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ABSTRACT Intracellular enzymes in erythrocytes can be
made accessible for in situ kinetic studies by treating the cells
with bifunctional reagents to crosslink proteins, thus creating
a network that allows subsequent permeabilization by delip-
idation without escape of intracellular proteins. Dimethyl su-
berimidate, dimethyl 3,3'-dithiobispropionimidate, and tolu-
ene-2,4-diisocyanate have been used successfully as crosslinking
reagents, and digitonin has been used for delipidation. In a
systematic study of the in situ behavior of the 11 glycolytic en-
zymes of rat erythrocytes, it was observed that Km and Vma,
values for the majority of the enzymes are essentially the same
in situ as in vitro. Lactate dehydrogenase (L-lactate:NAD+ ox-
idoreductase, EC 1.1.1.27) is inhibited by excess of pyruvate as
much in situ as in vitro. Hexokinase (ATP:D-hexose 6-phos-
photransferase, EC 2.7.1.1) was allosterically inhibited by glu-
cose 6-phosphate nearly as much in situ as in vitro but was not
affected by 2,3-bisphosphoglycerate. The allosteric properties
of 6-phosphofructo inase (ATP:D-fructose 6-phosphate 1-phos-
photransferase, EC 2.7.1.11), glyceraldehyde-phosphate dehy-
drogenase [D yceraldehydephosphate:NAD- oxidoreductase
(phosphorylating), EC 1.2.1.121, and pyruvate kinase (ATP:py-
ruvate 2-O-phosphotransferase, EC 2.7.1.40) in situ were qual-
itatively similar to those observed in vitro, but some important
quantitative differences were noticed. Particularly striking was
the much greater activity of phosphofructokinase in situ com-
pared to that in vitro at physiological concentrations of effector
metabolites.

Many intracellular enzymes are present in high concentrations
(1). Protein-protein interactions, both homologous (2) and
heterologous (3), could induce intracellular changes in some
properties of the enzymes important for metabolic regulation.
For these reasons it can be said that in vitro studies of kinetic
parameters of potential significance for metabolic regulation,
particularly with allosteric enzymes, should be considered as
guidelines to studies "when techniques are available to study
control of enzymes in situ" (4). The in situ approach for the
kinetic study of enzymes in cells has been proposed; it could be
easily accomplished in microorganisms endowed with a cell
wall (5-7).
A general method for the kinetic study of enzymes in animal

cells based on crosslinking with bifunctional reagents and
permeabilization with digitonin is presented here. With this
approach we have carried out a systematic exploration of the
kinetic behavior of the 11 enzymes of glycolysis in erythrocytes.
The results indicate that Km and Vn,, are essentially the same
in situ (in permeabilized cells) as in vitro and, hence, pre-
sumably in vivo; however, the kinetic parameters of phos-
phofructokinase and certain other allosteric enzymes in situ
show important differences from those observed in vitro. Pre-
liminary reports of part of this work have been presented (8,
9).

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked "ad-
vertisement" in accordance with 18 U. S. C. §1734 solely to indicate
this fact.

6324

EXPERIMENTAL PROCEDURE
Bifunctional Crosslinking Reagents. Dimethyl suberi-

midate and dimethyl 3,3'-dithiobispropionimidate (DTBP)
were obtained from Pierce; toluene-2,4-diisocyanate was from
Merck-Schuchardt (Darmstadt, Federal Republic of Germany);
glucose was from May and Baker (Dagenham, England); [U-
'4C]glucose was from the Radiochemical Centre (Amersham,
England); digitonin and N-tris(hydroxymethyl)methyl-2-
aminoethanesulfonic acid were from Calbiochem; Ficoll was
from Pharmacia; other chemicals were obtained from
Boehringer or Sigma.

Buffer Solutions. Buffer E: 115 mM NaCI/5 mM potassium
phosphate, pH 7.4. Buffer I: 125 mM KCI/5 mM MgCl2/5 mM
NaCl/5 mM potassium phosphate, pH 7.4.

Erythrocytes. Blood was obtained from Swiss albino rats and
occasionally from human volunteers; heparin was used to
prevent coagulation.

Crosslinking and Permeabilization of Erythrocytes. Fresh
blood (2 ml) was diluted with -10 ml of buffer E and centri-
fuged at low speed (10,000 X g for 5 min); the plasma and
bluffy coat were removed by suction. After a second wash with
buffer E, the erythrocytes were treated with one of the cross-
linking reagents, as follows.
Dimethyl suberimidate. Forty milligrams of dimethyl sub-

erimidate dihydrochloride was dissolved in 7 ml of 100 mM
triethanolamine, pH 8.5/75 mM NaCl and 0.26 ml of 1 M
NaOH and mixed immediately with the washed erythrocytes;
the mixture was allowed to stand at 37°C for 30 min. After
centrifugation at 1000 X g for 5 min, the supernatant solution
was removed and the sediment was washed with 10 ml of buffer
E. The washed cells obtained by centrifugation were suspended
in a mixture of 20 ml of water and 1 ml of 1% digitonin in eth-
anol, allowed to stand for 5 min at room temperature, centri-
fuged, washed with 10 ml of buffer I, and finally resuspended
in a convenient volume of the same buffer.
DTBP. Ten milligrams of DTBP dihydrochloride was dis-

solved in 8 ml of 50mM Tris-HCI, pH 9.0/125 mM NaCl and
mixed immediately with the washed erythrocytes obtained
from 2 ml of blood. After 30 min at 37°C the cells were treated
as indicated above.

Toluene diisocyanate. A fine emulsion at 0.5% in buffer E
was prepared by sonication. Three milliliters of this fresh
emulsion was added to 20 ml of a suspension, in buffer E at 4°C,
of washed erythrocytes obtained from 2 ml of blood. The

Abbreviation: DTBP, dimethyl 3,3'-dithiobispropionimidate.
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Waltham, MA 02254.
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mixture was stored for 3 min and then the process was contin-
ued as above.

ASSAY OF ENZYMES IN SITU
Permeabilized cells were suspended [at not more that 1-2 mg
of cells (net weight) per ml, to avoid excessive turbidity] in a
reaction mixture consisting of 50mM N-tris(hydroxymethyl)-
methyl-2-aminoethanesulfonate at pH 7.4, 100 mM KCI, 5 mM
MgCl2, 7% Ficoll (to maintain the cells in suspension), and
substrates and cofactors as appropriate, in a total volume of 1
ml. When necessary, an auxiliary system to couple the enzyme
under investigation to a pyridine nucleotide-dependent de-
hydrogenase was also added. The change in absorbance at 340
nm was followed in a Gilford 2.400 spectrophotometer at 370C.
Enzymes whose activity was too low to permit continuous
spectrophotometric observation (below t0.5 unit/g), like
hexokinase in this case, could be studied by a two-step method,
either spectrophotometric or with an isotopically labeled sub-
strate.

Individual Assay Methods. Hexokinase (ATP:D-hexose
6-phosphotransferase, EC 2.7.1.1.) was estimated by an isotopic
method (10). Either permeabilized or lysed erythrocytes (20
mg) were incubated in the reaction mixture described above
with 2mM [U-14C]glucose (0.15 ,Ci/Mumol; 1 Ci = 3.7 X 1010
becquerels) and 5 mM MgATP in a final volume of 0.4 ml; after
15-min incubation at 37°C, 50,ul was mixed with 50,ul of 1 M
glucose. Half of this mixture (50,ul) was placed on a Whatman
DE 81 filter paper (2.5 cm diameter), washed with 300 ml of
water, dried and assayed in a liquid scintillation counter.
Phosphorylation of glucose proceeded in a linear fashion during
the incubation period.

All other enzymes were assayed spectrophotometrically with
the above mixture plus specific additions as follows.

Glucosephosphate isomerase (D-glucose-6-phosphate ketol-
isomerase, EC 5.3.1.9): 2 mM fructose 6-phosphate, 0.5 mM
NADP+, and 1 unit of glucose-6-phosphate dehydrogenase.

Phosphofructokinase (ATP:D-fructose-6-phosphate 1-
phosphotransferase, EC 2.7.1.11): 0.25 mM fructose 6-phos-
phate, 0.75 mM glucose 6-phosphate, 1 mM MgITP, 1 mM
dithioerythritol, 0.15 mM NADH, 0.5 unit of glucosephosphate
isomerase, 1 unit of aldolase and glycerol-3-phosphate dehy-
drogenase, and 10 units of triosephosphate isomerase. Auxiliary
enzymes were dialyzed for several hours against 50mM Tris/l
mM EDTA, pH 7.5, to eliminate most of the accompanying
NH+4.

Aldolase (D-fructose-1,6-bisphosphate D-glyceraldehyde-
3-phosphate-lyase, EC 4.1.2.13): 1 mM fructose 1,6-bisphos-
phate, 0.15 mM NADH, 0.5 unit of glycerol-3-phosphate de-
hydrogenase, and 5 units of triosephosphate isomerase.

Triosephosphate isomerase (D-glyceraldehyde-3-phosphate
ketol-isomerase, EC 5.3.1.1.): 3 mM glyceraldehyde 3-phos-
phate, 0.15 mM NADH, and 1 unit of glycerol-3-phosphate
dehydrogenase.

Glyceraldehyde-phosphate dehydrogenase [D-glyceralde-
hyde-3-phosphate:NAD+ oxidoreductase (phosphorylating),
EC 1.2.1.12]: by the linear method of Aragon and Sols (11).

Phosphoglycerate kinase (ATP:3-phospho-D-glycerate 1-
phosphotransferase, EC 2.7.2.3): 5 mM 3-phosphoglycerate,
1 mM MgATP, 1 mM dithioerythritol, 0.15 mM NADH, and
1 unit of glyceraldehyde-phosphate dehydrogenase.
Phosphoglyceromutase (2,3-bisphospho-D-glycerate:2-

phospho-D-glycerate phosphotransferase, EC 2.7.5.3): 1 mM
3-phosphoglycerate, 0.05 mM 2,3-bisphosphoglycerate, 1 mM
dithioerythritol, 1 mM MgADP, 0.15 mM NADH, 1 unit of
enolase, and 2 units of pyruvate kinase and lactate dehydro-
genase.

Enolase (2-phospho-D-glycerate hydrolyase, EC 4.2.1.11):
0.5 mM 2-phosphoglycerate, 1 mM EDTA, 1 mM MgADP, 0.15
mM NADH, 0.5 unit of pyruvate kinase, and 1 unit of lactate
dehydrogenase.

Pyruvate kinase (ATP:pyruvate 2-O-phosphotransferase, EC
2.7.1.40): 5 mM phosphoenolpyruvate, 2 mM MgADP, 0.15
mM NADH, and 1 unit of lactate dehydrogenase.

Lactate dehydrogenase (L-lactate:NAD+ oxidoreductase, EC
1.1.1.27): 2 mM pyruvate and 0.3 mM NADH.
Other Methods. Hemoglobin was estimated with Drabkin's

reagent (12).

RESULTS
The use of toluene diisocyanate and DTBP to crosslink proteins
in erythrocytes has been described (13, 14). Rat erythrocytes
crosslinked and permeabilized by the method described with
either dimethyl suberimidate or toluene diisocyanate were
found to be resistant to freezing and thawing, sonication, and
nonionic detergents, without liberation of either hemoglobin
or lactate dehydrogenase. Moreover, sonication of crosslinked
cells in a suspension of glass powder led to the appearance of
large cell fragments. These results strongly suggest that, as re-
ported by Wang and Richards (14) for DTBP, these crosslinking
reagents penetrate the cells and crosslink hemoglobin molecules
to membrane proteins as well as to each other, in addition to the
crosslinking of membrane proteins among themselves as shown
for spectrin (15).
The permeabilization procedure resulted in preparations that

kept essentially all their proteins but lost essentially all their
metabolites, judging from the fact that 2,3-bisphosphoglycerate
and ATP were below the limits of detection (unpublished data).
Insufficient crosslinking leads to a marked loss of cells during
the permeabilization treatment. Adequate permeabilization
can be easily checked by assaying in situ an enzyme with high
activity and a rather large, impermeant substrate and using the
latter at a subsaturating concentration. For erythrocytes, the
ideal marker was found to be lactate dehydrogenase, which had
the same Km forNADH in situ as in vitro (Table 1) with a Vm.
in situ of t50% of that in vitro.
The effect of the concentration of pyruvate on the activity

of lactate dehydrogenase was the same in situ as in vitro (Fig.
1), including the inhibition by excess pyruvate (16). This result
gives direct evidence that the H isozyme of lactate dehydro-
genase can be inhibited in the cells (although by unphysiological
concentrations of pyruvate), despite claims to the contrary on
the basis of experiments in vitro with high concentrations of
the enzyme alone or in the presence of some other proteins
(17).

Vmax and Km Values in Situ. The Vmax of each of the gly-
colytic enzymes in situ was 30 to 60% of that in vitro (Table 1)
in otherwise identical conditions of assay, with an average of
roughly 50%. Losses of 90% or more of the activities of phos-
phoglycerate kinase, phosphoglyceromutase, and pyruvate
kinase were observed after treatment with toluene diisocyanate,
making this reagent unsuitable for kinetic studies with these
enzymes. Treatment of hemolysates with the corresponding
bifunctional reagents led to losses within a factor of 2 of those
in situ, with an average loss of 43% for the 11 enzymes. These
results suggest extensive chemical modification of the enzymes
but indicate that the V,. of intracellular enzymes is essentially
equal to that observable in vitro, at least within a factor of 2.
Each of the seven nonallosteric glycolytic enzymes exhibited

the same Km value in situ as in vitro (within an allowance of
±50% variability in our experimental conditions), for the sub-
strate and, when applicable, for the coenzyme. In addition,
some of the So.5 values for allosteric enzymes, particularly those
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Table 1. Glycolytic enzymes of rat erythrocytes
in situ and in vitro

Vma
En- In vitro, In situ,t So.5, mM

zyme* units/g % Substrate In situ In vitro

HK 0.08 33 (TDI) GIc 0.2 0.2
ATP 0.15; 1.5 0.3

PGI 15t 47 (TDI) Fru-6-P 0.1 0.1
PFK 8 48 (DMS) Fru-6-P 0.2 (0.04)§ 2 (0.025)§

ITP 0.3 0.3
ALD 0.5 40 (TDI) Fru-1,6-P2 0.02 0.02
TIM 200t 40 (TDI) Gra-3-PI 0.4 0.4
GAPDH 9 57 (DMS) Gra-3-P 0.3 0.3

NAD+ 0.18 0.05
Pi 10 10

PGK 16t 44 (DMS) 3-P-Gril 0.7 0.7
PGM 0.7 62 (DMS) 3-P-Gri 0.1 0.1
ENO 8 57 (TDI) 2-P-Gri 0.02 0.02
PK 6 58 (DMS) P-enolpy- 1.5 0.8

ruvate
LDH 44 51 (DMS) Pyruvate 0.2 0.2

NADH 0.03 0.03
* The abbreviations correspond to the 11 glycolytic enzymes as listed
in the text.

t Shown as % of value in vitro. The reagent used for crosslinking is
shown in parentheses: TDI, toluene diisocyanate; DMS, dimethyl
suberimidate.
In the reverse reaction with respect to glycolysis.

§ Numbers in parentheses are the values in the presence of positive
effectors.

¶ Gra, glyceraldehyde; Gri, glycerate

corresponding to a substrate or coenzyme that gives in vitro
hyperbolic kinetics, were also essentially the same as in vitro.
One exception was the Km of hexokinase for ATP, which in situ
had two values, 0.15 and 1.5 mM, instead of the 0.3 mM value
obtained in vitro.

Allosteric Parameters in Situ. In contrast with the above
results for nonallosteric enzymes, the allosteric effects in situ
were quantitatively different from those in vitro in several
instances.

Hexokinase is inhibited allosterically by glucose 6-phosphate
in vitro (18) and in vivo (19). The enzyme appeared to be

*5:
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FIG. 1. Inhibition of lactate dehydrogenase by
tions of pyruvate in situ (0) and in vitro (0). Toluf
was used for crosslinking.

somewhat less strongly inhibited in situ than in vitro, with Ki
values of 0.07 and 0.04 mM, respectively. The isotopic method
allowed the observation in the intermediate situation of an
"undiluted" hemolysate (involving only -50% dilution between
extracellular fluid and reaction mixture), which gave an in-
termediate value (Ki, 0.05 mM). Nevertheless, these small
differences may not be significant because of potential inter-
ference by removal of hexose 6-phosphate by phosphofruc-
tokinase which, as shown below, was found to be more active
in situ than in vitro, in the conditions used for the hexokinase
assay. 2,3-Bisphosphoglycerate has also been reported as an
assumed physiological inhibitor of erythrocyte hexokinase (20,
21). Nevertheless, in our more physiological conditions, we have
found no significant inhibition (less than 5%) either in situ or
in vitro, with up to 2.5 mM 2,3-bisphosphoglycerate, a con-
centration in the upper range of this metabolite uncomplexed
to hemoglobin in erythrocytes (22).

Phosphofructokinase is a highly sophisticated regulatory
enzyme, the main control point in glycolysis (23, 24) and
kinetically sensitive to the concentration of the enzyme (2). The
enzyme has markedly sigmoidal kinetics with respect to fructose
6-phosphate in the absence of positive effectors. These are
changed to hyperbolic kinetics by the synergistic positive ef-
fectors AMP, Pi, and NH+. A smaller contrast between the two
conditions was found in situ. The So.5 and n values obtained
for fructose 6-phosphate were: in vitro without effectors, 2.2
mM and 1.6; in vitro with the three effectors, 0.025 mM and
1.0; in situ without effectors, 0.2 mM and 1.1; and in situ with
effectors, 0.04 mM and 1.0. Treatment of a pellet of cells, after
lysis by sonication, with dimethyl suberimidate indicated that
the reagent could account for part of the difference observed
between in situ and in vitro.

Crosslinking with DTBP resulted in a similar picture and
gave the opportunity to observe the effect of the chemical
modification, after the crosslink was broken with dithioeryth-
ritol. The results shown in Fig. 2 were essentially identical with
those obtained with dimethyl suberimidate-treated cells or
hemolysates. The remaining differences between the curves
in the absence of effectors before and after lysis presumably
correspond to the high concentration of the enzyme in the cell.
The noninhibitory phosphoryl donor MgITP gave hyperbolic
kinetics with the same Km value in situ and in vitro (Table 1)
with 0.04 mM fructose 6-phosphate, both in the absence and
in the presence of the positive effectors. In the presence of
MgITP, addition of MgATP inhibited the enzyme in situ, but

I ~ ~ VA IV
100

80 -

>~60~ 9

.~40'r

0.1 0.2 0.3 0.4 0.5 1 5
Fructose-6-P, mM

40 50 FIG. 2. Allosteric behavior of phosphofructokinase in situ and
in vitro at 1 mM MgITP. Effectors were 0.1 mM AMP, 5mM Pi, and
1 mM NHI. DTBP was used for crosslinking. *, In situ, no effectors;

high concentra- *, in situ, with effectors; 0, in vitro, no effectors; 0, in vitro, with
ene diisocyanate effectors; A, DTBP-treated erythrocytes after the crosslinks were

broken with dithioerythritol, no effectors.
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P-enolpyruvate, mM

FIG. 3. Allosteric behavior of pyruvate kinase in situ and in vitro.
Dimethyl suberimidate was used for crosslinking. *, 0, In situ with
and without 10AM fructose 1,6-bisphosphate; o, 0, in vitro with and
without 10 AM fructose 1,6-bisphosphate.

to a smaller extent than in vitro. The Ki values obtained at pH
7.4 were 0.9 and 0.4 mM, respectively, and at pH 6.9 they were
0.5 and 0.03 mM, respectively.

Glyceraldehyde-phosphate dehydrogenase represents a

classical example of homotropic cooperativity (25), although
it is unlikely to be involved in metabolic regulation (24). In situ
studies of this enzyme yielded, for NAD+, values of SO.5 of 0.18
mM and n of 2.6, compared to SO.5 of 0.05 mM and n of 1.6 in
vitro.
The pyruvate kinase of erythrocytes is a slight posttransla-

tional modification of the L isozyme (26), itself a multimodu-
lated enzyme (23). The saturation curves for phosphoenolpy-
ruvate in situ and in vitro in the absence and presence of the
activator fructose 1,6-bisphosphate are shown in Fig. 3. Marked
differences between in situ and in vitro were observed, but
their quantitative significance is open to question because this
enzyme seemed to be particularly sensitive to bifunctional re-

agents. Treatment of hemolysates with dimethyl suberimidate
led to important shifts, indicating that part of the differences
observed with the in situ approach were due to chemical
modification.

DISCUSSION
Shortly after the introduction of the in situ approach for kinetic
studies of intracellular enzymes by permeabilization of
microorganisms (5, 6) we made many attempts to permeabilize
hepatocytes and erythrocytes by various mild treatments (un-
published data). These attempts were considered to be unsuc-

cessful because either the cells were not permeable enough for
kinetic studies or they disintegrated during the assays. Finally,
we decided to crosslink proteins with bifunctional reagents prior
to permeabilization. This approach has been successful with
erythrocytes, as demonstrated in this communication, and
several other types of cell. The dimethyl suberimidate-based
treatment can be applied to ascites tumor cells (9) and, with
minor modifications (crosslinking at 1-40C for 1 hr), to leu-
kocytes and enterocytes (unpublished results), but not to hep-
atocytes.

While we were developing this method and studying sys-
tematically the glycolytic enzymes, several methods for partial
permeabilization of animal cells have been published by other
investigators. Table 2 summarizes the other various approaches
compared with the method described here. Faced with the
dilemma between insufficient permeabilization to metabolites
and incomplete retention of proteins, we decided to build up
a sieve even at the expense of potential artifacts. The cross-

linking of some intracellular proteins to some membrane pro-
teins would result in the formation of some type of three-di-
mensional network, rather than the ideal two-dimensional one

that would arise if only membrane components were cross-

linked. This consideration implies the strong possibility that
intracellular enzyme molecules may be crosslinked, or at least
chemically modified. Therefore, caution is necessary when
assessing the significance of any differences in kinetic behavior
between the in situ and in vitro systems. The treatment of a cell
lysate with the crosslinking reagent may confirm or eliminate
the artifact in some cases but may be insufficient in others,
because in this particular case, when lysis precedes the chemical
treatment, the protein concentration will be diluted in com-
parison to the whole cell. Ultimately, the behavior of the en-

zyme for which a significant difference has been observed in
situ should be studied in undiluted lysates or in concentrated
solutions.

Most enzymes can be efficiently studied in many animal cells
by one or another of the various approaches already available.
For kinetic studies of enzymes of quantitatively major meta-
bolic pathways, the only practical approach now available is
that involving crosslinking prior to permabilization; for studies
of enzymes of quantitatively minor metabolic pathways (i.e.,

Table 2. Permeabilization of animal cells
Permeability

to metabolites,* Protein Enzymes
gmol/g/min, retention, Activity, Kinetic

Method Ref. Cells at 0.1 mM % Stability % of in vivo observability

DMS + digitonin (this paper) Erythrocytest >100 100 Unlimited t50 Good
Toluene 27 Hepatocytes Presumably 80 t5 min 100 ?

good
Filipin 28 Hepatocytes ? ? ? 70 ?
Dextran sulfate 29 Ascites tumor >0.06 100 Hours ? <5t

30 Ascites tumor ? 95 20 min ? Poor
Lysolecithin 31 Several types ? >75 >1 hr >90

32 Cultured kidney >0.02 -100
Hypertonic treatment 33 Cultured kidney >0.01 ? >90 Few hours -100

* In the size range 100-800 daltons.
t As well as leukocytes, ascites tumor cells, and enterocytes but not hepatocytes (see text).
* Hexokinase (with 5 mM ATP) and glucose-6-phosphate dehydrogenase (with 0.5 mM NADP+) (unpublished data).
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coenzyme biosynthesis) the best approaches available seem to
be those involving lysolecithin or dextran sulfate. There is as
much as 102-104 difference in activity between typical enzymes
of the different types of pathways.
The allosteric behavior of animal phosphofructokinase is

markedly influenced by its concentration, which affects the
degree of association of the oligomer in usual assay conditions
(34-37). We have found marked quantitative differences in
allosteric parameters in situ and in vitro (Fig. 2). Our obser-
vations indicate that part of the differences are due to chemical
modification of the enzymes, as would be expected from pre-
vious observations by Lad and Hammes (38) after treatment
of muscle enzyme with a large excess of dimethyl suberimidate.
Part of the effect of the crosslinking could be a "freezing" of
the native oligomer, which would prevent its dissociation but
could also affect subunit-subunit interactions. In any case, the
results indicate that the enzyme in erythrocytes indeed behaves
differently from the usual assay conditions in vitro and suggest,
but do not prove, that in its natural macromolecular environ-
ment in vivo the enzyme is not as strongly sensitive to allosteric
effectors as it appears to be in vitro. Hence, it would be of great
interest to study the enzyme in conditions as close as possible
to those prevailing in vivo but in the absence of chemical
modifications.
The lack of inhibition of hexokinase by 2,3-bisphosphogly-

cerate observed in our studies decreases the potential signifi-
cance of this metabolite as a feedback regulator of glucose
phosphorylation in vio, as proposed originally by Dische in
1940, although it is still possible that it would'operate at the level
of phosphofructokinase (39).

Glycolysis is particularly relevant in non-nucleated eryth-
rocytes because it represents the major metabolic pathway and
the only one available for energy metabolism in these cells. For
these reasons, revised parameters of its allosteric enzymes that
more closely approach the physiological values would improve
the models for overall regulation in vivo (40). The in situ ap-
proach for study of the physiological behavior of enzymes
should be complemented with in vitro studies under more
physiological conditions.
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