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ABSTRACT: Erythrocyte AMP deaminase [isoform E (AMPD3)] is activated in response to increased
intracellular calcium levels in Tarui’s disease, following exposure of ionophore-treated cells to extracellular
calcium, and by the addition of calcium to freshly prepared hemolysates. However, the assumption that
Ca2+ is a positive effector of isoform E is inconsistent with the loss of sensitivity to this divalent cation
following dilution of erythrocyte lysates or enzyme purification. Ca2+ regulation of isoform E was studied
by examining in vitro effects of calmodulin (CaM) on this enzyme and by monitoring the influence of
CaM antagonists on purine catabolic flow in freshly prepared erythrocytes under various conditions of
energy imbalance. Erythrocyte and recombinant isoform E both adsorb to immobilized Ca2+-CaM, and
relative adsorption across a series of N-truncated recombinant enzymes localizes CaM binding determinants
to within residues 65-89 of the AMPD3 polypeptide. Ca2+-CaM directly stimulates isoform E catalytic
activity through aKmapp effect and also antagonizes the protein-lipid interaction between this enzyme
and intracellular membranes that inhibits catalytic activity. AMP is the predominant purine catabolite in
erythrocytes deprived of glucose or exposed to A23187 ionophore alone, whereas IMP accumulates when
Ca2+ is included under the latter conditions and also during autoincubation at 37°C. Preincubation with
a CaM antagonist significantly slows the accumulation of erythrocyte IMP under both conditions. The
combined results reveal a protein-protein interaction between Ca2+-CaM and isoform E and identify a
mechanism that advances our understanding of erythrocyte purine metabolism. Ca2+-CaM overcomes
potent isoform E inhibitory mechanisms that function to maintain the total adenine nucleotide pool in
mature erythrocytes, which are unable to synthesize AMP from IMP because of a developmental loss of
adenylosuccinate synthetase. This may also explain why Tarui’s disease erythrocytes exhibit accelerated
adenine nucleotide depletion in response to an increase in intracellular Ca2+ concentration. This regulatory
mechanism could also play an important role in purine metabolism in other human tissues and cells where
the AMPD3 gene is expressed.

AMP deaminase (AMPD)1 is a highly regulated tetrameric
enzyme that catalyzes a branch point reaction in the ATP
catabolic pathway. AMPD competes with AMP-preferring
cytosolic 5′-nucleotidase (cNT-I) for available substrate, and
regulation of these two enzymes determines the metabolic
fate of AMP during periods of energy imbalance. cNT-I
dephosphorylates AMP and produces adenosine, a diffusible
compound with pleiotropic intracellular and extracellular
effects (1-3). Alternatively, AMPD deaminates AMP to IMP
and retains the purine ring structure at the nucleotide level.
IMP may then be funneled into a branch of the ATP catabolic
pathway that bypasses adenosine, diverted into the guanine
nucleotide pool, or converted back to AMP. Mammalian
species, including humans, contain three AMPD genes that
exhibit tissue-specific and developmental patterns of expres-

sion (4-6). Each human AMPD gene contains coding
information for an isoform named after the source of initial
purification: AMPD1, isoform M (muscle); AMPD2, iso-
form L (liver); and AMPD3, isoform E (erythrocyte).
AMPD1 expression is restricted primarily to postnatal
skeletal muscle, whereas the other two genes are widely
expressed. Alignments reveal conserved C-terminal and
divergent N-terminal primary amino acid sequence in each
human AMPD polypeptide (7, 8), and a growing body of
evidence indicates that these variable domains are involved
in isoform-specific behaviors of the enzyme (9-12).

Situations in which AMPD expression is altered can pro-
vide insight into the functional significance of this enzymatic
activity in human tissues and cells. This is perhaps best
illustrated in mature erythrocytes, which are unable to
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synthesize AMP from IMP because of a developmental loss
of adenylosuccinate synthetase (13, 14). Consequently, AMP
deamination irreversibly depletes the erythrocyte adenine
nucleotide pool, and isoform E catalytic activity must be
tightly regulated to maintain steady-state ATP levels. Oxida-
tive stress (15, 16) and a disturbed calcium homeostasis in
familial phosphofructokinase deficiency (Tarui’s disease)
(17) are situations in which increased erythrocyte AMPD
activity is observed and are both accompanied by accelerated
adenine nucleotide depletion and higher rates of hemolysis.
Conversely, an inherited AMPD3 deficiency in the Japanese
(18, 19) and Caucasian (20) populations is asymptomatic and
characterized by elevated levels of erythrocyte ATP.

Chemical modifiers of sulfhydryl groups reportedly mimic
the effect of oxidative stress on erythrocyte AMPD (16).
Alternatively, Ca2+ has been proposed as an activator of
AMPD in Tarui’s disease erythrocytes (17), and observations
made in normal cells appear to support this hypothesis. For
example, there is a dramatic accumulation of IMP when
intact erythrocytes are simultaneously exposed to the A23187
ionophore and CaCl2 (21, 22). In addition, initial rates of
AMP deamination in freshly prepared hemolysates are 10-
fold higher in the presence of saturating Ca2+ concentrations
(16, 21, 23). However, this effect is only indirect as
evidenced by the loss of calcium sensitivity following
dilution of the lysate (23) or partial purification of the enzyme
(23, 24). These combined observations have led to a proposal
for an endogenous AMPD inhibitor in erythrocytes that is
weakened in its action by dilution or lost during purification
(23). The role of calcium in this scheme is envisioned as an
antagonist of the inhibitor.

There is a growing body of evidence that suggests the
catalytic activity and distribution of isoform E are affected
by intracellular protein-lipid interactions, which may rep-
resent an important regulatory mechanism for adenine
nucleotide branch point catabolism in human tissues and cells
that express the AMPD3 gene. AMPD activity is present in
human erythrocyte membrane preparations (24) and detergent
insoluble fractions of adult rat and post-mortem human brain
(10, 25), and the latter contain a polypeptide that reacts with
anti-AMPD3 serum. In addition, catalytic inhibition and
altered secondary structure accompany the binding of purified
pig heart AMPD, the porcine ortholog of human isoform E
(26), to isolated cytoplasmic membrane vesicles and artificial
lipid bilayers (27-29). Purified human erythrocyte AMPD
also exhibits lower catalytic activity when bound to unsealed
ghost membranes (30). Unfortunately, AMPD polypeptides
are extremely sensitive to limited proteolysis during purifica-
tion and subsequent storage of the enzyme (31-34). Con-
sequently, these previous studies were likely conducted with
proteolyzed enzymes, as suggested by available Western blot
data (10, 25). However, recent studies conducted with a
recombinant enzyme comprised of full-sized subunits have
shown that isoform E binds specifically to mixed lipid
micelles that contain phosphatidylinositol 4,5-bisphosphate
(PtdIns[4,5]P2), which is also a potent noncompetitive
inhibitor of catalytic activity (10). Recombinant isoform E
also binds reversibly to unsealed erythrocyte ghost mem-
branes with associated catalytic inhibition, and this protein-
lipid interaction, unlike that of an N-truncated recombinant
model of the proteolyzed endogenous enzyme, is sensitive
to physiological changes in pH (12).

Calmodulin (CaM) is a small, ubiquitous, highly conserved
protein that modulates many calcium-dependent processes
(see ref35 for a recent review). CaM is expressed in all
eukaryotic cells and participates in signaling pathways that
regulate processes such as growth, proliferation, and move-
ment. The biological activity of CaM appears to be related
to location and concentration, which can constitute at least
0.1% of the total protein in cells. In human erythrocytes,
CaM concentrations have been estimated to be 2.5( 0.2
µM (36). Included among CaM’s many intracellular effects
has also been the antagonization of the membrane association
of several proteins (37-39).

These combined features of isoform E and CaM suggest
that an interaction between the two proteins could be
responsible for the Ca2+-induced activation of erythrocyte
AMPD. Most human tissues and cells that contain detectable
AMPD3 mRNA also express other members of the multigene
family (5-8) and contain mostly heterotetrameric AMPD
enzymes (40, 41). Conversely, erythrocytes produce only
isoform E (41), which makes them ideally suited as a model
system in which to conduct an evaluation of the proposed
protein-protein interaction with CaM.

EXPERIMENTAL PROCEDURES

Materials. Grace’s insect cell medium and fetal calf
serum were purchased from Gibco-BRL. Phosphocellulose
(P11) was obtained from Whatman, Ltd. Phenyl Sepharose
CL-4B and DEAE Sephacel were supplied by Amersham
Phamacia Biotech. Disposable glass columns and a protein
assay kit were available through Bio-Rad. Goat anti-rabbit
IgG was obtained from Santa Cruz Biotechnology, Inc. Fresh
frozen adult bovine brains (stripped) were available from
Pel-Freez. Calmodulin-agarose (bovine brain phosphodi-
esterase 3′,5′-cyclic nucleotide activator-agarose), the A23187
ionophore, and the calmodulin antagonists,N-(4-aminobu-
tyl)-5-chloro-2-naphthalenesulfonamide (W13),N-(4-ami-
nobutyl)-2-naphthalenesulfonamide (W12), and compound
48/80, were purchased from Sigma. The Blood Center of
Southeastern Wisconsin provided outdated packed human
erythrocytes. Fresh blood samples were obtained from a
control volunteer (R. L. Sabina). All other chemicals and
reagents were of the highest commercially available quality.

Expression and Purification of AMPD3 Recombinant
Enzymes.Human AMPD3 recombinant enzymes were ex-
pressed in Sf9 (Spodoptera frugiperda) insect cells using
baculoviral technology and purified by phosphocellulose
chromatography (sequential potassium chloride and potas-
sium phosphate gradient elution) and ammonium sulfate
precipitation as previously described (9, 11, 12).

Partial Purification of Erythrocyte AMPD.Isoform E was
partially purified from outdated human erythrocytes after the
method of Nathans et al. (42), with some modifications.
Briefly, hemolysate was prepared from 250 mL of packed
erythrocytes by stirring for 1 h at 4 °C following a 1:1
dilution with ice-cold deionized water containing 30µg/mL
leupeptin. The hemolysate was clarified by centrifugation
at 10000g for 15 min at 4°C, batch adsorbed for 1 h at 4°C
with stirring to DEAE that was prepared in potassium
phosphate, and equilibrated in deionized water. Adsorbed
resin was collected at 4°C in a Buchner funnel on Whatman
1 filter paper and washed extensively with ice-cold 20 mM
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imidazole (pH 7.45) containing 20 mM potassium chloride
until the filtrate was clear. Resin was then resuspended in
fresh wash buffer, poured into a 3 cm× 13 cm glass column,
and allowed to settle overnight at 4°C. The protein was
eluted with 20 mM imidazole (pH 7.0) containing 500 mM
potassium chloride and 5µg/mL leupeptin. The column
eluate was monitored with an enzyme assay, and active
fractions were pooled and further purified as described above
for AMPD3 recombinant proteins. This entire process
resulted in 15000-fold purification at 19% recovery and
produced a partially purified enzyme with a specific activity
of 105 units/mg of protein.

Purification of BoVine Brain Calmodulin.Calmodulin was
purified from fresh frozen bovine brain by Phenyl Sepharose
chromatography according to a published protocol (43) and
subsequently rendered free of calcium by being treated with
1 mM ethylene glycol bis(â-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA) followed by extensive dialysis
against deionized water.

Adsorption of AMPD Enzymes to Calmodulin-Agarose
Beads.One or two units of AMPD3 recombinant enzymes,
one unit of partially purified erythrocyte isoform E, or 50
µL of clarified fresh human erythrocyte hemolysate was
mixed with 25µL of calmodulin-agarose beads (50% slurry)
equilibrated in 5 mM potassium phosphate (pH 6.6), 45 mM
potassium chloride, 0.1% bovine serum albumin (BSA), 10
µg/mL leupeptin, and either 200µM calcium chloride
(CaCl2) or 1 mM EGTA. Mixtures were incubated on ice
for 90 min with rotation, and then centrifuged at 14000g for
2 min at 4°C. The supernatants were removed, and the beads
were washed several times in the appropriate equilibration
buffer (CaCl2 or EGTA) without BSA. Residual AMPD
activities were assayed in supernatants, and enzyme parti-
tioning was visualized by 9% SDS-PAGE of supernatant
and pellet fractions. The agarose-bound enzyme was eluted
from the resin during boiling in sample buffer prior to gel
loading.

Effects of Glucose DepriVation and Ionophore on Eryth-
rocyte Nucleotide Pools.Erythrocytes were prepared from
fresh whole blood by washing the blood twice in 1 mM
sodium phosphate (pH 7.4) containing 150 mM sodium
chloride (1P7.4), and then resuspended at a 23% hemato-
crit in 1P7.4 or 1P7.4 containing 5 mM glucose. Erythro-
cytes were incubated with rotation for 15 h at room
temperature; then aliquots of glucose-fed and glucose-
deprived erythrocytes (total volume of 200µL at a 22%
hematocrit after additions) were incubated for 2 h at 37°C
in the presence of 5µM A23187, while others were treated
identically after receiving the appropriate volumes of solvent
without the ionophore. Each experiment was performed in
triplicate.

Effects of Calcium and Calmodulin Antagonist on Eryth-
rocyte Nucleotide Pools.Erythrocytes were prepared from
fresh whole blood as described above and resuspended at a
23% hematocrit in 1P7.4 containing 5 mM glucose. Cell
suspensions were incubated for 4 h atroom temperature with
rotation in the presence and absence of the diffusible CaM
antagonist, compound 48/80 (750µg/mL). Aliquots of each
cell suspension (total volume of 200µL at a 22% hematocrit
after additions) were then further incubated for 2 h at 37°C
in the presence of 1µM A23187, 250µM CaCl2, or both.
Controls were treated identically after receiving the appropri-

ate volumes of solvent without additives. Each experiment
was performed in triplicate.

Effect of Calmodulin Antagonist on Autoincubated Eryth-
rocyte Nucleotide Pools.Fresh whole blood was collected
in ACD (acid, citrate, dextrose) tubes to preserve ATP pools
during an overnight incubation at 4°C in the presence of 10
mg/mL compound 48/80. Preliminary experiments revealed
that a higher concentration of CaM antagonist was required
to exert an effect on erythrocyte IMP pools during autoin-
cubation, perhaps due to an adsorbing component in the
plasma. Controls received an equal volume of water. The
next day, whole blood samples were autoincubated (incu-
bated in their own plasma) at 37°C, and aliquots were
removed, processed, and analyzed at 0, 5.5, and 11 h. Each
experiment was performed in triplicate on three independent
whole blood samples.

Preparation of Acid-Soluble Erythrocyte Extracts and
Nucleotide Pool Quantification.Acid-soluble extracts were
prepared by adding ice-cold 100% trichloroacetic acid
(w/v) to aliquots of erythrocyte or whole blood suspen-
sions [final concentration of 10% (w/v)] and incubating
them on ice for 30 min. Extracts were then centrifuged at
14000g for 2 min at 4°C. Supernatants were recovered and
neutralized by vortexing for 30 s at room temperature with
an equal volume of 0.5 M tri-N-octylamine in Freon.
Neutralized extracts were then centrifuged at 14000g for an
additional 2 min, and the upper phase was recovered and
stored at-20°C until further analysis. Nucleotide pools were
resolved by anion-exchange chromatography using a previ-
ously described protocol (44). Briefly, 100µL of extract was
injected onto a Whatman Partisil 10-SAX anion-exchange
column and developed with a 40 min linear gradient of 5
mM ammonium dihydrogen phosphate at pH 3.2 (buffer A)
and 750 mM ammonium dihydrogen phosphate at pH 4.0
(buffer B) at a flow rate of 2 mL/min. The column eluate
was monitored at 254 nm, and peaks were quantified using
external standards of known concentration. Metabolite
concentrations were normalized to NAD+ in the extract as
previously described (45). NAD+ is a reliable internal
standard for these measurements because erythrocyte con-
centrations of this metabolite are unaffected by autoincuba-
tion (17).

Effect of Calmodulin and Calmodulin Antagonists on the
Association of AMPD Enzymes with Erythrocyte Ghost
Membranes.Unsealed erythrocyte ghosts (EG) were prepared
from outdated erythrocytes by using the method of Steck
and Kant (46), as previously described (12). In the first set
of experiments, increasing concentrations of CaM (0-30
µM) were pretreated for 15 min on ice with 300µM CaCl2;
then approximately 1.5 units of enzyme was added, and the
mixtures were incubated for an additional 15 min on ice.
Finally, EG (representing 10µg of protein) suspended in
EG binding buffer [5 mM potassium phosphate (pH 7.0),
45 mM potassium chloride, and 0.1 mg/mL bovine serum
albumin] were added, and the mixtures were allowed to
incubate for an additional 30 min on ice. Partitioning of the
AMPD enzyme between the supernatant and pellet was then
evaluated by centrifuging the mixture at 14000g for 10 min
at 4 °C. The supernatant was recovered, and the EG pellet
was resuspended in 100µL of EG binding buffer. EG-bound
and unbound AMPD was quantified with an enzyme assay.
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In the second set of experiments, increasing concentrations
of W13 or the structurally related and 10-fold less potent
antagonist, W12, were preincubated with 25µM Ca2+-CaM
for 15 min on ice; then 1.5 units of isoform E was added,
and each mixture was incubated for an additional 15 min.
Finally, EG were added, and the mixtures were incubated,
analyzed, and processed as described above. EG-bound and
unbound AMPD was quantified with an enzyme assay.

Enzyme Assay.AMP deaminase activity was measured in
100µL reaction mixtures containing 25 mM imidazole (pH
7.0), 100 mM potassium chloride, 20µg of BSA, and 20
mM AMP (unless otherwise stated in the text). The substrate
and product were resolved and quantified by anion-exchange
HPLC as previously described (8, 44). Kinetic studies were
conducted under the assay conditions described above using
approximately 40 milliunits of enzyme per assay, variable
substrate concentrations (from 0.1 to 24 mM), and initial
velocity conditions (product not exceeding 15% of the
substrate).

Western Blot Analysis.Proteins were fractionated by 9%
SDS-PAGE, electroblotted onto nitrocellulose membranes,
and probed with rabbit polyclonal antisera raised against the
human AMPD3 recombinant polypeptide, as previously
described (9, 10).

Computer-Assisted Statistical Analysis.QuickTTest (ver-
sion 1.8) developed by S. Ashcroft was used to generate data
means and standard deviations and to perform unpaired two-
tailedt-tests. Pairedt-tests were performed on the VassarStats
Website authored by R. Lowry. Enzfitter was used to
calculate kinetic parameters.

RESULTS

Adsorption of AMPD3 Enzymes to Calmodulin-Agarose
Beads.Adsorption to CaM-agarose beads has been used
previously to demonstrate a protein-protein interaction with
Smad proteins (47). Figure 1 presents enzyme activity,
SDS-PAGE, and Western blot data that demonstrate the
adsorption of endogenous and recombinant isoform E to
Ca2+-CaM-agarose beads. In addition, this interaction
appears to be largely Ca2+-dependent as evidenced by
substantially lower affinity for beads that have been pre-
treated with the calcium chelator, EGTA. The adsorption of
isoform E to Ca2+-CaM-agarose beads is also unaffected
by physiological changes in pH or ionic strength (data not
shown). Figure 2 shows that a series of genetically modified
AMPD3 recombinant enzymes truncated up to residue 65
also adsorb to Ca2+-CaM-agarose beads, whereas those
lacking 89 and 126 N-terminal residues have substantially
reduced affinities for these beads.

Effect of Calmodulin on Isoform E Catalytic ActiVity. CaM
was purified from fresh frozen bovine brain by Phenyl
Sepharose chromatography (43), treated with EGTA to
remove calcium, and extensively dialyzed against water. This
purified Ca2+-free preparation was then used to examine the
effect of Ca2+-CaM on isoform E catalytic activity. Data
presented in Figure 3 and Table 1 reveal that Ca2+-CaM
lowers theKmapp of isoform E, whereas Ca2+ or CaM alone
has no effect on catalytic activity. Consistent with data pre-
sented in Figure 2 regarding AMPD3 recombinant enzymes
truncated beyond residue 65, Figure 3 also shows that Ca2+-
CaM has no measurable effect on the catalytic behavior of

∆M90AMPD3, although this enzyme has an inherent greater
affinity for substrate than isoform E does (9, 11).

Effects of Glucose DepriVation, the A23187 Ionophore,
Calcium Chloride, and Calmodulin Antagonists on Eryth-
rocyte Adenine Nucleotide and IMP Pools.As a means of
assessing net changes in ATP catabolism and in vivo flow
through the AMPD reaction in response to various condi-
tions of short-term energy imbalance, intracellular adenine
nucleotide and IMP pools were quantified in glucose-fed and
glucose-starved erythrocytes following a 2 hincubation at
37°C in the presence or absence of 5µM A23187. Compared
to data for untreated glucose-fed cells, data in Figure 4A
show that glucose starvation or exposure to A23187 iono-
phore alone results in lower levels of ATP and a predominant
accumulation of ADP and AMP, but only negligible (≈50%)
increases in the size of the IMP pool. Exposing glucose-
starved cells to A23187 results in further ATP depletion and
additional accumulation of AMP, yet even these higher levels

FIGURE 1: Adsorption of isoform E to immobilized Ca2+-
calmodulin. (A) Hemolysate isoform E. Fifty microliters of clarified
hemolysate was mixed by rotation for 90 min at 4°C with or
without 25 µL of calmodulin immobilized on 4% agarose beads
(CaM-bound agarose; 50% slurry) pretreated with 5 mM potassium
phosphate (pH 6.6), 45 mM potassium chloride, 0.1% BSA, and
either 200µM CaCl2 or 1 mM EGTA. Mixtures were centrifuged
at 14000g for 2 min at 4°C. The supernatants were removed, and
the beads were washed several times in the corresponding equilibra-
tion buffer (CaCl2 or EGTA) without BSA. Data are presented as
adsorbed enzyme activity and represent the mean( standard
deviation of three independent determinations. The asterisk means
p < 0.05 compared to CaCl2 in a two-tailedt-test. (B) Partially
purified erythrocyte isoform E. Approximately 1 unit of partially
purified erythrocyte isoform E was mixed with Ca2+-CaM-agarose
beads using the method described above, except that 0.1% BSA
was also omitted from the adsorption buffer. In the left panel is
shown 9% SDS-PAGE followed by Coomassie Blue staining of
unadsorbed (U) and adsorbed (A) fractions. An arrow points to
the 89 kDa isoform E band. Molecular mass standards are labeled.
In the right panel is an anti-AMPD3 Western blot of a parallel
aliquot of the adsorbed fraction. (C) Recombinant isoform E.
Approximately 2 units of enzyme was mixed with Ca2+-CaM-
agarose beads using the method described above. Enzyme partition-
ing was visualized by 9% SDS-PAGE followed by Coomassie
Blue staining of unadsorbed (U) and adsorbed (A) fractions. Parallel
mixtures without CaM-bound agarose were otherwise treated
identically and served as controls.

5554 Biochemistry, Vol. 44, No. 14, 2005 Mahnke and Sabina



of substrate do not result in IMP accumulation. Consequently,
the total adenine nucleotide pool (∑AMP+ADP+ATP) is
preserved under each condition of accelerated erythrocyte
ATP catabolism.

Erythrocyte nucleotide pools were also monitored in
response to a pathological increase in intracellular Ca2+

concentration. Data presented in Figure 4B show that
incubation of erythrocytes with a lower concentration of
A23187 (1µM) and CaCl2 (250µM) results in a significant
depletion of ATP that is matched by a near-stoichiometric

accumulation of IMP. Conversely, incubation with either
A23187 or CaCl2 alone produces no effect on the erythrocyte
IMP pool (data not shown). CaM antagonists are structurally
diverse compounds that can bind to active Ca2+-CaM
complexes, rendering them biologically inert (48). Figure 4B
also shows that pretreatment with a diffusible CaM antagonist
(750 µg/mL compound 48/80 for 4 h atroom temperature)
significantly slows the Ca2+-induced accumulation of IMP
in A23187-treated erythrocytes.

Erythrocyte autoincubation (incubation in their own plasma)
reportedly also results in adenine nucleotide catabolism and
IMP accumulation during extended periods at 37°C (17).
Data presented in Figure 5 confirm these observations and
also illustrate that preincubating erythrocytes with compound
48/80 significantly slows the accumulation of IMP under
these conditions.

FIGURE 2: Comparative adsorption of human recombinant isoform
E and a series of N-truncated AMPD3 enzymes to immobilized
Ca2+-calmodulin. Approximately 1 unit of each enzyme was
incubated with CaM-agarose beads pretreated with 5 mM potas-
sium phosphate (pH 6.6), 45 mM potassium chloride, 0.1% BSA,
and 200µM CaCl2 using methods and analyses described in the
legend of Figure 1: (A) adsorbed enzyme activity and (B) 9%
SDS-PAGE followed by Coomassie Blue staining of unadsorbed
(U) and adsorbed (A) fractions.

FIGURE 3: Effect of Ca2+-calmodulin on the velocity vs substrate
plots of human recombinant isoform E and an N-truncated variant,
∆M90AMPD3. Experiments were performed in the absence of ATP
with approximately 40 milliunits of each enzyme per assay under
initial velocity (Vo) conditions (product not exceeding 15% of
substrate) in the presence (9) and absence (0) of 25 µM Ca2+-
CaM. Kinetic parameters were calculated from initial velocities in
the presence of increasing substrate concentrations (from 0.09 to
25 mM). The graphs display only those data points for the lowest
substrate concentrations from a representative experiment.Kmapp
values are presented as the means( standard deviation of three
independent determinations.

Table 1: Ca2+-Calmodulin Activates Isoform E through aKm Effect

Kmapp
a

no CaM,
no CaCl2

no CaM,
200µM CaCl2

25 µM CaM,
no CaCl2

25 µM CaM,
200µM CaCl2

1.8( 0.1 (n ) 4) 1.6( 0.3 (n ) 3) 1.7( 0.2 (n ) 3) 1.0( 0.1b (n ) 4)

a Kmapp values were determined in the absence of ATP and in the
presence of 150 mM potassium chloride.b p < 0.05 when compared
to each of the other three conditions in two-tailedt-tests. All other
comparisons were not significant.

FIGURE 4: Changes in erythrocyte adenine nucleotide and IMP
pools in response to short-term energy imbalance. (A) Column
graphical representation of acid-soluble nucleotide pools in glucose-
fed and glucose-deprived erythrocytes following a 2 hincubation
at 37°C in the presence or absence of 5µM A23187 ionophore.
Data are normalized to the amount of NAD+ in each extract and
represent the mean values( standard deviation derived from three
independent experiments. Asterisks meanp < 0.05 when compared
to untreated glucose-fed cells in two-tailedt-tests. (B) Column
graphical representation of acid-soluble nucleotide pools in untreated
(control) and CaM antagonist-treated (750µg/mL compound
48/80 for 4 h at room temperature) erythrocytes following a 2 h
incubation at 37°C in the presence or absence of 1µM A23187
and 250µM CaCl2. Data are normalized to the amount of NAD+

in each extract and represent the mean values( standard deviation
derived from three independent experiments. Asterisks meanp <
0.05 when compared to the absence of ionophore and calcium in
unpaired two-tailedt-tests; daggers meanp < 0.05 when compared
to corresponding control conditions in unpaired two-tailedt-tests.
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Effect of Calmodulin on the Association of Isoform E with
Erythrocyte Ghost Membranes.Ca2+-CaM antagonizes the
membrane association of other proteins (37-39), and Figure
6 shows that it has a similar effect on the interaction between
isoform E and erythrocyte ghost (EG) membranes. This effect
becomes significant between 1 and 5µM Ca2+-CaM and
occurs at both neutral (pH 7.0) and acidic (pH 6.5) pH, over
a range where isoform E exhibits quantitative differences in
its capacity to bind to EG membranes (12). Figure 7
demonstrates that a CaM antagonist, W13, disrupts the ability
of Ca2+-CaM to interfere with the EG association of isoform
E, whereas a 10-fold less potent structural analogue,N-(4-
aminobutyl)-2-naphthalenesulfonamide (W12), is not as
effective. Ca2+-CaM can also displace isoform E from EG
membranes, but this requires approximately 10-fold higher
effective concentrations (data not shown).

DISCUSSION

AMPD is activated during periods of energy imbalance
in most tissues and cells and serves, in part, to maintain the
disequilibrium of the adenylate kinase reaction by removing
accumulating AMP from the adenylate pool. This effectively
minimizes the reduction in adenylate energy charge (49) and
provides more ATP to the energy-challenged cell through
the sustained action of adenylate kinase. Perhaps the most
dramatic illustration of this metabolic effect occurs in skeletal
muscle where nearly half of the ATP pool can be converted
into IMP during sprint exercise (50). Following exercise, IMP
is predominantly reaminated to AMP, which is then used to
rapidly replete the ATP pool (51). Conversely, mature

erythrocytes are unable to synthesize ATP from IMP due to
a developmental loss of adenylosuccinate synthetase (13, 14),
an integral component of the only known metabolic pathway
in mammalian cells able to aminate position 6 of the
hypoxanthine ring structure. Alternatively, these cells do
retain the necessary enzymatic machinery for synthesizing
ATP from the salvageable purine catabolites, adenosine and
adenine, but the circulating levels of these compounds are

FIGURE 5: Changes in erythrocyte adenine nucleotide and IMP
pools during autoincubation at 37°C. (A) Column graphical
representation of acid-soluble nucleotide pools in untreated (control)
and compound 48/80-treated (10 mg/mL overnight at 4°C)
erythrocytes during 11 h of autoincubation (incubation in their own
plasma). (B) Time course graphical representation of IMP pools
during autoincubation. All data are normalized to the amount of
NAD+ in each extract and represent the mean values( standard
deviation derived from three independent experiments (time points
in each experiment were analyzed in triplicate). Asterisks meanp
< 0.05 when compared to the corresponding 0 time in paired two-
tailed t-tests; daggers meanp < 0.05 when compared to the
corresponding control time in paired two-tailedt-tests.

FIGURE 6: Calmodulin antagonizes the association between re-
combinant isoform E and unsealed erythrocyte ghost membranes.
Increasing concentrations of CaM (from 0 to 30µM) were
pretreated for 15 min on ice with 300µM CaCl2; then approximately
1.5 units of enzyme was added, and the mixtures were incubated
for an additional 15 min on ice. Finally, EG (10µg of protein)
were added, and the mixtures were allowed to incubate for an
additional 30 min on ice. Partitioning was accomplished by
centrifugation at 14000g for 10 min at 4°C. Parallel mixtures,
including a no addition control and those pretreated with 1.5 mM
EGTA with (30µM) or without CaM, were treated identically. Data
are presented as the percentage of enzyme activity bound to EG
and represent the mean( standard deviation of four independent
experiments. Asterisks meanp < 0.05 when compared to control.
All other differences were not statistically significant.

FIGURE 7: Antagonists reverse the effect of calmodulin on the
association between recombinant isoform E and unsealed erythro-
cyte ghost membranes. Increasing concentrations (from 0 to 500
µM) of the calmodulin antagonists, W13 (left graph and panel) and
W12 (right graph and panel), were preincubated with 25µM CaM
and 200µM CaCl2 for 15 min on ice, and then approximately 1
unit of enzyme was added to each mixture for incubation for an
additional 15 min on ice. Finally, erythrocyte ghosts (10µg of
protein) were added and the mixtures incubated for an additional
30 min on ice. Partitioning and analyses were then performed as
described in the legend of Figure 6. Parallel mixtures without CaM,
but containing 200µM CaCl2 alone or in combination with 500
µM antagonist, were treated identically and served as controls. In
the graphs, data represent the mean( standard deviation of three
independent experiments. Asterisks meanp < 0.05 when compared
to either no CaM control in a two-tailedt-test; daggers meanp <
0.05 when compared to the identical W12 concentration in a two-
tailed t-test.
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quite low under steady-state conditions, i.e.,<1 µM (52,
53). Consequently, mature erythrocytes may be uniquely
susceptible to irreversible adenine nucleotide depletion by
AMP deamination, particularly under conditions where
isoform E is activated.

However, mature erythrocytes seem to be equipped to
effectively minimize the potentially deleterious consequences
of AMP deamination under several experimental conditions
of short-term energy imbalance. For example, AMP rather
than IMP accumulates during periods of accelerated ATP
turnover in response to glucose deprivation or during
incubation with A23187 alone (refs22and54and this study).
These observations appear to reflect potent isoform E
inhibition that may be a protective mechanism for prolonging
erythrocyte survival. The basis for isoform E inhibition was
not addressed in this study, but is likely related to high
erythrocytic levels of identified competitive inhibitors, 2,3-
DPG and Pi (55, 56), or to intracellular membrane association
where this enzyme can interact with the potent noncompeti-
tive inhibitor, PtdIns(4,5)P2 (10, 12).

Ca2+ has been proposed as an antagonist of an AMPD
inhibitor in erythrocytes that is weakened in its action by
dilution or lost during purification (23). Data presented in
this study provide a potential mechanism for explaining these
observations by demonstrating that Ca2+ acts indirectly to
activate erythrocyte AMPD through a protein-protein
interaction between Ca2+-calmodulin (Ca2+-CaM) and iso-
form E. Ca2+-CaM promotes greater isoform E catalytic
activity in the presence of physiological concentrations of
substrate by (1) direct activation through aKmapp effect,
similar to the effect Ca2+ has on erythrocyte hemolysate
AMPD (23), and (2) antagonism of cytoplasmic membrane
binding, thus preventing the catalytic inhibition that is
associated with this protein-lipid interaction (12). Notably,
the protein-protein interaction with Ca2+-CaM can overcome
isoform E inhibition during periods of short-term erythrocyte
energy imbalance that are accompanied by a pathological
increase in intracellular Ca2+ concentration or during ex-
tended autoincubation at 37°C in the presence of physi-
ological concentrations of this divalent cation. This regulatory
mechanism was demonstrated in this study by the inhibited
accumulation of IMP when erythrocytes were preincubated
with a CaM antagonist and then exposed to either of these
conditions.

Consequently, Ca2+-CaM activation of isoform E can be
predicted to result in pathophysiological consequences in
mature erythrocytes. For example, this regulatory mechanism
may contribute to the metabolic imbalance that promotes
accelerated hemolysis of circulating erythrocytes in familial
phosphofructokinase deficiency (Tarui’s disease; glycogen
storage disease type VII). Reported indicators of a disturbed
erythrocyte energy balance in these patients are consistent
with this hypothesis, such as elevated intracellular calcium
concentrations (57), 14-23% smaller total adenine nucleotide
pools (17, 58), and 16-fold higher levels of IMP (17). Patient
erythrocytes also exhibit accelerated rates of adenine nucle-
otide depletion and IMP accumulation during periods of
experimental autoincubation (17). Consequently, Ca2+-CaM
activation of isoform E should be considered to contribute
to erythrocyte manifestations of familial phosphofructokinase
deficiency, as well as other pathophysiological situations of
energy imbalance associated with increased calcium con-

centrations, such as sickle-cell erythrocytes (reviewed in ref
59) and Alzheimer’s disease brain (60, 61).

Specific effects on isoform E behavior shown to occur in
vitro are observed with physiological concentrations of Ca2+-
CaM, which are between 2 and 26µM in the soluble fraction
of mammalian tissues and cells, while up to 50% more can
be found in the particulate fraction (36). Consequently, the
protein-protein interaction between Ca2+-CaM and isoform
E may contribute to purine nucleotide catabolic regulation
in other tissues and cells that express the AMPD3 gene.
However, the metabolic consequence of this association may
be different because of the capacity for IMP reamination to
AMP. In addition, most human tissues and cells express more
than one AMPD gene and can produce a large array of
AMPD tetrameric enzymes comprised of mixed isoform-
specific subunits (40, 41). Consequently, an evaluation of
purified mixed tetrameric AMPD3 subunit-containing en-
zymes as potential targets for Ca2+-CaM seems to be
warranted. In addition, metabolic experiments similar to those
conducted in this study should be performed in cells where
AMPD3 and other gene family members are coexpressed.

The combined results of this study allow us to refine our
model for isoform E regulation in mature erythrocytes (12).
As illustrated in Figure 8, isoform E can be effectively
maintained in an inactive T state by a combination of soluble
small molecule effectors and a protein-lipid interaction with
the cytoplasmic membrane. Pi and 2,3-DPG are present in
millimolar concentrations in mature erythrocytes (62), whereas
the protein-lipid interaction is sensitive to physiological
changes in pH due to an ionic attraction between exposed
histidine residues in isoform E and negative charges on the
cytoplasmic face of the membrane bilayer (12). The identity
of the anionic membrane moiety is proposed to be phosphate
headgroups of phosphatidylinositol 4,5-bisphosphate (PtdIns-
[4,5]P2), a potent noncompetitive inhibitor of isoform E (10).
Accordingly, the proportion of isoform E enzymes partition-
ing into the particulate fraction is proposed to increase during
periods of metabolic acidosis, such as rapid ATP catabolism.
Mature erythrocytes may use any or all of these inhibitory
mechanisms to keep isoform E in the T state during short
periods of energy imbalance, which leads to an accumulation
of AMP, rather than IMP. The protein-protein interaction
with Ca2+-CaM provides a counter-regulatory mechanism
by directly activating isoform E and antagonizing the
cytoplasmic membrane association of this enzyme. These
combined effects convert isoform E into the R state and shift
adenine nucleotide catabolic flow toward the production of
IMP, which results in an irreversible depletion of the
erythrocyte adenine nucleotide pool.

Finally, relative adsorption to Ca2+-CaM-agarose beads
across a series of N-truncated recombinant enzymes identifies
potential binding determinants within residues 65-89 of the
AMPD3 polypeptide. These data add to a growing list of
observations that together underscore the significance of
divergent N-terminal sequence in isoform E. Moreover,
enzyme behaviors that were shown in this study to be
affected by the interaction with Ca2+-CaM have previously
been related to N-terminal sequence. For example, up to 48
N-terminal amino acids are involved in suppressing con-
tractile protein binding (11) and pH-resistant membrane
interactions (12). These combined effects may permit isoform
E to interact reversibly with membranes in response to
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physiological changes in pH in skeletal muscle, where the
relative level of AMPD3 gene expression is greatest (7).
Although it is not known how these suppressive effects are
structurally related, both more strongly affect C-terminal
amino acids in the AMPD3 polypeptide, i.e., putative
contractile protein binding determinants that reside within
residues 192-347 (11) and positive charges other than
protonated histidine residues located to the C-terminal side
of residue 126 (12), respectively. Ca2+-CaM antagonizes the
membrane association of isoform E without affecting the pH
responsiveness of this protein-lipid interaction. In addition,
up to 89 N-terminal amino acids appear to play a role in
catalytic autoinhibition of isoform E [Kmapp, 1.7 ( 0.6 mM
vs 0.5 ( 0.1 mM for ∆M90AMPD3, p < 0.05 in a two-
tailed t-test (n ) 3); see Figure 4]. Ca2+-CaM alters this
behavior by significantly increasing substrate affinity. These
combined observations provide a rationale for planned
structural studies for identifying Ca2+-CaM binding deter-

minants in the N-terminal sequence of the human AMPD3
polypeptide and for defining how this association alters the
functional conformation of isoform E.
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