








Humans have four isozymes of AMPD that are encoded on different genes.
AMPD1, also called myodenylate deaminase, is the main type in skeletal muscle.
AMPD2, also called L form, was first isolated from liver, and AMPD3, also called E
form, is highly expressed in heart tissue. In humans and other species, many
tissues express multiple AMPD isozymes in varying amounts. AMPD3 as well as
other AMPD isozymes are expressed in heart and slow-twitch skeletal muscle, but
interestingly, erythrocytes only have AMPD3 (46, 47). In humans, AMPDS3 has two
splice variants: E1 and E2, and the E1 variant is the only type found in erythrocytes.
AMPD3 E2 type is found in granulocytes, AMPD2 is found in mononuclear cells,
platelets and T-cells, whereas both AMPD3 E1 and AMPD2 are found in B-cells

(48-50).

In the literature there are a few described cases of genetic mutation causing
a complete lack of AMPD3 in humans. The deficiency was found to be clinically
asymptomatic, although there is an increase of steady-state ATP levels to 150% in
the affected cells (51). Unlike human AMPD3, murine AMPD3 just has one form; it
has no splice variants. It is also called heart AMPDS3, because the cDNA was first

isolated and cloned from mouse heart, where it is highly expressed (47).

In most mammalian species, erythrocytes lack an enzyme that allows IMP to
be converted to 5’-AMP. The conversion of 5-AMP to IMP is irreversible because
the cells lack the enzyme adenylosuccinyl synthetase and thus lack the ability to

convert IMP back to AMP (41, 42).
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Studying mice deficient in AMPDS in the erythrocyte could help elucidate the
role of AMPD and the erythrocyte in the DH model. Thus, we undertook the
generation of mice deficient in AMPD3. Embryonic stem cells with C57BI/6
background were purchased from Knockout Mouse Project Repository, University of
California, Davis, CA. The vector used the “knockout-first” technology to insert the
cassette in the intron 1 before the essential exon 2 to create a missense mutation
that results in a non-functional mRNA transcript. The cells were injected into the
blastocysts of pseudopregnant C57BI/6 females at the core facility at Institute for
Molecular Medicine, Houston, TX, and chimeras were generated. Chimeras were
mated with C57BI/6 mice to generate heterozygous knockouts, and then

homozygous knockouts were generated.

AMPD activity is not detectable in erythrocytes and is reduced in heart of

AMPD3 deficient mice

To confirm that the gene knockout was successful, it was necessary to
measure the AMPD enzyme activity in the tissues of the mice, including the

erythrocytes (Figure 23).
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Figure 23: AMPD activity is not detectable in the erythrocytes (rbc) and is reduced
in the heart of AMPD3 deficient mice. erythrocytes (rbc) n= 15 wild-type and n=7
AMPD3 deficient. serum n = 10 wild-type and n =5 AMPDS3 deficient. heart n=8
wild-type and 8 AMPD3 deficient. All other tissues n = 3. Error bars = +/- S.E.M
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AMPD activity was measured by quantifying the IMP formed in a reaction of
tissue lysate using 5’-AMP as previously described (52). In parallel, wild-type mouse
tissues were measured as controls. In most tissues, AMPDS3 deficient mice had
AMPD activity comparable to wild-type. However, there was much lower AMPD
activity in heart, as compared to wild-type, and the AMPD activity in the erythrocyte
lysate was not detectable. Other isozymes of AMPD are expressed in the heart, so
it would be expected to have some AMPD activity. The erythrocyte lysate of
heterozygous mice had less AMPD activity than wild-type, but more than the
deficient mice (Figure 24). The results demonstrate that the AMPD3 enzyme is not

active in the AMPD3 deficient mice.
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Figure 24: AMPD activity in erythrocyte lysate of wild-type, heterozygous and
homozygous AMPD3 deficient mice. n = 2-3 mice per group, error bars = +/= S.E.M
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ATP and ADP but not 5°’-AMP levels are elevated in the erythrocytes of AMPD3

deficient mice

Next, we investigated whether the loss of AMPD3 will result in elevated
levels of 5’-AMP in the erythrocyte of AMPDS3 deficient mice. HPLC analysis was
performed to quantify the levels of ATP, ADP and 5’-AMP in methanol extracts of

erythrocyte lysate (Figure 25).
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Figure 25: Erythrocyte lysates of AMPDS3 deficient mice have 3-fold higher ATP and
ADP levels and similar AMP levels to wild-type mice. Nucleotides from methanol
extracts of erythrocyte lysates were separated on HPLC and quantified by
calibration curves of standards. n = 4, error bars = +/- S.E.M. Student t-test p
values: ATP, p = 0.02. ADP, p = 0.04.
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Adenine nucleotide amounts were quantified against calibration curves for
ATP, ADP and 5’-AMP, and normalized to the protein concentration in each lysate
sample. While the AMP levels were similar to wild-type, AMPD3 deficient
erythrocytes had a 3-fold increase in both ATP and ADP levels. These results are
contrary to our prediction but are consistent with observation in humans deficient in
AMPD3. The affected cells in humans with AMPD3 deficiency have 150% of normal
ATP levels, although ADP and 5’-AMP levels are not mentioned (53). A possible
explanation for the observation is that the loss of AMPD3 blocks the breakdown of
5’-AMP to IMP. The only catabolic exit for 5’-AMP is via adenosine to inosine by
adenosine deaminase (ADA). However, the K, of ADA is much higher than that of
adenosine kinase, which converts adenosine to AMP. Consequently, the adenine
nucleotide pool is much larger, and to balance the adenylate equilibrium, both ATP

and ADP have to rise, consequently 5’-AMP levels remain low.

AMPD3 deficient mice have similar metabolic rate and glucose utilization to

wild-type mice

We then investigated whether the change in the adenylate levels in the
erythrocyte will affect metabolic rate of the animals. The calculation for VO,
mg/kg/h, involves the weight of the animal. We have consistently observed that a
lower weight animal tends to have a higher metabolic rate. To overcome this
possible artifact, we chose similar weight mice to compare VO, between animals.
Wild-type, heterozygous and homozygous AMPD3 deficient male mice of similar
weight were measured in the CLAMS metabolic chamber for 7 days with free

access to food and water, and under 22°C T,. Our analysis revealed that there was
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no significant difference in VO, for the different genotypes. Average VO, of wild-
types was 3530 ml/kg/hr, heterozygous mice was 3412 ml/kg/hr and homozygous

mice was 3473 ml/kg/hr (Figure 26).
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Figure 26: Metabolic rates (VO,) are similar in similar weight male wild-type,
heterozygous and homozygous AMPD3 deficient mice. wild-type n= 5,
heterozygous n = 4, homozygous n = 7. Error bars = +/- S.E.M.
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It is well known that ATP/AMP ratio acts as allosteric regulator for key
enzymes of glycolysis. Elevated AMP levels signal a need for ATP production, and
activate phosphofructokinase 1, a key enzyme in the glycolytic pathway (16).
Potentially the change in adenine nucleotide ratio could affect glycolytic rate and
therefore blood glucose levels. Thus, we undertook to measure fasting blood

glucose in wild-type and AMPD3 deficient mice (Figure 27).
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Figure 27: AMPDS3 deficient mice have similar fasting blood glucose to wild-type
and heterozygous mice. wild-type n = 14, heterozygous n = 9, homozygous n = 16.
Error bars = +/- S.E.M.
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Animals were fasted overnight for 12 hours and then blood glucose was
measured the next morning. In a parallel experiment animals were fasted for 12
hours during the day and blood glucose was measured at night. In both
experiments, the AMPD3 deficient mice had slightly higher glucose levels, but it was
not statistically significant and is within the normal range of fasting blood glucose.
The average fasting blood glucose of the wild-type mice was 69 mg/dI,
heterozygous mice was 70 mg/dl, and homozygous mice was 73 mg/dl. These
studies indicate that glucose utilization was within normal range in AMPDS3 deficient

mice.

AMPD3 deficient mice have more dramatic response to injection of 5’-AMP

Next we investigated how AMPDS3 deficient mice would respond to injection
of exogenous 5’-AMP. We predicted that 5-AMP would be catabolized more slowly
in the erythrocytes lacking AMPDS3 and they would be more sensitive to 5’-AMP -
induced DH. Wild-type and AMPD3 deficient mice were injected with a dose of 5’
AMP and then placed in a 15°C metabolic chamber with free access to food and
water. They were monitored and VO, was recorded until all the animals recovered
from DH. First, a series of dose titration experiments were performed to determine
the minimum 5’-AMP dose at which wild-type and AMPD3 deficient mice responded
differently. That dose was 0.15 mg/gw 5’-AMP when using 15°C T,. All the animals
experienced the immediate Phase | response after the 5’-AMP injection. The data
was analyzed based on length of time in the Phase |l response. Since T, decreases

when the VO, drops below 1500 ml/kg/h, the average time in Phase |l state was
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used to determine the Phase Il response. On average, the AMPDS3 deficient mice

stayed in the Phase Il response much longer than the wild-type mice (Figure 28).
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Figure 28: Male and female AMPD3 deficient mice stay in Phase Il response much
longer than wild-type mice when injected with a lower dose of 5’-AMP (0.15 mg/gw)
and maintained in 15°C T,. Time in Phase Il response is represented as minutes

the VO is below 1500 ml/kg/h. females n = 12 each group, males n = 3. Error bars

= +/- S.E.M.
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The AMPDS deficient females stayed in Phase |l 81 minutes, compared to
wild-type females with an average of 21 minutes. Similarly the AMPD3 deficient
males stayed in Phase Il for 216 minutes, compared to wild-type male mice which
stayed in Phase Il for 42 minutes. Thus, the AMPD3 deficient mice stay in Phase Il
much longer than the wild-type animals, indicating that they were more sensitive to

a lower dose of 5’-AMP.
AMPD3 deficient mice have lower core body temperature than wild-type mice

Next, we examined whether the core body temperature of wild-type and
AMPD3 deficient mice was normal. Since physical activity or stress can directly
impact Ty, we decided to use the telemetry approach for this measurement.
Telemetry-chip implanted animals were placed in a 22°C metabolic chamber with
free access to food and water, and core body temperature was measured over a

period of 7 days (Figure 29).
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Figure 29: AMPDS3 deficient mice have lower Ty, than wild-type mice. Ty of
telemetry-implanted mice was measured for 7 days in a 22°C T,. Error bars = +/-
S.E.M., n=7 each group.
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To analyze the data, the average of the highest and lowest ten percent
recordings was calculated. The average top ten percent readings for the AMPD3
deficient mice was 37.0°C, almost a full degree lower than the wild type mice
average of 37.8°C. The average bottom ten percent readings for the AMPD3
deficient mice was 32.5°C, almost 2 degrees lower than the wild type mice average
of 34.3°C. It is evident from the graph of the Ty, of the wild-type and AMPD3
deficient mice that both genotypes have the normal fluctuations in body temperature
throughout the day that correspond to rest and activity. However, in the AMPD3
deficient mice the high and low body temperatures are shifted lower in comparison

to wild-type.

AMPD3 deficient mice have difficulty maintaining normal body temperature

under moderate metabolic stress

To further explore the AMPD3 deficient mouse phenotype of lower core body
temperature, it was important to determine how the animals would react to
metabolic stress such as a slight decrease in ambient temperature. Wild-type and
AMPD3 deficient mice were placed in the metabolic chamber at 22°C, with free
access to food and water for 5 days. Then the ambient temperature in the chamber
was decreased to 18°C, and the animals were monitored for two more days. Both
groups of mice showed an increase in VO, when the ambient temperature
decreased. The wild-type mice maintained their Ty, that accompanied the increase
in VO 2. However, some AMPD3 deficient mice had a decline in Ty, after the ambient
temperature decreased, even though their VO, had increased (Figure 30). Also, in a

few of the mice, it was observed that some AMPD3 deficient mice would
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spontaneously enter daily torpor even during the 22°C period (Figure 31). These
observations indicate the AMPD3 deficient mice are impaired in their ability to
maintain core body temperature. It is important to note that under extreme
metabolic stress such as fasting or T, of 15°C or lower, both wild-type and AMPD3

deficient mice will undergo torpor.
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Figure 30: Some AMPD3 deficient mice have reduced ability to maintain Ty, when
T, is reduced from 22°C to 18°C, despite increase in VO.. Representative plot of
VO, and Ty from one wild-type and one AMPD3 deficient mouse. Note that random

outliers in T, measurement are caused by the positioning of the mouse and
telemetry chip to the sensor.
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Figure 31: Daily torpor of AMPDS3 deficient mice at 22°C T,. Representative plot of
VO, and Ty, of an AMPD3 deficent mouse entering torpor in 22°C and 18°C T,, over
a period of 6 days with free access to food and water. Note that random outliers in
Ty, measurement are caused by the positioning of the mouse and telemetry chip to

the sensor.
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Summary of Results

In summary, AMPD3 deficient mice have similar VO, and glucose utilization
to wild-type mice. They display a more dramatic response to lower dose 5’-AMP
injection than wild-type mice, suggesting that AMPDS3 activity, specifically in the
erythrocyte, is important to the control of the 5’-AMP — induced model of DH. The
increased ATP and ADP in the erythrocytes, their lower T, phenotype, and the
difficulty some of the mice have maintaining Ty, during moderate metabolic stress

suggest altered energy homeostasis that must be further investigated.
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Chapter 7

Discussion and Future Directions
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Expression level of most genes in mouse liver are unaltered during DH

The physiological effects of the 5’-AMP injection occur so rapidly
(immediately) that the laboratory’s initial studies on the mechanism focused on
biochemical changes rather than gene expression. However, it was important to
determine what changes in gene expression occur after 5’-AMP treatment. A
microarray study compared the expression of genes in the liver, a highly metabolic
organ, of mice in DH, at arousal, and recovered from DH, compared to control
untreated mice. More than 99% of gene expression in the liver was unchanged in
DH, compared to untreated animals. In contrast, the arousal stage had much more
change in gene expression, with about 200 genes differentially expressed
compared to only about 40 genes in the DH state. These results showed that
patterns of gene expression are mostly held constant during DH. The expression of
circadian genes is stalled as well. Analysis of expression 24 and 48 hours post
recovery indicated that the circadian clock takes approximately 24 hours to reset
after DH. The cold Ty, likely causes the stalling of most gene expression changes in

DH (54).

Model for initiation of 5°-AMP - induced deep hypometabolism

Adenosine receptor signaling is known to be involved in thermoregulation
and heart rate, both of which undergo dramatic changes in the DH model (37).
Since 5’-AMP can be dephosphorylated to adenosine, the initial focus on
determining the fate of the injected 5’-AMP was to assess the role of adenosine in

initiating DH. Experiments with mice lacking the enzyme 5’-ectonucleotidase/CD73
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or the adenosine receptors demonstrated the animals were able to enter DH
similarly to wild-type mice. Results from these independent genetic approaches
indicated that the dephosphorylation of 5’-AMP to adenosine outside the cell is not

required to initiate the DH model.

Next, the focus turned to identifying whether 5°-AMP was the molecule that
initiates DH. Experiments showed that mice injected with 5-CMP and 5’-GMP did
not experience a decline in metabolic rate. It was found that adenosine, ATP and
ADP do induce a decline in VO, but it is more transitory and had slower kinetics
than in mice given 5’-AMP. This can be explained because the adenine nucleotides
are being modified into 5’-AMP in vivo. In contrast adenosine had similar kinetics to
5’-AMP but the effect on VO. is very transient. In addition, adenosine has low
solubility in water and it has a very short half-life of less than 10 seconds in serum.
(36). These factors likely account for the reason mice injected with adenosine did
not enter DH, as it is rapidly degraded before DH could take hold. It is possible that
given a continuous transfusion, adenosine could induce DH. In comparison with
mice injected with 5’-AMP, the VO, declined less rapidly in mice given cAMP, and
ATP. Other investigators have observed similar results with ADP and ATP given at
similar concentration. Together, these results indicate that 5’-AMP itself is

responsible for initiating the DH state.

Analysis of "C signal in perfused tissues after injection of "*C-AMP in a
mouse confirmed what had already been found in published data (39). The
radiolabel is most concentrated in the blood and in vascular organs such as heart,

lung and kidney, and does not concentrate in the brain. In addition, the Mathews
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group had found that 5’-[''C]-AMP uptake in blood changed the ADP/ATP ratio,
which would occur by the adenylate equilibrium, AMP + ATP <—-> 2ADP (39). In
vitro "*C-AMP uptake experiments in erythrocytes isolated from wild-type and CD73
deficient mice and visualized with thin layer chromatography showed that 5’-AMP is
taken up in the cells and metabolism favors formation of ADP, which corresponds to
the adenylate equilibrium. This information, along with HPLC analysis of blood
extracts from mice given 5’-AMP indicated that the 5’-AMP is taken up in the
erythrocytes and forces the adenylate equilibrium to increase ADP production, thus
reducing ATP levels. Evidence from the metabolomics study and other metabolic
analysis of mice treated with 5’-AMP suggested that glycolysis is slowed in mice in
DH. Glucose is elevated and lactate is decreased. These data taken together led to

the hypothesized model for the initiation step of the DH model (Figure 32).
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Figure 32: Proposed model for initiation of 5’-AMP — induced deep hypometabolism
This research was originally published in The Journal of Biological Chemistry.
Daniels IS, Zhang J, O’Brien WG, Tao Z, Miki T, Zhao Z, Blackburn MR, Lee CC.
Title. J Biol Chem. 2010; 285:20716-20723. © the American Society for

Biochemistry and Molecular Biology.
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The first step of the glycolytic pathway requires ATP for conversion of
glucose to glucose-6-phosphate, catalyzed by hexokinase (14). If intracellular ATP
levels decrease, then glycolysis would slow and glucose would build up and less
lactate, the end product, would be formed. Previous investigators have performed
metabolic modeling that indicates when glycolysis slows an increase in 2,3-BPG
production occurs in order to stabilize the ATP levels in erythrocytes. Therefore, a
small variation in the intracellular ATP level could cause a great increase in 2,3-

BPG production in the erythrocyte (40).

2,3-BPG is known to allosterically regulate hemoglobin’s affinity for oxygen
(16). It binds strongly to deoxyhemoglobin, but binds weakly to oxyhemoglobin (14,
40). Therefore, increased 2,3-BPG in the erythrocytes of an animal injected with 5’-
AMP would cause less oxygen transport to tissues. Evidence of this is seen in the
physiological observations and measurements of animals injected with 5’-AMP. The
Phase | response, in which VO, rapidly and dramatically decreases, may be a
reflection of the sudden reduction in oxygen transport to tissues. Also, the allosteric
nature of 2,3-BPG regulation of hemoglobin affinity for oxygen could be the reason
that a range of doses of 5’-AMP all trigger a Phase | response of similar magnitude.
The elevated 2,3-BPG levels are further confirmed by the spectral analysis of blood
taken 10 minutes after 5’-AMP injection showing increased deoxyhemoglobin and
decreased oxyhemoglobin levels. The reduced oxygen transport to the tissues
could trigger a whole body physiological response to lower metabolic rate. If this
occurs in a cooler environment, then the body will lose heat and be unable to

maintain euthermic T, due to the lower metabolic rate. T, will continue to decrease
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toward the T,. During the Phase Il response, in which T, gradually decreases as
VO, continues to decline, the body would not require as much oxygen, which in turn
allows the VO, to drop further. As demonstrated by experiments measuring time to
recovery from DH in different T,, the correct T, will allow the animal to maintain the
DH state, and the animal’s T, and the T, will be in equilibrium. If the animal in DH is
gradually rewarmed, the VO, will increase, causing arousal from DH. However,
there is much variation in the how long mice maintained in the same T, remain in
DH, which suggests there are still factors to be determined that control the length of

time in DH.

Discussion of erythrocyte as initiation site for 5°’-AMP — induced deep

hypometabolism

Metabolic rate in small mammals can be pharmacologically reduced by
treatment with 2-deoxyglucose or hydrogen sulfide gas (H2S) (22, 55). While it is not
understood how these metabolic inhibitors reduce Ty, the effects on erythrocytes
are known. Erythrocytes metabolize inhaled HoS gas in the following reaction: HbO»
+ H>S - 2S + Hb + H>0, and oxygen levels are greatly decreased (23). In the case
of 2-deoxyglucose, a known inhibitor of hexokinase, the first step in glycolysis is
stopped. Since erythrocytes rely primarily on glycolysis to produce ATP, the cellular
level of ATP would decrease. The role of the erythrocyte in 2-deoxyglucose
induction of torpor is further suggested because a different metabolic inhibitor, (-
mercaptoacetate, does not induce torpor in small mammals. B-mercaptoacetate
inhibits B-oxidation, a function of mitochondria. Erythrocytes lack mitochondria (14,

55). Further evidence of the role of the erythrocyte is that previous investigators
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have used exsanguination to reduce T, in mammals (56, 57). Also, hypoxia is
known to cause hypothermia (58). In summary, the results suggest the erythrocyte
may be the site for the initiation of many different methods of reducing metabolic

rate in mammals.

Discussion of AMPD3 deficient mice phenotype and AMPDS3 role in 5’-AMP-

induced model of deep hypometabolism

The determination that the erythrocyte is the site of initiation of the DH model
led to studies to determine whether AMP deaminase, specifically in the erythrocyte,
plays a role in the control of the DH model. AMPD3 deficient mice had undetectable
AMPD activity in erythrocytes, and reduced activity in heart tissue as evident from

the lack of IMP formation in the erythrocyte lysates.

AMPD3 deficient mice remaining in Phase Il response longer than wild-type
mice after lower dosage of 5’-AMP indicates that the AMPD catabolism of 5’-AMP,
specifically in the erythrocyte, is important in the 5’-AMP — induced DH model.
Future investigations will test whether AMPD3/CD73 deficient mice injected with
lower dose 5’- AMP have an even more dramatic response than the AMPD3
deficient mice. Lack of 5’-AMP catabolism outside the cell by CD73, combined with
a lack of 5’-AMP catabolism inside the cell by AMPD3 could possibly cause a low

5’-AMP dose to be effectively higher in these mice.

We observed that the VO, was similar in wild-type, heterozygous and
homozygous AMPD3 deficient mice. A similar glucose level in fasting blood glucose

experiments also suggested the AMPD3 deficient mice have similar metabolic
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phenotype to wild-type, at least under normal metabolic state. However, analysis of
the Ty, of telemetry implanted AMPD3 deficient mice showed a lower Ty, in constant

22°C T,, and some have difficulty maintaining T, under moderate metabolic stress.

Observation of the lower T, phenotype led to the question of how the Ty,
could be reduced without such apparent decrease in metabolic rate. Classically, Ty
regulation is controlled by the hypothalamus. The AMPD3 deficient mice are lacking
the AMPD activity only in the erythrocyte, so the hypothalamic thermoregulation
may not be directly affected by this genetic mutation. Rather, we speculate that
when under metabolic stress, delivery of oxygen to the tissue is important for
maintaining Ty. If the function of the erythrocyte is somehow impaired, the delivery
of oxygen to tissues may be inadequate. Hypoxia is known to decrease
thermogenesis (59). Investigators have found that brown adipose tissue of rats
maintained in hypoxic conditions since birth had greatly reduced uncoupling protein
content (59). Also, studies in CD-1 mice demonstrated that chronic hypoxia reduces
capacity for non-shivering thermogenesis and decreases the relative contents of
uncoupling protein 1 in brown adipose tissue and uncoupling protein 3 in
gastrocnemius muscle (15). Interestingly, chronically hypoxic CD-1 mice had a
decline in Ty to 35°C when placed in a 4°C T,, although their VO, increased similarly
to that of normoxic control mice. In contrast, the normoxic control mice maintained
euthermic Ty, of 37°C in this acute metabolic stress condition (15). These findings
correspond to our observations in AMPD3 deficient mice. When T, was reduced
from 22°C to 18°C, some AMPD3 deficient mice displayed inability to maintain Ty

despite a similar increase in VO, to wild-type mice. Further studies will investigate
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the possibility that AMPD3 deficiency in mice impairs erythrocyte function, causing
mild chronic hypoxia, and consequently undermining non-shivering thermogenesis
capacity. Analysis of the brown adipose tissue and muscle uncoupling protein

content, and oxygenation status in the erythrocyte and tissues will give insight into

this question.

Possible explanations for increased ATP and ADP in erythrocytes of AMPD3

deficient mice

Analysis of the ATP, ADP and 5’-AMP levels in the erythrocyte lysate
extracts of the AMPD3 deficient mice showed that ATP and ADP are increased 3-
fold. This corresponds with published data describing 150% of normal level of ATP
in affected cells of humans with AMPDS3 deficiency (51). In addition, analysis of
aged erythrocytes from rabbits demonstrate that erythrocyte AMP deaminase
activity reaches a minimum after 40 days in the 120 day erythrocyte lifespan. The

aged erythrocytes have elevated levels of ATP (60).

It has not been explained in the literature how ATP levels can rise when
erythrocytes lack AMPD3 to deaminate 5’-AMP to IMP. Cytosolic nucleotidase
dephosphorylates 5’-AMP to adenosine, but adenosine kinase which
phosphorylates adenosine back to 5-AMP has a much lower K, than adenosine
deaminase, so phosphorylation of adenosine to 5’-AMP is favored. Thus, if
catabolism of 5’-AMP to IMP is blocked, then the adenine nucleotide pool would be
increased. By the adenylate equilibrium AMP + ATP <- 2 ADP, if 5-AMP levels

rise, then to balance the equilibrium, ADP would have to increase and ATP should
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decrease. Alternatively, the rise in ADP could be balanced by a rise in ATP and a

decline in 5’-AMP, which is what was observed.

Cytosolic nucleotidase can dephosphorylate AMP to adenosine, but then in
the next step adenosine kinase has a much lower K, than adenosine deaminase,

so phosphorylation of adenosine to AMP is favored (Figure 33) (14, 16, 60).
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Figure 33: K, values for metabolism of adenine nucleotides and nucleosides inside
the cell
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AMP formation would be favored until the substrate level was high enough to
overcome the lower K, of adenosine kinase, and allow adenosine deaminase to
convert some of the adenosine to inosine. This would cause a build-up of AMP,

which can be phosphorylated to ADP and ATP.

Possible role of Na*/K* pump

Physiological concentration of 5’-AMP is much lower than ATP and ADP. In
erythrocytes, 5’-AMP concentration is about 14 uM, compared to 1,797 uM for ATP
and 227 yM for ADP (61). Maintaining the relative concentrations of ATP, ADP and

5’-AMP inside the cell is essential.

One possible reason for the adenine nucleotide pool in AMPDS3 deficient
erythrocytes to be maintained in ATP/ADP rather than 5°’-AMP/ADP is the
physiological need of the erythrocytes. The observed increase in ATP and ADP
levels in the erythrocyte lysate are within the normal ADP/ATP ratio. Maintenance of
this ratio would promote proper function of the Na*/K* pump. The Na*/K* pump, also
called the Na*/K*— ATPase, uses active transport to export Na* and import K*, using
the energy from dephosphorylation of ATP to ADP (62). One of its functions is to
maintain the osmotic pressure within the cell, which is necessary to maintain cell
shape. Previous studies have investigated the effect of changing the ADP/ATP ratio
on the activity of the Na™/K* pump in resealed erythrocyte ghosts. The investigators
used phosphoarginine or phosphocreatine-based systems to enzymatically
regenerate ADP or ATP to vary ADP/ATP ratios. Using an adenylate kinase

inhibitor, they prevented the adenylate equilibrium from re-equilibrating the AMP,
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ADP and ATP to normal ratios. Changes in ADP/ATP ratio affected the rate of ion
exchange (63). This could have significant impact on the homeostasis of intact

erythrocytes.

The energy homeostasis in erythrocytes of AMPD3 deficient mice may be
altered due to increased adenine nucleotide pools. This could cause an inability of
the erythrocytes to properly transport oxygen to tissues, which may result in the

decreased Ty, phenotype. Further analysis is needed to understand this phenotype.

Conclusion

In summary, this dissertation describes a novel method for inducing a deep
hypometabolic state in mammals, induced by uptake and metabolism of a natural
molecule, 5’-AMP. Biochemical analyses and genetic approaches have provided
clues into the initiation and control of the model. This work adds to understanding of
the mechanisms involved in the 5’-AMP induced model of deep hypometabolism.
Possible future clinical application of the model in humans will require a deeper

comprehension of the mechanisms underlying this model.
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