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Hereditary spherocytosis (HS) has been a
subject for studies of erythrocyte carbohydrate
metabolism since 1954, when Selwyn and Dacie
(1) observed that glucose corrected the increased
lysis of HS erythrocytes incubated in autologous
serum. Prankerd, Altman, and Young (2) re-
ported abnormalities of incorporation of P32 into
ATP * and 2,3-DPG with correction by adenosine.
Tabechian, Altman, and Young (3) found the
HS erythrocyte abnormally sensitive to inhibition
of P3* uptake by sodium fluoride. These findings
were interpreted as consistent with a defect in
glycolysis, and enolase deficiency was specifically
suggested (4). Recent studies of HS, however,
have failed to confirm either an abnormality of
phosphate partition (5, 6), or any deficiency in
glycolytic enzymes (7). Thus, the relationship
between erythrocyte carbohydrate metabolism and
HS is still undefined.

This paper reports the results of an evaluation
of erythrocyte carbohydrate metabolism in HS by
a different approach from that of previous studies.
The changing concentrations of carbohydrate me-
tabolites have been determined at intervals in in-
cubating plasma-erythrocyte suspensions, and the

* This investigation was supported by U. S. Public
Health Service research grant A-1514, National In-
stitutes of Health, Bethesda, Md. Presented in part be-
fore the Western Society for Clinical Research, January,
1960, Carmel, Calif.

t Present address: Dept. of Biochemistry,
western Medical School, Chicago, Il

1 The following abbreviations are used: AMP, ADP,
and ATP, adenosine mono-, di-, and triphosphate; IMP,
inosine monophosphate; G-1-P, glucose-1-phosphate;
G-6-P, glucose-6-phosphate; G-1,6-P, glucose-1,6-diphos-
phate; F-6-P, fructose-6-phosphate; F-1,6-P, fructose-
1,6-diphosphate;; G-3-P, glyceraldehyde-3-phosphate; 3-
PG, 3-phosphoglycerate; DHAP, dihydroxyacetone phos-
phate; 2,3-DPG, 2,3-diphosphoglycerate; DPN, TPN, di-
and triphosphopyridine nucleotide; and DPNH and
TPNH, reduced DPN and TPN.
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modifications of carbohydrate metabolism by the
additions of methylene blue or iodoacetate have
been evaluated.

METHODS

The subjects of this study were 18 patients with HS,
ten of whom had been splenectomized. The diagnosis
of HS was defined by the usual criteria. The splenec-
tomized patients had normal peripheral blood values for
hemoglobin, packed cell volume, and reticulocytes, ex-
cept for an unexplained elevation of 4.4% reticulocytes
in one patient. The hemoglobin values in the non-
splenectomized group varied from 8.3 to 12.8 g per 100
ml, and the percentage of reticulocytes, from 5.5 to
20.3. Control samples were obtained from volunteer
physicians, students, and laboratory personnel.

Preparation of erythrocyte-plasma suspension. Fifty
ml of blood was collected from fasting subjects in 5 mg
of dry sodium heparin and centrifuged immediately for
15 minutes at 0 to 4° C and 700 g. The plasma, buffy
coat, and approximately one-tenth the volume of packed
erythrocytes were removed by aspiration. The proce-
dure was repeated after reconstitution with the removed
plasma. By this technique, the leukocyte concentration
of the erythrocyte-plasma suspensions was reduced to
less than 1,500 per mm?® except in one splenectomized HS
patient, where the count was 4,500. The reticulocyte
content of the incubation suspensions never exceeded 2%
for the splenectomized group.

Composition of incubation suspensions. A 9.6-ml vol-
ume of the prepared erythrocyte-plasma suspension was
added to each of 3 Erlenmeyer flasks (25 ml). To each
flask was added a) 1.4 ml of 15 mM phosphate Locke’s
solution, pH 7.4 (hereafter referred to as the ‘“endoge-
nous” suspension) or b) 1.4 ml of 0.02% methylene
blue in Locke's solution or ¢) 1.4 ml of 0.02 M neutra-
lized iodoacetic acid2? in Locke’s buffer solution. The
suspensions were incubated in a Dubnoff shaker at 37° C
adjusted to 90 to 100 oscillations per minute. The flasks
were stoppered during the course of the experiment and
opened only at 30-minute intervals to permit sampling.
The original pH of the mixture was 7.4. Incubation was
continued for 150 minutes, while the pH of the sus-
pensions rose from 7.4 to 7.6 = 0.1.

2 Twice recrystallized from ether, Eastman Organic
Chemicals, Eastman Kodak Co., Rochester, N. Y.
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Fic. 1. PATHWAY FOR METABOLISM OF CARBOHYDRATE

IN THE MATURE ERYTHROCYTE. Boxed intermediates in-
dicate those measured. In this study, Reaction 1 was
inhibited with iodoacetic acid and Reaction 2 was stimu-
lated with methylene blue. Evidence that Reactions 1
and 3 are also influenced with methylene blue is given
in the text.

Analytical methods. The carbohydrate intermediates
and cofactors selected for analysis represent key reac-
tions of the glycolytic and hexose moncphosphate path-
ways (Figure 1). Glucose was determined in barium
hydroxide-zinc sulfate filtrates by the method of Somogyi
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chloroacetic acid filtrates: ketose and triose phosphates,
by the cysteine-carbazole-sulfuric acid method of Dische
and Borenfreund (10); pyruvate, by the total hydra-
zone procedure of Friedmann and Haugen (11); and
total pentose phosphate by the orcinol-ferric chloride re-
agent of Mejbaum (12) as modified by Ibsen, Coe, and
McKee (13). To characterize the pentose components
further, free pentose phosphate (not bound to adenine
or other bases) was selectively destroyed by boiling in
sodium hydroxide (14) before the application of the
orcinol reagent. By this procedure, measurements made
on unboiled filtrates represented total pentose phosphate,
those after boiling represented bound pentose (combined
in ‘nucleotide or nucleoside form), and the difference
between the two was free pentose phosphate. Lactate
was determined in either barium hydroxide-zinc sulfate,
or trichloroacetic acid filtrates by the method of Barker
and Summerson (15). 2,3-Diphosphoglycerate was de-
termined in trichloroacetic acid fi'trates by the resistant-
phosrhate procedure of Manyai and Varady (16). The
procedure depends on the fact that the phosphorus of
2,3-DPG resists 180 minutes of hydrolysis under the con-
ditions employed. Other phosphate esters, however, re-
sist hydrolysis to varying degrees, as shown in Table I,
and a correction for their interference must be made
should any of these esters vary appreciably during in-
cubation. These corrections were applied as shown in
Table II. Inorganic phosphate was determined by the
method of Taussky and Shorr (17).

The enzymatic assays of F-1,6-P and DHAP were
made with a Beckman DU spectrophotometer and were
based on the observed change in absorbance at 340 mu in
cuvettes containing 2 ml neutralized perchloric acid fil-
trate, 1 ml 0.08 M Tris buffer at pH 7.5, and 0.05 ml
0.003 M DPNH.3 The assay was initiated by the addi-
tion of 5 ul a-glycerophosphate dehydrogenase,t 0.5 mg
protein per ml, which yielded values for DHAP. Af-
ter complete depletion of DHAP (approximately 10 min-
utes), F-1,6-P was determined by the addition of 20 ul
aldolase,* 1 mg protein per ml.

RESULTS

" The results on normal and splenectomized sub-
jects are summarized in Table I1I, and on nonsple-

(8). ATP was determined in neutralized perchloric
acid filtrates by the reduction of TPN mediated by glu- 3 California Corporation for Biochemical Research,
cose-6-phosphate dehydrogenase and hexokinase (9). l.os Angeles, Calif.
The following determinations were performed with tri- + Sigma Chemical Corp., St. Louis, Mo.
TABLE I
Resistunce of various phosphate esters to acid hydrolysis*
Ester: G-1-P G-6-Pt F-1, 6-P ATP AMP IMP 3-PG
% not hydrolyzed: 14 86.5 30.1 23.6 71.0 71.0 92.8

* Conditions: 1 N H,SO,, 100° C, 180 minutes.

Esters listed were commercial preparations.

G-1-P, g'u-ose-1-phos-

phate; G-6-P, glucose-6-phosphate; F-1,6-P, fructose-1,6-diphosphate; ATP and AMP, adenosine tri- and monophos-
phate; IMP, inosine monophosphate; and 3-PG, 3-phosphoglycerate.
t Repeated assays with G-6-P dehydrogenase showed only trace amounts in erythrocytes throughout this study.
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TABLE 11

Estimation of 2,3-diphosphoglycerate (2,3-DPG) from acid-resistant phosphate esters*

1537

Concentration changes during 150-minute incubation (37° C)

Endogenous Methylene blue Iodoacetic acid
umoles /ml erythrocyles + SEM
Total resistant I +1.06 & 0.15 +2.00 £ 0.39 —2.40 % 0.57
Total —0.07 £ 0.04 +0.23 £ 0.07 —0.64 + 0.08
Combined pentose P
Resistant —0.05 + 0.03 +0.16 + 0.05 —0.46 + 0.06
Total +3.40 + 0.40 0.00 + 0.22 +3.80 £ 0.66
Ketose P
Resistant +1.02 £ 0.12 0.00 + 0.07 +1.14 £ 0.20
Remaining resistant P
(by difference) +0.09 + 0.19 +1.84 £ 040 —3.09 + 0.61
Estimated 2,3-DPG +0.05 £ 0.10 +0.92 + 0.20 —1.55 + 0.31

* Calculations were made as follows.

Total resistant phosphorus equaled the difference between total phosphorus

and the phosphorus released as inorganic phosphate by hydrolysis of trichloroacetic acid filtrates in 1 N sulfuric acid at
100° C for 180 minutes. Combined pentose (assumed to be all nucleotide pentose) resistant phosphorus equaled the
combined pentose phosphate multiplied by 0.71, the fraction of AMP or inosine monophosphate resistant to hydrolysis

(Table I).

the micromolar change recorded in Table IV multiplied by 0.30 (Table I).

Ketose phosphate was assumed to be all diphosphate, and therefore its acid-resistant fraction equaled twice

The sum of both resistant fractions thus cal-

culated was then subtracted from the total resistant phosphorus, and this difference was divided by two to obtain the

estimated micromolar changes in 2,3-DPG. No correction was applied for monophosphoglycerates.

For composition

of the incubation systems and for assay procedures employed, see Methods.

nectomized subjects in Table IV. The values
were recorded as the mean change in concentration
of metabolite after 150 minutes of incubation.
Since the concentration changes, as judged by
analyses made at 30-minute intervals, were nearly
linear for all of the intermediates except pentose
(Figure 2), only the 150-minute values are given.
The results on HS subjects were subjected to the
¢ test for significant deviation from normal. The
algebraic sum of the changes of the measured in-
termediates represents the balance achieved in the
incubation systems. Theoretically, this should be
equal to zero under steady state conditions.
Metabolic balance among the intermediates.
The total balance figures in Table III indicate that
in the normal erythrocyte a surplus of intermediate
was found in the endogenous and iodoacetate sys-
tems, and a deficit in the methylene blue system.
This deficit was expected as a consequence of glu-
cose carbon lost by CO, evolution after the acti-
vation of the hexose monophosphate pathway. In
the HS cell, the degree of metabolic imbalance
tended to be less than in the normal cell; in fact,
there was no surplus of intermediate found in the
HS erythrocyte endogenous suspensions. The
positive balance, when it occurred, was largely due
to the accumulation of ketose and triose phos-
phates. In HS erythrocyte suspensions, ketose

A. NORMAL ERYTHROCYTES
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Fic. 2. METABOLISM OF PENTOSE IN INCUBATING
(37° C) NorRMAL AND HS ERYTHROCYTES IN THE PRES-
ENCE OF METHYLENE BLUE. Total pentose was meas-
ured by the orcinol reaction, and further differentiated
into fractions of ccmbined pentose (bound as nucleosides
and nucleotides) and unassociated free pentose phosphate.
ATP, a component of the combined pentose fraction,
was measured independently. Procedural details are

given in the text.
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rose in the endogenous system to less than one-
fourth of the normal level; in the iodoacetate sys-
tem, approximately one-half of the normal ketose
accumulation took place. Specific enzymatic as-
say for F-1,6-P, G-3-P, and DHAP indicated that
an average of 60% of the total ketose measured
was F-1,6-P, and 60% of the triose phosphate
measured was DHAP. Both the enzymatic and
spectrophotometric measurements showed paral-
lel increases in concentration with incubation, in-
dicating that the metabolic changes in ketose and
triose concentrations were, in fact, changes in
F-1,6-P and DHAP, respectively. Ketose and
triose phosphate accumulation, and the metabolic
imbalance that results, could be prevented in the
normal endogenous system by incubation in an
atmosphere of 5% CO, instead of air.

Glucose utilization in the presence of iodoace-
tate. Although the normal and HS erythrocytes
had nearly the same rates of glucose utilization
(and lactate production) in both the endogenous
and methylene blue suspensions, different rates
were observed in the iodoacetate suspensions (Ta-
ble III). Glucose was utilized at only one-third
the normal rate by HS erythrocytes. This ob-
servation was made in a system where the rate of
glycolysis was considerably slowed by iodoacetate.
The difference is quantitatively small, but statisti-
cally significant (p < 0.01).

The metabolism of pentose phosphates. Pen-
tose phosphate changes were not significantly dif-
ferent between HS and normal erythrocytes in
the endogenous and iodoacetate suspensions.
There was, however, a striking difference ob-
served under the influence of methylene blue (Fig-
ure 2). In the normal erythrocytes, total pentose
increased during most of the incubation period;
in the HS erythrocyte, the increase was consid-
erably less during the first 30 minutes, and then
proceeded to decrease. The decreased accumula-
tion of total pentose in the methylene blue sus-
pension was found to be due almost entirely to a
decrease in the fraction of bound pentose (com-
bined in nucleoside and nucleotide forms). Free
pentose phosphate was observed to rise during the
initial 30 minutes of incubation, with a subsequent
fall in concentration on further incubation in both
HS and normal erythrocytes. Nucleoside and
nucleotide pentose did not rise during the incu-
bation of the HS erythrocytes, in contrast to the
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progressive rise in concentration observed in nor-
mal erythrocytes, a rise due to nucleosides or nu-
cleotides other than ATP. Although the changes
observed represented less than 10% of the total
pool of pentose-containing compounds, the dif-
ferences were statistically significant (p < 0.01).

Metabolism of 2,3-DPG. There was a greater
accumulation of 2,3-DPG in the endogenous HS
cell suspension than in the normal cell suspension.
This increase was statistically significant (p =
0.05). In the normal cell, the accumulation of
2,3-DPG in the endogenous system (0.04 umoles
per ml erythrocytes; Table IIT) represented less
than 1% of the total concentration of 2,3-DPG
(4.5 umoles per ml erythrocytes). In the HS
cell, where the total concentration of 2,3-DPG
was found to be normal, the increased accumula-
tion of 2,3-DPG represented an increase of 7% of
the total concentration. In the methylene blue
and iodoacetate systems, the metabolism of 2,3-
DPG proceeded normally in the HS cell.

Alteration of pyruvate: lactate ratios by methy-
lene blue. In the methylene blue system, lactate
production decreased, but pyruvate increased.
Lactate was expected to decrease as glucose car-
bon was lost by CO, evolution. The increase in
pyruvate, however, indicates that a deficiency in
DPNH developed, preventing the conversion of
some pyruvate to lactate. Such a deficiency could
have occurred if there was an accelerated degra-
dation of some of the lower 3-carbon metabolites
leading to pyruvate, such as the degradation of
2,3-DPG in the iodoacetate system, but the degra-
dation of these metabolites was not of sufficient
magnitude in the methylene blue system to ac-
count for the considerable increase in pyruvate that
took place (Table III). Apparently, pyruvate
accumulated because methylene blue was instru-
mental in oxidizing DPNH to DPN, thereby de-
priving pyruvate of the cofactor necessary for its
conversion to lactate. This action of methylene
blue as a DPNH oxidant for erythrocytes was
recently described by Fornaini, Leoncini, Luzzatto,
and Segni (18), and our results tend to confirm
their observations.

In the nonsplenectomized group of patients
(Table IV), glucose utilization and lactate pro-
duction were higher than in the normal or sple-
nectomized groups. probably reflecting a younger

mean cell age. A specific correlation, however,
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could not be made between the degree of in-
crease in glucose utilization and the number of
reticulocytes. Despite a wide variation among
the individual samples, the results were similar
to those observed in studies of erythrocytes from
splenectomized patients. There was little ketose
accumulation in the endogenous suspension and
no accumulation of total pentose in the methylene
blue suspension. There was, however, an initial
rise in the combined pentose fraction not found
in the splenectomized group, followed by a pre-
cipitous fall after 60 to 90 minutes to below its
preincubation level.

DISCUSSION

The data have shown that both normal and
spherocytic erythrocytes have mnearly identical
glycolytic rates. Therefore, it would seem that the
cellular abnormality in HS is not due to an in-
ability to convert glucose to lactate along the clas-
sical glycolytic pathway. Nonetheless, the fol-
lowing dissimilarities between normal and HS
_ erythrocytes have been demonstrated: a) there is
no accumulation of bound (nucleoside and nucleo-
tide) pentose in the spherocyte in the presence of
methylene blue, b) there is less accumulation of
ketose phosphate in the spherocyte, and ¢) gly-
colysis in the spherocyte appears to he more sen-
sitive to iodoacetate.

At present, the cause of the latter two observa-
tions is not clear. The ketose accumulating in
the normal endogenous cell system consists prin-
cipally of F-1,6-P apparently originating from a
precursor other than glucose. The precursor's
identity is unknown ; we were unable to detect any
accumulation of G-6-P in any of the incubation
systems employed. Other possible precursors in-
clude G-1,6-P or glycogen. Bartlett (19, 20) has
reported the presence of both of these compounds
in normal erythrocytes. As for the increased sen-
sitivity of the spherocyte to iodoacetate, a glyco-
lytic inhibitor, others have shown the spherocyte
to be abnormally sensitive to fluoride, also a gly-
colytic inhibitor (3).

The inability of the spherocyte to accumulate
combined pentose could have resulted from a de-
creased production of free pentose phosphate.
The integrity of the hexose monophosphate shunt,
however, by which free pentose phosphates can be
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produced, was unimpaired. The spherocyte oxi-
dized a normal amount of glucose to pyruvate and
lactate in the presence of methylene blue (Table
IIT). Also, exploratory experiments in our lab-
oratory showed that the rate of C**O, production
from uniformly C**-labeled glucose in the presence
of methylene blue was not significantly altered in
HS erythrocytes. The unimpaired ability of the
HS erythrocyte to produce free pentose phos-
phate is further shown by the data illustrated in
Figure 2; during the first 30 minutes of incuba-
tion, the production of free pentose increased ap-
preciably in the spherocyte, as it did in the normal
erythrocyte.

An inability of the HS erythrocyte to utilize ef-
fectively the free pentose it produced could also ex-
plain its failure to form combined pentose. In that
case, free rather than combined pentose might be
expected to accumulate. The kinetic data of Fig-
ure 2 show no such accumulation. The two utili-
zation curves for free pentose are not markedly
dissimilar.

In view of the apparently normal production
and utilization of free pentose, the failure of the
HS erythrocyte to accumulate combined pentose
when methylene blue is available is most likely a
failure of some later reaction in the biosynthesis
of a bound (nucleotide) pentose. The identity of
that compound is unknown. It is unlikely to be
ATP, which is effectively maintained at a normal
level by the HS erythrocyte. Nor is it likely to
be a pyridine nucleotide ; Leder and Handler (21)
have shown that variations in the concentration of
pyridine nucleotides do not occur in the presence
of methylene blue, and therefore their synthesis
could not account for the increase in combined pen-
tose that is discussed here.

None of the abnormalities reported for heredi-
tary spherocytosis prevent the spherocyte from
converting a normal quantity of glucose to lac-
tate, or from maintaining a normal concentration
of ATP. Also, the hexose monophosphate path-
way is intact, and the significance of the pentose
abnormality reported here remains to be estab-
lished. This raises the question whether the in-
trinsic defect in the HS erythrocyte is primarily a
defect in carbohydrate metabolism, or whether the
metabolic abnormalities that we and others have
observed are secondary to some other alteration.
It is conceivable, for example, that an improperly
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constituted membrane could explain many of the
abnormalities reported in hereditary spherocytosis ;
an alteration in permeability or of an active trans-
port mechanism could upset the normal passage of
fluoride, iodoacetate, and P?2 into the cell, and
could also produce the structural change in the
spherocyte, with its increased osmotic fragility.

SUMMARY

Carbohydrate metabolism has been studied in
erythrocytes of hereditary spherocytosis by the
measurement of changing concentrations of me-
tabolites in incubating plasma-erythrocyte suspen-
sions, and modifications by the addition of methyl-
ene blue or iodoacetate have been evaluated. The
most striking difference was the failure of pen-
tose to accumulate in the methylene-blue-treated
spherocyte. The possible mechanisms of this
finding were discussed. Also, alterations in the
metabolism of fructose diphosphate, 2,3-diphospho-
glycerate, and dihydroxyacetone phosphate were
observed, and there was an increased sensitivity
to the inhibitory effects of iodoacetate.
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