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Figure 1.1: Paradoxical enhancement of a (**S)-methionine band during the UPR.

A. Duplicate wells of 3T3-L1 adipocytes were exposed to brefeldin A (BA), thapsigargin
(Th) or tunicamycin (Tu) and pulsed with [**S]-methionine for 30 minutes. Cell lysates
were analyzed by SDS-PAGE gels and phosphoimaging. Arrows indicate the enhanced
incorporation of radioactivity into protein bands. B. Time course of the ~25 kDa band
expression with tunicamycin (Tuni) treatment. C. Dose dependency of the ~25 kDa band
expression with tunicamycin (Tuni) treatment. D. Co-purification of ~25 kDa band with
the crude mitochondrial (Mito) fraction and not with the cytosolic (Cyto) fraction from
control (Con) and tunicamycin (Tuni) treated cells. Results are from one representative
experiment, which was confirmed 3 times.
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This finding prompted us to analyze the effects of tunicamycin on turnover of
mitochondrial proteins in more detail. To ensure that the effects seen were due to changes
in translation, and not transcriptional responses to ER stress that could alter
mitochondrial composition (239), cells were treated for 60 minutes with actinomycin D
to inhibit transcription prior to exposure to tunicamycin for 2 hours. Cells were then
pulsed for 30 minutes with [*>S]-methionine, and soluble proteins from purified
mitochondria were analyzed by 2D gel electrophoresis. Gels were transferred to
nitrocellulose filters, which were exposed to phosphorimager screen to estimate [*°S]-
methionine incorporation (Figure I.2A and B, green color). The blots were then stained to
visualize total protein amounts in specific spots (Figure 1.2A and B, red color). The
overlap of the two signals reflects the extent of [**S]-methionine incorporation relative to
total protein, where yellow to green reflects higher and red to yellow lower incorporation
rates. Three results are evident from this experiment; first, that the basal turnover rate of
soluble mitochondrial proteins is very variable, with some high abundance proteins
displaying very little [**S]-methionine incorporation (Figure 1.2A, red spots), and proteins
of low abundance displaying the largest incorporation of [**S]-methionine (Figure 1.2A,
green spots), revealing very rapid turnover. Second, that the predominant effect of
tunicamycin is to decrease translation, reflected by decrease in [**S]-methionine
incorporation into proteins of high turnover. And third, that several proteins escape
translational repression in response to tunicamycin, reflected by increased [*°S]-

methionine incorporation (green spots in Figure 1.2B).
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Figure 1.2: Tunicamycin affects translation of soluble mitochondrial proteins.

3T3-L1 adipocytes were treated with actinomycin D and then without (A) or with (B)
tunicamycin (+Tuni) and labeled with [**S]-methionine. Mitochondria were purified,
soluble proteins extracted with sodium carbonate, and separated on pH 4 to 7 isoelectric
focusing strips followed by PAGE. Gels were transferred to nitrocellulose filters, which
were exposed to reveal [**S]-methionine incorporation (**S, green signal) and stained to
reveal total protein levels (Sypro, red signal. Results are from one representative
experiment, which was confirmed 3 times.
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To better identify those proteins that escape translational repression, we compared
the patterns of [*°S]-methionine incorporation in control cells (Figure 1.3A, blue) with
those seen in tunicamycin-treated cells (Figure 1.3A, red). Visual inspection of the
overlapped filters reveals those proteins that are highly sensitive to translational
inhibition (blue spots), and also those that escape inhibition (purple spots) or are
enhanced in response to tunicamycin (red spots). A quantitative analysis of this
experiment, in which the relative volume of each spot from the control or tunicamycin
treated samples are compared (Figure 1.3B and C), reveals that translation of
approximately ~6 % of the spots detected is stimulated (increased by more than 2-fold) in
response to the drug. To explore the functional relevance of this subset of proteins, we
proceeded to identify by mass spectrometry a prominent series of spots with isoelectric
points around pH 7, in the region between 25-30 kDa, which were stimulated in their

[*>S]-methionine incorporation in response to tunicamycin (Figure 1.3C, rectangle).
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Figure 1.3: Effects of tunicamycin of translation of soluble mitochondrial proteins.

3T3-L1 adipocytes were treated with actinomycin D and then without or with
tunicamycin and labeled with [*>S]-methionine. Mitochondria were purified, soluble
proteins extracted with sodium carbonate, and separated on pH 4 to 7 isoelectric focusing
strips followed by PAGE. Gels were transferred to nitrocellulose filters, which were
exposed to reveal [*S]-methionine incorporation A. Overlapped images of [*°S]-
methionine incorporation from untreated (*°S-control, blue signal) and tunicamycin
treated (*°S-Tuni, red signal) samples. B. Ratio of [**S]-methionine incorporation into
278 spots identified in samples from tunicamycin-treated cells relative to controls. C.
Outlines of identified spots, where blue outlines represent decreased and red outlines
increased [*°S]-methionine incorporation in response to tunicamycin. Rectangle indicates
region subjected to further analysis by mass spectrometry. Results are from one
representative experiment, which was confirmed 3 times.
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These results suggest that the translation of mMRNAs encoding for at least some
mitochondrial proteins is controlled in response to ER stress in ways that prevent
translational inhibition, and/or enhances translation. Furthermore, this response may be
relevant for the overall cellular response to such stress. To further explore this
hypothesis, we proceeded to identify those proteins that fail to respond to tunicamycin
with decreased [*°S]-methionine incorporation, and characterize their function in relation
to ER stress. These proteins were identified by comparison of the ratio of SyproRuby
staining and [**S]-methionine incorporation under control (Figure 1.4A, top panel) and
tunicamycin-treated (Figure 1.4A, bottom panel) conditions. Amongst the most salient of
these (more yellow or red in Figure 1-4 bottom panel compared to top panel) were a series
of protein spots with isoelectric points around pH 7, in the region between 25-30 kDa.
These were excised from gels run in parallel, and analyzed by Mass spectrometry (Figure
I.4A). From these, peptides corresponding to two proteins, adenylate kinase 2 (gi:
34328230) and a hypothetical protein of unknown function (gi: 31560255) that

corresponds to a mitochondrial protein (101) were reproducibly detected.
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Figure 1.4: Identification of proteins that escape translational suppression.

A. 3T3-L1 adipocytes were treated with actinomycin D and then tunicamycin followed
by labeling with [*S]-methionine. Soluble mitochondrial proteins were separated in
parallel 2D gels, one was stained (green signal) and one transferred to nitrocellulose for
subsequent exposure to reveal [*S]-methionine incorporation (red signal). The
overlapped images were used to identify spots corresponding to proteins displaying
unchanged or enhanced [**S]-methionine incorporation in response to tunicamycin (red or
yellow spots). Blue circles indicate the regions subjected to excision and mass
spectrometry, and the corresponding gene identifier numbers of the proteins identified. B.
Western blot of AK2 performed on the nitrocellulose filter, demonstrating
correspondence with the identified protein. C. Immunoprecipitation with AK2 specific (I)
or non-immune (NI) rabbit antibodies from cells treated as above without (-) or with (+)
tunicamycin and labeled with [**S]-methionine, followed by western blot analysis and
exposure to phosphorimager screens.
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Western blot analysis confirmed that AK2 indeed corresponded to several of the
spots of interest (Figure 1.4B), and immunoprecipitation experiments with antibodies to
AK2 confirmed that AK2 escapes translational attenuation during ER stress (Figure
1.4C). The heterogeneous mobility of yeast adenylate kinase on isoelectric focusing gels
has been previously noted (240), but the biochemical basis for this altered mobility is
unclear.

The other protein identified, gi: 31560255, is a hypothetical mammalian protein
identified in a mitochondrial proteomic screen (101). It is a homolog to the C. elegans
protein RMD-1, which has been shown to associate with microtubules (241). Depletion
of this protein impairs mitotic chromosome segregation. Western blot analysis with an
antibody generated against this protein showed co-localization with one of the identified
spots (Figure 1.5). Further analysis is required to determine whether this protein escapes
the translational block induced by tunicamycin. In addition, further confirmation of its
mitochondrial localization as well as the function of this protein may provide insight into

why it is alternatively regulated.
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Figure 1.5: Co-localization of gi: 31560255 with translationally upregulated spot.

3T3-L1 adipocytes were treated with actinomycin D and then without (A) or with (B)
tunicamycin followed by labeling with [**S]-methionine. Soluble mitochondrial proteins
were separated in parallel 2D gels, one was stained (red signal) and one transferred to
nitrocellulose for subsequent exposure to reveal [*>S]-methionine incorporation (green
signal). The overlapped images were used to identify spots corresponding to proteins
displaying unchanged or enhanced [**S]-methionine incorporation in response to
tunicamycin (green or yellow spots). Western blot analysis of gi: 31560255 was
performed on the nitrocellulose filter, demonstrating co-localization of the identified
protein (blue spots) with the spot subjected to excision (arrow).



160

Conclusions

AK2 is a member of an ancient family of proteins (EC. 2.7.4.3), present from
bacteria to humans, that catalyze the reversible reaction ATP+AMP<2ADP. The
function of AK is classically described to be the maintenance of a constant concentration
and fixed ratio of adenine nucleotides, and the single isoform of adenylate kinase present
in bacteria and lower eukaryotes is essential for life, underscoring the crucial biological
relevance of adenine nucleotide interconversion (108-110). The findings reported here
demonstrate that AK2 protein levels can be acutely regulated by posttranscriptional
control mechanisms, revealing a new level of regulation for these essential kinases. While
these results are consistent with previous findings that show that the levels of AK2
protein are not predictable from mRNA levels (120), they are first to directly demonstrate
translational control in an acute setting. More work is needed to determine which if any
of the many known molecular mechanisms that control translation operate on AKs. In
addition more work is required to determine whether the regulation of AKs is a universal
feature of cells that undergo chronic ER stress, and to determine whether it plays a role in
cellular adaptation. In addition, several proteins that separated with a soluble
mitochondrial fraction were shown to escape the translational attenuation elicited by
tunicamycin. The identity and function of these proteins may provide insight into the
cellular response to ER stress. The results shown here suggest that this translational

regulation and the affected proteins will be important new targets of investigation.
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Experimental Procedures
Reagents: Chicken IgY against AK2 was generated by immunization with full-length
purified mouse AK2. Rabbit 1gG against the protein encoded by gi: 31560255 was

generated by immunization with a C-terminal peptide.

Cell Culture: All cells were obtained from American Type Culture Collection and grown
under 10% CO;, and cultured in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U of penicillin/ml, and 100 ug of
streptomycin/ml which was replaced every 48 hours unless otherwise stated. 3T3-L1 cells
were grown on 150-mm dishes. Three days after reaching confluence (day 0), media was
replaced with culture media containing a differentiation cocktail consisting of 0.5 mM 3-
isobutyl-1-methylxanthine (Sigma), 0.25 uM dexamethasone (Sigma), and 1 pM insulin
(Sigma). 72 hours later (day 3) media was replaced with culture media, which was
replaced every 48 hours. Experiments were performed with day 7 cells. Other treatments
were as follows: 17 uM brefeldin A for 2 hours, 2 UM Thapsigargin, 6 uM tunicamycin
for 2 hours or as indicated, and 2 pg/mL actinomycin D for 1 hour prior to tunicamycin

treatment.

[*°S]-Methionine Incorporation: Cells were fed 24 hours prior to the experiment, and
were treated as described in each figure legend. Cells were then pulsed with 50 pCi/mL
%5 Methionine/Cysteine for 30 minutes, rinsed twice in phosphate-buffered saline and

once in isolation buffer (250 mM sucrose, 0.5 mM EGTA, 5 mM HEPES; pH 7.4), and
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homogenized by 7 passages through a 27-gauge needle. Homogenates were centrifuged at
500xg for 10 minutes. The postnuclear supernatant was centrifuged at 18,000xg for 25
minutes. An aliquot of the supernatant (cytosolic fraction) was taken for analysis. The
pellet was resuspended in 20% sucrose in isolation buffer and centrifuged at 18,000xg for
30 minutes. The pellet was resuspended in 60% sucrose (in 10 mM Tris with 0.05 mM
EDTA) for further processing. The suspension was overlaid with a 53% sucrose layer (in
10 mM Tris with 0.05 mM EDTA) and a 44% sucrose layer (in 10 mM Tris with 0.05
mM EDTA). The sucrose step gradient was centrifuged at 141,000xg for 2 hours. The
purified mitochondria settled at the 44-53% sucrose interface. The mitochondrial layer
was removed, diluted in isolation buffer, and centrifuged at 18,000xg for 30 minutes. The
mitochondrial pellet was suspended in 200 pl of 100 mM sodium carbonate pH 11,
vortexed and centrifuged at 288,000xg for 10 minutes. The solubilized proteins were

prepared for 2D analysis.

2D Gel Analysis: Samples were acetone-precipitated and solubilized in 40 mM Tris, 7 M
urea, 2 M thiourea, and 2% CHAPS, reduced with tributylphosphine, and alkylated with
10 mM acrylamide for 90 minutes at room temperature. After a second round of acetone
precipitation, the pellet was solubilized in 7 M urea, 2 M thiourea, and 2% CHAPS
(resuspension buffer), and the buffer was run through a 10 kDa cutoff Amicon Ultra
device with at least 2 volumes of the resuspension buffer to reduce the conductivity of the
sample. Seventy-five micrograms of protein were subjected to isoelectric focusing (IEF)

on 11 cm pH 4 to 7 immobilized pH gradient strips (Proteome Systems, Sydney, NSW,
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Australia). After IEF, immobilized pH gradient strips were equilibrated in 6 M urea, 2%
sodium dodecyl sulfate (SDS), 50 mM Tris-acetate buffer, pH 7.0, and 0.01%
bromphenol blue and subjected to SDS-PAGE on 6 to 15% Gel Chips (Proteome
Systems). Gels were electroblotted onto nitrocellulose, or fixed and stained in SYPRO
Ruby (Invitrogen). Blots were exposed to phosphorimager screens followed by SYPRO
Ruby staining. Spot detection, matching, background subtraction, and normalization
analysis of all images was performed using Progenesis Discovery software (Nonlinear

Dynamics Inc., Newcastle upon Tyne, UK).

Mass Spectrometry: Spots excised from polyacrylamide gels were digested in-gel with
trypsin. Analysis was performed on a Kratos Axima QIT (Shimadzu Instruments) matrix-
assisted-laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer.
Peptides were analyzed in positive ion mode in mid-mass range (700-3000 Da). The
instrument was externally calibrated with Angiotensin Il (MH+ of 1046.54), P14R (MH+
of 1533.86) and ACTH clip 18-39 (MH+ of 2465.20). Precursors were selected based on
signal intensity at a mass resolution width of 250 for CID fragmentation (MS/MS) using
Argon as the collision gas. All spectra were peak processed with Mascot Distiller (Matrix
Sciences, Ltd.) prior to database searching. Database searches were performed in house
with the Mascot search engine (Matrix Sciences, Ltd.). For MS searches the Peptide Mass
Fingerprint program was used with a peptide mass tolerance of 50 ppm. For MS/MS
searches (CID spectra) the MS/MS lon Search program was used with a Precursor

tolerance of 50 ppm and a fragment tolerance of 0.5 Da.
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Immunoblot Analysis: The membranes were blocked with 5% nonfat-milk in Tris-
buffered saline (TBS) with 0.1% Tween and incubated with primary antibodies
overnight. They were then incubated with anti-chicken IgY or anti-rabbit 1gG horseradish
peroxidase conjugated antibodies (Sigma) and detected using enhanced

chemiluminescence (Perkin Elmer Life Sciences, Inc.).
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APPENDIX 11

ENHANCED OXIDATIVE METABOLISM AND RESISTANCE TO
OBESITY IN RESPONSE TO ADENYLATE KINASE 1 DEPLETION

The following data includes unpublished results and Affymetrix gene chip data taken
from:

Nilsson EC, Long YC, Martinsson S, Glund S, Garcia-Roves P, Svensson LT, Andersson
L, Zierath JR & Mahlapuu M (2006) Opposite transcriptional regulation in skeletal
muscle of AMP-activated protein kinase gamma3 R225Q transgenic versus knock-out
mice. J Biol Chem 281, 7244-7252.

Femke Streijger fed the animals and aided in the dissections. | performed microarray
analysis experiments on wild type and AK1” muscle. The core facility performed the
genechip hybridization and Juerg Straubhaar performed the statistical analysis on the

resulting data. | performed the remaining experiments contained within this appendix.
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Summary

Energy expenditure in live organisms is determined by the amount of work
performed and by the efficiencies with which ATP is produced and used for such work.
Imbalances in nutrient availability and energy expenditure lead to obesity and associated
co-morbidities. Thus, understanding the molecular mechanisms that control energy
expenditure is important. The enzyme adenylate kinase 1 (AK1) has been found to
influence the efficiency of ATP utilization during muscle contraction. In Chapter 3, we
found that deletion of AK1 in primary myotubes results in enhanced glucose transport
and oxygen consumption, suggesting that increased oxidative metabolism is elicited as a
compensatory response to inefficient ATP utilization resulting from AK1 depletion. Here
we find this effect is relevant in vivo, as AK1” mice are resistant to fat accumulation
induced by a high fat diet. Moreover, expression of genes of oxidative metabolism and
ATP synthesis is increased in muscles from AK1” mice, and genes involved in ribosome
synthesis are decreased. Similarities with other perturbations that enhance oxidative
metabolism, such as a mutation in the muscle-specific y3 subunit of AMP-activated
protein kinase, are seen throughout the expressed genome of AK1” mouse muscle. These
results indicate that AK1 can play an important role in controlling muscle and whole
body energy homeostasis, and point to the AK family of enzymes as novel potential sites

of both dysfunction and therapeutic intervention in metabolic disease.
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Background

Obesity and its many associated co-morbidities are caused by an imbalance
between food intake and energy expenditure (166-169). Addressing this problem requires
an understanding of the mechanisms by which fuel consumption, energy production, and
energy utilization are coordinated. In single cells energy production in the form of
adenine nucleotides ATP and ADP is tightly coupled with energy utilization for motility
or anabolic processes (242). Even in cells that have acute high-energy requirements, such
as skeletal and cardiac myocytes and neurons, ATP synthesis is highly coordinated with
ATP utilization, such that the steady state levels of ATP remain constant over a wide
range of workloads. In these cells, carbohydrate or lipid fuels are channeled to
mitochondria for oxidative phosphorylation, where ATP is primarily synthesized, and this
process is enhanced dramatically in response to increased ATP utilization.

Among the important molecular mechanisms by which energy flux is regulated in
single cells are enzymatic activities that utilize, are regulated by, or alter the levels of
adenine nucleotides. For example, an increase in the AMP/ATP ratio ensuing from
enhanced ATP utilization is sensed by AMP-activated protein kinase (AMPK), which
then triggers an increase in fuel consumption that facilitates the restoration of ATP levels
(171-175). In addition, AMPK activation results in decreased energy expenditure by
minimizing the activity of anabolic pathways.

An enzyme that influences adenine nucleotide levels is adenylate kinase (AK),
which catalyzes the reversible phosphoryl transfer reaction AMP + ATP < 2ADP. AK is

present in organisms from bacteria to humans, and its single isoform in lower eukayotes
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is essential for survival. The human genome encodes for 9 genes bearing similarity to AK
that differ in cellular and subcellular distribution. AK1 is responsible for over 95% of AK
activity in skeletal muscle (243). AK has been thought to provide the principal
homeostatic mechanism to maintain proper levels of adenine nucleotide under various
metabolic states. It has also been proposed that via phosphotransfer networks, AK
channels ATP from sites of ATP production to sites of utilization (111).

Given the importance of AK activity, and the fact that AK1 is by far the
predominant AK activity in muscle, it was rather surprising that mice lacking AK1 are
seemingly normal (114,115,117). They are able to maintain normal levels of ATP and
show similar muscular capability as wild type mice. They do display enhanced ATP
synthesis during muscle contraction, indicating more ATP was generated to maintain
normal contractility (114,115). These results suggest that compensatory mechanisms are
elicited in these mice to adapt to the lack of this enzyme. These results are consistent with
a proposed role of adenylate kinase to of improve the efficiency of ATP utilization in
cells through the operation of phosphotransfer networks (111), or other yet unknown
mechanisms.

To better define the compensatory mechanisms by which AK1 deficiency leads to
increased ATP production, and whether the effects of AK1 depletion in muscle are
sufficient to impact whole body metabolism, we have analyzed the phenotype of AK1”
mice on a high fat diet. Here, we find that AK1” mice are protected from fat
accumulation. This protection is likely to be due to enhanced oxidative metabolism in

vivo, as genes in the pathways of oxidative metabolism are increased in muscles from



169

these mice. Interestingly, changes throughout the expressed genome of muscles from
AK1" mice are highly concordant with those induced by a dominant mutation in the y3
subunit of AMP kinase (Prkag3"?*? mice), a condition in which fuel utilization and work
performance are maximized (244,245), and discordant with mice lacking the y3 gene.
Thus, alterations in AK1 have a highly significant rapid effect on energy metabolism, and
the compensatory changes elicited by changes in AK1 levels resemble those produced by
changes in AMPK, a central regulator of energy balance (171-175). This work points to
the adenylate kinases as novel potential sites of dysfunction and/or intervention in obesity

and other metabolic diseases.

Results

We have shown that AK1 depletion rapidly enhances basal glucose uptake and
oxygen consumption in differentiated primary myotubes, suggesting that AK1 depletion
enhances oxidative metabolism to increase ATP production (Figure 3.11). To determine
whether the metabolic changes elicited by AK1 depletion at the cellular level would
translate into changes in whole body fuel metabolism, AK1” mice were fed either normal
diet or high fat diet for 18 weeks. The average body weight of AK1” mice on a normal
diet was higher than that of wild type controls (Figure I1.1A, left panel), but the size of
the epididymal fat pads were comparable (Figure Il.1A, right panel). This tendency
towards a more lean whole body mass was more apparent upon high fat feeding, where

the total body weight of AK1” mice and their wild type littermates were not significantly
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different (Figure 11.1B, left panel), but the degree of adiposity in the AK1” mice was

significantly lower than that of the wild type littermates (Figure 11.1B, right panel).
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Figure I1.1: Response of the AK1” mice to high fat feeding.

A. Whole body weight (left) and isolated epididymal adipose tissue weight (right) in
grams (n=9) of AK1" mice and wild type controls (WT) fed normal diet (ND). B. Whole
body weight (left) and isolated epididymal adipose tissue weight (right) in grams (n=9) of
WT and AK1™ fed a high fat diet for 18 weeks (HFD).
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Consistent with the observed differences in adiposity, the serum leptin levels of
the wild type mice increased about 6-fold while those of the AK1” mice only increased
around 3-fold in response to the high fat diet (Figure 11.2A). The attenuation of fat depot
expansion appears to be due to decreased lipid accumulation per cell, as the average lipid
droplet size of isolated adipocytes from wild type mice was significantly larger than that
from AK1” mice when animals were exposed to a high fat diet (Figure 11.2B and C).
While further phenotyping needs to be performed to determine the basis for the
differences in lean body mass between the AK1” and wild type animals, our results are
consistent with a protection from lipid accumulation in response to changes in muscle

oxidative metabolism elicited by AK1 depletion.
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Figure 11.2: Response of the AK1”- mouse adipose to high fat feeding.

A. Leptin values in serum from WT and AK1” animals fed ND or HFD for 18 weeks
(n=9). B. Isolated adipocytes from WT and AK1™ stained with anti-perilipin antibody. C.
Cell diameter in millimeters (n=14). * indicates p<0.05 between WT and AK1" by paired
2-tailed Student t-test. # indicates p<0.05 between WT ND and WT HFD by paired 2-
tailed Student t-test. + indicates p<0.050 between AK1”" ND and AK1” HFD by paired
2-tailed Student t-test.
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To further test the hypothesis that AK1 depletion leads to enhanced muscle
oxidative metabolism in vivo, we analyzed the global changes in gene expression that
accompany AKL1 deletion, and compared them with alterations induced by changes in
AMP-sensitive protein kinase (AMPK), which is a central regulator of energy
metabolism (107,171,172,246-248).

Of the 45037 probes present in the MOE430-2 Affymetrix GeneChip, 865 were
significantly (p<0.05) upregulated by more than 10% in muscles from AK1” mice
compared to controls (range 1.1 — 7.8 fold). Of these, 245 probes had annotations in
KEGG (Kyoto Encyclopedia of Genes and Genomes) (249), and were significantly
annotated to 36 pathways, shown in Table Il.1. The most significantly represented
metabolic pathways were that of oxidative phosphorylation, ATP synthesis, and
glycolysis/gluconeogenesis. These changes are consistent with an increase in steady-state
fuel utilization in response to AK1 deficiency, and with the previously reported increase
in glycolytic flux in muscles from AK1™” mice (114,115). Significant downregulation of
1619 probes also occurred in the AK1” muscle. Of these, 276 probes were annotated to

44 KEGG pathways, the most salient being the ribosomal pathway (Table 11.1).



TABLE 1
INCREASED in AK1” DECREASED in AK1™"
KEGG Pathway P value KEGG Pathway P value
Oxidative phosphorylation 6.28E-16 Ribosome <2.22e-16
ECM-receptor interaction 6.17E-11 MAPK signaling pathway 3.62E-14
Focal adhesion 2.62E-10 Wnt signaling pathway 3.77E-14
ATP synthesis 6.25E-07 Cell cycle 143E-11
Glycolysis/ 1.82E-06 Phosphatidylinositol 1.81E-10
Gluconeogenesis signaling system
MAPK signaling pathway 3.65E-05 Huntington's disease 2.19E-10
Carbon fixation 0.00013477 | Calcium signaing pathway 1.69E-08
Pentose phosphate pathway ~ 0.00020791 | Insulin signaling pathway 1.70E-08
Starch and sucrose 0.00021868 | Basal transcription factors 6.67E-08
metabolism
Valine, leucine and 0.00046573 | Inositol phosphate 6.80E-08
isoleucine degradation metabolism
Fatty acid metabolism 0.00049936 | TGF-betasignaling pathway 3.25E-07
gamma- 0.00062564 | Benzoate degradation via 4.30E-06
Hexachlorocyclohexane CoA ligation
degradation
TGF-betasignaling pathway 0.00080461 | Neurodegenerative Disorders  8.41E-06
Cell adhesion molecules 0.00103084 | Adipocytokine signaling 1.17E-05
(CAMS) pathway
Adherens junction 0.00173257 | Adherensjunction 3.56E-05
Glutathione metabolism 0.00195161 | Notch signaling pathway 8.59E-05
Butanoate metabolism 0.00410956 | DNA polymerase 9.52E-05
Nitrogen metabolism 0.00566353 | Nicotinate and nicotinamide 0.00033866
metabolism
Tight junction 0.006045 Alzheimer's disease 0.00044752
Nucleotide sugars 0.00639769 | Toll-like receptor signaling 0.00053714
metabolism pathway
Pentose and glucuronate 0.00718602 | Glutathione metabolism 0.00113208
interconversions
Gap junction 0.00775716 | Valine, leucine and isoleucine  0.00141952
degradation
Cyanoamino acid 0.0105907 Jak-STAT signaling pathway  0.00156384
metabolism
Hematopoietic cell lineage 0.01137075 | Tryptophan metabolism 0.00169053
Adipocytokine signaling 0.01256125 | Aminoacyl-tRNA synthetases 0.00237739
pathway
Ubiquinone biosynthesis 0.01778983 | Glycine, serine and threonine  0.00346765
metabolism
Riboflavin metabolism 0.01963987 | Gap junction 0.00347963
Glycine, serine and 0.02820949 | B cell receptor signaling 0.0053048
threonine metabolism pathway
Valine, leucine and 0.02975211 | Glycerophospholipid 0.00554265
isoleucine biosynthesis metabolism
Glycerophospholipid 0.03433134 | Purine metabolism 0.00704883
metabolism
Regulation of actin 0.0383473 Protein export 0.00857957
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cytoskeleton

Purine metabolism

Lysine degradation
Cytokine-cytokine receptor
interaction

Toll-like receptor signaling
pathway

Pyruvate metabolism

0.03934515
0.03975178
0.04076289
0.04263423

0.0474699

Butanoate metabolism
Focal adhesion
Parkinson's disease

Regulation of actin
cytoskeleton

Urea cycle and metabolism of
amino groups

Apoptosis

Porphyrin and chlorophyl|
metabolism

Alkaloid biosynthesis 11
Circadian rhythm

Valine, leucine and isoleucine
biosynthesis

Androgen and estrogen
metabolism

T cell receptor signaling
pathway

0.01112014
0.01369923
0.0141911

0.01481001
0.01528664

0.01710462
0.01761754

0.01761754
0.02146565
0.02370443
0.02725566

0.03377148

Table I1.1: Pathways analysis in response to AK1 knockout.
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Affymetrix GeneChip databases were obtained as described in Materials and Methods.

Analysis was performed using annotations in KEGG to determine significantly enriched
pathways. Pathways listed are significantly populated by genes that increase or decrease
in response to AK1 knockout.
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Transgenic expression of a mutation in the muscle-specific, gamma regulatory
subunit of AMPK (TgPrkag3®®®?) (244,245,250-252) elicits increased fat oxidation in
muscle. Analysis of published Affymetrix databases of muscle from TgPrkag3%°? mice
(253) revealed 299 probes that were significantly (p< 0.05) upregulated by more than
10% compared to non-transgenic controls (range: 1.1 - 2.36 fold). Of these, 97 probes
had annotations in KEGG, to 19 pathways, of which the most significantly represented
were that of oxidative phosphorylation and starch metabolism (Table 11.2), consistent
with the reported alterations in glycogen deposition and fat oxidation in muscles from
these mice (244,245). Significant downregulation of 348 probes also occurred in
TgPrkag3**? muscle. These were annotated to 11 KEGG pathways, which, like in the
AK1" muscle included the ribosomal and diverse signal transduction pathways (Table

11.2).
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TABLE 2

INCREASED in TgPrkag3?>? DECREASED in TgPrkag3®**?

KEGG Pathway P value KEGG Pathway P value
Oxidative phosphorylation 1.59E-07 | Ribosome <2.22e-16
Starch and sucrose metabolism 1.08E-06 | DNA polymerase 6.25E-05
Nucleotide sugars metabolism 3.83E-06 | TGF-beta signaling pathway 0.00011669
Pentose and glucuronate 4.75E-06 | Glutathione metabolism 0.0010422
interconversions
Galactose metabolism 3.27E-05 | Notch signaling pathway 0.00885056
Novobiocin biosynthesis 3.65E-05 | MAPK signaling pathway 0.00994324
Carbon fixation 0.00015475 | Arginine and proline metabolism  0.01484344
Alkaloid biosynthesis | 0.00016692 | Wnt signaling pathway 0.01855903
ATP synthesis 0.00019103 | Prion disease 0.02278944
Synthesis and degradation of ketone 0.00036008 | Ureacycle and metabolism of 0.03587762
bodies amino groups
Arginine and proline metabolism 0.00049755 | Selenoamino acid metabolism 0.04327788
Phenylalanine metabolism 0.00136156
Phenylalanine, tyrosine and tryptophan ~ 0.00163826
biosynthesis
Cysteine metabolism 0.0020962
Fructose and mannose metabolism 0.00531628
Alanine and aspartate metabolism 0.00805732
Tyrosine metabolism 0.01017063
Glutamate metabolism 0.01484851
Glutathione metabolism 0.02009483

Table 11.2: Pathways analysis in response to transgenic expression of Prkag3?°<.

Affymetrix GeneChip databases were obtained as described in Materials and Methods.
Analysis was performed using annotations in KEGG to determine significantly enriched
pathways. Pathways listed are significantly populated by genes that increase or decrease
in response to transgenic expression of Prkag3°><.
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When the changes induced by TgPrkag3?°*? were compared to those induced by
AK1 knockout, a highly significant correlation (Pearson correlation 0.36; P=2.963E-14)
was observed throughout the 1963 probes that were significantly altered (increased or
decreased) by either perturbation (Figure 11.3A). A significant correlation was maintained
(Pearson correlation 0.79; P= 0.005) even when only those 225 probes that were altered
by both perturbations were compared (Figure 11.3B). Of the 91 probes that were increased
by both TgPrkag3?°? and AK1™”, 42 were annotated to 8 KEGG pathways, the most
significant of which were oxidative phosphorylation and ATP synthesis (Table 11.3). 116
probes were decreased in both TgPrkag3*? and AK1™, of which 39 were annotated to 2
KEGG pathways, the ribosomal and notch signaling pathways (Table 11.3). Probes
reciprocally regulated in TgPrkag3°*? and AK1™ were not annotated to any significant
KEGG pathway. Thus, the overall genetic signature produced by TgPrkag3®*? is highly
similar to that produced by the lack of AK1, and includes increased expression of genes

of oxidative metabolism, and decreased expression of ribosome synthesis genes.
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Figure 11.3: Gene expression induced by AK1™ or increased AMPK activation.

Gene expression analysis from mice with the AK1 deletion (AK1-/-), transgenic
expression of Prkag3“°? (TgPrkag3?*? ). Affymetrix GeneChip databases were obtained
as described in Materials and Methods. A: Correlation between the 1963 genes that were
significantly altered either in AK1” or in TgPrkag32?°. B: Correlation between the 255
genes significantly altered in both AK1™ and TgPrkag3**?. The correlation values and
statistical significance are described in the text.
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TABLE 3
INCREASED in TgPrkag3?°°? AND AK1" DECREASED in TgPrkag3?*>? AND AK1"
KEGG Pathway P value KEGG Pathway P value

Oxidative phosphorylation 6.63E-07 | Ribosome 2.47E-16
ATP synthesis 0.00024334 | Notch signaling pathway 0.001192
Nucleotide sugars metabolism 0.00058089

Pentose and glucuronate 0.00065688

interconversions

Starch and sucrose metabolism 0.0019398

Galactose metabolism 0.00823947

Pyruvate metabolism 0.02107063

Carbon fixation 0.04715053

Table 11.3: Co-regulation by AK1 knockout and AMPK activation.

Affymetrix GeneChip databases were obtained as described in Materials and Methods.
Analysis was performed using annotations in KEGG to determine significantly enriched
pathways. Pathways listed are significantly populated by genes similarly regulated by
both AK1 knockout and transgenic expression of Prkag3?%>°.
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To further define the specificity of the changes induced by TgPrkag3®*? and
AK1™, we also compared them with gene expression changes induced by the absence of
the AMPK gamma 3 subunit (Prkag3™), conditions in which oxidative metabolism would
be expected to be impaired. Consistent with this notion, these mice displayed significant
downregulation of 407 probes of which 109 were annotated to 21 KEGG pathways, the
most significant of which were oxidative phosphorylation and the citric acid cycle (Table
11.4). Significant upregulation of 579 probes was also seen, of which 158 were annotated
to 14 pathways, which did not include major ATP-generating metabolic pathways (Table

11.4).
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TABLE 4
INCREASED IN AMPKg3 -/ - DECREASED IN AMPKg3 -/ -

KEGG Pathway Pvalue KEGG Pathway Pvalue
Ribosome 2.22e-16 | Oxidative phosphorylation 3.76E-07
MAPK signaling pathway 0.0018499| Citrate cycle (TCA cycle) 6.90E-05
Neurodegenerative Disorders 0.0053206| Nucleotide sugars metaboli sm 0.00012584
Insulin signaling pathway 0.0079063| Pentose and glucuronate 0.00014855

interconversions
Parkinson's disease 0.0082755| Galactose metabolism 0.00050073
Aminosugars metabolism 0.0083659| Arginine and proline metabolism 0.00067533
Valine, leucine and isoleucine 0.0184083| Starch and sucrose metaboli sm 0.00156465
degradation
Phenylalanine, tyrosine and 0.0290124{ ATP synthesi s 0.00206983
tryptophan biosynthesi s
Glycerophospholipid metabolism 0.0311116| Carbon fixation 0.00219274
Ethylbenzene degradation 0.0364429| Novobiocin biosynthesi s 0.00246121
N-Glycan degradati on 0.0417588| Cyanoamino acid metabolism 0.00516133
Benzoate degradation via CoA 0.0436785| Alkaloid biosynthesis | 0.00626312
ligation
Prion disease 0.0445194{ Phenylalanine metabolism 0.01500918
Protein export 0.047346| Glyoxylate and dicarboxylae 0.02431501
metaboli sm
Phenylalanine, tyrosine and 0.02644191
tryptophan biosynthesi s
Tryptophan metaboli sm 0.02981624
Cysteine metabolism 0.03091156
M ethane metabolism 0.03565699
Glycolysis/ Gluconeogenesi s 0.03739465
Glycine, serine and threonine 0.04539238
metaboli sm
Cytokine-cytokine receptor 0.04574703
interaction
One carbon pool by folate 0.04591963

Table 11.4: Pathways analysis in response to Prkag3 knockout.

Affymetrix GeneChip databases were obtained as described in Materials and Methods.
Analysis was performed using annotations in KEGG to determine significantly enriched
pathways. Pathways listed are significantly populated by genes that increase or decrease

in response to Prkag3 knockout (Prkag3-/-).
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When the changes induced in Prkag3™ mice were compared to those induced in
the TgPrkag3?®?, a significant negative correlation (Pearson correlation -0.509;
P=3.090E-09) was seen throughout the 2025 probes that were altered by either
perturbation (Figure 11.4A). Of the 356 probes that were both upregulated in
TgPrkag3?>? and downregulated in Prkag3™, 110 were annotated to 24 KEGG pathways,
the most significant of which was oxidative phosphorylation (Table I1.5). A similar
reciprocal correlation was seen in the comparison between Prkag3”™ and AK1” mice
(Pearson correlation -0.398; P=3.553E-62) throughout 2049 probes (Figure 11.4B). Of the
470 probes upregulated in the AK1” muscle and downregulated in the Prkag3” muscle,
163 were annotated to 25 KEGG pathways, of which the most significant was also
oxidative phosphorylation (Table 11.5). Together these results support the hypothesis that
AK1 deficiency induces an increase in muscle fuel oxidation to compensate for

inefficient ATP utilization.
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Figure 11.4: Gene expression induced by AK1 deletion or altered AMPK activation.

Gene expression analysis from mice with the AK1 deletion (AK1-/-), transgenic
expression of Prkag3**? (TgPrkag3**? ) and Prkag3 deletion (Prkag3-/-). Affymetrix
GeneChip databases were obtained as described in Materials and Methods. A. Correlation
between the 2025 genes significantly altered either in TgPrkag3®*°? or Prkag3”. B.
Correlation between the 2049 genes significantly altered either in AK1" or Prkag3™. The
correlation values and statistical significance are described in the text.
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TABLE 5
INCREASED in TgPrkag3?*? AND DECREASED in | INCREASED in AK1 -/- AND DECREASED in
AMPKg3 -/ - AMPKg3 -/ -
KEGG Pathway Pvalue KEGG Pathway Pvalue
Oxidative phosphorylation 1.55E-08| Oxidative phosphorylation 1.51E-15
Starch and sucrose metaboli sm 2.66E-06| ECM-receptor interaction 2.66E-08
Nucleotide sugars metaboli sm 6.82E-06| ATP synthesi s 1.63E-05
Pentose and glucuronate 8.44E-06| Carbon fixation 6.09E-05
interconversions
ATP synthesi s 4.26E-05| Starch and sucrose metaboli sm 8.93E-05
Novobiocin biosynthesi s 5.17E-05| Glycolysis/ Gluconeogenesi s 0.0001746
Galactose metabolism 6.34E-05| Adipocytokine signaling 0.00030173
pathway
Alkaloid biosynthesis | 0.00023585 | Nucleotide sugars metaboli sm 0.00030445
Arginine and proline metabolism 0.00084883 | Pentose and glucuronate 0.00035859
interconversions
Phenylalanine metabolism 0.00209409 | Fatty acid metaboli sm 0.00135669
Phenylalanine, tyrosine and tryptophan  0.00228838 | Novobiocin biosynthesi s 0.00385855
biosynthesi s
Carbon fixation 0.0026333| Focal adhesion 0.00480606
Cysteine metabolism 0.0029225] Cysteine metabolism 0.00483472
Cyanoamino acid metabolism 0.00569057 | Pyruvate metabolism 0.00646492
Fructose and mannose metaboli sm 0.00865596 | Glutathione metaboli sm 0.00749087
Alanine and aspartate metabolism 0.01107617 | Galactose metabolism 0.00953447
Synthesis and degradation of ketone 0.01116507 | Alkaloid biosynthesis | 0.00974511
bodies
Tyrosine metabolism 0.01510871 | Citrate cycle (TCA cycle) 0.01191082
Pyruvate metabolism 0.01703923 | Arginine and proline metabolism  0.01191082
Glutamate metaboli sm 0.02022357 | Hematopoietic cell lineage 0.01964042
Glutathione metaboli sm 0.02721871 | Phenylalanine metabolism 0.02735982
Hematopoietic cel lineage 0.03266883 | Valine, leucine and isoleucine 0.03279888
degradation
M ethane metabolism 0.03906596 | Phenylalanine, tyrosine and 0.04023578
tryptophan biosynthesi s
Glycolysis/ Gluconeogenesi s 0.04367849 | Nitrogen metabolism 0.04023578
Purine metabolism 0.04468538

Table 11.5: Reciprocal regulation upon AK1 deletion and altered AMPK activation.

Affymetrix GeneChip databases were obtained as described in Materials and Methods.
Analysis was performed using annotations in KEGG to determine significantly enriched
pathways. Pathways listed are significantly populated by genes reciprocally requlated by
Prkag3 knockout, and either AK1 knockout or transgenic expression of Prkag32%°2.
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Conclusions

The adenylate kinase reaction, ATP + AMP<>2ADP is a component of cellular
phosphotransfer networks (111,254,255), and its absence has been shown to result in a
decreased efficiency of ATP utilization in muscle (114,115). The results shown in this
thesis reveal the importance of adenylate kinase in controlling the rate of oxidative
metabolism in muscle, evidenced by the increase in glucose and oxygen consumption
seen in isolated muscle cells depleted of AK1 (Figure 3.11), by the expression of genes
involved in fuel oxidation in muscles from AK1” mice (Table 11.1), and by the protection
from fat accumulation seen in these mice (Figure Il.1). This increase in metabolic
pathways of fuel utilization and oxidative phosphorylation is likely to be required to
compensate for the inefficiency of ATP utilization caused by the absence of AK1. This
compensatory mechanism can explain the enhanced ability of AK1” muscles to sustain
high ATP levels upon isometric contraction (117,256).

The mechanism by which AK1 depletion leads to the observed compensatory
increase in fuel oxidation is not known. The only known role of AK is the reversible
phosphoryl transfer reaction between ATP, AMP and ADP. If this is indeed the sole
function of AK, alterations in cell function in response to changes in AK levels or activity
are likely to result from chronic changes in adenine nucleotide ratios. These may in turn
directly affect mitochondrial functions, for example by modulating the effects of calcium
on mitochondrial membrane potential (257), or indirectly through the activities of
enzymes sensitive to adenine nucleotide ratios. The only observed alteration in adenine

nucleotide levels found in the AK1” muscle is a significant increase in total AMP, but
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further work is required to define the source and metabolic significance of this elevation
(117,256).

It is interesting that, in addition to a significant increase in genes of the oxidative
phosphorylation pathway, muscles from AK1” mice also display decreases in more than
20 genes encoding for ribosomal proteins, in RNA polymerase 1 and in RNA polymerase
2 binding proteins. Ribosomal protein biosynthesis is suppressed under different cellular
stress conditions, (258) possibly as an energy economizing response. These results
suggest that adaptation to AK1 deficiency involves both enhanced ATP production from
fuel oxidation, and suppressed ATP utilization. Ribosomal RNA synthesis in response to
nutrient and energy conditions is controlled by the mammalian target of rapamycin
(mTOR), suggesting that the changes in nucleotide levels elicited by AK1 deficiency are
sensed by this kinase. Many signaling mechanisms could result in decreased mTOR
activity and ribosome biogenesis, including changes in reactive oxygen species, thymoma
viral proto-oncogene/protein kinase B (Akt/PKB) signaling, and AMPK signaling
(259,260), and further work will be required to identify which of those mechanisms is
sensitive to AK1 depletion.

The possibility that AMPK signaling might be involved in mediating some of the
effects of AK1 deletion is suggested by the evidence for both enhancement of fuel
oxidation and suppression of energy consumption in AK1” mice muscle, a response
known to be coordinated by AMPK signaling. In addition, compensatory increases in
mitochondrial density seen in mice lacking AK1 (114) are also consistent with activation

of AMPK (261,262). The concordance between the gene expression patterns seen in
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muscles from AK1” mice and TgPrkag3°*® mice, as well as the discordance with
Prkag3” mice are also consistent with this possibility. However, in previous reports,
muscles from AK1” mice subjected to moderate isometric contraction contained less
phospho-AMPK compared to controls (256). If this indeed reflects a chronic impairment
in AMPK activation in muscles from AK1” mice, it will be very important to determine
the nature of an AK1-regulated, non-AMPK dependent mechanisms that enhances energy
production and conserves energy use.

The hypothesis that AK1 enhances the efficiency of ATP utilization, thereby
decreasing the need for fuel oxidation raises the interesting possibility that differences in
the level or activity of AK1 may contribute to determining individual basal metabolic
rates and susceptibility to weight gain (263). Indeed, increased levels of AK1 have been
reported in skeletal muscle from morbidly obese patients (118), although whether this
correlation is causal cannot be established from these studies. Nevertheless the results
shown here suggest that inhibition of AK1 could enhance fuel utilization and ameliorate
obesity in these patients.

Our experiments in isolated muscle cells indicate that increased oxidative
metabolism is an autonomous cellular response to AK1 deficiency, and support the
concept that enhanced muscle metabolism is the basis for the resistance of AK1” mice to
fat accumulation. However, because AK1 is also present in brain (264) and pancreatic
beta cells, albeit at much lower levels that in skeletal muscle, we cannot rule out the
possibility that an effect of AK1 knockout in these other tissues might also contribute to

the phenotype of the AK1 null mouse. Further experiments involving more in-depth
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metabolic phenotyping of a fully backcrossed AK1” mouse, as well as tissue-specific
knockdown of AK1 will be necessary to determine the contribution of each tissue to the
AK1™ phenotype.

In summary, we demonstrate that alterations in energy efficiency due to AK1
disruption can enhance muscle oxidative metabolism and affect whole body fuel
metabolism. The effects of AK1 depletion are comparable to those seen upon
perturbation of AMPK, a master regulator of energy balance, underscoring the
importance of the AK reaction. Further research on the adenylate kinases is necessary to

evaluate their role on important aspects of human energy balance.

Experimental Procedures

Animals: All procedures were carried out following either the guidelines from the
University of Massachusetts Medical School Institution Animal Care and Use Committee
(UMMA-IACUC) or the guidelines for the Care and Use of Laboratory Animals of the
Dutch Council and were approved by the Institutional Animal Care and Use Committee
at the University of Nijmegen. A cohort of gene-targeted mice carrying a HygroBR
replacement mutation in the exon 3-5 region of the AK1 gene was generated and
maintained as previously described (114). Male homozygous AK1-deficient and wild
type littermates (both with 50-50% C57BL/6 x 129/Ola mixed inbred background) were
used throughout experiments. Mice were housed 3 per cage, and half of the mice were

fed a standard mouse chow (Sniff) and the rest were fed a high fat diet (Hope Farms) ad
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libitum. This diet regimen was used for eighteen weeks. Gastrocnemius muscle was

isolated and snap frozen in liquid nitrogen.

Affymetrix GeneChip Expression Analysis: Analysis was performed as previously
described (102,149). Briefly, total RNA was prepared from three sets each of
gastrocnemius muscle from AK1” mice and AK1*"* littermates. Affymetrix protocols
were followed for the preparation of cRNA from total RNA, which was hybridized
according to Affymetrix instructions to a MOE430-2 Chips. The GeneChips were washed
with a GeneChip Fluidics Station 400 and were scanned with an HP GeneArrayScanner
(Affymetrix). Raw expression data, as well as the CEL files published by Nilsson et al.
(251) were analyzed with the Bioconductor statistical environment (164) using RMA
(165) and MAS5, a Bioconductor implementation of the MAS 5.0 algorithm
(Affymetrix). The “fold change” for each gene was determined by dividing the mean of
the average difference from three independent experiments. Correlations between gene

expression sets were evaluated using the Pearson product moment correlation coefficient.

Serum Analysis: Leptin levels were determined using an ELISA kit following the

protocol exactly (Linco Research Inc).

Primary Adipose Cell Isolation: Epididymal fat pads were weighed, minced into 0.3 cm®
pieces, and incubated for 30-45 minutes at 37°C in an orbital shaker shaking at 100 rpm

in 1 mg/mL collagenase in Krebs-Ringer HEPES (KRH) buffer (130 mM NaCl, 5 mM
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KCI, 1.3 mM CaCl2, 1.3 mM MgSO4, and 25 mM HEPES) supplemented with 2 mM
pyruvate and 2.5% BSA, pH 7.4. The digested samples were squeezed through chiffon
material, and the isolated cells were washed three times in KRH buffer containing 2.5%

BSA prior to immunofluorescence analysis using anti-perilipin antibodies.



