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Introduction

That vitamin C (ascorbate) functions in glycogen synthesis 
by inhibiting glycolysis via the inhibition of LDH (lactate 
dehydrogenase), PFK-1 (phosphofructokinase-1) and AK 
(adenylate kinase) was presented earlier [1]. Previous stud-
ies [1–4] showed that ascorbate specifically inhibited rabbit 
muscle isozymes AK, LDH, and PFK-1. A working hypoth-
esis was developed that in resting muscle ascorbate inhibits 
glycolysis to facilitate glycogen synthesis; in active muscle, 
these isozymes form complexes with specific muscle pro-
teins that reverse and/or prevent ascorbate inhibition. It was 
also shown that rabbit muscle isozymes AK [3] and PFK-1 
[4], but not LDH [2], lose activity at concentrations below 
100 nmolar and became increasingly sensitive to ascor-
bate inhibition. These losses of activity were interpreted [4] 
as dissociations to protomers or lower molecular weight 

oligomers with lower activities and increased sensitivity to 
ascorbate inhibition.

It was also shown [3, 4] that G-actin prevented activity 
losses of at low AK and PFK-1 concentrations, but while 
G-actin only stabilizes PFK-1 activity losses, aldolase pre-
vents and restores some of AK activity loss due to low con-
centration. These present studies investigate AK and PFK-1 
at concentrations as low as 20 nmolar and find other char-
acteristics differing distinctly from concentrations above 
100 nmolar and differing from one another. For example, 
we found that the ammonium, potassium, and sodium salts 
inhibited low PFK-1 concentrations but stimulated low AK 
concentrations under similar conditions. The results of these 
studies are discussed relative to the working hypothesis and 
the binding of enzymes and other proteins to intracellular 
infrastructures.
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Abstract
This report shows that 30 nM PFK-1 and 30 nM AK were both affected by the presence of NH

4
+, Na+, and K+ salts 

but with opposite consequences. Low concentrations of PFK-1 lose about half of its activity as a result of dilution 
and become susceptible to further activity losses owing to the presence of monovalent salts. On the other hand 
low concentrations of AK lose about 75 percent of its activity but regains activity losses owing to the presence 
of monovalent salts. It was determined that regain of AK activity did not appear to be a reflection of a major 
effect on the K

m
 value of either AMP or ATP. Dilution to 30 nM AK resulted in no increase K

m
 values compared to 

K
m

 values at 140 nM AK. Dilution caused major decreases in the maximum velocities, V
max

, when ATP or fructose 
6-phosphate was the variable substrate. It was shown in earlier reports that these same low concentrations of 
PFK-1 and AK were susceptible inhibitions by ascorbate. These attributes are discussed as they may relate to the 
role of ascorbate facilitation glycogen synthesis in resting muscle and the role that the cytoskeleton infrastruc-
ture scaffold may play is also discussed.

Keywords: PFK-1 inhibitions by monovalent salts; AK stimulations by monovalent salts; glycogen synthesis; 
cytoskeleton

Abbreviations: F 6-P denotes fructose 6-phosphate and F 1,6-BP denotes fructose 1,6 bisphosphate. In 
kinetic studies, Kmatp and Kmf6p are Km values when ATP (adenosine triphosphate) and F 6-P are the variable 
substrate, respectively; Vmatp and Vmf6p are the corresponding maximum velocity values
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Material and methods
Materials
Biologicals. These studies used rabbit enzymes unless stated 
otherwise. Sigma-Aldrich Co was the source of enzymes 
used in assay systems. Rabbit muscle G-actin (A 2522) was 
found to have no aldolase, LDH or AK activity. Rabbit mus-
cle aldolase (A 8811) was found to be free of AK and LDH 
activity under our conditions.
Phosphofructokinase-1. Rabbit muscle PFK-1 and bovine 
muscle PFK-1 (BPFK-1) used in these experiments was pre-
pared by our laboratory from frozen tissue according to the 
method of Kemp [5]. All rabbit muscle PFK-1 samples used 
in these experiences were shown to have a single band in 
SDS PAGE, as given below, and were devoid of AK, LDH and 
aldolase activities. All BPFK-1 were shown to be devoid of 
AK, LDH and aldolase activities.
Criteria of purity. The purity of proteins was determined 
using SDS (sodium dodecyl sulfate) polyacrylamide gel 
electrophoresis (PAGE, not shown). SDS PAGE was run with 
12 percent cross-linked gels and the Bio-Rad Mini-Protean II 
Cell assembly and gels were silver stained for proteins using 
the procedure of Morrissey [6].

Methods
All operations were at 25 °C unless otherwise stated. Buffers 
used in these studies were 0.1 mM potassium phosphate 
buffer, pH 8.0 for AK solutions and and 0.1 mM Tris-phosphate 
pH 8 for PFK-1 solutions unless stated otherwise.
Phosphofructokinase-1 assay. We measured PFK-1 activity, 
F 6-P + ATP = F 1,6-BP, with a modification of the method 
by Anderson et al. [7]. A 1 mL assay mixture contained 
2 mM fructose 6-phosphate; 1 mM ATP (A 7699); 3.0 mM 
MgCl2; 0.13 mM NADH (N 1161); 1.7 eu/mL glyceralde-
hyde 3- phosphate dehydrogenase (G 0763); 18 eu/mL 
triose phosphate isomerase (G 1881); 1.3 eu/mL aldolase  
(A 8811); and 100 mM Tris-phosphate buffer, pH 8.0 as final 
concentrations.

Assay components above were concentrated 10 times the 
final assay concentrations into 0.1 mL. This allowed PFK-1 
samples up to 0.9 mL and more accurate measurements of 
PFK-1 solutions at low concentrations for rates below 0.05 
absorbancy unit/min in 100 µL of sample. A molar absorp-
tivity value of 6,220 was used to convert NADH absorbance 
changes to µmoles of product formed. One PFK-1 enzyme 
unit (eu) of activity is defined as 1 µmole of NAD+ formed 
per minute.
Adenylate kinase (AK) assay. We measured AK activity, 
AMP + MgATP = ADP + MgADP, according to Adam [8]. 
A 1 mL assay mixture contained the final concentrations 
0.3 mM phosphoenolpyruvate; 0.4 mM NADH; 8.0 mM ATP 
and 8 mM AMP; 8.1 mM MgCl2; and 20 mM potassium 
phosphate buffer, pH 8.

Assay components above were concentrated 10 times the 
final assay concentrations into 0.1 mL. This allowed AK sam-
ples up to 0.9 mL and more accurate measurements of AK 
solutions at low concentrations with rates below 0.05 absorb-
ancy unit/min in 100 µL of sample. A molar absorptivity value 

of 6,220 was used to convert NADH absorbance changes to 
µmoles of product formed. One PFK-1 enzyme unit (eu) of 
activity is defined as 1 µmole of NAD+ formed per minute.
Aldolase assay. Reagents for the measurement of aldolase 
activity was the same as for PFK-1 assay except that 2 mM 
fructose 6-phosphate and 1 mM ATP were omitted and 
replaced by 2 mM fructose 1,6-bisphosphate. One enzyme 
unit (eu) of aldolase activity is defined as 1 µmole of NAD+ 
formed per minute.
Dilutions of PFK-1 and AK to low concentrations. Standard 
procedures for preparing all low concentrations of PFK-1 
were as follows unless stated otherwise. A solution of  
3 µM PFK-1 (3.0 eu/mL) in 0.1 M Tris-phosphate, pH 8 was 
diluted with the same buffer to final concentrations, usually 
30 nM, 70 nM, 140 nM or 200 nM PFK-1, unless stated oth-
erwise, and allowed to stand at 25 °C for at least 1 h (hour) 
to allow activity losses due to low PFK-1 concentrations to 
stabilize, remaining constant for more than 2 h [3, 4] under 
these conditions. After 1 h standing, additions were made. 
Additions to PFK-1 diluted samples were usually accom-
plished by adding 1/20 volume of test sample at a 20-fold 
concentration of desired final concentrations. Test samples 
were then incubated at 25 °C for an additional 1 h and the 
PFK-1 activity then determined.

Dilutions of AK samples and incubations were the same 
as those described above for PFK-1, except that 0.02 M 
potassium phosphate, pH 8 was used to dilute 3 µM AK. 
Activities were measured both shortly after the dilution 
and at 1 h to assure that activity loss due to dilution had 
stabilized [3].

Table 1 shows average stabilized activity losses after 1 h 
incubation and the estimated activities based upon dilu-
tions. The values have a standard deviation of less than ± 10 
percent. Both AK and PFK-1 begin to show losses of activity 
due to dilution below 100 nmolar.
Time course of inhibitors. Activity losses due to dilution 
were separated from losses due to inhibitors by first per-
forming dilutions and 1 h incubations to stabilize activi-
ties as described above; PFK-1 or AK were then mixed 

Table 1. Activities of 30 nM, 70 nM and 140 nM PFK-1 and AK.

Concentration PFK-1 AK

30 nM eu/mL eu/mL

Determined eu/mL 0.02 0.02
a Estimated eu/mL 0.04 0.16

% Recovered 50% 13%

70 nM eu/mL eu/mL

Determined eu/mL 0.03 0.18

Estimated eu/mL 0.04 0.36

% Recovered 63% 50%

140 nM eu/mL eu/mL

Determined eu/ml 0.08 0.73

Estimated eu/mL 0.08 0.73

% Recovered 100% 100%

The final concentrations of PFK-1 and AK were prepared as described in 
Methods above and activities given were determined after 1 h incubation.
aEstimates are based the dilutions of 3 µM enzyme activities.
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with inhibitors and activities measured at indicated times. 
Under our conditions, it was determined that no significant 
changes in inhibition levels occurred after 0.5 h of the addi-
tions and were stable beyond 2 hours.
Inhibitor titrations against a constant PFK-1 or AK concen-
trations. After 1 h incubations as described above, fixed 
PFK-1 or AK concentrations with added varied monovalent 
salt concentrations were incubated at least an additional 1 h 
before activities were determined.
PFK-1 or AK titrations against a constant inhibitor. After the 
usual 1 h incubations of AK and PFK-1 following dilutions 
as described above, fixed monovalent salt concentrations 
with varying PFK-1 or AK concentrations were incubated an 
additional 1 h before activities were determined.
Determinations of K

m
 and V

m
 values. K

m
 and V

m
 values were 

determined from graphic extrapolations of Lineweaver-Burk 
plots [9], Initial velocities were determined at a constant 
concentration of 2 mM ATP.Mg or 2 mM AMP while the other 
was varied. Other conditions were similar to those given in 
PFK-1 Assay and AK Assay described above.
Measurements of protein concentration. PFK-1 protein 
concentrations during purification procedures were deter-
mined using the following formula: mg protein/mL = 1.55 
A

280
 – 0.76 A

260
, where A

280
 and A

260
 are absorbencies at 

280 nm and 260 nm, respectively [10]. The spectrophoto-
metric protein determinations were comparable to the 
Bradford method [11].

Results

Effect of ammonium salt and LDH on PFK-1 activity
Previous studies [2–4] showed that the proteins G-actin 
and aldolase protected AK and PFK-1 from losses of activ-
ity due to dilution and also protected AK, PFK-1, and LDH 
from inhibition by ascorbate. We considered the pos-
sibility that a protein might act as an inhibitor of these 
enzymes, especially when preliminary studies showed 
that the addition of commercial samples of LDH inhibited 
low concentrations of PFK-1. Figure 1 shows that addi-
tion of commercial LDH, suspended in 3.2 M ammonium 
sulfate, inhibited 30 nM PFK-1, resulting in a more than 
50 percent inhibition of PFK-1 activity () at 5 µM LDH 
and 0.2 M ammonium sulfate after dilution with in 0.1 M 
Tris-phosphate, pH 8 buffer. The addition of ammonium 
sulfate alone, at the same concentrations as that in com-
mercial LDH, produced identical degrees of inhibition 
(). Conversely, addition of LDH in the absence ammo-
nium sulfate () resulted in no losses of activity other 
than the usual losses due to dilution to 30 nM PFK-1 and 
1 h incubation (see Methods). It can also be shown that 
5 µM PFK-1 had no measurable effect on LDH activities. 
The unexpected inhibition of PFK-1 by ammonium sulfate 
suggested a study of the effect of the monovalent salts of 
Na+ and K+ on the rabbit muscle isozymes of interest, LDH, 
PFK-1, and AK. Though not shown, neither the Na+ nor K+ 
salts at the NH

4
+ concentrations shown in Figure 1 had any 

detectable effect on LDH activity.

Effect of 0.2 M ammonium ion at various AK 
concentrations
Figure 2 shows that the presence of ammonium sulfate 
restored the linear relationship between activity and low AK 
concentrations in a manner similar to the effect of G-actin 
on low concentrations of AK [3]. Deviations from linearity 
for AK and PFK-1 are attributed to dissociations of dimeric 
AK and tetrameric PFK-1 to monomers [3] and dimers [4], 
respectively, that have lower activities than their oligomers.

Effect of NH4
+, Na+, and K+sulfates on the activities of 

various concentrations of AK and PFK-1
Figures 3 A – F compares differences between AK and PFK-1 
at various concentrations and the effects of NH4+, Na+, and 
K+ sulfate concentrations on their activities. Figures 3 A-C 
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Figure 1. Effects of LDH and ammonium sulfate on 30 nM PFK-1 activ-
ity. Solutions were prepared as given in Methods. After 1 h dilution to 
30 nM PFK-1, salt-free LDH () was added at the final concentrations 
indicated and activities determined after 1 h. Commercial LDH as a sus-
pension in 3.2 M ammonium sulfate () was added to 30 nM PFK-1 at 
the same final concentrations as salt-free LDH. Ammonium sulfate alone 
was added () at the same final concentrations occurring in commercial 
LDH (shown in the secondary X axis).
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Figure 2. Effect of 0.2 M ammonium sulfate on activity at 30 nM, 70 nM, 
and 140 nM AK. As given in Methods, AK was diluted with 0.02 M potas-
sium phosphate, pH 8 to concentrations shown and allowed to stand 
1 h as given in Methods. No additions () and 0.2 M ammonium sul-
fate () were then made, incubated for 1 h and AK activities were then 
determined.
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shows that all three salts restore AK some activity losses 
resulting from dilutions. NH

4
+ has the greatest effect and K+ 

the least. By contrast, Figures 3 D-F show that all of the sul-
fate salts result in PFK-1 activity losses additional to activity 
losses incurred by dilution; K+ have the greatest effect and 
Na+ the least. Figure 3 E shows that Na+ have little or no effect 
at 140 nM PFK. Though not shown, the effects of Na+ on 
70 nM PFK-1 was similar to that shown for 140 nM PFK-1.

Consideration was made that effects show in Fig. 3 A-F 
might be due to the sulf ateanion. Figure 4 shows that chlo-
ride of the monovalent ions were as equally effective in 
stimulating the activity of 30 nM AK, as were the sulfates; 
Figure 4 also shows that the substrate ATP.Mg was also 
equally effective in restoring activity while the other sub-
strate AMP had no effect.

Effect of aldolase on the inhibition of PFK-1 by 
ammonium ion
Previous studies [12–14] showed that commercial aldolase 
containing ammonium sulfate prevented PFK-1 losses of 
activity due to dilution but did not restore activity. Our 
observations that ammonium sulfate restored some activ-
ity losses of dilute 30 nM AK (see Figure 3 A) prompted us 
to consider that restoration of dilute PFK-1 activity losses 
by aldolase might have been masked [14] by the inhibiting 
presence of ammonium sulfate in the commercial aldolase 

(see Figure 3 D). Figure 5 shows that aldolase alone () sta-
bilized 30 nM PFK-1 from losses of activity due the dilution 
but did not restore activity. Aldolase also prevented activ-
ity losses due to the presence of ammonium ion () with 
stabilization of activity at a low PFK-1 concentration. Similar 
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Figures 3 A-F. Relative activities of 30 nM (), 70 nM (), and 140 nM () PFK-1 and AK versus NH
4

+, Na+, and K+ion concentrations. The PFK-1 con-
centrations were derived from dilution of a 3 µM PFK-1stock solution and the preparation of samples is given in the Methods section. Figures 3 A-C 
shows that NH

4
+, Na+, and K+ salts in decreasing order of effectiveness, resulted in recovery of some AK activity losses due to its low concentration. PFK-1 

was treated in the same manner as AK and Figures 3 D-E show that the presence of these salts results in losses of PFK-1 activities; K+, NH
4

+, and Na+ salts 
inhibited PFK-1 in decreasing order of effectiveness.
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Figure 4. Comparison of effects on 30 nM AK activity by sulfates and 
chlorides of NH

4
+, K+, and Na+and the effect of substrates. A 30 nM AK 

solution was prepared as described in Methods (see Table 1) and solu-
tions were made 0.2 molar with respect to each monovalent salts and 1 
mmolar with respect to AMP or ATP.Mg when present. A 1 h incubation 
period followed and activities were then determined. The 30 nM AK con-
trol had an activity of 0.021 ± 0.002 eu/mL from 4 determinations.

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
M

al
m

o 
H

og
sk

ol
a 

on
 1

2/
26

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



934  Percy Russell et al.

aldolase protection of PFK-1 from inhibitions by Na+ and K+ 
can be shown. The results of these experiments show that 
ammonium sulfate does not mask any capability of aldolase 
to restore activity due to PFK-1 dilution [14].

Bovine muscle phosphofructokinase-1 (BPFK-1)
Dilution of BPFK-1 to 30 nM PFK-1 resulted in activity losses 
similar to rabbit muscle PFK-1, resulted in sensitivity to inhi-
bition by ascorbate, and resulted in sensitivity to inhibition 
by NH

4
+, Na+, and K+ salts. Similar to rabbit muscle PFK-1, 

these losses of BPFK-1 activity were prevented by 5 µM rabbit 
muscle aldolase [4]. Consistent with evidence for evolution-
ary conservation of muscle PFK-1 [15] and muscle aldolase 
[16], there were no discernible differences between BPFK-1 
and rabbit muscle PFK-1 in these studies.

Determination the Km and Vm values of AK substrates in 
the presence of monovalent salts
In an effort to understand the ability of monovalent salts to 
enhance 30 nM AK activity (Figure 3 A-C), an examination of 
the effect of monovalent salts on K

m
 and V

m
 values of AK sub-

strates was undertaken at 30 nM and 140 nM AK and shown 
in Table 2. At 30 nM AK, 0.2 molar salts resulted in about  
50 percent increase in K

m
atp and an 80 percent increase 

in K
m

 amp compared to their Controls. At 140 nM AK, the 
presence of 0.2 molar monovalent salts showed no K

m
 values 

changes for the substrates compared to their Controls.
The monovalent salts had major effects on the V

m
 values. 

At 30 nM AK, the V
m

 values in Table 2 show that the  presence 
of monovalent salts resulted in a 2.8 fold increase in the V

m
 

atp and a 5.7 fold increase in the V
m

 amp, resulting in a recov-
ery of some of the activity losses due to dilution (Table 1).  
At 140 nM AK, the presence of monovalent salts resulted in 
V

m
atp and V

m
amp values that were lower by 0.7 and 0.6 of 

the Control values, respectively. These differences between 
30 nM AK and 140 nM AK in all probability reflect differences 
in the physical and kinetic properties of the AK monomers 
and dimers.

Discussion

When diluted to 30 nmolar, rabbit muscle AK and rab-
bit muscle PFK-1 show the following similar properties: 
losses of activity due to dilution (Table 1), attributed to 
AK dissociations from dimers to monomers [3, 4] and 
PFK-1 dissociations from tetramers to dimers [4, 12–14]; 
ascorbate inhibition imposes additional losses and rabbit 
muscle aldolase (Figure 5, 4) or rabbit muscle G-actin pro-
tects both AK and PFK-1 from these activity losses [3, 4].  
Protections by aldolase and G-actin prompted a search for 
a protein inhibitor(s). The search uncovered a stimulation 
of 30 nM AK (Figure 2) activity and an inhibition of 30 nM 
PFK-1 (Figure 1) by NH4+ salts. Further investigation 
showed that Na+ and K+ salts also stimulated 30 nM AK 
(Figure 3 A-C) and under similar conditions inhibited 30 
nM PFK-1 (Figure 3 D-F), contrary to early reports under 
different conditions that K+ and NH4+ salts were activators 
of PFK-1 [17, 18]. As mentioned earlier in the Results sec-
tion but not shown, rabbit muscle LDH was not affected by 
the presence of monovalent salts under conditions given 
here.

We tend to view inhibition of PFK-1 by ascorbate and 
by K+ salt (Figure 3 F) and the stimulation of AK activity by 
K+ salt (Figure 3 C), as support for facilitation of glycogen 
 synthesis owing to inhibition of glycolysis in resting muscle. 
We are currently investigating whether the enhancement of 
AK activity by K+ salt is due to a conformational change [19] 
or a shift towards dimer formation [4]. Some support for this 
view occurs in studies of the nucleotide levels in active and 
resting frog muscle [20]. Due initially to creatine kinase and 
then to AK activity, concentrations of ATP in active muscle 
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Figure 5. Effect of 0.2 M ammonium sulfate on 30 nM PFK-1 in the pres-
ence and absence of 5 µM aldolase. Dilutions to 30 nM PFK-1 () were 
made with 0.1 M Tris-phosphate buffer, pH 8.0. The following were in 
30 nM PFK-1 as final concentrations: 5 µM aldolase (); 5 µM aldolase 
and 0.2 M ammonium sulfate (); and ammonium sulfate (). The initial 
reading was at 13 minutes The 0-time value was based upon the estimated 
eu/mL values based on dilution shown in Table 1, Methods. Differences 
between aldolase alone () and aldolase and 0.2 M ammonium sulfate 
() could not be shown to be significantly difference (p < 0.01).

Table 2. The effect of 0.2 M sulfates of ammonium, potassium, and 
sodium on K

m
 and V

m
 values of 30 nM and 140 mM AK.

 Average kinetics values

K
m

 atp K
m

 amp V
m

 atp V
m

 amp

30 nM AK average  
 Control Values

0.22 ± 0.05 0.21 ± 0.06 0.005 ± 0.002 0.007 ± 0.004

30 nM AK average  
 Salt Values

0.33 ± 0.05 0.39 ± 0.02 0.014 ± 0.004 0.040 ± 0.011

140 nM AK average  
 Control Values

0.22 ± 0.03 0.24 ± 0.02 0.20 ± 0.02 0.39 ± 0.06

140 nM AK average  
 Salt Values

0.22 ± 0.04 0.25 ± 0.05 0.14 ± 0.03 0.22 ± 0.05

The K
m

 and V
m

 values were determined using Lineweaver-Burke plots [9] 
from a minimum of 4 independent trials for each salt and condition with 
standard deviations from the average of ± 10 percent or less. The average 
values of all the individual salts were then averaged and appear in Table 2  
above; standard deviations of these latter values also determined and 
shown to provide some sense of the degree variation among values for 
the three salts.
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vary little from resting and active muscle while AMP concen-
trations vary hundreds of times above resting levels. It was 
shown in active frog muscle [20], for example, a decrease in 
ATP concentration of less than 5 percent is accompanied by 
a 200 percent increase in AMP concentration owing in large 
part to AK activity [20]. In active muscle AK converts ADP, 
the product of contraction, to ATP and to the positive allos-
teric effector of PFK-1, AMP. PFK-1, the reputed controlling 
enzyme of glycolysis, is not only of limited concentration but 
it is also sensitive to allosteric control by a number of meta-
bolic factors [21]. When frog muscle rests, AMP, ADP and 
ATP return to resting concentrations, again due in large part 
to AK activity [20].

Among other factors effecting enzyme activity is evidence 
for the structural organization of glycolytic enzymes at sev-
eral levels and spatial segregations [15, 16, 27, 30, 31]. There 
is evidence, for example, that muscle PFK-1 and other gly-
colytic enzymes engage and disengage with the large, nega-
tively charged filamentous scaffold of the cell [22–30, 35].  
With respect to PFK-1, components of cytoskeleton infra-
structure can have opposite effects on activity – actin pre-
vents inhibition by ascorbate [4] and monovalent salts (not 
shown) while microtubules inhibit PFK-1 [26]. In concert 
with the energy status of a cell, these infrastructures and 
their effects on PFK-1 activity invite speculation that glyco-
lytic enzyme transfers from one infrastructure to another is 
accompanied by dramatic alterations of enzyme activities. 
With regard to these studies, we posit that the demonstrated 
PFK-1 inhibitions by ascorbate and by K+, coupled with K+ 
activation of AK and protection from inhibition by aldolase 
(Figure 5), are supplementary to PFK-1 infrastructure trans-
fers during muscle transitions from active to rest conditions 
and the reverse.

In conclusion, this report showed that PFK-1 and AK were 
affected by the dominant intracellular K+ in a manner that 
could serve to facilitate glycogen synthesis. By  supplementing 
inhibition of PFK-1 by ascorbate, K+ would assist in inhib-
iting glycolysis in resting muscle. At the same time, the K+ 
effect of activating AK maintains nucleotides levels in resting 
muscle and increases AMP concentration, a major positive 
allosteric effector of PFK-1, when muscle is active. The effect 
of K+ increasing the activity of 30 nM AK (Figure 3 A-C) does 
not appear to be an effect on the K

m
 values of its substrates. 

On the other hand, the decrease in activity of 30 nM AK due 
to dilution (Table 1) is accompanied by a 3-fold decrease of 
the K

m
 value at 140 nM AK in the presence of K+. These find-

ing are consistent with the hypothesis that ascorbate facili-
tates glycogen synthesis [1–4] when the muscle is at rest by 
inhibiting glycolysis.

Two questions about concentrations may be raised 
related to this work. One is whether concentrations of 
potassium salts used in these studies bear a relation to 
intracellular concentrations and therefore to a meaning-
ful consequence. The usual citations for muscle intracel-
lular potassium concentrations are about 150 mmolar [32, 
33, 34]; a concentration that is near the upper limit of our 
studies (see Figure 3 F). The other relevant more complex 

question relates to intracellular PFK-1 concentrations. Several  
studies indicate that PFK-1 and other glycolytic enzymes 
associate with cytoskeleton infrastructures [22–35], prima-
rily actin and microtubules, with the former activating PFK-1 
[12, 25] and the latter inhibiting [12, 13, 26, 29]. Associations 
with the infrastructures necessarily decrease and limit con-
centrations of soluble intracellular PFK-1. Other studies [1, 
3, 4] and the present ones suggest that any soluble PFK-1 at 
low concentrations would be greatly inhibited by ascorbate 
and potassium salts and serve additionally to routes that 
limit PFK-1 activity under resting muscle cell conditions.
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