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Background: AMPK is a heterotrimeric enzyme targeted for drug discovery (activation) in diabetes.
Results: Diversity of AMPK was studied by chemical capture and proteomic LC-MS.
Conclusion: AMPK of human and rat livers differs with respect to the 8 chain. Certain direct activators only activate AMPK

containing the 1 form.

Significance: Interspecies divergence could compromise the translatability of preclinical data.

AMP-activated protein kinase (AMPK) is a heterotrimeric
enzyme that senses and governs changes in the cellular energy
balance represented by concentrations of AMP, ADP, and ATP.
Each of its three chains («, 8, and 7y) exists as either two or three
subtypes, theoretically allowing up to 12 different forms of the
complete enzyme. Tissue specificity in the distribution of
AMPK subtypes is believed to underpin a range of biological
functions for AMPK, a central regulator of metabolic function
and response. It is of particular interest for drug discovery pur-
poses to compare AMPK isoforms that are most prevalent in
human liver and muscle with isoforms present in key preclinical
species. To complement immunocapture/immunodetection
methods, which for AMPK are challenged by sequence similar-
ities and difficulties of obtaining accurate relative quantitation,
AMPK was captured from lysates of a range of cells and tissues
using the ActivX ATP probe. This chemical probe covalently
attaches desthiobiotin to one or more conserved lysyl residues
in the ATP-binding sites of protein kinases, including AMPK,
while also labeling a wide range of ATP-utilizing proteins. Affin-
ity-based recovery of labeled proteins followed by gel-based
fractionation of the captured sample was followed by proteomic
characterization of AMPK polypeptides. In agreement with
transcript-based analysis and previous indications from immu-
nodetection, the results indicated that the predominant AMPK
heterotrimer in human liver is a132y1 but that dog and rat
livers mainly contain the 11yl and a2f1vy1 forms, respec-
tively. Differences were not detected between the AMPK pro-
files of normal and diabetic human liver tissues.

AMP-activated protein kinase (AMPK)? gauges and governs
available intracellular energy, reading its level by adjusting to
changes in the respective concentrations of ATP, ADP, and
AMP (1). Although the millimolar range intracellular concen-
trations of ATP exceed those of ADP and AMP by multiple
orders of magnitude, differential affinities for the three nucleo-
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tides allow AMPK to monitor shifts in their relative abundance (2,
3). ADP and AMP both stimulate the enzyme to favor its active
state, leading it to phosphorylate a panoply of protein substrates
that include both enzymes and transcription factors (4). The net
effect is to promote the activity of catabolic ATP-synthesizing
pathways while down-modulating anabolic ATP-consuming
pathways and facilitating the uptake of glucose into cells. As these
activities can lead to the reduction of blood glucose levels in hyper-
glycemic individuals (5-8), direct pharmacological activation of
AMPK has become a mechanism of interest for potentially treat-
ing type II diabetes and metabolic syndrome (8 —15).

Mammalian AMPK is a heterotrimeric complex composed
of a catalytic a-subunit and regulatory - and y-subunits (see
Fig. 1) (16). Each subunit exists as either two (a1 and a2; 81 and
B2) or three (yl, y2, and vy3) isoforms encoded by distinct
genes, giving rise to a total of 12 possible AMPK «//y-hetero-
trimers. Variable splicing of these gene products may add to the
diversity of AMPK species in mammalian cells. The extent of
sequence identity between subunit isoforms is 75% for the
a-subunit and 71% for the B-subunit, respectively, whereas the
three vy isoforms exhibit a wider range of mass and sequence.

The catalytic a-subunit contains a classical serine/threonine
protein kinase domain located near the N terminus with a con-
served ATP-binding loop. Phosphorylation of Thr-172 in this
loop by upstream kinases is essential for activation (11, 14). The
C-terminal part of the B-subunit acts as a scaffold for its inter-
action with the «- and y-subunits. In addition, the B-subunit
contains a glycogen-binding domain. The main feature of the
y-subunit is four tandem repeats of the cystathionine 3-syn-
thase sequence that form two Bateman domains for selective
binding to AMP, ADP, or ATP.

Different types of cells and tissues express distinct combinations
ofthe AMPK subunit isoforms (12, 17-21). In an aspect relevant to
drug discovery, there have also been indications of interspecies
differences with respect to the tissue specificity of AMPK subtypes.
Stephenne et al. (12) recently noted that human and rodent hepa-
tocytes differ in their expression of AMPK subunit isoforms. They
found that a1B2y1 was the major isoform in human hepatocytes
but that liver tissues of both rat and mouse predominantly
expressed 231y1. In developing tissue-specific therapeutic inter-
ventions and selecting preclinical species, understanding the rela-
tive abundance of AMPK isoforms in different tissues and species
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FIGURE 1. A, primary basis for diversity of the AMPK heterotrimer. The ribbon
diagram of amammalian AMPK structure is from Protein Data Bank code 2Y94
(16). Sequence information refers to canonical UniProtKB entries for human
AMPK polypeptides. aa, amino acids; AID, autoinhibitory domain; GBD, glyco-
gen-binding domain; CBS, cystathionine B-synthase sequence. B, structure of
the ActivX ATP probe designed to couple desthiobiotin to conserved Lys in
the ATP-binding loop of a protein kinase.

is likely to strengthen correlations of these isoform distributions
with disease pathology.

Activity-based chemical proteomics is a powerful tool to
identify new drug targets and define the specificity of drug
action in complex biological matrices (22-26). Under this
approach, a chemical probe is designed to react with enzymes of
a specific class irrespective of their substrate specificities. The
same probe bears a fluorescent reporter group or affinity handle
(often biotin) to facilitate the detection and/or capture of labeled
proteins. Here we have used an activity-based probe to character-
ize the tissue- and species-specific expression of AMPK subunit
isoforms. The approach integrates an activity-based desthiobio-
tin-ATP probe (ActivX ATP probe) for kinase labeling and affinity
enrichment and subsequent mass spectrometric identification
and relative quantification of subunit isoforms (Fig. 1). The probe
consists of a modified biotin attached to the nucleotide by a labile
acylphosphate bond (27, 28). It covalently modifies the conserved
Lys residue(s) in the ATP-binding loop of protein kinases, also
transferring the biotin-like moiety to other ATPases such as chap-
erones and the many metabolic kinases. We applied this method to
studying AMPK isoform distribution in cell lines, hepatocytes,
skeletal muscles, and heart tissues of different species. The expres-
sion of AMPK isoforms assessed by the chemical proteomics was
compared with the relative mRNA levels of the corresponding iso-
forms measured by microarray.

EXPERIMENTAL PROCEDURES

Materials—Thermo Scientific Pierce Kinase Enrichment kits
with the ActivX ATP probe were purchased from Thermo
Fisher Scientific (Waltham, MA). The kits contained all mate-
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rials to carry out kinase labeling and affinity pulldown. HEK293
and HepG2 cells were cultured in house. Recombinant human
AMPK 23273 isoform was expressed as described (29). Tis-
sues used in the study appear in Table 1. Primary rat hepato-
cytes were freshly isolated from male Wistar Han rats via a
two-step, in situ liver perfusion method as described (30).
Digestion and perfusion buffers were obtained in a Hepatocyte
Isolation kit (Worthington, catalog number LK002060). Cryo-
preserved human and rat primary hepatocytes were purchased
from Xenotech (Lenexa, KS), Zenbio (Research Triangle Park,
NC), and BD Biosciences. Frozen human and rat skeletal mus-
cles and hearts were from Biochain Institute (Hayward, CA).
NuPAGE Novex Bis-Tris minigels were from Invitrogen.
Sequence-grade modified trypsin was purchased from Promega
(Madison, WI). Reprosil-Pur Basic C,, material (3 um, 120 A)
was from Dr. Maisch GmbH (Ammerbuch-Entringen, Ger-
many). All other chemicals were obtained from Sigma-Aldrich.

Gene Expression Analysis—Basal mRNA expression data for
AMPK subunits in liver tissues across different in vivo species
were generated by using corresponding Affymetrix GeneChip
arrays (Human Genome U133 Plus 2.0, Rat Genome 230 2.0,
and Canine Genome 2.0). mRNA from normal untreated tissue
samples was subjected to microarray analysis. Data were nor-
malized using the Affymetrix MAS5 method (31).

Lysate Preparation—Tissue lysate preparation, protein label-
ing, and affinity capture were carried out according to the man-
ufacturer’s manual (Thermo Kinase Enrichment kits) with
minor revisions. Briefly, frozen tissues (~250 mg) were cut into
small pieces and homogenized in 2.0 ml of ice-cold cell lysis
buffer (25 mm sodium phosphate, pH 7.4, 150 mm NaCl, 1%
Nonidet P-40, 5% glycerol, 1 mm EDTA, protease and phospha-
tase inhibitors). The homogenate was cooled on ice for 5 min
and then sonicated for 30 s. The primary hepatocyte, HepG2,
and HEK293 cell pellets (10 each) were resuspended in 2 ml of
the cell lysis buffer and subsequently homogenized for 2 min
using a tip sonicator. The tissue and cell lysates were centri-
fuged at 14,000 X g for 10 min at 4 °C. The supernatant was
collected and exchanged to the kinase reaction buffer (20 mm
HEPES, pH 7.4, 150 mm NaCl, 0.1% Triton X-100) using a Zeba
spin desalting column following the manufacturer’s protocol. To
the column eluates placed on ice were added protease/phospha-
tase inhibitors and 1 m MgCl, (final concentration of 20 mm).

Chemical Labeling and Affinity Enrichment—The samples
were treated with freshly prepared desthiobiotin-ATP reagent
(20 um) for 10 min at room temperature. After excess reagent
was removed using the Zeba desalting column, biotinylated
proteins were captured by incubation with 150 ul of the 50%
streptavidin-agarose resin for 1 h in a rotator. The beads were
washed with 4 X 0.4 ml of the lysis buffer followed by a final
wash with 0.4 ml of PBS buffer. The bound proteins were eluted
by boiling in 2 X 100 ul of NuPAGE loading buffer for 5 min.

SDS-PAGE Separation and In-gel Digestion—To reduce
disulfide bonds, the samples were incubated with 5 mm dithio-
threitol (DTT) for 1 h at 60 °C. The resulting —SH groups were
subsequently alkylated with 15 mm iodoacetamide for 30 min at
room temperature in the dark. Half of the aliquot was concen-
trated in a SpeedVac and loaded to a 4—12% NuPAGE Novex
Bis-Tris precast minigel. After Coomassie Blue staining, the gel
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was subsequently cut into 10 slices and washed with 10 mm
ammonium bicarbonate in 50% acetonitrile (ACN) and 100%
ACN sequentially. The gel slices were incubated with sequence-
grade modified trypsin (1 ug/slice; Promega) in 25 mMm ammo-
nium bicarbonate at 37 °C overnight. The ~60-ul digestion was
quenched by adding 40 ul of 4% formic acid in ACN. The pep-
tides were concentrated in a SpeedVac and subjected to LC-
MS/MS analysis as described below.

LC-MS/MS Analysis and Peptide Identification—An aliquot
(7 wl) of each sample was loaded onto a PicoFrit column (New
Objective, Woburn, MA) packed with reversed-phase Reprosil-
Pur Basic C; particles (75 wm X 10 cm) and coupled to an LTQ
Orbitrap Velos mass spectrometer (Thermo Fisher, Waltham,
MA). Peptides were separated at a flow rate of 0.25 pl/min using
a 120-min linear gradient ranging from 8 to 35% B (mobile
phase A, 0.1% formic acid, 2% ACN; mobile phase B, 98% ACN,
0.1% formic acid). Electrospray voltage was 2.3 kV. The instru-
mental method consisted of a full MS scan (scan range, 300 —
1650 m/z with 60,000 full-width half-maximum resolution at
m/z 400; target value, 1 X 10°) followed by data-dependent
collision-induced dissociation scans of the 20 most intense pre-
cursor ions. Peptide precursor ions were selected with an isola-
tion window of 2.0 Da. Target ion quantities for MS and MS>
were 1 X 10°and 5 X 10% respectively. Dynamic exclusion was
implemented with a repeat count of 1 and exclusion duration of
60 s. The mass spectra were searched against the human, dog, or
rat International Protein Index database using Proteome Discov-
erer 1.3 (Thermo Fisher) with the Mascot search engine (32) with
afalse discovery rate of 0.1%. The mass accuracy was set to 10 ppm
for precursor and 0.5 Da for fragment ions. The search parameters
took into account two missed cleavages for trypsin, static modifi-
cation of S-carboxamidomethylation at Cys (+57.0215 Da), and
differential modifications of oxidation on Met (+15.9949 Da) and
desthiobiotinylation on Lys (+196.1212 Da).

RESULTS

We sought to develop a universal approach to capture the
respective populations of AMPK «a-, B-, and y-subunits in sev-
eral tissues of multiple species. The strategy integrated chemi-
cal labeling of kinases, subsequent affinity enrichment, and the
use of mass spectrometry-based proteomics for polypeptide
identification and relative quantification (Fig. 2). An essential
aspect was to lyse tissues and cells under conditions that
retained the quaternary structure of AMPK heterotrimers so
that covalent delivery of biotin (actually desthiobiotin) to the «
(kinase) subunit of AMPK resulted in biotinylated heterotrim-
ers that could be affinity-captured intact. After the capture step,
AMPK (one of the many proteins labeled by this probe) was
disrupted, and subunits were identified as independent poly-
peptides. This allowed inferences about heterotrimer composi-
tion when one isoform of a subunit predominated but left
uncertainty when the populations were mixed.

As noted, the ActivX ATP probe modifies a broad population of
ATP-binding proteins (kinases, transporter proteins, chaperones,
etc.). Lysates were allowed to react with desthiobiotin-ATP re-
agent, excess reagent was removed using a desalting column, and
the biotin-tagged proteins were captured using streptavidin beads.
Captured proteins were then further fractionated by SDS-PAGE
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FIGURE 2. Flowchart of covalent labeling and affinity capture of kinases
using the desthiobiotin-ATP probe followed by identification and rela-
tive quantitation of AMPK isoforms in cells or tissues.
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FIGURE 3. SDS-PAGE fractionation of biotin-tagged proteins captured
from HEK293 cells. AMPK a1 and «2 isoforms were identified in slice 8, and
isoforms of B- and y-subunits were identified in slice 5.

after which the gel lane was sectioned and proteins in each section
were digested with trypsin. The resulting peptides were identified
by nano-LC and mass spectrometry.

To examine its effectiveness, we first applied the protocol to
HEK293 cells. This cell line contains multiple AMPK isoforms
(33, 34). Fig. 3 shows SDS-PAGE fractionation of desthiobiotin-
tagged proteins captured by the streptavidin beads. Overall,
more than 600 proteins were identified with =2 unique pep-
tides from 10 gel slices (data not shown). Consistent with earlier
reports (35), most of the top hits were ATP-binding proteins
such as heat shock proteins, kinases, and nucleotide-binding
proteins, confirming selectivity of the probe. Proteins that nat-
urally contain biotin were also identified.

The al and a2 isoforms were identified in gel slice 8 (Fig. 3),
whereas 31, B2, y1, and y2 were all identified in slice 5. All these
polypeptides migrated to positions consistent with their
respective masses. Mapping identified peptide segments onto
subunit isoform sequences (Fig. 4) indicated that both isoforms
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FIGURE 4. AMPK isoforms identified in HEK293 cells. The peptides highlighted in green or purple are isoform-unique. The sequences marked in yellow are
common to subunit isoforms. The sequence printed in red contains the site of covalent modification by the ActivX ATP probe.

of the a- and B-subunits were present with similar abundances
and that the predominant vy isoform was y1 (Table 1). The fact
that multiple isoforms were identified supported the recently
published view that the ActivX ATP probe pulls down protein
kinases without pronounced bias between different kinases
or between their active and inactive states (36). In addition,
mass spectrometry identified the desthiobiotin-tagged peptide
VAVKILNR. Its MS/MS spectrum unambiguously placed the
modification on the lysyl residue, the assignment being justified
by the characteristic mass shift of +196.1 Da for y,, y,, and y,
ions (Fig. 5). Sequence alignment confirmed that this is a con-
served peptide located in the kinase ATP-binding loop of both
forms of the a-subunit in all mammalian species. This result con-
firmed expectations that the chemical probe covalently and specif-
ically reacted at the ATP-binding site of the a-subunit.

After further testing with HepG2 cells, the method was
applied without further modification to a number of tissues
from human, dog, and rat. Fig. 6 shows heat maps demonstrat-
ing peptide coverage of different AMPK isoforms in hepato-
cytes of healthy individuals and diabetic patients.
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Relative abundance of the subunit isoforms was assessed by
comparing the “spectral counts” of the isoform-unique pep-
tides (Table 1) (37—46). For instance, in the sample designated
healthy hepatocyte-1, 81 and 82 isoforms were both identified
with spectral counts of 6 and 92 (1:15), respectively. Therefore,
B2 was the predominant -subunit in human liver by a very
large factor. Likewise, 32 was the major isoform in human skel-
etal muscle but a minor isoform in human heart.

Spectral counting has widely been utilized for the relative quan-
tification of proteins in multiple biological samples (37— 46), but its
application to the relative quantification of isoforms remains to be
validated. In theory, the respective peak intensities of highly
homologous peptides should be an ideal measure of the relative
abundance of subunit isoforms provided that these peptides are
co-eluted and identified in the same gel slice. In light of this, we
calculated the peak intensity ratio of APPILPPHLLQVILNK (a 1
peptide) and the co-eluting SPPILPPHLLQVILNK (a 82 peptide)
and plotted it against the spectral count ratio for 81 and (32 iso-
forms. As shown in Fig. 7, spectral counts and peak intensity were
well correlated for most of the samples examined.
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TABLE 1

AMPK subunit isoforms identified in different species and tissues/cells
Spectral counts were used to measure relative levels of isoform expression. SM, skeletal muscle; Hepa, hepatocyte.

Species Tissue/cell Isoform Spectral - Major AMPK Species  Tissue/cell Isoform Spectral - Major AMPK Species Tissue/cell Isoform Spectral Major AMPK
Counts Isoform Counts Isoform Counts Isoform
Human HEK293 al 26 alplyl Human Healthy Hepa-1 al 65 alp2yl Rat  Rat Hepa ol 6 a2B1yl
HEK293 o2 20 Healthy Hepa-1 p1 6 Rat Hepa o2 15
HEK293 p1 12 Healthy Hepa-1 B2 92 Rat Hepa B1 18
HEK293 B2 9 Healthy Hepa-1 vl 208 Rat Hepa vl 25
HEK293 vl 33 Healthy Hepa-2 al 68 alf2yl Rat SM al 26 a2B2yl
HEK293 ¥2 1 Healthy Hepa-2 Bl 5 Rat SM o2 166
HepG2 al 48 alflyl Healthy Hepa-2 B2 45 Rat SM p1 7
HepG2 a2 5 Healthy Hepa-2 vl 85 Rat SM B2 217
HepG2 p1 48 Diabetic Hepa-1 al 37 alp2yl Rat SM vl 212
HepG2 p2 29 Diabetic Hepa-1 p1 8 Rat Heart al 28 a2B1/2y1
HepG2 vl 129 Diabetic Hepa-1 B2 77 Rat Heart a2 98
HepG2 + 02p2y3 al 38 n/a Diabetic Hepa-1 vl 185 Rat Heart p1 70
HepG2 + a2p2y3 o2 33 Diabetic Hepa-2 al 68 alf2yl Rat Heart p2 61
HepG2 + 02B2y3 p1 15 Diabetic Hepa-2 Bl 6 Rat Heart vl 106
HepG2 + a2p2y3 B2 35 Diabetic Hepa-2 B2 139 Rat Heart v2 20
HepG2 + a2p2y3 vl 64 Diabetic Hepa-2 vl 265 Dog  Dog Hepa-1st al 49 alflyl
HepG2 + a2p2y3 3 14 Human SM al 15 a2p2y1 Dog Hepa-1st a2 16
Human SM a2 71 Dog Hepa-1st p1 40
Human SM p1 19 Dog Hepa-1st B2 1
Human SM B2 64 Dog Hepa-1st vl 93
Human SM vl 94 Dog Hepa-2nd al alplyl
Human SM 2 5 Dog Hepa-2nd p1 9
Human Heart a2 4 a2p1y1/2 Dog Hepa-2nd vl 43
Human Heart X8 25 Dog Hepa-2nd 2 8
Human Heart B2 3
Human Heart vl 20
Human Heart y2 24
VAVK*ILNR
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FIGURE 5. MS/MS spectrum of the biotinylated peptide VAVK*ILNR (asterisk denotes modification) located in the ATP-binding pocket of the human
and rat a-subunits. The conserved lysyl residue is covalently labeled with the desthiobiotin moiety.
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The overall reproducibility of the proposed approach and the
reliability of the analytical results were examined by processing
four different human liver hepatocyte preparations at different
dates, two from healthy individuals and two from diabetic patients.
As shown in Table 1, although the individual peptides identified in
each sample could differ, o182yl was identified as the predomi-
nant isoform in all human hepatocyte samples analyzed.

With the same approach, we analyzed AMPK isoforms in rat
and dog tissues. The predominant AMPK isoforms from these
studies are summarized in Table 1.

It is noteworthy that y1 was the predominant isoform of its
type in all tissues analyzed except in human heart where the y2
isoform appeared to be equally abundant. The y3 isoform was
never detected in our proteomics experiments, although it was
found in human skeletal muscles by both immunoblotting and
mRNA analysis (18, 21, 47). To examine whether the failure to
detect the y3 isoform proteomically was attributable to its low
abundance or was caused by dissociation of the isoform from
the heterotrimeric complex, we spiked in 0.1 ug of the recom-
binant a232+y3 trimer to the HepG2 cell lysate and followed the
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entire protocol to enrich the AMPK complex. In addition to the
v1 isoform originally present in HepG2 cells, four peptides
unique to the y3 isoform were identified.

To compare transcriptomic with proteomic estimates of the
expression of AMPK isoforms, mRNA microarray expression
data from human, rat, and dog liver tissues were obtained from
a Pfizer gene expression database. Fig. 8 shows the correlation
between mRNA (relative expression) and proteomics data
(spectral counting) across human (A), rat (B), and dog (C).
Clearly, a1B2vy1, a28171, and a181y1 mRNAs were the major
isoforms expressed in human, rat, and dog liver tissues, respec-
tively, and these results were generally consistent with hepato-
cyte proteomics data. There was good correlation between
mRNA and protein expression for a- and 3-subunit isoforms.
However, both y2 and y3 mRNAs were detected in human and
rat liver tissues by microarray analysis, but neither were
detected at the protein level.

DISCUSSION

The central significance of AMPK as a metabolic regulator
makes it an attractive potential target for drug action in diseases
of positive malnutrition (5, 14, 48). Efforts are in hand to evolve
prototypical activators into safe and effective drugs (49 —51). Their
presumptive action would be to divert cellular activity away from
energy-storing pathways such as fatty acid synthesis in the direc-
tion of energy-refining and ATP-producing alternatives. Preclini-
cal reports indicate the potential success of such agents (49).

A central challenge in this project is the molecular complex-
ity of AMPK, which potentially exists in up to 12 heterotrimeric
forms. Intuition and objective data both suggest that AMPK
subtypes are functionally distinct in terms of sensitivity to vari-
ations in the cellular energy status and other aspects related to
control of their specific activities. This may include their sus-
ceptibility to phosphorylation by upstream kinases and dephos-
phorylation by protein phosphatases (52-55). Therefore, con-
siderable evidence suggests that AMPK, nominally a single
target, is in fact a family of related enzymes and that its mem-
bers have distinct responsibilities in the control of cellular func-
tion. For the most part, however, current knowledge does not
identify these specific roles.

The present chemoproteomic work adds a new line of inves-
tigation to efforts to study the tissue specificity of the expres-
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FIGURE 8. Relative expression levels of AMPK subunit isoform protein
and mRNA in human (A), rat (B), and dog (C) liver tissues. The protein and
mMRNA expressions were assessed by number of spectra counts and by
microarray analysis, respectively.

sion of different AMPK subunits. It complements the main
methods used previously: the analysis of mRNA and immuno-
precipitation of AMPK.

Transcript-based methods are direct and fast but can only
inspect expression at the message level of single subunits. They
are also not certain to reflect the relative levels of abundance of
polypeptides (56).

In contrast, immunocapture of AMPK can be designed as a
multistage process that allows the identities of heterotrimers to
be defined in full or in part (21). Challenges include the vari-
ability of antigen detection by immunoblotting methods and
the need to distinguish between closely sequence-related vari-
ants of the AMPK subunits (12, 17, 18). Even so, antibody-based
methods have provided the two most incisive demonstrations
of distinct functions for specific AMPK subtypes.
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In the first, Birk and Wojtaszewski (18) reported that human
skeletal muscle possesses three AMPK complexes (a2B2v1,
alB2vy1, and a232y3) but that only a232+3 is activated during
high intensity exercise. More recently, Pinter et al (57)
reported specific localization of AMPK a28272 in the cytoki-
netic apparatus of human endothelial cells and showed that the
relatively abundant «1 and y1 polypeptides were concentrated
in the cytoskeleton.

Diversity of this kind is probably crucial to achieving tissue-
specific metabolic profiles and to the cell and tissue specificities
of AMPK physiological functions as distinct AMPK isoforms
may differ in their sensitivities to allosteric activation in
response to various stimuli (52—55). The results support the
intuition that different subtypes have specialized functions.

The present work explores the potential of capturing AMPK
from complex mixtures and identifying its subunits by LC-MS-
based proteomic analysis. Using the ActivX ATP probe (35), we
captured AMPK (and many other ATP-binding proteins) from
cell and tissue lysates, fractionated the resulting complex mix-
tures of polypeptides, digested the fractions, and obtained
results representing the relative abundance of different AMPK
component polypeptides. Like transcript analysis, this method
does not address intact heterotrimers, but the principal com-
position of AMPK in cells or tissues in which a single alternative
predominates can be inferred from the data. Comparisons of
peak intensities from closely homologous peptides of subunit
subtypes sharpen the estimates of relative abundance (Fig. 7).

Using a chemical probe to capture proteins that can exist in
multiple forms (e.g. inactive and active forms of protein kinases)
invites concerns about bias between the different forms of the
target. A recent study of the ActivX ATP probe by Gygi and
co-workers (36) found no evidence that either the active or
inactive form of any of the kinases studied in cell lines related to
breast cancer were preferentially recovered. By analogy with
those results, the relative levels of different AMPK subunits
derived from use of the ActivX ATP probe are likely to be valid.
This is further supported by congruence in the present work
between the chemoproteomics results and transcriptomics
data (Fig. 8), a relationship that must not be taken for granted
when data of only one of the two types are available (56).

An obvious question is whether AMPK labeling with the
ActivX ATP probe can lead to recovery and characterization of
intact heterotrimers. Possibly it can serve as a first enrichment
step that could usefully be combined with the serial use of anti-
bodies to different AMPK polypeptides as pioneered by other
groups (18, 21).

The interspecies differences noted elsewhere (12) and in the
present work between the AMPK subunit populations of
human and rodent hepatocytes require interpretation. Final
answers may not be at hand, but a major question can be framed
and addressed.

For example, if different subtypes of AMPK (different AMPK
heterotrimers) are presumed to contribute differently to the
management of cellular functions, then such distinct roles
could be realized not only by enzymological differences but also
by differential subcellular localizations. Features of each kind
are known. First, allosteric but non AMP-competitive activa-
tors that only stimulate 31-containing forms (34, 51) may emu-
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late an unknown natural cellular component that restricts its
effect to B1-AMPK-based signaling pathways. Second, AMPK
interacts variably with cell membranes (through the a-N-myr-
istoylated N terminus of the [B-chain) (58) and glycogen
(through the glycogen-binding domain also on the 3-subunit)
(59).

A provisional interpretation of the interspecies differences is
that human and rat hepatocytes use similar signaling pathways
but that each species physically implements these pathways at
different levels according to its metabolic need. This proposal,
the most conservative available, does not fit well with existing
data. It predicts that human and rodent hepatocytes should
respond to specific external stimuli or stresses through the
same pathways even if the different component polypeptides of
AMPK are represented in different ratios in the different
species.

Available evidence favors the alternative, which is that the
species have evolved AMPK-based signaling systems that are
not directly orthologous. For example, liver-selective knock-
out of the a2 polypeptide in mice left the animals without nor-
mal control of blood glucose levels (60), but it is unlikely that
the minor (at most) complement of a2 in human hepatocytes
(Fig. 8) carries the same function. A strong interspecies differ-
ence was also detected in studies of the effects of metformin in
human, rat, and mouse hepatocytes (12).

Massive effort to date has begun to clarify the profound sub-
tlety surrounding AMPK molecular diversity and specificity.
All applicable biochemical tools will have to be deployed to
continue to resolve the many unanswered questions. This work
has shown the applicability of a chemical biology strategy to
capturing and advancing the characterization of AMPK. When
joined with additional strategies (immunocapture being the
most obvious example), this method will continue to contribute
to resolving the myriad functions and properties of AMPK.
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