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The Occurrence of a Group Transfer Involving
Enzyme (phosphoglucomutase) and Substrate’

Victor A. Najjar and Maynard E. Pullman

Department of Pediatrics, The Jobns Hopkins University School of Medicine,
and The Jobns Hopkim Hospital, Baltimore, Maryland

HE transfer of a reactive group involving
substrate and enzyme was postulated by Dou-
doroff, et al. (1) for sucrose phosphorylase.
This was based on the interchange of phos-
phate between glucose-1-phosphate and radioactive
inorganic phosphate in the presence of the enzyme.
Jagannathan and Luck (2) later suggested a similar
transfer mechanism for phosphoglucomutase, based
on the exchange of radioactive phosphate between
glucose-1-phosphate and a proposed enzyme-phos-
phate. They suggested the following mechanism :

transfer of phosphate from erystalline phosphoglu-
comutase (4) to glucose-1-phosphate and glucose-6-
phosphate with a net synthesis of glucose-1,6-diphos-
phate in relatively substantial amounts. The following
two-step mechanism was therefore postulated :
Glucose-1-phosphate + phospho-enzyme =
glucose-1,6-diphosphate + dephospho-enzyme; (1)
Glucose-1,6-diphosphate + dephospho-enzyme =
glucose-6-phosphate + phospho-enzyme. (2)
This mechanism differs from that proposed by
Jagannathan and Luck in three respects. (i) Glucose-

Glucose 1 phosphate 6-glucose-1 glucose-6-phosphate
+ = phosphate phosphate = +
AN
Enzyme-phosphate enzyme enzyme-phasphate

As is indicated in the diagram, the enzyme-phos-
phate could combine with glucose-1-phosphate or glu-
cose-6-phosphate to form a double link with glucose
through two phosphate bonds. This compound could
yield enzyme-phosphate and glucose-1-phosphate or
glucose-6-phosphate by a split of the appropriate
bonds.

Recently, Najjar (3) reported direct evidence of a

1This investigation was supported by a research grant

PHS, G-3289-C, from the Division of Research Grants, Na-
tional Institutes of Health, U.S. Public Health Service.
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1,6-diphosphate is an actual reactant that accumulates
in the medium as a produet of the interaction of either
of the hexose phosphates and the phosphorylated en-
zyme rather than as a part of a transient enzyme-
substrate complex, (ii) .The enzyme exists in a phos-
phorylated state as well as in a dephosphorylated state,
rather than in the phosphorylated state alone. (1ii)
This mechanism also accommodates glucose-1,6-diphos-
phate in a manner quite befitting its coenzymatic
funetion.

The validity of this mechanism was established by
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TaABLE 1. The formation of glucuse-1,6-diphosphate
through the interaction of hexose phosphate and crystal-
line phosphoglucomutase.

Glu- Glu- Glu-
cose-1- cose-6- cose-1,6-
Experi- Enzyme phos- phos- diphos-
ment* added phate phate phate

added added formed

(WM x10°) (M) (WM)  (uMx107)
1 15.0 0.02 6.4
2 18.0 .01 4.6
3 180 © .02 6.3
4 18.0 .04 6.4
5 18.0 .20 9.3
6 18.0 2.00 9.1
7 3.5 1.8 3.1
8 3.5 1.8 3.5
9 4.0 2.0 4.5
10 34.0 0.086 16.3
11 80.0 .08 38.0
12 100.0 .20 50.0
13 265.0° 2.00 137.0
14 265.0 2.00 16.9

* In expts. 1-9 and 13-14, the glucose-1,6-diphosphate was
measured by the activation of muscle phosphoglucomutase ;
in expt. 11, by Racker’s method: in expts. 10 and 12, by
the Zwischenferment system coupled with TPN cytochrome c
reductase ; expt. 13 represents glucose-1,6-diphosphate syn-
thesized before, and expt. 14 after, dephosphorylation of the
enzyme (phospho-mutase), as described in the text.

experiments that yielded these results: (i) The reac-
tion between glucose-1-phosphate and erystalline mu-
tase (phospho-enzyme) results in the formation of
glucose-1,6-diphosphate (Table 1) with a concomitant
decreased ability of the enzyme to form the diphos-
phate when it is further reacted with glucose-1-phos-
phate (Tables 1 and 3). (ii) When glucose-1,6-diphos-
phate is inecubated with dephospho-mutase, glucose-6-
phosphate and phospho-mutase are formed (Table 2)
(5). (iii) Phospho-mutase reacts with glucose-6-phos-
phate to form glucose-1,6-diphosphate (Tables 1 and
3) and dephospho-mutase. A preliminary account of
this work has been reported by Pullman and Najjar
(4). The postulated mechanism presumes the existence
of only one type of phospho-enzyme in both reactions.
However it need not exclude the possible existence of
two species, in which case they must necessarily inter-
act in order to maintain the catalytic function of the
enzyme (phospho-enzyme I == phospho-enzyme II).

TaBLE 2. The formation of glucose-6-phosphate through
the interaction of glucose-1,6-diphosphate with erystalline
phosphoglucomutase (phospho-enzyme) and dephosphory-
lated enzyme (dephospho-enzyme).

Phosphoglu- Glucose-1,6- Glucose-6-
comutase diphosphate phosphate
added added formed
(uM x 10-%) (WM x 10-%) (uM x 10-2)
Phospho-enzyme 13.0 12.3 0.0
Dephospho-enzyme 5.85 22.6 5.0
Dephospho-enzyme 26.5 105.0 25.0
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METHODS AND EXPERIMENTS

Phosphoglucomutase was prepared in erystalline
form, as described by Najjar (6). It was presumed
that almost all the enzyme so obtained was in the form
of phospho-enzyme, since no signifieant liberation of
glucose-6-phosphate occurred when glucose-1,6-diphos-
phate was incubated with the enzyme (Table 2). The
purity of the preparation was estimated, as described
previously (6), using 0.05M histidine. Under these
conditions, the activity is 0.73 of that obtained with
cysteine. The calculated molar concentration of the
enzyme was based on a molecular weight of 77,700
(7). Glucose-1,6-diphosphate was assayed by its co--
enzymatic activity by measuring the extent of stimu-
lation of muscle phosphoglucomutase (3), according
to Cardini, et al. (8), using 0.05M histidine instead of
cysteine, or by measuring spectrophotometrically the
amount of glucose-6-phosphate liberated upon hydrol-
ysis with 01N HC! for 10 min, using a modification of
Racker’s method (9), or with the Zwischenferment sys-
tem (10) with or without coupling with TPN ecyto-
chrome ¢ reductase (11, 12). In all transfer reactions
between the enzyme and the hexose phosphates re-
ported in the following sections, the reaction was initi-
ated by adding the enzyme under the following stand-
ard conditions: cysteine, 5 x10-2 M; Mg, 1x10-3 M;
pH 7.5; incubation time, 20 min at 30°C.

I. The formation of glucose-1,6-diphosphate and de-
phospho-enzyme through the interaction of hezose
phosphate and phospho-enzyme.

A. The formation of glucose-1,6-diphosphate. Either
glucose-1-phosphate (13) or glucose-6-phosphate was
used as the substrate. The erystalline enzyme was. ob-
tained from 0.65 saturated ammonium sulfate suspen-
sion, centrifuged at high speed, and dissolved either in
water or in 0.04M ¢ris (hydroxymethyl) aminomethane
buffer, pH 7.5. A study of the reaction rate with the
quantities of enzyme used indicated that the reaction
reached completion in less than 1 min. After incuba-
tion, the reaction mixture was placed in a boiling water
bath for 3 min and the denatured protein was sepa-
rated. The supernatant was then assayed for the di-
phosphate.

A control experiment was run simultaneously in
which the enzyme was first inactivated in a water bath
at 100°C for 3 min, after which all other components
of the reaction mixture were added. For the assay of
glucose-1,6-diphosphate by its coenzymatic activity, an
appropriate dilution of the supernatant was measured,
as described in the foregoing paragraph. Under these
conditions, the control sample contained no measurable
diester. In order to measure the diphosphate by the
glucose-6-phosphate assay, it was found necessary to
remove the cysteine present in the reaction mixture.
This was done by precipitation with excess silver ni-
trate and then removing the remaining silver with ex-
cess sodium chloride. The pH, which drops markedly
upon treatment with silver owing to the liberation of

- protons from cysteine, was then readjusted to 7.5. All

manipulations were carried out at' 0°C. Under these
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TABLE 3. The amount of rephosphorylation of dephos-
pho-mutase as measured by the relative formation of
glucose-1,6-diphosphate.* .

Hexose Glucose-1,6-
Enzyme phosphatet diphosphate
added Y added formed
(WM 10%) M) (Mx109)
Crystalline
(phospho-enzyme) 20 2 (G-1-P) 10.0
20 2 (G-6-P) 10.9
After dephos- :
phorylation (de-
phospho-enzyme) 24 2 (G-1-P) 14
After rephos-
phorylation .
(phospho-enzyme) 24 2 (G-1-P) 8.2
) 24 2 (G-6-P) 8.4
24 0 0.0

* The reaction was carried out under standard conditions
in 2.5 ml. Glucose-1,6-diphosphate was assayed by its coenzy-
matic activity, using muscle phosphoglucomutase (3), as
described in the text.

+ (G-1-P) means glucose-1-phosphate; (G-6-P), glucose-6-
phosphate.

conditions, no hydrolysis of glucose-1,6-diphosphate
oceurs. An aliquot was then assayed for glucose-6-
phosphate before and after acid hydrolysis, the for-
mer' measurement indicating the glucose-6-phosphate
present in the reaction mixture and the latter value
representing, in addition, the glucose-1,6-diphosphate
formed. Serum albumen (25 mg/ml) was used in the
Zwischenferment assay .system in order to bind any
remaining silver ions that inhibited the enzyme.

The results of some of these experiments are shown
in Table 1. It is elear that glucose-1-phosphate as well
as glucose-6-phosphate can react with erystalline phos-
phoglucomutase (phospho-enzyme) to yield glucose-1,-
6-diphosphate according to the foregoing formulation.

The identification of the glucose-1,6-diphosphate
synthesized in the foregoing reaction was thus based
on the following facts: (i) It produced maximal stimu-
lation of phosphoglucomutase activity in the presence
of all necessary components of the system except the
disphosphate. (ii) There was no further stimulation
when authentic glucose-1,6-diphosphate (14) was ad-
ded. (iii) The activation was completely destroyed by
heating at 100°C for 10 min in 0.1¥ HCI, a procedure
that hydrolyzes the 1-phosphate of the glucose diphos-
phate (8). (iv) The product of such hydrolysis is glu-
cose-6-phosphate, as identified by the Zwischenferment
system.

B. The formation of dephospho-mutase. Dephospho-
mutase, prepared as described in the following sec-
tions, was demonstrated by the loss of phosphate as
determined by total phosphate analysis and by the
diminished formation of glucose-1,6-diphosphate when
the enzyme was treated with a large excess of glu-
cose-1-phosphate under standard conditions (Tables
1 and 3).

II. The formation of glucose-6-phosphate and phos-
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pho-enzyme through the interaction of glucose-1,6-di-
phosphate and dephosphorylated phosphoglucomutase
(dephospho-enzyme).

A. The formation of glucose-6-phosphate. Dephos-
pho-enzyme was prepared as in reaction (1). The reac-
tion between crystalline enzyme and 20 times its molar
concentration of glucose-1-phosphate was carried out
under standard conditions. The components were then
dialyzed for 2 to 3 hr against 0.04M tris buffer, pH
7.5. The enzyme was further subjected to the same
treatment two or three times and finally dialyzed for
30 hr with frequent changes of ¢ris buffer. It was found
that this treatment dephosphorylated about 90 percent
of the enzyme (Table 3) with little or no loss in en-
zyme activity. A sample of this preparation was inac-
tivated for 3 min in a boiling water bath, and the
supernatant was used to measure the undialyzed glu-
cose-6-phosphate remaining with the enzyme. The de-
phospho-mutase so prepared was reacted with glu-
cose-1,6-diphosphate under standard conditions, after
which it was similarly inactivated. The supernatant
was treated with silver nitrate to remove the cysteine,
as described in a foregoing paragraph. An aliquot
was assayed for glucose-6-phosphate. This represents
the amount formed in the reaction plus any undialyzed

" glucose-6-phosphate left with the enzyme. Another

aliquot was then hydrolyzed in 0.1N¥ HCI for 10 min
to convert the diphosphate to glucose-6-phosphate.
This sample represents, in addition to the foregoing,
the glucose-1,6-diphosphate remaining at equilibrium.

As can be seen in Table 2, glucose-1,6-diphosphate
reacts with dephospho-enzyme to effect almost com-
plete rephosphorylation of the enzyme and, conse-
quently, results in stoichiometric formation of glu-
cose-6-phosphate. The quantity of glucose-1-phosphate
formed in this reaction is too small to measure, for
reasons given earlier.

B. The formation of phospho-enzyme. Phospho-mu-
tase was regenerated by reacting dephospho-enzyme,
prepared as previously described, with 4 times its
molar concentration of glucose-1,6-diphosphate under
standard conditions. This was followed by dialysis
against tris buffer 0.04M, pH 7.5 to remove the hexose
phosphates.

The extent of rephosphorylation of the enzyme was
again estimated by its ability to effect a retransfer of
the phosphate to either hexose phosphate, resulting in
the formation of glucose-1,6-diphosphate. Thus, the
magnitude of diphosphate formation in this transfer
is in direct proportion to the amount of phospho-
enzyme present. Table 3 shows the steps of such an ex-
periment. It is clear that substantial rephosphorylation
can result by treating dephospho-mutase with glucose-
1,6-diphosphate.

Discussion. The evidence presented shows that phos-
phoglucomutase exists in two states, a phospho-en-
zyme and a dephospho-enzyme. The former transfers
phosphate to glucose-1-phosphate or glucose-6-phos-
phate. Glucose-1,6-diphosphate is formed in the proe-
ess. The dephospho-enzyme accepts phosphate from
either position of glucose-1,6-diphosphate and gives
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rise to glucose-6-phosphate and to glucose-1-phos-
phate. The results presented point to the correctness
of the mechanism of action of this enzyme as formu-
lated. It was possible to study the two-step mechan-
ism and identify the products, As stated, it is not
necessary to assume that the enzyme-phosphate bond
in reactions 1 and 2 is of one type. If more than
one exists, it would necessarily mean that they must
interact in order to maintain the catalytic function of
the enzyme.
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R. Frank Henry Pike died in New York, on
November 13, 1953. Thus, science lost one
of its keenest contributors, and neurophysi-
ology lost one of that generation of scien-

tists through whom it came of age in America.

He was born in Aurora, Illinois, January 20, 1876,
the eighth child of William Dana Pike and Maria Wil-
moth Pike. Shortly thereafter the family returned, for
a stay of 4 years, to Brattleboro, Vermont. They then
took up a farm near Plainfield, Illinois. Here Frank
Pike grew to the age of 15. Then he and his brother
Henry drove their wagon to Colorado to homestead
near Montrose. The adventure lasted 2 years, and the
joy of it lasted all his life. On his return, age 17, to
the Middle West, he alternately taught school and
studied, first at Valparaiso University and then at In-
diana University, from which he was graduated in
1903.

Thence, he went to the University of Chicago where
he began his work in the physiology of respiration
under the guidance of Professor A. G. Mathews, whom
he always regarded as a major source of his own
scientific inspiration. He received his Ph.D. in 1907
and remained there as instructor in physiology for 4
years. As yet, there is no complete bibliography of his
writings, but it is safe to say that during those 4 years
he began his terse articles for which we, as readers of
science, are so much in his debt.

In 1911, Dr. Pike came to the City of New York as

assistant professor in the Department of Physiology
of the College of Physicians and Surgeons of Columbia
University. Because the teaching of physiology in
medical gchools is inevitably slanted toward clinical
problems; his influence was uniquely important, for he
preserved an interest in comparative physiology and a
broad clear academic vision of the relevance of other
fields of sc¢ience to physiology. Moreover, none of his
students could escape knowing the progress of physi-
ology as a history of ideas impelled and controlled by
experiment. Although he spoke very slowly, even those
of us who were most familiar with his way of thinking
had to hurry to keep pace with his ideas. This was
apparent in 1921 when he became associate professor,
and it remained true of him, despite his official retire-
ment in 1941, throughout his special lecturer days, and
terminated only at his death.

During his later years, he started two major works
and, for each, amassed much material organized in
outline of increasing detail. The first concerns the
historical development of those concepts that are of
importance to a full knowledge of the functions of the
central nervous system, including much of psychology.
The second is a study of the evolution of the nervous
system from a functional point of view. Probably, he
never would have completed them to his satisfaction,
but it ig the hope of his friends, students, and admlrerq
that these ‘voluminous manuscripts may be arranged
for publication in a form that he would have tolerated.
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