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A B S T RA C T Active glycogen metabolism has
been demonstrated in both normal and glycogen-
rich erythrocytes taken from patients with type III
glycogen storage disease. Activity of all enzymes
catalyzing the reactions required for the synthesis
and degradation of glycogen have been demon-
strated in the mature erythrocytes. Uniformly
labeled glucose-14C is incorporated into glycogen
in intact cells of both types during incubation.
Replacement of the glucose-'4C by unlabeled glu-
cose in the medium resulted in a significant loss of
radioactivity from cellular glycogen. In the ab-
sence of the substrate a progressive shortening of
outer branches occurred during incubation of in-
tact glucogen-rich cells. Using cells from patients
with type III glycogen storage disease, which
have sufficient glycogen content to be analyzed by
/3-amylolysis, we demonstrated that the glucosyl
units are first incorporated in the outer tiers, then
transferred to the core where they tend to accu-
mulate due to the absence of amylo-1 ,6-glucosidase.

The glycogen-rich cells have a more rapid rate
of glucose utlization upon incubation which is not
reflected by a higher lactate production. The in-
creased rate of glucose utilization did not result
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from an increased rate of glucose incorporation
into glycogen in affected cells. The rate of 14CO2
production from glucose-1 -_4C during incubation
was not significantly different in the two types of
cells unless methylene blue was added as an elec-
tron acceptor, in which case the glycogen-rich cells
oxidized glucose to CO2 more rapidly.

INTRODUCTION

The mature human erythrocyte meets its energy
requirement primarily from the metabolism of
carbohydrates, chiefly glucose, although other
monosaccharides can be utilized (1). Normally
6-8 ,umoles of glucose per g of hemoglobin per hr
are broken down to lactate via the Embden-
Meyerhof pathway (2). In addition a small frac-
tion of the glucose-6-phosphate formed is metabo-
lized via the hexosephosphate pathway yielding
reduced nicotinamide adenine dinucleotide phos-
phate (3). In spite of its dependence upon glucose
for energy production the normal red blood cell
has virtually no carbohydrate stores, although
there is a minimal concentration of glycogen
(4-6). It was believed that this glycogen was not
actively metabolized (5, 7) but was a vestigal
remnant of an immature erythrocyte stage (5).
Nevertheless as all enzymes catalyzing glycogen
synthesis and breakdown have now been demon-
strated in the erythrocyte (8-12) it would not be
unexpected to find a functional glycogen pathway.
However, the minute concentrations of glycogen
in the erythrocyte have thus far precluded exten-
sive studies of its metabolism.
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In type III glycogen storage disease (GSD)
which is characterized by the absence of amylo-
1-6-glucosidase in various tissues, including the
erythrocyte, there is an abnormally high erythro-
cyte concentration of glycogen of the limit dex-
trin type (5). The relatively high incidence of
type III GSDin Israel (13) provided a supply of
erythrocytes sufficiently high in glycogen content
to make possible an investigation of glycogen
metabolism. In addition, advantage was taken of
the availability of these cells to compare their over-
all carbohydrate metabolism with those from nor-
mal donors. The results to be presented in this
report indicate that there is an active turnover of
glycogen in both normal and amylo-1,6-gluco-
sidase-deficient cells. In addition it was observed
that the glycogen-rich 'cells utilized glucose at a
higher rate than normal cells.

METHODS
The subjects of this study were 17 patients in whom the
diagnosis of type III GSD had been made on clinical,
biochemical, and enzymatic bases. None of them had
abnormal hemoglobin values or elevation of the reticulo-
cyte count or bilirubin levels. In some of the GSDpatients
erythrocyte life span measured by 'Cr labeling, osmotic
fragility, and density distribution (14) was determined
and all were found to be within normal limits. The glyco-
gen concentration of these erythrocytes ranged from 200-
3000 ,ug/g of hemoglobin with a mean of 1054 Ag/g of
hemoglobin (these levels are within the range previously
reported by Sidbury, Cornblath, Fisher, and House [5]
for GSDtype III erythrocytes; normal range 20-134 ,ug/g
of hemoglobin). Normal control blood was obtained from
physicians and laboratory personnel. The blood samples
were drawn into heparinized plastic tubes and the eryth-
rocytes sedimented by centrifugation in the cold. The
plasma, buffy coat, and approximately 10% of the eryth-
rocytes were removed by cutting the plastic tubes below
the leukocyte-rich layer. With this technique virtually all
reticulocytes, thrombocytes, and leukocytes were removed,
leaving a thrombocyte count below 4000 and white blood
cell count that approached zero in most experiments and
was never more than 200 cells/mm8. The erythrocytes
were then washed three times with 10 volumes of cold
0.9%o NaCl before their use in the various studies.

Hemoglobin was measured as cyanmethemoglobin (15),
deproteinization was performed with Somogyi reagents
(16) for glucose determinations and with 6%o trichloro-
acetic acid for analysis of lactates. Glucose was deter-
mined by the glucose oxidase method (17) and lactates
were determined enzymatically by the method of Horn
and Burns (18). Hexokinase activity was determined
according to Valentine and Oski (19) and phospho-
glucomutase by a modification of the method of Berg-
meyer for glucose-i-phosphate determination (20).

Amylo-1,6-glucosidase and phosphorylase were determined
according to the procedure of Hers (21) and uridine
diphosphoglucose (UDPG) glycogen glucosyltransferase
by the method described by Cornblath (8). a-1,4 Glucan:
a-s-i,4 glucan 6-glycosyltransferase was determined by a
method described by Larner (22). Glycogen was recov-
ered from erythrocytes after repeated precipitation of the
protein with cold 6% trichloroacetic acid, collection of the
supernatant, and precipitation of glycogen in cold 95%o
ethanol after the addition of 0.18% Na2SO4 (23). Glyco-
gen was determined with diazyme reagent (24).

For the determination of the incorporation of glu-
cose-14C into glycogen the incubation mixture was re-
moved after the incubation, nonlabeled carrier glycogen
added, and the glycogen precipitated with cold trichloro-
acetic acid as described by Sidbury (5). Parallel incuba-
tions without erythrocytes revealed no nonspecific
glucose-glycogen exchange. Analysis of the distribution
of the glucose in the outer branches and inner core of
the glycogen was carried out by 8-amylolysis (25). The
production of '4CO2 from glucose was studied by incu-
bating the erythrocytes with the appropriate reaction
mixture in sealed vials equipped with center wells con-
taining 0.5 ml of 15% KOHabsorbed on No. 1 Whatman
filter paper. After the incubation 0.4 ml of 1 N H2SO4
was inj ected into the incubation mixture and the vial
shaken for 1 additional hr. The "4C absorbed on the filter
paper was then counted. All radioactivity was assayed in
a Tri-Carb liquid scintillation counter utilizing a gel for
equal dispersion of the radioisotope (26).

Various coenzymes and adenosine triphosphate were
obtained from Boehringer and Sons, Mannheim, Ger-
many or Sigma Chemicals, St. Louis, Mo. Enzymes were
obtained from Boehringer and Sons, diazyme from Miles
Chemical Corporation, Elkhart, Ind.

RESULTS

The incorporation of glucose-U-14C into glycogen
in the erythrocytes from patients with type III
GSDwas first studied and found to be linear over
a period of 3 hr. To further demonstrate the active
metabolism of erythrocyte glycogen, red blood
cells taken from both normal subjects and patients
suffering from type III GSDwere incubated for 2
hr with glucose-U-14C. The results, shown in
Table I, indicate that both types of erythrocytes
incorporate glucose into glycogen at the same
rate. Subsequently a portion of the cells was
washed and reincubated in the same medium ex-
cept that unlabeled glucose was present. This re-
sulted in a disappearance of a major portion of
the labeled glucosyl units of the glycogen from
both types of cells (Table I). Further insight into
the breakdown of glycogen was provided by incu-
bating the glycogen-rich cells in the absence of
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TABLE I

Turnover of Glucose in Erythrocyte Glycogen

Type III
Normal (5) GSD (15)

pmoles/g Hb4:SEM
Glucose-U-14C incorporation 0.094 ±0.02 0.017:10.02

after 2 hr ot incubation

Glucosyl-14C units remain- 0.026 40.007 0.014 40.003
ing in glycogen after ad-
ditional 2-hr incubation
with unlabeled glucose

Figures in parentheses represent number of cases. Incubation condi-
tions: each flask contained a 20%cell suspension in an isotonic medium
containing 0.25 pc of 0.002 M glucose-U-14C, 0.025 M NaHPO4, 0.05 M
glycylglycine buffer, pH 7.8. and NaCl to make a total volume of 4 ml.
Temperature: 370C; gas phase: air; incubation time: 2 hr. At the end
of the first 2-hour period the cells were washed and reincubated for an
additional 2 hr in the same medium, except that unlabeled glucose
replaced the glucose-U-14C.

substrate, extracting the glycogen at varying time
intervals, and submitting it to 8-amylolysis. The
results, shown in Fig. 1, indicate that there is a
shortening of the length of the outer brances as
the breakdown of glycogen proceeds over the
3 hr period.

Experiments were performed to determine
whether the incorporation of glucose into glycogen
results only in a lengthening of outer branches of
the glycogen molecule or also involves the new
formation of an inner core. 8-amylolysis was per-
formed on glycogen taken at regular intervals from
the glycogen-rich cells which had been allowed to
incorporate glucose-U-14C for periods up to 3 hr.
The results are shown in Table II. While incor-
poration of glucose continued throughout the incu-
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FIGURE 1 Rate of glycogen breakdown in intact erythro-
cytes of type III GSD: shortening of outer branches
during incubation. Conditions as in Table I except that
glucose was omitted.

TABLE I I
Shift of Radioactivity from Outer Tiers to Inner Core of

Glycogen in Type III GSDErythrocytes Previously
Labeled with Glucose- U-14C In Vitro

Glucose incor-
poration into

Time glycogen Inner core

min imotes of %of total
glucoseig Hb radioactivity

30 0.034 12.5
60 0.042 48.5
90 0.058 63.0

120 0.077 87.2
180 0.105 87.6

Incubation conditions: as in Table I.

bation period a shift of labeled glucosyl units from
the periphery was reflected by the increasing per-
centage of radioactivity found in the limit dextrin
fraction of the glycogen as the experiment pro-
gressed.

The activities of the various enzymes involved
ln glycogen metabolism were compared in normal
and glycogen-rich erythrocytes. The data pre-
sented in Table III indicate that, as expected,
there was virtually no amylo-1,6-glucosidase activ-
ity in any of the cells from subjects suffering from
type III GSD. No difference was noted in the
activities of hexokinase, phosphoglucomutase,
UDPGglycogen glucosyltransferase or a-1,4 glu-
can: a-1,4 glucan 6-glycosyltransferase (branching
enzyme). However, a significant increase in activ-
ity of phosphorylase was found in the erythrocytes
from patients suffering from type III GSD.

The rates of glucose utilization and lactate pro-
duction in normal and glycogen-rich cells were
compared. The results, shown in Table IV indi-
cate that the rate of glucose utilization by erythro-
cytes from patients suffering from type III GSD
is significantly greater than that seen with the
normal erythrocytes. The relatively higher rate of
glucose utilization by the glycogen-rich cells oc-
curred at medium inorganic phosphate levels rang-
inf from 3-50 mmoles/liter although the difference
was more striking at higher phosphate concentra-
tions.' However, the increased glucose utilized is
not recovered as lactate, which is similar in the
two types of cells and in the normal erythrocyte
accounts for about 85%o of the glucose utilized.

1 Moses, S., and R. Chayoth. Unpublished observations.
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TABLE III
Activities of Enzymes Concerned with Glycogen Metabolism in Erythrocytes from Normal and Type III GSDSubjects

Enzyme Units, ±SEM Normal Type III GSD P

Hexokinase Wroblewsky U*/g Hb 1598 :1 24 (4) 1702 i 20 (4) NS

Phosphoglucomutase Wroblewsky U/g Hb 1086 i 74 (4) 1150 i 109 (4) NS

Amylo-1,6-glucosidase (debrancher %glucose incorporated/g 0.24 ± 0.04 (13) 0.004 ± 0.002 (8) <0.005
enzyme) Hb per hr

Phosphorylase pmole P04 released/g 5.9 i 1.2 (9) 9.7 i1 1.7 (8) <0.01
Hb per hr

UDPGglycogen glucosyltransferase EAmole glucose incorporated 1.79 +t 0.16 (7) 1.95 -+ 0.24 (4) NS
into glycogen

a-1,4 Glucan: a-1,4 glucan 6 glycosyl- Unitst/g Hb 8.3 ± (3) 10.3 :1 (3)
transferase (brancher enzyme)

Figures in parentheses represent number of cases; NS, not significant.
* Vide Bergmeyer (20).

1 U = change in ODof 0.001/min at 520 my.

The possibility that the increased glucose utili-
zation noted in the glycogen-rich erythrocyte
might reflect an increase in the oxidation of glu-
cose via the hexose monophosphate shunt was in-
vestigated in the presence and absence of methyl-
ene blue. Production of 14CO2 from glucose-1-14C
was used as an indication of shunt activity. The
results shown in Table V, indicate that 14CO2 pro-
duction by cells from the type III GSD patients
is significantly greater than controls when methyl-
ene blue is added. Even in the absence of the
electron acceptor there is an indication that the
rate of 14CO2 is higher in the glycogen-rich cells
although the difference is not statistically sig-
nificant.

DISCUSSION

The evidence accumulated in this report leaves no
doubt that the erythrocyte maintains an active
glycogen metabolism. It has been demonstrated
that the glucose-14C is both incorporated into and

TABLE IV
Glucose Utilization and Lactate Production by Erythrocytes

from Normal and Type III GSDSubjects
during Incubation at 370C

Normal Type III GSD P

pmoles/g Hb per hr ±SEM
Glucose utilized 7.5 ±0.34 (58) 10.9 ±0.86 (10) <0.0001
Lactate produced 12.840.62 (26) 11.8+0.82 (8) NS

Figures in parentheses represent number of experiments (conducted
with blood from 12 patients). Incubation conditions: as in Table I ex-

cept that a 10%erythrocyte suspension and unlabeled glucose was used.
Aliquots of the incubation mixture were assayed hourly and the values
above represent the hourly average.

released from glycogen, that redistribution of the
glycosyl units within the glycogen molecule oc-
curs, and that the outer branches are shortened
after periods of incubation in the absence of added
glucose. Since leukocytes, thrombocytes, and re-
ticulocytes have been virtually removed from the
erythrocyte preparations before use, the glycogen
metabolism must be attributed to the mature hu-
man erythrocytes whether taken from normal or
type III GSDsubjects. Thus the concept that the
mature erythrocyte has no active glycogen metabo-
lism is no longer tenable. This is not surprising in
view of the demonstration that all of the enzymes
concerned with glycogen synthesis and breakdown
are present in the normal erythrocyte. It could
be argued that the observed incorporation of
glucose into glycogen is due to an exchange reac-
tion catalyzed by amylo-1,6-glucosidase. Since this
incorporation has been shown to occur also in
amylo-1,6-glucosidase-deficient cells this possibil-
ity can be ruled out. The question whether incorpo-
ration of radioactive glucose into glycogen occurs

TABLE V
14CO2 Production from Glucose-1-14C by Erythrocytes from

Normal and Type III GSDSubjects

Normal Type III GSD P

pmoles/g Hb per hr ±sE
Control 0.074±0.008 (8) 0.1040.012 (14) NS
Methylene blue, 0.01% 2.28 ±0.26 (6) 3.6040.27 (12) <0.01

Figures in parentheses represent number of subjects. Incubation condi-
tions: as in Table I except that 0.5 ml of 15 %KOHwas placed in center
well of the flasks and 0.15 juc of glucose-1-14C was added.
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via the UDPGglycogen synthetase pathway or is
caused by a reversal of the phosphorylase reaction
is irrelevant, since in both instances active glyco-
gen metabolism would result. However, in view
of the presence of glycogen synthetase and the
fact that UDPGis formed in erythrocytes, e.g.,
in the metabolism of galactose, it seems likely that
the synthetase-catalyzed pathway is utilized in the
erythrocytes.

Whereas glycogen synthesis occurs normally in
amylo-1,6-glucosidase-deficient cells, breakdown
cannot proceed beyond the branch point and is,
therefore, limited to peripheral tiers only. Thus the
observed decrease in radioactivity of the peripheral
tiers and concomitant increase in activity of the
central core as a function of time during incuba-
tion of the glycogen-rich erythrocytes with glu-
cose-U-14C can be readily explained as follows:
there is an elongation of peripheral tiers which,
after attaining a certain length normally form new
branches. Since during glycogenolysis hydrolysis
cannot proceed beyond the branch points in view
of the absence of amylo-1,6-glucosidase, radio-
active glucosyl units will be trapped in the inner
core. This also explains the increased accumula-
tion of the limit dextrin type glycogen in the cells
from patients with type III GSD. Because of the
small amount of glycogen present in normal eryth-
rocytes it was not possible to carry out similar
studies of the distribution and rearrangement of
labeled glucosyl units with time in these cells.

The finding that the glycogen-rich cells utilized
glucose at a greater rate than normal erythrocytes
was surprising, especially since the rate of incor-
poration of glucose into glycogen did not differ
between the two types of cells. Since the excess
glucose utilized by the glycogen-rich cells does
not appear as lactate, the carbon atoms must be
trapped in some other glycolytic intermediate. The
increase in oxidation of glucose to CO2 by the
diseased cells even if significant is inadequate to
account for the excess glucose disappearance.

It is evident from these studies that the meta-
bolic abnormalities encountered in erythrocytes of
patients with type III GSDare not restricted to
abnormal glycogen accumulation but involve al-
terations of carbohydrate metabolism including
active glycogen turnover and in the metabalic
controls of glucose utilization at a level still to be
determined.
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