( | ) control. 

(B) - Substrate protection of phosphoglucose 
isomerase from inactivation by hydrogen peroxide. The 
incubation was carried out at 37°C in 50 mM triethanol-
amine-HCl, pH 8.2, 0.1% 2-mercaptoethanol, plus hydrogen 
peroxide to a final concentration of 1.3% (v/v). Additions 
to the mixture were ( A ) fructose 6-phosphate to a con-
centration of 4 mM; (A) no additions; ( Hj ) control. 
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Figure 12. Denaturation titration of phosphoglucose 
isomerase in guanidinium chloride. Incubation was for 
20 minutes at 37° in 50 mM triethanolamine-HCl, pH 8.2, 
containing 0.1% 2-mercaptoethanol at the indicated con-
centrations of the denaturant. 
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Figure 13. Guanidine denaturation of the phospho-
glucose isomerase variants. Samples were incubated at 
37°C in 50 mM triethanolamine-HCl, 0.65 M in guanidine, 
pH 8.2, 0.1% 2-mercaptoethanol. The denaturation curves 
are for: (0) 5; (Q) 4; (g) 3; (A) 3'; (%) normal. 
Controls over the same period of time in the absence 
of the denaturant lost no activity. 
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Figure 14. Inactivation of the phosphoglucose 
isomerase variants by pronase. The incubation mixture 
contained 0.05 mg/ml pronase in 50 mM triethanolamine-
HC1, pH 8.2, 37° with 0.1% 2-mercaptoethanol and 1 
unit/ml of: (O) 5; (•) 4; (B) 3; ( A ) 3'; (#) 
normal. w 
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were susceptible to rapid inactivation by pronase. The 

initial half-life of inactivation, determined at 0.15 mg/ml 

of pronase, showed that the 3' variant, with a half-life 

value of 480 minutes, was four to five times more stable 

than the normal enzyme. When the pronase concentration 

was decreased to 0.05 mg/ml, the relative resistance of 

3' was even more pronounced (Figure 14). 

As could be expected from observations from previous 

studies (Paglia and Valentine, 1974), the widest range of 

variant abnormalities in human phosphoglucose isomerase 

appear to be manifested in altered stability properties. 

The variants observed in this investigation appear to 

generally have increased stabilities. Furthermore, it 

would appear that alteration of the enzyme's stability 

can be more specifically characterized by use of all four 

of the parameters evaluated, rather than by any single 

one of them, such as thermal stability. 

Catalytic Studies 

The pH activity profiles of the variant forms of the 

enzyme were found to be indistinguishable (Figure 15) 

with the pH optimum ranging from pH 7.7 to 8.5, when 

measured over a pH range of 6.0 to 10.3. The molecular 

specific activity of the variants has previously been 

shown to be normal (Purdy et al., 1974). Likewise, the 

normal Km values for fructose 6-phosphate were found to 
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Figure 15. pH activity profile of variant and normal 
phosphoglucose isomerase. The 3'-l variant was typical 
of all the variants for the pH profile. pH studies 
were conducted at 37° with an ionic strength of 0.1. 
0.1% 2-mercaptoethanol is included in the buffers. The 
buffers were as follows: pH 5.7 - 7.9 50 inM imidazole— 
HC1; pH 6.9 - 9.2 50 roM Tris—HC1; pH 8.4 — 10.4 $—alanine— 
HC1; pH 9—10, triethanolamine-HCl. The normal enzyme is 
depicted by (£) ; the 3' variant by (A). 
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be essentially normal, although the 4 variant did 

exhibit a somewhat elevated Km value (Table V). A wide 

range of Km values have been reported for fructose 6-

phosphate, ranging from 2 x 10"5 M (Tsuboi, 1971) to 

2 x 10~4 M (Welch, 1971). Although the conditions for 

the measurements were not identical, the 10-fold range of 

difference is somewhat unusual. Because of these 

differences, Km values for the variants were evaluted not 

only on an absolute value basis, but also relative to the 

values for the normal enzyme, which were determined simul-

taneously and under identical conditions. Similarly, the 

Ki values for the competitive inhibitor, 6—phosphogluconate, 

revealed no differences, absolute or relative, from the 

normal enzyme. 

Inactivation Studies 

When the haloacetol phosphates were used to inactivate 

the phosphoglucose isomerase variants, the half-life 

values of inactivation were similar to the values observed 

for normal enzyme (Table VI). Inactivation of the variants 

with N-bromoacetylethanolamine phosphate also resulted 

in "normal" half-life values for three of the four variants, 

but the 3' variant was not inactivated as rapidly. The 

3' variant had been shown to have an increased stability 

toward guanidine denaturation and pronase inactivation, 

but the reactivity toward N-bromoacetylethanolamine 



88 

w 
A 
PQ 
g 

CO 
Eh 

S 
H 
P$ 
g 

w 
CO 

2 
w s 
CO 
H 

w 
CO o 
u 
D 
i-l 
O 
O 
HJ 
ft 
CO 
O 
us 
a . 

Pm o 
CO 
w 
H 
Eh 
P4 
W 
ft o « 
PL| 

u 
H 

E h 

g 

< 
U 

Pn 
O 

5 o 
CO 
H 
PS 
c 
ft s 
U 

* 
•K * 

a) 
M-l 
*H 
i—I 
I 

M-l 
i—I 
rd ^ 

•C £ 
•H 

G g 
O ~ 

•H 
•P 
fd > 

•H 
+J 
U 
rd 
a 
H 

* * 

g 
•H 
-P a. o 
HJ 
a 

o 
ft — g 
W PL 

-H ' 

ft 
VD 

g 

> 5 

H ft 

a 

00 
+1 
i n 
CO 

vo 
i—I 
+i 
00 
LO 

CO 
i n 
ro 

o o 
o 

if) i n i n 
% • • • • 

00 
1 

00 
i 

00 
1 

00 
i 

00 

r -
1 1 

r -
1 I 

• • • • • 

r - r -

CN 
oo m vo 

m 

CN 
i—I 
+i 
00 
KD 

fd n3 • 
S 4J > 
U CO <D 
o a 
13 +1 

m 
oo 

oo o 
ro 

oo 
i> 

i n ro ro 

I I 

0 
EC 
1 
CD 
G 

•H 
g 
fd 

i—i 
o 
a 
fd 
A 
*p 
a) 

*H 

+J 

O 
m 

a H 
•H 0 

£ 
u fd 
0 XJ 
r - -P 
r o CD 

0 
•• 4-) 
CD Q> 
u fd a) o 
3: U 

<D 
CO 6 
CD I 

•H (N 

3 o\o 
-P H 
CO • 

O 
•H 
« t n fi 

-H 
s a 
« -H 

fd 
M -P 
0 fl 

m o 
o 

to 
c * 
O CN 

*H • 
•P 00 
•H 
TJ ffi 
a a 
o 
u -
* m 

CD 
m-i 
MH 
3 

XI 

Q) (D 
H d 

XJ 0 -H 
•P N g 
•h fd fd CJ 
S t i H "H 

• d 0 CJ 
h g a •H 

• *H (d fd 
O xs -p 

g -P d 
MH g (D 0 
0 -H 0 

o 
rC! m 
-P 
t n * 
£ 
CD • 
U 
•P 
CO 

r -
l 

i> 

I 
cr> 

W 
a o m 

•H 
C3 
0 •• H 

•H CO U 
5 HI 

CI 0 
fd i—i 

•p o 
fd M-i 

i 
<D 

•H 
£ . 
fd (D 

c 
0 

•H 
•P 
fd 
H 
> 

U CO 
O fd fd 
r - i 
r o CD c a U 

U fd 
(D * T3 

fi 

fd 
•P 
CO 

fd ^ 

^ CO o 
0 -p CD 
o MH 
3 MH • 

' d 3 CO 
a ^ 
O us £ 
o <d a , o 

rC| JCJ 
O E h •** co 

<D 
X! 
-P 

U co 
E 
I 
CO 

fd 
g 

O 
G 

M 
O 

CO 
H 
fd • 

I—I 
CD o 
u a 
CD fd 
£ x j 

•p 
CO CD 
CD O CN 

•H -P • M-4 
^ CUO\ 

fd I CO 
a <r> a) 
u • ^ 
CD VD H 

ffi 6 fd 
a . i us > 

•K <N Cu 
•JC 

o\° • • 
I—I I—I I—I 

• u u 
o JU JU 

3 +J 

CO 

u 
ffi 
I 
CD fi 

*H 
g 
n3 

rH 
0 
cs 
fd 
•p 

CD 
-H 
U 

CD 
O 4^ 
m fd 

XS 
- a 

CN CO 
• o 

00 XI 
a . 

ffi 
04 CD 

a 

o E 
o fd 
r - r—i 
ro o 

a 
•P fd 
fd xs 

4-» 
CD CD 
M rH 
CD >i 
S: -P 

CD 
CO O 
fl 
0 

•H 
•P 
fd 

fd 
§ 

o 
u 

JQ XI 
3 I 
O J2J 
C! 
H § 
* S 
•jc 
•K CN 

O 



89 

TABLE VI 

INACTIVATION OF THE VARIANTS BY THE HALOACETOL PHOSPHATES 
AND BROMOACETYLETHANOLAMINE PHOSPHATES 

Variant *IAP **CAP ***BAEP 
Designation Half-Life Half-Life Half-Life 

<*in> (min) (rain) 

Normal±Std. 
Dev. 

42±15 32±15 35±8 

5 54 40 31 

4 22 40 46 

3 21 20 35 

3' 60 37 100 

*Inactivation at pH 7.0, 37°C, in 50 mM triethanol-
amine with an IAP concentration of 10 mM. 

**Inactivation at pH 8.0, 37°C, in 50 mM triethanol-
a m m e with a CAP concentration of 10 mM. 

***Inactivation at pH 8.0, 37°C, in 50 mM triethanol-
amine with a BAEP concentration of 0.02 mM. 

(IAP) = Iodoacetol phosphate; (CAP) = Chloroacetol-
phosphate; (BAEP) = Bromoacetylethanolamine phosphate. 
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phosphate suggested that the mutation has an effect on 

the catalytic center as well as the overall stability. 

From these studies, the major consequence of these 

mutations appears to be altered stability of the enzyme. 

Furthermore, it appears that each of the four parameters 

used to evaluated stability (heat denaturation, hydrogen 

peroxide inactivation, guanidine denaturation and pronase 

susceptibility) affect the enzyme differently. For 

example, the 4 variant was resistant to inactivation 

in the presence of hydrogen peroxide, but slightly less 

stable than normal in guanidine. The 3' variant exhibited 

greater stability toward both guanidine and pronase, but 

was normal with respect to hydrogen peroxide and heat. 

Had only heat stability been used to assess stability, 

the variants would all have appeared to have similar 

stability properties. By increasing the number of para-

meters used to evaluate stability, a much more specific 

and complete characterization of such genetic variants 

can be obtained. The variants were essentially normal 

for the catalytic parameters, although the 4 variant 

exhibited a somewhat higher Km value for fructose 6-phos-

phate. The inactivation studies showed that the 3' 

variant is somehow altered in its catalytic center as 

revealed by the increased half-life of inactivation by 

bromoacetylethanolamine phosphate. The 3' variant seems 
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to represent a mutation simultaneously affecting the 

catalytic center and the overall stability of the enzyme. 

An interaction of the catalytic center with stability is 

also corroborated by the studies showing that substrate 

protects the isomerase from hydrogen peroxide inactivation. 

PART II: Structural Studies on the Active Center 

Studies on the Active Site Region of Normal 
Human Phosphoglucose Isomerase 

The following studies were performed with human phos-

phoglucose isomerase isolated from normal, full-term 

placentae by the procedure of Purdy et al. (1979). Phos-

phoglucose isomerase isolated by this procedure has 

previously been shown to be homogeneous by SDS-poly-

acrylamide gel electrophoresis. The specific activity of 

the enzyme ranged from 800-1000 international units per mg. 

Inactivation of Phosphoglucose Isomerase 
by the Haloacetol Phosphates 

Neither chloro- nor iodoacetol phosphates proved to 

be reactive with phosphoglucose isomerase as with tri-

osephosphate isomerase. Inactivation of phosphoglucose 

isomerase by iodoacetol phosphate varied with pH and 

did not go to completion at any pH. For example, when 

the enzyme was incubated with 5 mM iodoacetol phosphate 

at pH 8.0, inactivation proceeded in a pseudo first-order 

fashion for approximately 60 minutes (30% inactivation), 
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but then the rate of inactivation decreased greatly. When 

the inactivation was carried out at pH 7.0, pseudo first-

order rates of inactivation proceeded until approximately 

65% of the enzyme was inactivated. The minimum half-life 

of inactivation at pH 7.0 at 37° was 42 minutes. Hartman 

(1970) has shown that iodoacetol phosphate is increasingly 

unstable as the pH is increased (e.g., the half-life of 

iodoacetol phosphate at pH 7.0 is 6.8 hours, compared to 3.0 

hours at pH 8.0). The biphasic inactivation of the enzyme 

could be due to the instability of the reagent under alka-

line conditions. 

In order to investigate the specificity of the 

inactivation, iodoacetol phosphate was incubated with enzyme 

in the presence of substrate (Figure 16). Fructose 6-phos-

phate, at a concentration twice that of the inactivator, 

had no effect on the rates of inactivation. Even when the 

substrate to inactivator ratio was increased to 4:1, the 

rates of inactivation were unaffected. 

Iodoacetol phosphate has been shown to react nonspeci— 

fically with sulfhydryl groups of some proteins (Hartman, 

1970). It would appear that the inactivation process 

with iodoacetol phosphate does not take place specifically 

at the active site, but may modify SH groups, resulting in 

conformational changes causing loss of catalytic activity. 
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Although iodo- and chloroacetol phosphates have been 

shown to have similar physical properties, chloroacetol 

phosphate is more stable and does not decompose at pH 8.0 

over a six-hour period (Hartman, 1970). Also, the reac-

tivity of chloroacetol phosphate toward sulfhydryl groups 

is much lower than that of iodoacetol phosphate (Hartman, 

1970). 

When phosphoglucose isomerase was incubated with 8 

mM chloroacetol phosphate, a rapid ianctivation occurred 

which followed pseudo first-order kinetics and could be 

prevented by substrate or the competitive inhibitor, 

6-phosphogluconate (Figure 17). When the half-lives of 

inactivation were plotted versus the reciprocal of the 

chloroacetol phosphate concentrations (Meloche, 1967), a 

minimum half-life of inactivation was found to be 30 

minutes with a dissociation constant of the enzyme-inacti-

vator complex of 11 mM. 

Inactivation by N-Bromoacetylethanolamine 
Phosphate 

N-Bromoacetylethanolamine phosphate was also treated 

as an active-site probe for phosphoglucose isomerase. The 

inactivation of phosphoglucose isomerase followed pseudo 

first-order kinetics (Figure 18A), and a limiting half-life 

value of 4.5 minutes was obtained (Figure 18B). The inac-

tivator concentration required for half-maximal rates of 
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Figure 16. Effect of substrate on inactivation 
of human phosphoglucose isomerase by iodoacetol phosphate. 
Incubations were at 37°C in 50 mM imidazole-HCl, pH 7.0, 
with the following additions: (£) 5 mM IAP; (Q.) 5 mM 
IAP plus 10 mM F6P; (Q) no additions. The phosphoglu-
cose isomerase concentration was 2 international units 
per ml. 
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Figure 17. Substrate protection of phosphoglucose 
isomerase from inactivation by chloroacetol phosphate. 
Incubations were at 37°C in 50 mM triethanolamine-HCl 
buffer, pH 8.0, with an enzyme concentration of 2 inter-
national units per ml. The samples contained: (O) 8 
mM chloroacetol phosphate; (J^) 8 mM chloroacetol phos-
phate plus 0.05 mM 6-phosphogluconate; (£) 8 mM 
chloroacetol phosphate plus 0.012 mM 6-phosphogluconate; 
(j_J) control, no chloroacetol phosphate. 
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Figure 18A. Inactivation of phosphoglucose isora-
erase by N-bromoacetylethanolamine phosphate. Incubations 
were at 37°C in 50 mM triethanolamine-HCl, pH 8.0, with 
human phosphoglucose isomerase (0.5 units/ml) (specific 
activity 850 units/mg), and the following concentrations 
of N-bromoacetylethanolamine phosphate (BAEP): 0.1 mM 
<0 ); 0.05 mM (0); 0.025 mM (3); 0.0125 mM (A); 0.00625 
mM (A). Untreated isomerase at the same conditions lost 
no activity. 

Figure 18B. Inactivation half-life (^) as a function 
of the reciprocal of bromoacetylethanolamine phosphate 
concentration (mM). Conditions and concentrations are 
the same as for Figure 18A. 
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inactivation (K^nact) was 0.056 mM, a value which compares 

favorably to the Km values of 0.12 mM and 0.07 mM for 

glucose 6-phosphate and fructose 6-phosphate, respectively 

(Tilley and Gracy, 1974). The isomerase was protected from 

inactivation by substrate or competitive inhibitors. 

When the enzyme and N-bromoacetylethanolamine phosphate 

were incubated with varying concentrations of 6-phospho-

gluconate, half-life of inactivation values were 

increased from 18 to 94 minutes (Figure 19A). 

When inactivation half-lives of the protected enzyme 

were plotted versus the concentration of protectant, a 

limiting half-life value of 4.5 minutes was obtained 

(Figure 19B). This value was identical to that obtained 

for the active-site probe alone. Meloche (1967) has pointed 

out that such agreement of limiting half-life values is 

strongly indicative of a specific, active site-directed 

probe. The transition state analog, 5-phosphoarabinonate, 

also protected the enzyme from inactivation by N-bromoacetyl-

ethanolamine phosphate (Figure 20). 

The mechanism of inactivation was further examined 

using l-"^C-N-bromoacetylethanolamine phosphate (Table VII). 

When the enzyme was incubated with varying concentrations 

of the activator representing a 20 to 60-fold molar excess 

of reagent to enzyme, the incorporation of only one equi-

valent of reagent to subunit of isomerase was observed. 
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Figure 19. 6-Phosphogluconate protection of phospho-
glucose isomerase from bromoacetylethanolamine phosphate. 

(A) Incubations were at 37°C in 50 mM triethanolamine-
HCl, pH 8.0, with 0.1% 2-mercaptoethanol, phosphoglucose 
isomerase concentrations of 0.5 international units per ml, 
BAEP (0.1 mM), and the following concentrations of 6-phos-
phogluconate: (0) 10 mM; ( | ) 5 mM; ( A ) 2.5 mM; 
<0> 1.25 mM; ( /\ ) n o 6-PG. 

(B) Inactivation half-life as a function of the 
6-phosphogluconate concentration (mM). Conditions and 
concentrations were the same as for (A). 
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Figure 20. 5-Phosphoarabinonate (5PA) protection of 
phosphoglucose isomerase from bromoacetylethanolamine 
phosphate (BAEP). Incubations were at 37°C in 50 mM 
triethanolamine-HCl, pH 8.0, with 0.1% 2-mercaptoethanol, 
phosphoglucose isomerase (0.5 units per ml), BAEP (0.4 mM) 
and the following concentrations of 5-phosphoarabinonate: 
( | ) 0.04 mM; ( A ) 0.02 mM; ( 0 ) 0.008 mM: ( Q ) 0.003 
mM; ( A ) 0.0006 mM; ( ) no 5 PA. 
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TABLE VII 

STOICHIOMETRY OF BINDING OF N-BROMOACETYLETHANOLAMINE 
PHOSPHATE TO PHOSPHOGLUCOSE ISOMERASE 

*Experiment Ratio of Per Cent **Ratio of Label 
Inactivator to Inactivation to Enzyme 

Enzyme 

1 20:1 80 1.30 

2 40:1 89 0.80 

3 60:1 93 1.10 

*Temperature 37°C, pH 8.2, 50 mM triethanolamine-HCl 
with 0.1% 2-mercaptoethanol. Enzyme concentration was 1 
mg/ml. Incubation was 45 minutes, followed by gel 
filtration. 

**Calculated on the basis of equivalents incorporated 
per subunit (mw 65,000) of inactivated isomerase. 
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The stoichiometry for the inactivation is in excel-

lent agreement with the known relationship of one catalytic 

center per subunit (Brunch et al., 1973; Shaw, 1976; 

Schnackerz and Gracy, 1976) and indicates the specificity 

of the reagent for a residue in the active center. 

Identification of the Labeled Residue 

The radioactive label was not removed by treatment 

with 1 M hydroxylamine in 8 M urea (25° for 24 hours), 

followed by exhaustive dialysis. This suggested that the 

reagent was not bound via an ester linkage to the enzyme. 

Following acid hydrolysis of the l-l^-C-N-bromoacetyl-

ethanolamine phosphate inactivated enzyme, the hydrolysate 

was subjected to amino analysis. Acid hydrolysis resulted 

in the formation of a radioactive carboxymethyl derivative 

of the residue labeled with BAEP. Therefore, fractions 

were collected as they emerged from the column and analyzed 

for radioactivity A single radioactive derivative eluted 

near cysteine, between alanine and valine. This elution 

position coincided with the elution position of 3-carboxy-

methyl histidine (Figure 21). No other radioactive 

regions were observed in the elution profile. 

pH Kinetics of the Inactivation 

The pH dependence of inactivation was found to be 

parallel to the pH dependence of catalysis (Figure 22). 
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Figure 21. Elution profile of 3-carboxymethyl 
histidine from human phosphoglucose isomerase. 
The ( represents the elution of carboxymethyl 
histidine standards; ( ) depicts the radioactive 
elution profile; ( ) represents the amino acid 
elution profile. 
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Figure 22. pH dependence of BAEP inactivation of 
phosphoglucose isomerase. Incubations were carried out 
at 37°C with an enzyme concentration of 2.4 units/ml. 
The BAEP concentration was 0.01 mM. The following 
buffers (50 mM) were used over the pH ranges: pH 5.7 -
7.9 imidazole-HCl; pH 6.9 - 9.2, Tris-HCl; pH 8.4 - 10.4, 
3-alanine-HCl; pH 9 - 10, triethanolamine-HCl. The 
inactivation rates are depicted^by o - o , the relative 
velocity of inactivation by 
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By plotting the log of the rates of inactivation as a 

function of pH (Rose, 1972), pKa values of 6.4 and 9.0 

were obtained for two ionizable residues in the enzyme-

inactivator complex (Figure 23). Although no active 

site pKa values have previously been reported for the 

human enzyme, similar pKa values have been reported for 

yeast, rabbit muscle, and bovine mammary gland (Rose, 

1972; Dyson, 1968; Rose, 1972). This indicates that the 

same residues are involved in catalysis, from species to 

species, but that the active-site environment around 

those residues could be slightly different, contributing 

to the variance observed in the pKa values. 

Structural Studies on BAEP-Inactivated 
Human Phosphoglucose Isomerase 

Having established that the residue modified by BAEP 

was a histidine, studies were designed to determine the 

nature of the active-site region. 

Enzymatic Cleavage at Lysine and 
Arginine by Trypsin 

After alkylation of the cysteine residues with iodo-

acetic acid, the "^C-BAEP-labeled enzyme was digested with 

trypsin, and the resulting peptides were subjected to 

two-dimensional peptide fingerprinting (Figure 24). On the 

basis of the lysine and arginine content, approximately 70 

peptides would be expected. However, only 44 peptides 
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Figure 23. Log of inactivation rates versus pH. 
The inactivation data of Figure 22 are plotted as 
the log versus pH as the point ( 0 )• The pKa values 
are denoted by the pH value corresponding to the 
inflection point (i.e., log of the velocity of 
inactivation %/min = 0). 
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Figure 24. Tryptic peptide may of -^C-BAEP labeled 
human phosphoglucose isomerase. The figure is from 
tracings of 3 fingerprints. The enzyme was S-carboxy-
methylated with iodoacetic acid as described in "Methods". 
The peptides were numbered on the basis of their distance 
from the origin (0). The radioactive peptide (7) is 
shaded. Electrophoresis was for 1 hour at 10 watts; the 
chromatography solvent was allowed to reach within 1 cm 
of the top of the thin-layer plate. 
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were observed. Also, the origin contained a large amount 

of "core" material. Nevertheless, the peptides were 

recovered from the thin-layer plates and analyzed by 

liquid scintillation spectrometry. The only areas of radio-

activity observed were at the origin (40 to 50% of total 

radioactivity) and at peptide #7 (50 to 60%). Attempts 

to extract the peptide for amino acid analysis were unsuc-

cessful because of the low recoveries of peptide #7 

from the cellulose. In view of the incomplete cleavage 

and low recoveries from the peptide fingerprints, cleavage 

at both lysine and arginine by trypsin was deemed unsuit-

able. 

Enzymatic Cleavage at Arginine 
with Trypsin 

Tilley and Gracy (1974) reported that tryptic hydro-

lysis of human phosphoglucose isomerase in which the lysines 

had been e-N-carbamylated with potassium cyanate (to 

render them tryptic insensitive) resulted in complete, 

stoichiometric cleavage at arginine. When S-carboxymethy-

lated, carbamylated, and 14C-BAEP-labeled phosphoglucose 

isomerase was subjected to tryptic hydrolysis and subse-

quently fingerprinted, 22 peptides were obtained (Figure 

25) . 

When the two-dimensional fingerprint was processed 

in the same manner as the previous tryptic fingerprint, 



117 

Figure 25. Peptide fingerprint of arginine cleavage 
peptides of BAEP-labeled human phosphoglucose isomerase. 
The enzyme was S-carboxymethylated with iodoacetic acid 
and carbamylated as described in "Methods". The peptides 
were visualized by their fluorescence under long wave 
ultraviolet light after the map was sprayed with fluores-
camine. The peptides were numbered on the basis of their 
distance from the origin (0). The major (70%) radio-
active peptide is shaded (3), a minor radioactive peptide 
(10) is striped. Electrophoresis was for one hour at 
10 mA; chromatography was allowed to continue until the 
solvent was within one cm of the top of the thin-layer 
plate. 
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one major peptide, number 3, was found to contain 70% of 

the total radioactivity. It was eluted from the finger-

print and analyzed, and the composition of peptide 3 is 

presented in Table VIII. The presence of lysine in the 

hydrolysate, 0.3 equivalents per mole, indicated one 

lysine was present in the peptide (on the basis of the back 

hydrolysis of the carbamylated lysine residues) (Stark, 

1967) . The minor peptide was present in concentrations 

too low for extraction and analysis. 

Studies on the Active Site Region of the Rabbit 
Muscle Phosphoglucose Isomerase 

Having established the mapping coordinates and com-

position of the carbamylated tryptic peptide from the 

human enzyme, it was decided that further structural 

studies on the active site could be accelerated by using 

the rabbit muscle enzyme as a model for purification and 

sequence determination of the active site peptide, 

labeled by BAEP. 

Catalytic Studies on the 
Rabbit Muscle Isomerase 

Catalytic studies were designed to verify the active 

site specificity of the N-bromoacetylethanolamine phos-

phate for phosphoglucose isomerase from other species. 

When the rabbit muscle isomerase was incubated with 

N-bromoacetylethanolamine phosphate, pseudo first order 
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TABLE VIII 

COMPOSITION OF THE HUMAN, CARBAMYL-TRYPTIC PEPTIDE 
LABELED WITH 14C-N-BROMOACETYLETHANOLAMINE 

PHOSPHATE 

Amino Acid *Residues/mole 

Asx 2.0 

Thr 1.8 

Ser 1.7 

Glx 4.0 

Gly 4.1 

Ala 1.0 

Val 2.2 

Met <.4 

H e 1.4 

Leu 0.8 

Tyr 0.7 

Phe 0.6 

His 1.2 

Lys (1) ** 

Arg 1.5 

Cm His (D* 

Total ^ 25 

*As determined by radioactivity with 1.7 x 103 cpm 
(-1 nanomole). 

**As determined by the recovery of lysine from car-
bamyl lysine (Stark, 1967). 
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kinetics were observed (Figure 26A), and the enzyme 

was protected from inactivation by substrate (Figure 27). 

The inactivation half-lives were plotted as a function of 

the reciprocal of the N-bromoacetylethanolamine concen-

trations (Meloche, 1967) and a limiting half-life value 

of 6.3 minutes was obtained (Figure 26B). 

This compares favorably with the 4.5 minute limiting 

half-life value observed for the human enzyme. However, 

the K^nact observed for the rabbit muscle enzyme was 2 

mM, which is considerably higher than was observed for the 

human enzyme (0.056 mM) . Changing the pH or the exclusion 

of reducing agents from the incubation mixture did not 

affect the rate of inactivation. 

When the rabbit muscle isomerase was inactivated with 

1-^C-N-bromoacetylethanolamine phosphate, a stoichiometry 

of 1.1 equivalents of reagent per subunit was obtained. 

This stoichiometry was essentially the same as that observed 

for the human isomerase. 

The determination of the specific residue labeled by 

BAEP in the rabbit isomerase was conducted on the partially 

purified peptide, but otherwise in the same manner as was 

done for the human enzyme. Whereas the human enzyme was 

labeled exclusively at the 3-N position of histidine, the 

rabbit enzyme was labeled exclusively at the 1-N position 
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Figure 26. Bromoacetylethanolamine phosphate 
inactivation of the rabbit muscle isomerase. 

(A) The inactivation of the enzyme was at pH 8.0 
in 50 mM triethanolamine—HCl, with phosphoglucose 
isomerase (2 units/ml) being held constant. The following 
concentrations of BAEP were used: ( A ) 4 mM; ( | ) 3 mM; 
( 0 ) 2 mM; ( A ) 1.5 mM. Controls lost no activity 
under identical conditions. 

(B) Inactivation half-life (/̂ ) as a function of 
the reciprocal of the bromoacetylethanolamine phosphate 
concentrations. Conditions are the same as for Figure A. 
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Figure 27. Substrate protection of the rabbit 
muscle isomerase by bromoacetylethanolamine phosphate. 
The incubations were at 37°C in 50 mM triethanolamine-
HC1, with phosphoglucose isomerase (2 units/ml) being 
held constant. The following additions were made: 
( 0 ) 1.5 mM BAEP plus 5 mM F6P; ( "£~| ) 1.5 mM BAEP plus 
3 mM F6P; ( # ) 1.5 mM BAEP. 
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of histidine (Figure 28). Each species was specifically 

modified suggesting slight differences in the modification 

procedure. 

Structural Studies on Rabbit Muscle -^C-BAEP 
Inactivated Phosphoglucose Isomerase 

Enzymatic Cleavage at Arginine by Trypsin 

Rabbit muscle phosphoglucose isomerase which had been 

inactivated with -^C-bromoacetylethanolamine phosphate was 

S-carboxymethylated and carbamylated in the same manner 

as was the human enzyme. The isomerase was then subjected 

to a 24-hour tryptic hydrolysis. The resulting peptides 

were found to be insoluble in a number of solvent systems; 

however, when the insoluble material was resuspended in 

0.2 M pyridine-acetate, pH 3.0, the radioactive peptide 

was solubilized. By washing the tryptic peptides three 

times, approximately 80% of the radioactivity could be 

recovered (Table IX). This material was dried under a 

stream of nitrogen and then applied to a Bio-Rad AG 50-X8 

cation exchange column and eluted with a pH gradient. 

A single peak of radioactivity eluted essentially 

in the void volume. Thin-layer fingerprinting showed that 

the radioactive peptide was still contaminated with non-

radioactive peptides. Therefore, the peptides were 

incubated with bacterial alkaline phosphatase to hydrolyze 

the phosphate moiety from the bromoacetylethanolamine 
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Figure 28. Alkylation positions of the histidine 
residues from human and rabbit phosphoglucose isomerase. 
The top panel, A, is the elution of the 1 and 3 carboxy-
methyl histidine standards. Panel B is the radioactive 
elution profile observed from amino acid analysis of the 
-'-^c-BAEP-labeled rabbit isomerase. Panel C is the 
radioactive elution profile observed from amino acid 
analysis of the l^c-BAEP-labeled human isomerase. 
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TABLE IX 

SOLVENT EXTRACTION OF THE BAEP-LABELED PEPTIDE 

Extraction Radioactivity (cpm) 

Suspension Supernatant 

1 1,766,895 1,034,865 

2 881,843 280,665 

3 489,678 90,383 

Total 1,405,898 
(79%) 
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phosphate labeled peptide. This change in the overall 

charge properties of the peptide could then be exploited 

by subjecting the dephosphorylated peptide to rechroma-

tography on the cation exchange column. The comparative 

elution profiles are shown in Figure 29. 

The chromatography of the phosphatase-treated peptide 

resulted in the elution of two radioactive peptides, one 

which eluted at the position of the phosphorylated peptide 

(35%), the other at a position later in the gradient (65%). 

The overall recovery was approximately 50%. This second, 

dephosphorylated peptide was used in the following struc-

tural studies. However, the phosphorylated peptide was 

subjected to thin-layer mapping and compared to the 

phosphorylated peptide from the human enzyme (Figure 30). 

The mapping coordinates of the peptides from the two 

species were very similar. 

Amino acid analysis of the purified peptide revealed 

a great deal of compositional homology to the carbamylated, 

tryptic peptide from the human enzyme (Table X). Both 

the human and the rabbit peptides contained on equivalent 

of carboxymethyl histidine, and neither peptide contained 

cysteine, methionine or tryptophan. The rabbit isomerase 

peptide contained five fewer residues than did the human 

peptide, four of which were Glx, Ser and two Gly residues. 

However, the arginine content of the rabbit enzyme was 
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Figure 29. Ion-exchange profile of the phosphory-
lated and dephosphorylated rabbit active site profile. 

(A) The elution profile from the cation exchange 
chromatography of the solvent extract, phosphorylated 
peptide from the rabbit muscle isomerase. Recovery was 
approximately 80%. 

(B) Cation exchange chromatography of the peptide 
obtained from the first cation column (Figure A) after 
incubation with bacterial alkaline phosphatase. Recovery 
was approximately 50% of the activity applied. The 
same column was used for each chromatograph and conditions 
for both columns were as stated in "Methods". The <0> 
represents radioactivity; the (0) represents absorbance 
at 280 nm. 



132 

f rniTrrrnrrrrrrrrrry mTrrnTiinliCffiQZSSinigQIgffl 
30 5 0 70 90 

FRACTIONS 



133 

Figure 30. Comparison of the peptide fingerprints 
of the human and rabbit BAEP-labeled peptides. Both 
maps were subjected to electrophoresis for one hour at 
10 mA. Chromatography was allowed to continue until the 
solvent was within one cm of the top of the thin-layer 
plates. The shaded peptides were found to be radio-
active. The hatched peptide was radioactive, but 
represented less than 10% of the radioactivity recovered. 
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TABLE X 

COMPARISON OF THE HUMAN AND RABBIT PHOSPHOGLUCOSE 
ISOMERASE ACTIVE SITE PEPTIDES 

Amino Acid *Human *Rabbit 
Residues/mole Residues/mole 

Asx 2.0 (2) 2.2 (2) 
Thr 1.8 (2) 1.8 (2) 
Ser 1.7 (2) 1.1 (1) 
Glx 4.0 (4) 2.8 (3) 
Gly 4.1 (4) 2.3 (2) 
Ala 1.0 (1) 1.0 (1) 
Cys*** 0.0 (0) 0.0 (0) 
Val 2.2 (2) 1.8 (2) 
Met .4 (0) 0.0 (0) 
lie 1.4 (1) 1.0 (1) 
Leu 0.8 (1) 1.0 (1) 
Tyr 0.7 (1) 0.6 (1) 
Phe 0.6 (1) 1.1 (1) 
His 1.2 (1) 1.1 (1) 
Trp 0.1 0.0 
Lys** (0.2)(1) (0.3) (1) 
Arg 1.5 (1) 0.3 (0) 

Cm His* 
(1) (1) (1) (1) 

Cm His* (25) (20) 

*Determined by radioactivity. 

**Determined by the recovery of lysine from carbamyl 
lysine (Stark, 1967). 

***Determined as S-carboxymethylcysteine. 
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not consistent with a tryptic hydrolysis. Since the 

isomerase was degraded for 24 hours with trypsin, chymo-

tryptic cleavage seemed possible. Chymotrypsin is known 

to be a commonly occurring contaminant of trypsin (Rovery, 

1967). In order to further characterize this peptide, 

end-terminal studies were conducted. 

Carboxy-Terminal Analysis 

Carboxy-terminal analysis was conducted by digestion 

with carboxypeptidase. Initial hydrolysis of the peptide 

with carboxypeptidases A and B resulted in a rapid, 

stoichiometric release of tyrosine and phenylalanine 

(Figure 31). The sequence of the release of amino acids 

at lowered concentrations of carboxypeptidase indicated 

the carboxy-terminal release of amino acids was -Tyr-Phe 

(Figure 32B). The presence of a carboxy-terminus phenyl-

alanine is consistent with the peptide being the result 

of a chymotryptic cleavage. 

Amino Terminal Studies 

Dansylation of the peptide resulted in the formation 

of a single dansyl derivative. However, when the dansyl 

derivative was subjected to two-dimensional chromato-

tography, the derivative did not co-migrate with any 

dansyl standards (Figure 33). The presence of adjacent 

branched-chain amino acids (i.e., Val-Val, Ile-Ile, Val-Leu) 
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Figure 31. Amino acid analysis of the time release 
of amino acids by carboxypeptidase. Samples were incubated 
with carboxypeptidase at 37°C as described in the text. 
Samples were withdrawn (from top to bottom) at time inter-
vals of 0, 20, 50, 90 minutes. The elution times of tyrosine 
and phenylalanine were 56 and 60 minutes, respectively. 
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Figure 32. Carboxypeptidase digestion of the 
rabbit active site peptide. 

(A) The peptide was incubated with 0.1 unit of 
carboxypeptidase B for 30 min, then an aliquot was with-
drawn for analysis and 0.1 units of carboxypeptidase 
A was added. Incubations were at 37°C in 50 mM 
N-ethylmorpholine acetate, pH 8.0, with 0.1% 2-mercapto-
ethanol. Aliquots were dried and loaded directly to the 

?A^YglJcineYmb°1S' ^ phen^la;Lanine' tyrosine; 

(B) The peptide was digested as described above 
except the carboxypeptidase concentrations were lowered 
70% (.03 units). 
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Figure 33. Dansylation of the active site peptide 
from rabbit phosphoglucose isomerase. The peptide, 5 
nanomoles, is incubated with a 5—fold excess of dansyl 
chloride at pH 9.8, 0.2 M NaHCOo, 50% acetone, as 
described by Werner et al. (1972). The chromatogram 
on the left was % of the derivative, mapped before 
hydrolysis. The dansyl derivative did not migrate from 
the origin. The only other fluorescent region was that 
observed for dansylic acid, which was identified by its 
mapping coordinates and characteristic color. The 
chromatogram on the right is of the sample after acid 
hydrolysis. The dansyl derivative could be observed 
behind and slightly above the dansylic acid. This 
migration pattern was not altered by increasing the 
hydrolysis times from 18 to 24 hours. 0 represents the 
origin. 
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on the amino terminus has been shown to result in the 

formation of very acid-stable peptide bonds (Kasper, 1975). 

When the N-terminal residue is reacted with dansyl 

chloride, the residue often is not identified as a simple 

dansyl derivative (Gray, 1967). 

In order to verify whether or not such a branched 

chain grouping occurred on the peptide, studies were 

conducted by enzymatic digestion with leucine amino 

peptidase (LAP). Incubation of the peptide with leucine 

amino peptidase in a 50:1 (peptide:LAP) ratio resulted 

in the sequential release of amino acids shown in Figure 

34. An approximate stoichiometry of one residue per mole 

of each amino acid was observed, except for valine, indi-

cating repetition of this amino acid in the sequence. 

When samples of partial hydrolysate were applied to 

the amino acid analyzer column and fractions were collected 

for radioactive analysis, the radioactivity was found to 

co-elute with the residue 'X' at 66 minutes near the 

elution position of histidine. On the basis of the release 

of residue 'X" and the coincidental elution position of 

radioactivity, it appeared that the third residue was the 

modified histidine residue. Based on the kinetics of amino 

acids released, a tentative amino-terminal sequence was 

predicted as: 

ifc 

Val-Leu-(His)-Ala-(Glu,Val,Asn, or Gin)-Asp 



144 

Figure 34. Leucine amino peptidase digestion of 
the rabbit active site peptide. The peptide was incu-
bated with leucine amino peptidase (50:1 v/v) at pH 7.8, 
in 0.2 M (NH4)HC03, at 37°C. Samples were withdrawn at 
time intervals, dried and applied directly to the amino 
a^id analyzer. Amino acids released were: ) valine; 
(lQL) leucine; (X) residue X; ( A ) alanine; ( O ) glu-
tamate; ( | ) asparagine or glutamine; (A.) aspartic acid, 
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The presence of valine and leucine at the amino termi-

nus confirmed that the amino terminus does contain 

repetitive branched chain amino acids which corroborated 

the observations obtained from dansylation. 

Edman Degradation of the Rabbit Isomerase 
Active Site Peptide 

Sequence analysis was conducted using the colored 

reagent, 4-N-N-dimethylaminoazobenzene-4'-isothiocyanate 

(DABITC). This compound reacts by the same general 

mechanism as does phenylisothiocyanate (Chang et al., 

1976). However, the thiohydantoin derivatives of this 

compound are intensely colored when exposed to HC1 vapor 

and can be visualized in concentrations as low as 20 

picomoles. 

The peptide was subjected to degradation by DABITC 

as described in "Methods". Identification of the DABTH 

derivative was by two-dimensional chromatography on double 

coated polyamide plates. The DABTH derivative was red, 

while unreacted DABITC was violet and other decomposition 

products were blue. This factor greatly facilitated 

identification of the DABTH derivatives. The results of 

the first three cycles of degradation are shown in Figure 

35. 

The derivatives of cycles I and II were chromatographed 

alone (A) and with internal DABTH standards (B) (cycle 

I - valine; cycle II - leucine). For cycle I valine and 
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Figure 35. Identification of the DABTH derivatives 
from the rabbit active site peptide. Chromatography sol-
vents were: Solvent I - acetic acid:H20 (2:1); Solvent 
II - toluene:N-hexane:acetic acid (2:1:1). The 
thin-layer plates were dried and then exposed to HC1 vapor. 
The hatched areas represent unreacted DABITC and side 
product back-round. Cycle I derivative (I); Cycle 2 (II) 
and Cycle 3 (III) were chromatographed alone (a) and with 
the respective standards (b) as described in the text. 
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the derivative gave a single spot; likewise, leucine and 

the cycle II derivative gave a single spot. However, 

cycle III did not produce a DABTH derivative, nor did 

subsequent cycles. Neither increasing the coupling times 

or varying other reaction conditions resulted in the 

formation of a third derivative. 

In order to determine whether or not the abrupt halt 

in degradation was due to some unique property of the 

DABITC technique or was inherent in the peptide, sub-

tractive Edman degradation with phenylisothiocyanate was 

performed on the peptide. The results of the subtractive 

degradation were identical to those obtained with DABITC 

(Table XI). The sequence release of valine and leucine 

was followed by a cessation of degradation. Similar 

results were obtained by solid phase sequence analysis. 

These results indicated that Edman degradation past 

the second residue was not feasible. Therefore, studies 

were conducted to obtain sequence information by alternate 

enzymatic and chemical degradations and overlap analysis. 

Sequence Analysis of the Rabbit Isomerase Active 
Site Peptide by Fragment Overlap 

Several types of enzymatic and chemical cleavages 

were investigated as an additional means of fragmentation 

of the peptide. Limited pronase digestion over a range of 

digestion times (30 minutes to three hours) was judged 
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TABLE XI 

RESIDUE/MOLE DECREASE PER CYCLE OF EDMAN DEGRADATION 

Amino Cycle Total Residue/Mole 
1 2 3 Decrease 

Asx 0.1 0.1 

Glx 

Ala 

Val 0.8 0.1 0.1 1.0 

H e 0.2 0.2 

Leu 1.0 0.2 1.2 

Phe 

His 
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to be much too random, on the basis of its peptide finger-

prints. Attempts at digestion with cathepsin C (diamino-

peptidase) were unsuccessful as well. Since no cysteine, 

methionine, or tryptophan residues were in the peptide, 

chemical methods of cleavage were also limited. However, 

two small radioactive peptide fragments were obtained by 

subjecting the original tryptic rabbit active site peptide 

to partial acid hydrolysis. This technique has been used 

to fragment peptides with good success by Schultz (1967). 

The method differs from previous techniques in that the 

acid concentrations are low and the incubation times longer, 

and results in fairly specific cleavage at either or both 

sides of aspartate or asparagine (Schultz, 1967). 

The peptides resulting from the partial acid hydrolysis 

of the rabbit acid site peptide were subjected to thin-

layer peptide fingerprinting (Figure 36). Five radioactive 

peptides were observed, although only peptides 11 and 12 

were present in concentrations sufficient for extraction 

and amino acid analysis. The compositions of these pep-

tides are shown in Table XII. 

The compositions are compatible with the previous 

data from the Edman degradations and leucine amino peptidase 

digestions, as shown on the following page. 
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TABLE XII 

*RESIDUES/MOLE OF RADIOACTIVE PEPTIDE FROM OVERLAP ANALYSIS 

Amino Chymotrypsin 
Acids Staphylococcal Partial Acid 

Protease Hydrolysis 

1 2 4 12 11 

Asx 2.3 (2) 2.1(2) 2.5(2) 1.9(2) <0.1 

Thr 1.1(1) 0.9(1) 1.0(1) 1.0(1) <0.1 
Ser 0.9(1) 0.9(1) 1.0(1) 1.3(1) <0.1 

Glx 1.7(2) 2.3(2) 2.4 (2) 0.7(1) 1.0(1) 
Gly 1.1(1) 1.4(1) 1.4(1) 1.4(1) <0.2 

Ala 0.6(1) 0.8(1) 0.8(1) 1.0(1) 1.0(1) 

Val 1.8 (2) 1.4(1) 1.4(1) 1.0(1) <0.1 

H e <0.2 <0.2 0.5(1) <0.1 <0.1 

Leu 0.6(1) <0.1 1.0(1) <0.2 <0.2 

Tyr <0.1 <0.2 <0.1 <0.1 <0.1 

Phe <0.1 <0.1 <0.1 <0.1 <0.1 

His <0.2 <0.1 <0.1 <0.1 <0.1 

Trp 0.0 0.0 0.0 0.0 0.0 

Lys <0.1 <0.1 <0.1 <0.1 <0.1 

Arg <0.1 <0.1 <0.1 <0.1 <0.1 

Cm His (1) (1) (1) (1) (1) 

•Calculated on the basis of the average of amino acids 
known to exist only once in the peptide composition 
(Ser, Ala). 
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Figure 36. Peptide fingerprint of the partial acid 
hydrolysate of the rabbit active site peptide. The 
peptide was incubated for 24 hours, 105° in 0.03 N HC1, 
after which the mixture was dried under a stream of 
nitrogen. The peptides were visualized by fluorescamine 
detection methods. Electrophoresis was for one hour at 
10 mA; chromatography was allowed to proceed until the 
solvent was within 1 cm of the top of the thin-layer 
plate. The shaded peptides, 2, 6, 11, 12, and 13, were 
radioactive. 
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* 

Val-Leu-His-Ala-Glu-Asn-Val-Asp LAP + Edman 
* 

[ His-Ala-Glu| Partial acid 
.— hydrolysis (11) 
I A | 

IHis-Ala-Glu-Asn-Val-Asp(GlyfThr,Ser)j Partial acid 
— — hydrolysis (12) 

Because of the specificity of the cleavage and the leucine 

amino peptidase ratio of amino acid release, the (Glu,Asn, 

Val) residues can be assigned positions 5, 6 and 7, respec-

tively. New information pertaining to the residues 

(Gly,Thr,Ser) was also obtained, indicating their presence 

in the primary sequence after aspartic acid, since leucine 

amino peptidase digestion did not result in the release 

of these residues. 

Additional peptide fragments were obtained by secon-

dary enzymatic digestion with chymotrypsin and 

staphylococcal protease. Staphylococcal protease has been 

shown to cleave proteins and peptides at the carboxy 

terminus of glutamate and aspartate residues, with a 

preference for glutamate (Drapeau, 1977). After the 

digestions, the peptide mixture was lyophilized, suspended 

in H20, and subjected to thin-layer mapping (Figure 37). 

The peptides were visualized with fluorescamine, scraped 

from the map and analyzed for radioactivity. Three 

radioactive peptides were observed. These three peptides 

were extracted from the thin-layer plate and subjected 
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Figure 37. Peptide mapping of the chymotryptic— 
staphylococcal protease peptides. The peptide (80-90 
nanomoles) was lyophilized and resuspended in 0.2 M 
NH4HCO3, pH 7.8, and then incubated with chymotrypsin 
as described in "Methods". After the incubation, the 
peptides were lyophilized to dryness, resuspended in H?0 
and applied to a Sephadex column. Radioactive fractions 
were pooled and lyophilized. Staphylococcal protease 
was used to further digest the radioactive peptides. 
The lyophilized peptides from the Sephadex column were 
resuspended in 200 yl of 50 mM phosphate buffer, pH 7.8, 
at 30°C; 6 yg of staphylococcal protease was added and 
the mixture was incubated for six hours. The radioactive 
peptides are shaded. The map was subjected to electro-
phoresis for one hour at 10 mA; chromatography was allowed 
to proceed to within 1 cm of the top of the thin-layer 
plate. 
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to amino acid analysis. The compositions of these pep-

tides are shown in Table XII. 

The compositions of the peptides are compatible with 

the sequence assumed from the leucine amino peptidase 

digestions and the Edman degradations. Additionally, the 

isoleucine present on peptide #4 would have to be placed 

at the carboxy terminus. The presence of the valine and 

leucine on peptide #1 would be due to residues at the 

amino terminus, since leucine was established as the second 

residue from the amino terminus. 

Placing the information obtained from each of the 

enzymatic and chemical degradations together (Table XIII), 

the following sequence was obtained; 

Val-Leu-His-Ala-Glu-Asn-Val-Asp-(Gly,Thr,Ser) 

Glu-Ile-(Thr,Gly,His,Lys,Glx)Tyr-Phe 

The amino terminal sequence of Val-Leu- was verified 

both enzymatically and chemically. The partial acid 
Jc 

hydrolysis peptide (#11) supports His-Ala-Glu-Asn as the-

sequence of residues 3-6, because of the preferential 

cleavage at Asn by this technique, and also because of 

the leucine amino peptidase data indicating Glu and Asn 

at residues 5 and 6. The chymotryptic-staphylococcal 

peptides indicate lie following Glu at the carboxy 
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terminus of fragment #3, due to the overlap and cleavage 

preferences. Although the overlap fragments and leucine 

amino peptidase data place (Gly,Thr,Ser) between Asp^gj 

and G1u^2) , the order of the 9-10-11 residues remains 

unclear. Also, the order of residues 14-18 has not been 

determined, although 19 and 20 have been placed as Tyr 

and Phe, respectively. 

By comparing the sequence from the rabbit peptide 

with the composition of the human peptide and assuming 

sequence homology, the following peptide would be obtained 

-k 

Val-Leu-His-Ala-Glu-Asn-Val-Asp-(Gly,Thr,Ser)-Glu-

Ile-(Gly,Thr,His,Lys,Glx)-Tyr-Phe-(Ser,Glx,Gly2)-Arg 

Further discussion of this sequence data for the 

peptide comparison of the active site peptide with an 

active site peptide from triosephosphate isomerase and 

speculation as to the nature of the secondary structure 

of the active site are presented in the next section. 



CHAPTER IV 

DISCUSSION 

Separation and Characterization of Phosphoglucose 

Isomerase Variants 

The separation procedure developed for the allozyme 

is much improved over previous methods. For example, 

recoveries obtained by substrate gradient elution are 

approximately twice those reported for isoelectric focusing 

(80-90% vs. 45%; Arnold, 1974). Whereas some variant 

forms have been resolved by isoelectric focusing (Tilley 

and Gracy, 1974), many others could not be separated by 

this technique (Helleman et al., 1974; Arnold et al, 1974; 

Blume et al., 1972). In contrast, the substrate gradient 

method worked equally well for each variant tested. Also, 

it required only 24 to 36 hours, opposed to the four to 

six days for processing by isoelectric focusing. 

The development of this procedure makes possible a 

rapid characterization of phosphoglucose isomerase from 

as little as 20 ml of whole blood. Starting with 20 ml 

of whole blood, approximately 144 international units of 

enzyme would be obtained. Considering the 1:2:1 ratio 

for a heterozygous variant, approximately 25% of the 

enzyme would be variant homodimer. However, the 

160 
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possibility exists of lowered levels of activity of the 

variant form. Assuming the variant enzyme retains one-fourth 

of the normal activity, approximately 9 units of variant 

homodimer activity would be obtained. When the homodimer 

is separated from the other forms, assuming an 85% yield, 

over 7 units of the variant homodimer would be available 

for the characterization studies. A summary of the amounts 

of the enzyme required for each series of tests is shown 

in Table XIII. 

Previously no systematic characterization scheme for 

phosphoglucose isomerase allozymes has been presented. 

This is not surprising, since the allozymes have been 

studied from the differing viewpoints of the practicing 

physician, the geneticist, and the biochemist. Each type 

of study has pursued the investigation of an allozyme 

for a different immediate purpose, although ultimately 

similar information is desired by each. 

The information obtained from this characterization 

system can be used to specifically catalogue the variant 

forms of the enzyme. However, before cataloguing the 

variants, placing them in general classes is desirable. 

Table XIV compiles over 40 variants reported in the 

literature. A simple system of numbering was developed 

and is shown below: 

1) Normal 

2) Lower than normal; yes; heterozygous; acidic 
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3) Higher than normal; no; homozygous; basic 

4) Doubly heterozygous 

The variants are placed in the general class on the 

basis of three properties: (1) stability, (2) presence 

or absence of an anemic condition in the patient, (3) 

apparent charge properties compared to the normal enzyme. 

These values were selected because they are the most 

commonly determined and because they can be assessed with 

the least ambiguity. The scheme for the general classifi-

cation is shown below: 

Property Classification number 
1 2 3 4 5 6 7 8 9* 10* 

Anemia + + + + - - - -

Thermostability + + - - + - + - + 

Basic/Acidic + - + - + + _ _ 

+ = Normal or above normal; basic. 

- = Below normal; acidic. 

*A11 values not determined, generally + or -. 

Additionally, a second number is added, based on the 

variant genotype. If the variant is heterozygous for the 

normal allele, this number is 1; if homozygous, 2; if 

doubly heterozygous, 3; and if the genotype is undeter- • 

mined, 0. 
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This general classification system can be used to 

quickly view clinical and genetic factors about a particular 

variant. However, by itself, such a system would be of 

little benefit for cross-referencing purposes. For 

instance, the 5, 4, 3, and 3" variants of the present inves-

tigation all belong to the General Class 2-1, but they are 

obviously not due to the same mutation and exhibit signi-

ficantly different stability properties. A system for 

subclassification of similar variants is clearly required. 

Such a system is thus proposed, as a result of the studies 

conducted in this investigation. 

The potential of the stability tests to uncover dis-

tinctive differences in similar variants indicates that 

such a battery of tests may be suitable for a definitive 

characterization of phosphoglucose isomerase allozymes. 

Shown below is a simple 3-step subclassification system 

designed for this purpose. 

I 1 2 3 4 5 6 7 8 9 

Heat stability + + + - - - . Q 0 0 

Guanidine denaturation + 0 - + - 0 - + 0 

+ = Above normal. 

- = Below normal. 

0 = Normal. 
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I I 1 2 3 4 5 6 7 8 9 

Pronase inactivation + + + - - - 0 0 0 

H2O2 denaturation + O - + - O - + O 

II I 1 2 3 4 5 6 7 8 9 

Km (F6P) + + + - - - 0 0 0 

Ki (6-PG) + O - + - O - + O 

When this subclassification system is used on the 5, 

4, 3, and 3' variants, the following values are obtained. 

Variant General Class Subclass 
I II III 

5 2-1 9 - 9 - 9 

4 2-1 7 - 7 - 9 

3 2-1 9 - 9 - 9 

3* 2-1 8 - 2 - 9 

In this manner variants which belong to the same 

General Class can be subclassified. When two variants are 

placed in the same subclass, but are obviously not the 

result of the same mutation (i.e., variants 3 and 5), an 

alternate means of ultimate comparison is needed. Such 

a means has been designed and will be discussed in the 

"Future Prospectives" section. 
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It has been found that there presently is a poor 

correlation between residual enzyme activity or thermo-

stability and the degree of hemolysis in hemolytic diseases 

(Paglia, 1974; Schroter, 1974; Coezter and Zail, 1979). 

As Beutler has pointed out, "...abnormalities that markedly 

influence enzyme activity intracellularly may not be 

correspondingly reflected in in vitro activity measurements" 

(Beutler, 1979). This statement underlines a problem 

common in the study of erythroenzymopathies, including 

Phosphoglucose Isomerase Deficiency, in that factors such 

as enzyme-membrane associations and possible multi-enzyme 

complex formations, which can exert intracellular influ-

ences, are not expressed in in vitro studies. Recently, 

Coezter (1979) observed a variant form of phosphoglucose 

isomerase that underwent aggregation at the erythrocyte 

membrane. This tendency increased with age and could be 

reversed by reducing agents. Whether this membrane aggre-

gate is formed as a result of the variant altering a 

pre-existing condition, or is entirely unique to this 

variant is unknown. But, since the enzyme is known to 

undergo conformational changes upon the binding of substrate 

(Shaw and Muirhead, 1976), even a "loose" association of 

the enzyme with the membrane could have an effect on the 

conformational flexibility and therefore the in vivo 

catalysis. It is interesting to note that the 31 variant 
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observed in this investigation exhibited slower rates of 

inactivation by bromoacetylethanolamine phosphate and was 

also the variant which exhibited a greater stability 

towards pronase inactivation and guanidine denaturation. 

It is possible that the 3' variant mutation affects the 

stability by altering the conformation, and that this 

alteration also effects the catalytic center, resulting in 

abnormal inactivation rates. Very possibly the relatively 

insensitivity of the previous methods used to evaluate 

activity and stability (e.g., Km and the thermostability) 

precluded observation of an interrelationship between the 

mutational effects on the stability and on the catalytic 

center. By using BAEP-inactivation and stability tests 

developed as a result of this investigation, in conjunction 

with mutations which result in anemias, more accurate 

correlations between stability, active center changes, and 

the anemic conditions may be made. 

Inactivation Studies 

In describing specific active-site inactivations, 

Meloche (1967) stated four required criteria: 

1) The inactivation must be complete. 

2) The inactivation must obey saturation kinetics. 

3) Substrate must act as a competitive protector 

of the inactivation process. 
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4) The inactivator must be bound to the enzyme stoi-

chiometrically with respect to the catalytic center. 

The search for an effective, specific active site label 

for phosphoglucose isomerase centered around the ability 

of the various compounds to meet these criteria. 

Iodoacetol phosphate did meet the active site criteria 

of a complete inactivation; however, it failed to meet 

other criteria, especially that of substrate protection 

against the inactivation process. Chloroacetol phosphate 

was a much better active site reagent, but exhibited 

Kinact anc^ minimum half-life values that were much greater 

than those observed for bromoacetylethanolamine phosphate 

(BAEP). 

Bromoacetylethanolamine phosphate culminated the 

search for a specific affinity label for the active site. 

As an active site probe, BAEP is capable of a complete, 

rapid inactivation, obeys saturation kinetics, labels the 

enzyme stoichiometrically, and the inactivation can be 

inhibited by the presence of a competitive inhibitor or 

substrate. 

Additionally, BAEP appears to be capable of detecting 

subtle differences in the active center of altered forms 

of the human enzyme (e.g., the 3' variant) or active center 

differences in the isomerase from other species. For 

example, although the rabbit and human enzymes have been 



174 

shown to have similar Km and Ki (6-PG) values (Tilley and 

Gracy, 1974) , the BAEP-inactivation of the rabbit enzyme 

was somewhat different. The Ki value for the inactivation 

of the rabbit isomerase was over 35 times larger than that 

for the human enzyme. Also, the human enzyme was specifi-

cally alkylated at the number 3 position on the histidine 

imidazole ring, while the rabbit enzyme was alkylated at 

the N-l position. Thus, the active site labeleling of 

each form was characterized by a stereospecific alkylation. 
* 

The catalytic mechanism proposed by Shaw and Muirhead 

(1976), based on X-ray crystallographic information, offers 

a possible explanation for alterations in the stereospecific 

inactivation process. This catalytic mechanism is shown in 

Figure 38. 

Integral to this mechanism, and supported by the crys-

tallographic data of Shaw and Muirhead, is a conformational 

shift in the active site region. This shift is necessary 

to move group B, the nucleophile, into position between 

the number 1 and 2 carbon atoms of the substrate. 

Although the human and rabbit enzymes are similar, 

differences do exist (e.g., amino acid compositions, 

isoelectric pH values). These differences could be 

responsible for a slight difference in the positioning of 

the histidine (Group B) residue. The histidine N-l could 

mediate the proton transfer, as well as N-3, but the N-l 
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Figure 38. Shaw and Muirhead's proposed catalytic 
mechanism for phosphoglucose isomerase. The ring opening is 
initiated by an acid/base catalyst group (group A believed 
to be the lysine labeled by pyridoxal phosphate) which 
donates a proton to the ring oxygen. Group C (believed 
to be a glutamate) accepts the proton from the Ci (or C2) 
hydroxyl group. A second acid/base catalyst initiated by 
the protonated group C,initiates the formation of an enediol, 
while the nucleophilic group, B, moves into position 
and accepts the proton released in enediol formation. 
The reaction goes to completion by a reversal of these 
steps, except a hemiketal, rather than hemiacetal, is 
formed. 
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position might not be as accessible to the BAEP in an Sn 

reaction. Hopefully, improved X-ray crystallographic 

data and additional comparative inactivation studies can 

increase the understanding of the process. 

Structural Analysis of the BAEP 
Active Site Peptide 

Initial peptide mapping and compositional studies 

were done with the human enzyme, but in order to establish 

a model system for isolation and structural analysis of 

the active site peptide, the majority of the studies were 

conducted on the rabbit muscle isomerase. 

The solvent extraction and bacterial alkaline phospha-

tase techniques greatly facilitated the isolation of the 

BAEP active site peptide. However, once the peptide was 

isolated, structural analysis was hindered by the abrupt 

halt in Edman degradation encountered on the third cycle. 

A mechanism has been proposed by which this blockage could 

have occurred, and is shown in Figure 39 . The attack of 

the sulfur atom takes place at the amide linkage of the 

BAEP, rather than at the peptide backbone amide bond. 

A similar, abrupt blockage of Edman degradation has 

been known to occur with some glycoproteins. Shively 

et al. (1978) found that when subjecting carcinoembryonic 

antigen peptide fragments to Edman degradation, the 

degradation would proceed uneventfully until the glycosylated 
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Figure 39. Proposed mechanism of the blockage 
of Edman degradation. 
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residue became the amino terminal residue, after which the 

degradation could not be continued. All glycosylations 

in the antigen are via asparagine R-group linkages. Thus, 

the cessation of degradation occurred when an amino terminal 

residue R-group having an internal amide linkage was 

encoutered. 

Leucine amino peptidase degradation of the peptide 

was not so limited. Leucine amino peptidase sequence 

analysis has previously been performed on peptides and 

shown to be consistent with sequence analysis by Edman 

degradation (Moghuin-Rogistar et al., 1973; Smyth et al., 

1962). The sequence determined by leucine amino peptidase 

was also compatible with the sequence data compiled by pep-

tide overlap analysis. 

Not only was the overlap analysis useful in determining 

the sequence of the rabbit peptide, but the data obtained 

was used for homology fingerprinting analysis of peptide 

fragments obtained in the same manner from the human enzyme. 

By comparing the mapping coordinates and compositions of 

the chymotryptic-staphylococcal protease fragements obtained 

by the sequential digestion of the carbamyl-tryptic human 

peptide, the areas of sequence heterogeneity, if any 

exist, can be quickly delineated and isolated for addi-

tional structural analysis. This type of approach was 

previously used by Tilley and Gracy (1974) to locate 
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the aberrant peptide from a point mutation genetic 

variant. 

By comparing the sequence of the active site peptide 

of phosphoglucose isomerase to the sequence surrounding 

the active site nucleophile in triosephosphate isomerase 

(Hartman, 1971; Hartman and Gracy, 1973), a degree of 

sequence homology can be observed. 

PGI (rabbit muscle) 

-Val-Leu-His-Ala-Glu-Asn-Val-Asp-(Gly,Thr,Ser)-Glu-Ile-
(Gly,Thr,His,Lys,Glx)-Tyr-Phe 

TPI (rabbit muscle) 
* 

Val-Val-Leu-Ala-Tyr-Glu-Pro-Val-Trp-Ala-Ile-Gly-Thr-Gly-Lys 

X-ray crystallographic studies of triosephosphate isomerase 

show that the active site nucleophile, a glutamate, is posi-

tioned as the last residue, on the carobxy end of a 3-sheet. 

Proline begins a random coil which turns 160°-180° within a 

span of 5 residues (Pro-*Gly) and then continues as a ran-

dom coil. This conformation is similar to the one proposed 

by Shaw and Murihead (1976) for an active site nucleophile 

for phosphoglucose isomerase. The similarity is not, how-

ever, in the secondary structure, but rather the positioning 

of the active site nucleophile, B (Figure 40) at or near a 

sharp bend, and near a conformational transition point 

between an a helix section and a region of 3 sheet (Figure 

40) . 
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Figure 40. Shaw and Muirhead's proposed active 
site. The B represents the active site nucleophile. 
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Figure 41. Molecular model of the proposed secondary 
structure of the BAEP active-site peptide. Single letter 
designations were used for the amino acids. Residues 1 
(Val) through 13 (lie) are shown. 
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Predictive methods have been formulated to evaluate 

the potential of a peptide to form a-helix, 3-sheet, or 

3-turn conformations. Chau and Fasman (1978) have 

described such a system, using conformational parameters 

based on proteins of known X-ray crystallographic struc-

ture. The method correctly predicted 81% of the a-helix 

residues, 85% of the 3-sheet residues, and 77% of the total 

residues in 14 proteins of known X-ray crystallographic 

structure. Additionally, this method can be used to pre-

dict the conformation of peptide regions on the basis of 

composition, when the sequence is unknown. The conforma-

tions are predicted by evaluating sections of the protein 

for tendencies to form a particular conformation. For 

example, the first 5 residues of the active site peptide 

(shown below) would be given an average a-helix tendency 

(<Pa>) of <Pa> = 1.24, but an average 3-sheet tendency (<P$>) 

of only <P3> = 0.96. 

Val-Leu-His-Ala-Glu-Asn-Val-Asp-(Gly,Thr,Ser}-
i _J i r t— • 

a-Helix 3-Turn or 3-Sheet 

Glu-Ile-(Thr,His,Lys,Glx)-Tyr-Phe 

3-Sheet 

Therefore, a-helix is strongly indicated. In fact, of the 

14 proteins used to evaluate the method, only 3 had stronger 

a-helix parameters. The Asn-Val-Asp-(Gly,Thr,Ser) region 
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is predicted as g-turn, but with the identity of residue 

number 9 in doubt, (Gly,Thr, or Ser) , and a <Pa> of 0.86 

versus a <Pg> of 0.90, the only structure which should be 

disallowed is a-helix. The third region is predicted as 

3-sheet because <Pg> > <Pa> (0.91 0.82), but since <Pg> 

is not greater than 1.0, this assignment is tentative (Chau 

and Fasman, 1978). 

The Chau-Fasman structural prediction is compatible 

with the conformation proposed by Shaw and Muirhead for 

the region around the active site nucleophile (Figure 43). 

This conformation could also place the active site nucleo-

phile near a probable bend-conformational transition point 

as occurs for the triosephosphate isomerase. It will be 

interesting to observe whether or not (or which of) these 

similarities are supported or refuted as additional struc-

tural information becomes available. 

Future Prospectives 

The approach used to isolate and sequence the active 

site peptide by BAEP can be adapted toward other active 

site peptides. For instance, most active site probes for 

phosphoglucose isomerase possess a phosphate group. The 

selective removal of this group in conjunction with 

ion-exchange chromatography can greatly facilitate purifi-

cation of the specific peptide. Also, the presence of the 

active site probe may give the active site peptide unique 
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solubility properties. Although this possibility is 

strongly dependent upon the individual peptide, the extrac-

tion approach merits consideration. 

Sequence determination of the human BAEP active-site 

peptide should be greatly facilitated by this investigation. 

Sufficient data were compiled to enable extensive homology 

fingerprinting. Mapping coordinates and compositions have 

been established for peptides ranging in size from 3 to 20 

residues. 

Sequence data over other human active site peptides 

(e.g., labeled with pyridoxal phosphate or chloroacetol 

phosphate) can be gathered, processed by the Chau-Fasman 

method, and used to correlate the peptide structure with 

the structure from X-ray crystallography. The chloroace-

tol phosphate peptide should be of special interest, since 

this reagent was also used to label the active site glutamate 

of triosephosphate isomerase. Since triose- and glucose-

phosphate isomerase are both aldo-keto isomerases, and have 

simlar properties (e.g., rapid, efficient catalysis, 

substrate specificity), it will be interesting to compare 

the labeled peptides. 

Additional data over the conformational-functional 

interrelationships can be obtained from structural studies 

of the variant forms of the isomerase. Homology finger-

printing of aberrant variant and active-site peptides has 
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been previously conducted by Tilley and Gracy (1974) on 

phosphoglucose isomerase and by Hartman and Gracy (1975) 

on triosephosphate isomerase. Once the genetically 

aberrant peptide is identified, high sensitivity sequence 

analysis is feasible. 

The peptide can be extracted from the thin-layer 

fingerprint and subjected to DABITC degradation. The 

sequence of the peptide can then be used in conjunction 

with conformational data to determine what effect the 

mutation has on the secondary and tertiary structure. 

This information can be coordinated in parallel with 

catalytic and stability consequences of the mutation as 

determined by the selective characterization scheme 

developed for the variants. In this manner, the direct 

effects upon the structure and function of the isomerase 

can be determined. 
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