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AMP-activated protein kinase (AMPK) is a heterotrimeric
protein kinase that is crucial for cellular energy homeostasis
of eukaryotic cells and organisms. Here we report on the acti-
vation of AMPK «alf1yl and «a2f2y1 by their upstream
kinases (Ca®>*/calmodulin-dependent protein kinase kinase-3
and LKB1-MO25a-STRAD«), the deactivation by protein
phosphatase 2Ca, and on the extent of stimulation of AMPK
by its allosteric activator AMP, using purified recombinant
enzyme preparations. An accurate high pressure liquid chro-
matography-based method for AMPK activity measurements
was established, which allowed for direct quantitation of the
unphosphorylated and phosphorylated artificial peptide sub-
strate, as well as the adenine nucleotides. Our results show a
1000-fold activation of AMPK by the combined effects of
upstream kinase and saturating concentrations of AMP. The
two AMPK isoforms exhibit similar specific activities (6 pmol/
min/mg) and do not differ significantly by their responsiveness
to AMP. Due to the inherent instability of ATP and ADP, it
proved impossible to assay AMPK activity in the absolute
absence of AMP. However, the half-maximal stimulatory effect
of AMP is reached below 2 um. AMP does not appear to augment
phosphorylation by upstream kinases in the purified in vitro
system, but deactivation by dephosphorylation of AMPK
a-subunits at Thr-172 by protein phosphatase 2Ca is atten-
uated by AMP. Furthermore, it is shown that neither purified
NAD™ nor NADH alters the activity of AMPK in a concentra-
tion range of 0 —300 uM, respectively. Finally, evidence is pro-
vided that ZMP, a compound formed in 5-aminoimidazole-4-
carboxamide-1-3-p-ribofuranoside-treated cells to activate
AMPK invivo, allosterically activates purified AMPK in vitro,
but compared with AMP, maximal activity is not reached.
These data shed new light on physiologically important
aspects of AMPK regulation.
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AMP-activated protein kinase (AMPK)? and its homologues
in insects, plants, and yeast are fuel sensors of the eukaryotic
cell and master regulators of energy metabolism (1-3). AMPK
is a heterotrimeric serine/threonine protein kinase consisting
of a-, B-, and y-subunits. In mammals, each subunit exists in
different isoforms (a1, @2, B1, B2, 1, ¥2, and y3), which may
give rise to 12 different heterotrimeric isoform-subunit combi-
nations. A prerequisite for significant protein kinase activity of
AMPK is phosphorylation of the catalytic a-subunit at Thr-172
(4), but additional phosphorylation sites in a- and B-subunits of
AMPK have been reported (5). Upstream kinases capable of
activating AMPK have been identified recently as LKBI1-
MO25-STRAD (6-8) and CaMKKp (9, 10), collectively called
AMPK kinases (AMPKKs). AMP allosterically stimulates
AMPK activity by binding to the y-subunit, which carries four
CBS domains organized in two pairs called Bateman domains
(11). A mutant truncated form of the catalytic a-subunit,
al-(1-312), still requiring phosphorylation of Thr-172 for
enzyme activity, is independent of allosteric activation by AMP
(12). The B-subunit carries a glycogen-binding domain (13, 14)
and tethers the a- and y-subunits together (15). Besides directly
stimulating AMPK activity, AMP inhibits dephosphorylation of
AMPK and in addition was reported to promote phosphoryla-
tion of AMPK by upstream kinase(s) (16). However, neither
CaMKKp nor LKB1 themselves are directly activated by AMP,
and the question of whether binding of AMP to the allosteric
site of AMPK renders the enzyme a better substrate for its
upstream kinases remains controversial (6, 8 —10). The degree
of stimulation of AMPK by AMP in vitro was of rather moder-
ate extent (1.5—4-fold) (6, 8 —10), a fact that would seem diffi-
cult to reconcile with a system demanding immediate and high
responsiveness in vivo to the rapidly changing energy require-
ment of many cell types. In living cells and organisms, AMPK is
activated by metabolic stresses, but many of the downstream
effects of AMPK were originally demonstrated using the com-
pound 5-aminoimidazole-4-carboxamide-1-B-p-ribofurano-
side (AICAR) (2). AICAR is a nucleoside that is taken up by cells
and converted to AICAR-monophosphate (ZMP), an AMP

2The abbreviations used are: AMPK, 5'-AMP-activated protein kinase;
AMPKK, AMPK kinase; AICAR, 5-aminoimidazole-4-carboxamide-1-B-b-ri-
bofuranoside; CaMKK, Ca®*/calmodulin-dependent protein kinase kinase;
Cr, creatine; GST, glutathione S-transferase; LKB1, serine/threonine kinase
11 (STK11); MO25, mouse protein 25; PCr, phospho-creatine; PP2Cq, pro-
tein phosphatase-2C « isoform; SAMS, synthetic peptide HMRSAMS-
GLHLVKRR; STRAD, STE20-related adaptor protein; ZMP, AICAR-mono-
phosphate; HPLC, high pressure liquid chromatography.
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analogue that mimics the effects of AMP on the AMPK system
(17).

Despite recent progress in understanding the roles of AMPK
in cells, tissues, and in the whole organism, the enzyme charac-
teristics of the AMPK heterotrimer have not been described in
much detail. A major reason for this was the lack of sufficient
amounts of highly purified AMPK protein available. AMPK has
been mainly purified from tissue or cell lysates, but recently we
have established an expression system for mammalian AMPK
in bacteria, yielding milligram quantities of highly purified
AMPK (18), and several groups, including ourselves, have suc-
cessfully used such recombinant material for a number of dif-
ferent studies (5, 8, 10, 19-23). Importantly, wild type AMPK
produced in bacteria is almost entirely inactive but can be
highly activated by upstream kinases that are capable of phos-
phorylating AMPK «a-subunits at Thr-172 (18).

AMPK activity is commonly determined by radioactive label-
ing of artificial peptide substrates, e.g. the so-called SAMS pep-
tide, and spotting of the phosphorylated peptide onto charged
membranes, followed by scintillation counting (24). The SAMS
peptide is based on the AMPK recognition sequence of acetyl-
CoA carboxylase and has been used most frequently for AMPK
activity determination, although alternatives like the AMARA
peptide (where the AMARA synthetic peptide is AMA-
RAASAAALARRR) have been described (25). GST fusion
products of a larger domain of acetyl-CoA carboxylase, com-
prising the AMPK recognition sequence, have been used to
determine the consensus sequence of phosphorylation by
AMPK (26), and recently, a pull-down assay using GST-SAMS
was developed for AMPK activity determination in crude
lysates (27). In this study, we developed a dedicated analytical
method and scrutinized the roles of AMP in AMPK regulation.

EXPERIMENTAL PROCEDURES

Recombinant AMPK—Wild type AMPK «al1B1vy1, a232v1,
and constitutively active mutant AMPK «a1T172Df1y1 were
bacterially expressed as published previously (18). All AMPK
preparations were pre-purified on nickel-nitrilotriacetic acid
superflow columns (Qiagen) and further processed to highest
purity. Specific kinase activity and purity, as determined from
Coomassie Blue-stained gels after separation by SDS-PAGE,
served as criteria for enzyme homogeneity (see “Results”). Stock
solutions of the enzyme were kept in 50% glycerol at —20 °C.

Activation of AMPK by Upstream Kinases and Activity
Assay—AMPK activity was assessed with SAMS-peptide as
substrate target and nonradioactive ATP, which was HPLC-
purified directly before use or stored frozen until usage (see
below). The assay buffer consisted of 40 mm HEPES, pH 7.1, 75
mM NaCl, 2 mm dithiothreitol, 1-10 mm MgCl,. AMP, ATP,
SAMS, as well as AMPK (and CaMKKp or LKB1-MO25a-
STRAD« for wild type AMPK) were added as indicated in the
figure legends. A plasmid encoding the GST fusion construct
of CaMKKp cDNA for bacterial expression was a kind gift
from H. Tokumitsu (Kagawa Medical University, Kagawa,
Japan), and GST-CaMKKp was prepared as described previ-
ously (28). The tricistronic construct, expression, and purifica-
tion of the heterotrimeric complex LKB1-MO25a-STRAD«
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was prepared in our laboratory.> AMPK assays were performed
in Eppendorf tubes on a thermal shaker at 30 °C and 300 rpm.
Samples were taken at the indicated time points, and the reac-
tion was stopped by freezing the samples in liquid nitrogen,
followed by storage at —20 °C until further analysis.

Re-purification of Activated Wild Type AMPK— After activa-
tion by either CaMKKp, the pH of the sample was adjusted to
8.0 by addition of the appropriate amount of phosphate buffer
(500 mm sodium phosphate buffer, 250 mm NaCl, pH 9) and
loaded onto a 1-ml nickel-Sepharose HiTrap column (GE
Healthcare). The column was washed with a minimum of 20 ml
of washing buffer (20 mm sodium phosphate buffer, 150 mm
NaCl, pH 8.0) containing a low concentration of imidazole (20
mm) and eluted with high imidazole (250 mm imidazole in
washing buffer). Samples were analyzed by SDS-PAGE, and
selected fractions were stored at —20 °C after addition of glyc-
erol to a final concentration of 50% (w/v). All protein concen-
trations were determined using protein assay reagent (Bio-Rad)
with bovine serum albumin as a standard.

HPLC Analysis—AMP, ADP, ATP, NAD ™", and NADH were
separated and quantified on an anion exchange column
(Nucleosil 4000-7 PEI, 50/4 from Macherey-Nagel, Oehnsin-
gen, Switzerland) with a linear gradient (0—1.5 M NaCl in 10 mm
Tris-Cl, pH 8.0) using an HPLC system equipped with two inde-
pendent UV-visible spectrometers (Shimadzu, Reinach, Swit-
zerland). Elution of samples was monitored at 259 and 220 nm.
The latter wavelength was used to trace possible contaminants.
Commercially available ATP (519979; Roche Diagnostics) al-
ways contained traces of AMP (and ADP), even immediately
after dissolving from newly opened fresh containers. Therefore,
ATP used throughout this study was HPLC-purified by the
above method and routinely checked for its AMP content,
which was always below 0.1% after HPLC processing. SAMS
and SAMS-phosphate were separated and quantified on a cat-
ion exchange column (Source 15S, 1 ml, from GE Healthcare)
with a linear gradient (0—1.5 M NaCl in 20 mm sodium phos-
phate, pH 7.5) at 220 nm.

SDS-PAGE and Western Blotting—Protein samples were
diluted in Laemmli buffer, snap-frozen in liquid nitrogen at
indicated time points, and subjected to SDS-PAGE (12% poly-
acrylamide). After transfer to nitrocellulose membranes (Mil-
ian, Meyrin, Switzerland), proteins were immunoblotted using
either anti-AMPKe, phospho-specific anti-AMPKa Thr-172
(Cell Signaling Technology, BioConcept, Allschwil, Switzer-
land, catalogue numbers 2532, 2535, respectively), or anti-
AMPKP primary antibodies (a kind gift of Dr. David Carling,
MRC, Hammersmith Hospital, London, UK) and goat-anti rab-
bit peroxidase conjugated secondary antibodies (catalogue
number DCO3L; Calbiochem). Signals were detected with
enhanced chemiluminescence (Applichem, Axon Lab, Baden-
Dittwil, Switzerland) and Kodak x-ray-sensitive films (GE
Healthcare). Western blots were quantified by densitometry on
a Kodak Imagestation 440CF using Kodak Digital Science Soft-
ware version 2.0.4 (PerkinElmer Life Sciences).

3D. Neumann, M. Suter, R. Tuerk, U. Riek, and T. Wallimann, manuscript in
preparation.
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RESULTS

The standard method for AMPK activity determination
depends on an artificial peptide substrate, called SAMS that is
incubated with AMPK in presence of [y-**P]ATP (ATP +
SAMS — ADP + SAMS-P). The amount of radioactively
labeled [*?P]SAMS-phosphate is determined by scintillation
counting, as the only accessible parameter at the end of the
reaction. AMPK, however, interacts with all adenine nucle-
otides. AMP is an allosteric stimulator; ADP is a product of
the kinase reaction, and ATP is a substrate. Additionally,
high concentrations of ADP and AMP likely inhibit binding
of ATP to the kinase domain by a competitive mechanism.
High ATP is also believed to inhibit stimulation of AMPK by
AMP by competitive binding to the allosteric site (17). We
therefore considered accurate determination of the concen-
trations of all reaction partners, namely adenine nucleotides,
SAMS, and SAMS-phosphate.

HPLC Detection Enhances Reliability of the AMPK Activity
Assay—Separation of adenine nucleotides is commonly per-
formed with anion exchange chromatography. The SAMS-pep-
tide with a theoretical pI of 12.3 was found to interact strongly
with cation exchange material at pH 7.5, and the introduction
of negative charges through phosphorylation reduces its bind-
ing to the negatively charged column matrix. Thus, a salt gra-
dient allowed for separation of SAMS from SAMS-phosphate.
Samples were taken from an AMPK activity assay, and two
sequential runs on the different HPLC columns were analyzed.
Fig. 1A shows a representative overlay of two HPLC runs show-
ing separation of adenine nucleotides, as well as SAMS and
SAMS-phosphate. The applicability of the analytical procedure
for activity determination of AMPK is demonstrated in Fig. 1B.
Samples of an activity assay were taken at different time points,
divided, snap-frozen, and stored for later injection. The data
show the reciprocal decrease or increase of the ATP/ADP and
SAMS-phosphate/SAMS ratios, respectively. AMP was added
at constant concentrations to stimulate AMPK activity. A com-
paratively greater decrease in [ATP] compared with [SAMS]
was observed consistently with different samples of AMPK
after a longer incubation of samples. This might be due to
“energy waste” by an inherent ATPase activity of AMPK rather
than to unspecific decay of ATP or ADP over time, as it appears
to be associated with substrate turnover. AMPK in the absence
of SAMS did not degrade ATP (data not shown). As shown in
Fig. 1B, the formation of ADP and SAMS-phosphate perfectly
correlates within the first 10 min of the assay. As AMPK assays
were generally stopped and analyzed after an incubation time of
5-10 min, [SAMS-phosphate] and [ADP] equally reflect AMPK
activity. Furthermore, the concentrations of all educts and
products in a single sample are interrelated and can be deter-
mined individually, thereby increasing the accuracy of the
method. We generally used SAMS ([SAMS] + [SAMS-phos-
phate] = constant) and adenine nucleotides ((ADP] + [ATP] =
constant) to evaluate the data, but in most cases determination
of [ADP] or [SAMS] was found satisfactory. Thus, a single data
point is sufficiently exact and can be used for calculation of
specific activity.
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FIGURE 1. HPLC analysis employed for in vitro AMPK activity assays. A,
separation of adenine nucleotides (solid line; 259 nm) and SAMS/SAMS-phos-
phate (dashed line; 214 nm) was achieved by anion and cation exchange chro-
matography, respectively (for conditions see “Experimental Procedures”).
Single HPLC runs were completed within 10 min. The signals for ADP and
SAMS-phosphate (SAMS-P) correspond to ~10 nmol. B, time course of AMPK
activity assay and quantitation of all reaction partners. Samples from an AMPK
activity assay were taken at the indicated time points, split into halves, and
injected into the HPLC system equipped with either an anion or cation
exchange column. Each compound was quantified from the resulting chro-
matogram using appropriate standards. Results are means values (n = 3,
+S.D.).

Specific Activity of Fully Activated Recombinant AMPK—
Highly purified heterotrimeric wild type AMPK a1f1vyl and
a232y1 was activated with recombinant preparations of either
of the two known upstream kinases of AMPK. CaMKKp (GST-
tagged) or the LKB1-MO25a-STRAD« heterotrimer was used
at saturating concentrations. To reach full activation with
CaMKKR, a 1:1 ratio (w/w) of upstream kinase to AMPK had to
be used, whereas with the heterotrimeric LKB1-MO25a-
STRADa complex a ratio of 1:50 was sufficient to reach full
activity. The specific activity of AMPK after activation and full
stimulation by AMP (Fig. 2A) was in the range of 6 umol of
SAMS-phosphate/mg of wild type AMPK/min at 30 °C. This
value was similar for both isoforms of AMPK and much higher
than reported previously with recombinant AMPK, e.g. 0.3
pmol/mg/min, using recombinant AMPK activated by partially
purified upstream kinase preparation from liver containing
LKB1 (5) or 0.2 pmol/mg/min activated by recombinant
CaMKKp (10). Native AMPK «1 complexes have been purified
from tissue to near homogeneity and exhibited similar high
specific activities of 8.2 umol/mg/min using the radioactive
detection method and SAMS as a substrate (29). To compare
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FIGURE 2. Activation and re-purification of recombinant wild type AMPK.
Wild type 111 and 232yl AMPK (25 wg/ml) were activated in the pres-
ence of 2 mm ATP and 1 mm AMP at 30 °C for 1 h with CaMKKg (25 wg/ml) or
LKB1-MO25a-STRAD« (~0.5 ug/ml). Activated AMPK was then diluted in
assay buffer to 5 ug/ml (200 um ATP, 100 um AMP), followed by the addition
of 500 um SAMS. Immobilized metal affinity chromatography was exploited
for re-purification of AMPK activated by upstream kinases (see “Experimental
Procedures” for details). A, specific activities of different AMPK samples before
and after the activation or re-purification step, as determined by HPLC quan-
titation of SAMS phosphate. B, Coomassie Blue-stained gel of the same sam-
ples separated by SDS-PAGE (500 ng/lane). C, Western blot of the same sam-
ples utilizing AMPK-B-specific antibodies for detection.

the HPLC-based method with the most widely used radioactive
detection method of AMPK activity determination, we pur-
chased a partially purified preparation of rat liver AMPK
(Upstate, Lucerna-Chem, Lucerne, Switzerland) with a
declared specific activity (0.8 wmol/mg/min at 30 °C, as deter-
mined by SAMS assay, using the radioactive method), and we
determined its activity by our HPLC method. Under conditions
identical to the company’s kinase assay protocol (100 um ATP,
100 um AMP, and 100 um SAMS), we measured 0.2 umol/mg/
min or using optimized assay conditions (200 um ATP, 50 um
AMP, and 500 um SAMS) reached a value of 0.4 pmol/mg/min,
suggesting that the HPLC-based analytical method is, if any-
thing, underestimating the specific activities by a factor of 2—4
in comparison to the commonly used radioactive assay proce-
dure. This would indicate that the specific activity of highly
purified recombinant AMPK is even higher, although no
attempts were undertaken to determine activity using tradi-
tional approaches. Furthermore, the re-purification step of fully
activated AMPK resulted in no significant loss of specific activ-
ity (Fig. 24), suggesting that once AMPK has been activated by
upstream kinases these high specific activities can be preserved
in vitro in the absence of AMPKKs.

Autophosphorylation May Reduce AMP Sensitivity of AMPK—
The same AMPK samples as shown in Fig. 24 were also ana-
lyzed by SDS-PAGE (Fig. 2B). Upon activation by AMPKK,
shifts of electrophoretic mobility were observed in a-subunits
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FIGURE 3. Time course of activation of wild type a232y1 by CaMKK. A,
specific activities of AMPK taken at different time points of incubation with
CaMKKB (as described in the legend of Fig. 2). B, analysis of the samples by
Western blotting utilizing AMPKB-specific antibodies. C, ratio between spe-
cific activities of samples taken at different time points of incubation with
CaMKKB with or without addition of AMP to the SAMS assay. AMPK (25 wg/ml)
was incubated with HPLC-purified ATP (1 mm) and CaMKKB (25 wg/ml). At
indicated time points, a sample of the activation mixture was assayed for 5
min (200 um ATP, 500 um SAMS) with or without addition of 20 um AMP.
Activities were determined by the HPLC method.

as a consequence of phosphorylation of AMPK at Thr-172 by
AMPKKSs, as has been observed previously (10). The immuno-
staining of the B-subunit in Western blots also revealed
changes after activation by AMPKK (Fig. 2C), suggesting that
B-subunits partly shift to higher apparent molecular weight in
SDS-PAGE. In contrast, the -subunits of the enzymatically
inactive «1D157AB1y1 and «2D157AB2y1 mutants did not
shift toward higher molecular weight in SDS-PAGE and are not
incorporating radioactivity from [y-**PJATP upon activation
by CaMKKp or LKB1-MO25a-STRAD« (data not shown),
strongly suggesting that the altered electrophoretic mobility of
the B-subunit is caused by autophosphorylation. However, a
certain proportion of the B-subunit-specific signal did not shift
toward higher molecular weight (Fig. 2C). At present, we do not
have an explicatory interpretation for this phenomenon. The
appearance of multiple AMPK B-subunit immunoreactive sig-
nals, which may represent different phospho-species of the
B-subunits, prompted us to investigate a time course of AMPK
activation. The kinetics of the activation process with AMPK
a2f2v1 is shown in Fig. 34, reaching saturation after 30 min.
Western blotting of samples taken at different time points of

VOLUME 281-NUMBER 43-OCTOBER 27, 2006

9T0Z ‘LT Afenuer uo 1senb Aq /B10-0g [:mmmy/:dny wouy papeojumod


http://www.jbc.org/

12 3 45 6 78 910

anti-
pT172

11 12 13 14 15 16 17 18 19 20

Roles of AMP in AMPK Regulation

present in our in vitro system, could
hardly be observable by other avail-
able techniques. Despite equal load-
ing of AMPK a-subunit (Fig. 4,
lower panels), the phospho-Thr-172
signals of «l1-(1-312), however,
remained very faint in comparison
with the heterotrimers of AMPK
(Fig. 4, upper panels, lanes 8, 9 and
18, 19). As also true for the two wild
type heterotrimers, prolonged ex-
position to the film did not reveal
any differences between Thr-172

at phosphorylation in the truncated

WTalfiyl  + i+ i+ + + i+ i+ + al-(1-312) mutant in the presence
WTa2p2y1 gdgedg e or absence of AMP (data not
a1(1-312) oW 7 . 3P showr}). If a1 and &2 phospho—‘Thr—
172 signals are compared (Fig. 4,

CaMKKp o e e e ol o upper panels, lanes 2, 3 and 5, 6),
LKB1 + o+ + i+ +i+ i+ a lower signal was consistently
AMP + + + i+ + + + o+ observed in all incubations with

FIGURE 4. Activation of AMPK by limiting amounts of upstream kinase with or without addition of AMP.
Wild type (WT) recombinant a1B1y1, a2B82y1, and a1-(1-312) AMPK (25 ng/ml each) were incubated with
CaMKKB (5 ng/ml) or LKB1-MO25a-STRADa (~0.25 wg/ml) for 10 min at 30 °C (200 um ATP, 30 um AMP, if
added). Samples were separated by SDS-PAGE and subjected to Western blotting, utilizing either phospho-
specific anti-AMPK aThr-172 (upper panel) or anti-AMPKa antibodies (lower panel). In the absence of externally
added AMP, [AMP] was 0.3-0.5 um. Samples loaded to lanes 70 and 20 were fully activated for 1 h (as described

in the legend of Fig. 2).

incubation with upstream kinases (up to 4 h) demonstrates that
the B2-subunit phosphorylation still increased after full activity
was reached (Fig. 3B). Interestingly, the time course of increas-
ing autophosphorylation, as reflected by the lowered electro-
phoretic mobility of the B2-subunit in SDS-PAGE, is concom-
itant with a decrease of the stimulatory effect by AMP (Fig. 3C).

Activation of AMPK with Upstream Kinases Is Not Stimu-
lated by AMP—AMP does not directly regulate the activities of
the upstream kinases LKB1-MO25a-STRADa or CaMKK} (6,
8-10). However, the question of whether binding of AMP to
AMPK renders the enzyme a better substrate for upstream
kinases is still a matter of discussion. We therefore used bacte-
rially expressed truncated al-(1-312) comprising only the
kinase domain of AMPK and thus lacking allosteric effects by
AMP, in comparison with the two heterotrimeric isoforms
of AMPK carrying their functional y-subunits and allowing for
allosteric regulation. AMPK was incubated in the presence and
absence of AMP with the two upstream kinases (LKB1-
MO25a-STRADa or CaMKK}) and analyzed by Western blot-
ting. Identical signal intensities derived from the phospho-spe-
cific anti-AMPKa Thr-172 antibody were obtained with the
two wild type AMPK «1B1vy1 and 23271 isoforms as shown in
Fig. 4 (upper panels) after incubation of the different AMPK
species with CaMKKp or LKB1-MO25a-STRADa, regardless
of whether AMP was added or not, suggesting that binding of
AMP to the allosteric site does not augment phosphorylation at
the a-Thr-172 site of AMPK by upstream kinases. Yet [AMP] at
the end of the activation assay was 0.3— 0.5 uM in samples where
no AMP was externally added, which could contribute to some
stimulation of phosphorylation. However, such an effect, if
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AMPK a1, which raises the possibil-
ity that AMPK «2 is a better sub-
strate for both upstream kinases,
CaMKKB and LKB1-MO25a-
STRADagq, if compared with AMPK
al. A possible effect of the B-sub-
unit isoform that is different in the
al and a2 complexes cannot be excluded, and further studies
are required to address this question more specifically.

Stimulation of Fully Activated AMPK by AMP—The degree
of AMPK stimulation by AMP and the concentration range
where AMP exerts its stimulatory effect are highly relevant for
in vivo functioning of the kinase. Both were investigated using
the HPLC method described herein.

ATP solution freshly prepared from powder and analyzed by
HPLC revealed a significant amount of AMP as contaminant
(>0.5%, depending on handling and storage conditions). To
obtain an AMP-free ATP stock solution, highly concentrated
ATP was purified by HPLC, but this HPLC-purified ATP still
contained trace amounts of AMP (<0.1% relative to ATP, with
a detection limit at 0.03—0.05 nmol). Using this HPLC-purified
ATP at 200 uMm and without externally added AMP, at the end of
an AMPK activity assay, 0.76 and 0.51 um of AMP (0.25-0.38%
relative to ATP) were measured in the assay mixture with acti-
vated and repurified AMPK a1B17y1 and a232y1, respectively.
In the absence of its substrate, the SAMS peptide, AMPK did
not produce significant amounts of AMP or ADP (data not
shown), which excludes the possibility that contaminating
enzyme activities, e.g. adenylate kinase or such, could have
caused the increased content of AMP during the time course of
the assays. More likely, the non-enzymatic decay of the gener-
ally very labile reaction product ADP to AMP can explain these
elevated AMP levels, as the concentration of AMP did indeed
increase concomitantly with the turnover rate of ATP by
AMPK. The AMP content of each sample was therefore calcu-
lated from the HPLC data, thus reflecting the true AMP con-
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FIGURE 5. AMP dependence of activated re-purified wild type AMPK.
AMPK a1B1v1 (diamonds, broken line) and «2B2+y1 (triangles, solid line) (5
ng/ml) were assayed at 200 um ATP (HPLC-purified) and 500 um SAMS. The
AMP concentration in the assay mixture was determined by HPLC for each
sample at the end of the reaction (AMP measured). Even if no AMP was added,
significant concentrations of AMP were detected in the assay mixture (0.76 or
0.51 um for a1B1y1 or @232yl AMPK, respectively). The arrow indicates the
AMP concentration necessary for half-maximal stimulation. Inset, reciprocal
plotting of the curves and calculation of trend lines using least square fitting.

centration at the end point of each assay at the various times
indicated (Fig. 5).

Despite using HPLC-purified ATP and the pure recombinant
enzymes, determination of AMPK activity in absence of AMP
remains an enigma, since, due to the reasons specified above, it
was not possible to obtain assay conditions with truly “zero”
AMP. Moreover, other experimental approaches to completely
remove AMP from the assay mixture, e.g. using AMP-deami-
nase and/or 5’'-nucleotidase, were not successful, i.e. the con-
centration of AMP could still not be reduced below 0.5 um (data
not shown).

Although determination of AMPK activity in the absence of
AMP has proven practically impossible, it is evident that the
curve in Fig. 5, if extended toward lower AMP content, is
sharply decreasing toward much lower specific activities of
AMPK (Fig. 5, dotted lines). Reciprocal plotting of the activity
data using the simplest model available that is a hyperbolic
curve (Hill coefficient = 1) results in a linear relationship with
high correlation coefficients (Fig. 5; R%,5,,, and R2,, , are
0.97 and 0.95, respectively). However, we acknowledge that the
assumption of a hyperbolic relationship between AMPK activ-
ity and AMP content might not be entirely valid for AMPK,
where a Hill coefficient of 2 was proposed based on experimen-
tal evidence (11). If using a Hill coefficient of 2 and appropriate
reciprocal plotting (1/[AMP]?), however, the linear correlation
is comparably low (R2,,,, and RZ,z,., are 0.83 and 0.90,
respectively).

Half-maximal stimulation of AMPK by AMP occurs below 2
uMm (Fig. 5, arrow). As discussed above, AMPK activity assays
corresponding to the lowest accessible AMP content still con-
tained significant amounts of AMP. Although we can only spec-
ulate about curve progression at low [AMP], it is clear that
graphic extrapolation of the curve toward low [AMP] (Fig. 5,
dotted lines) also results in lowered values for half-maximal
stimulation, suggesting that AMPK might be sensitive to sub-
micromolar concentrations of AMP. Hence, 2 um AMP consti-
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tutes the upper limit for half-maximal stimulation, and likely
values are significantly below.

The stimulatory effect of AMP on AMPK activity is often
calculated relative to conditions where no AMP was added.
According to our data, AMP stimulates AMPK activity 1.5—
3-fold (Figs. 3C and 5), and the extent of this stimulation may
depend on autophosphorylation following activation of AMPK
by upstream kinases (Fig. 3B). However, even without addition
of AMP to the assay, [AMP] is above 0.5 um as determined by
HPLC (Fig. 5). Thus, the stimulatory effect of AMP must be
higher than 1.5-fold (Fig. 5), if considering residual AMP and
the sharply decreasing specific activities at low [AMP]. In other
words, a consequence of graphic extrapolation of the curve (Fig.
5, dotted lines) is an increased relative stimulatory effect by
AMP. Although we cannot quantify the stimulation, as we do
not know the exact curve progression, AMP may well increase
AMPK activity 10-fold or more. Thus, even careful interpreta-
tion of the data suggests a rather high stimulatory potency of
AMP with half-maximal effect at low micromolar or even sub-
micromolar [AMP]. Moreover, full stimulation of activated
AMPK by AMP occurs at around 10 uMm, although AMPK activ-
ity is close to maximal levels already at 5 um AMP with both
AMPK isoforms (Fig. 5).

Nonactivated AMPK Is Almost Totally Inactive in the Pres-
ence and Absence of AMP— Although AMPK activity cannot be
determined in the total absence of AMP, due the trace amounts
of AMP likely generated from ADP during the assay, we can
measure AMPK activity in the absence of upstream kinases.
Activity of recombinant AMPK prior to activation by AMPKKs
is very low but clearly detectable. The specific activities in the
absence of externally added AMP were 0.005—0.007 wmol/mg/
min for both AMPK heterotrimers. These values increased only
slightly to 0.01 umol/mg/min upon addition of AMP at satu-
rating concentrations (data not shown).

Contaminating AMP in NAD™ Is Responsible for Stimulation
of AMPK—The cellular redox potential, which is reflected by
NAD™/NADH, was recently proposed to regulate AMPK activ-
ity in addition to AMP/ATP ratios (30). Accordingly, constitu-
tively active AMPK (T172D) and wild type AMPK were pur-
ported to be activated in a dose-dependent manner by NAD ™,
whereas NADH inhibited AMPK activities. Indeed, a dose-de-
pendent stimulatory effect of NAD* was also observed initially
in our hands, using NAD" from a commercial supplier (Fig.
6B). Analysis of NAD™ by HPLC, however, then revealed a sig-
nificant impurity (Fig. 6A4), which we suspected to represent
AMP, as this is a likely degradation product of NAD™. There-
fore, AMP alone and NAD™ spiked with AMP were subjected
to HPLC analysis using identical running conditions. Overlay of
the spectra showed that AMP exactly co-eluted with the major
contaminant that is present in NAD™ preparations (Fig. 64,
inset). At NAD™ concentrations of 30 and 300 uM, the final
AMP content in the AMPK assay mixture was determined to be
at 1.3 and 10.9 M, respectively. On the other hand, HPLC-
purified NAD™ was unable to stimulate AMPK activity (Fig.
6C). In the absence of NAD™, AMP at concentrations approx-
imating the contamination stimulated AMPK comparably (Fig.
6D). Furthermore, NAD™ purchased from a second manufac-
turer showed in a freshly prepared solution 0.1% AMP directly
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trations rapidly dephosphorylates
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AMP (data not shown). However,
limiting the amount of phosphatase
allowed for detailed analysis. We
therefore assayed a diluted solution
of PP2Ca with activated and re-pu-
rified AMPK «1B1v1, a232vy1, and
al-(1-312) at various AMP concen-
trations. Samples were then probed
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with al1B1+vy1, although statistical
significance is not reached. In con-
trast, dephosphorylation of a1-(1-
312) does not show AMP depend-
ence. The remaining enzyme
activities after phosphatase treat-
ment are shown in Fig. 8C. Both
wild type heterotrimers showed
dose-dependently higher residual
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FIGURE 6. Allosteric effect of NAD* on activated re-purified wild type AMPK. A, HPLC of 10 nmol of NAD™*
(Roche Diagnostics) injected either alone (dotted line), spiked with AMP (solid line), or the same amount of AMP
injected alone (dashed line). Inset, magnification of the same chromatogram showing the areas under the curve
and AMP co-eluting with a contamination of NAD ™. Activated re-purified wild type a181y1 AMPK (5 pg/ml)
was assayed with 200 um HPLC-purified ATP and 250 um SAMS. The indicated concentrations of NAD™ (B),
HPLC-purified NAD*(C), and AMP (D) were added to the AMPK activity assay, and samples were analyzed by
HPLC for calculation of specific activities of AMPK and AMP concentrations (AMP measured).

after dissolving, 0.17% after 1 h at room temperature, and 0.25%
after standing overnight at 4 °C. This increase in AMP concen-
tration upon storage of NAD™ suggests that NAD™ degrada-
tion is accelerated in solution even at low ambient tempera-
tures. Thus, the purported stimulation by NAD* of AMPK via
a direct allosteric mechanism (30) is likely to be an artifact.
NADH Does Not Inhibit AMPK Activity—NADH was ana-
lyzed by HPLC, and as shown in Fig. 7A no impurities were
detectable. A concentration range of 0 to 300 um NADH had no
inhibitory effect on the active AMPK «131v1 isoform (Fig. 7B).
AMP Inhibits Inactivation of the AMPK Heterotrimer by
PP2Ca—The active, phosphorylated form of AMPK can be
inactivated (dephosphorylated) by protein phosphatases PP2A
and PP2C, the latter accounting for the main activity in rat liver
extract (31). The okadaic acid-insensitive form of PP2, PP2C«
is responsible for dephosphorylation of AMPK at Thr-172 in
intact cells (32). Recombinant PP2Ca« at saturating concen-

OCTOBER 27, 2006 +VOLUME 281+NUMBER 43

kinase domain «l-(1-312) was
entirely unaffected by the AMP con-
tent. Thus, AMP does not directly
influence PP2Cu activity, but rather
the dephosphorylation rate of
AMPK by PP2Ca is attenuated by
binding of AMP to the allosteric site
of the y-subunits of AMPK.

Stimulation of Fully Activated AMPK by ZMP—The com-
pound 5-aminoimidazole-4-carboxamide-1-3-p-ribofurano-
side (AICAR) has frequently been used to activate AMPK in cell
cultures and in whole animal studies (33). AICAR is taken up by
cells and converted to AICAR-phosphate (ZMP), itself repre-
senting a metabolic intermediate of adenine nucleotide synthe-
sis. In vivo, ZMP might mediate AMPK activation via a direct
allosteric mechanism (17). Here we determined the allosteric
effect of ZMP directly on recombinant AMPK in vitro. Accord-
ing to our results, ZMP did not stimulate AMPK to full activity.
In comparison with 10 um AMP (sufficient for full stimulation
of wild type AMPK), the potency of ZMP was significantly
lower at 25 uM, and even at high concentrations (1 mm) less
than 60% of full stimulation by AMP was reached. However, it
should be emphasized that AMPK activity assays always con-
tain trace amounts of AMP. Thus, it is not possible to quantitate
the stimulatory effect of ZMP alone.
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FIGURE 7. Allosteric effect of NADH on activated re-purified wild type
AMPK. A, HPLC of 10 nmol of NADH (Roche Diagnostics) revealing no signif-
icant contaminations. B, NADH was added at the indicated concentrations to
activated re-purified a1B1y1 (5 ng/ml) in the presence of 200 um ATP, 50 um
AMP, 500 um SAMS. Samples were analyzed by HPLC, and specific activities
were calculated from the chromatograms.

DISCUSSION

AMPK is an important energy-sensing kinase playing a key
role for the maintenance of the cellular energy charge repre-
sented by a high cellular ATP to AMP ratio (34). In order to
perform this task, AMPK is required to adjust its activity rapidly
to changes of cellular energy demand, suggesting that regula-
tion of AMPK must be tightly controlled, highly sensitive, and
very dynamic (35).

Here we present new data concerning the activation of
AMPK by AMP and the action of the latter allosteric effector
directly on AMPK and/or the corresponding upstream kinase
and phosphatase system. To address these questions, we used
highly purified recombinant AMPK, obtained from bacterial
lysates after co-expression of AMPK subunits in Escherichia
coli (18). A general concern that may be raised against using
recombinant AMPK and other recombinant material originat-
ing from bacteria for studies of enzyme function may be a
potentially altered functionality. Nevertheless, ~80% of the
proteins used to solve three-dimensional structures submitted
to the Protein Data Bank in 2003 were prepared in an E. coli
expression system (36), and E. coli remains the most important
host for protein production in industrial scale (37). We have
used bacterially expressed recombinant AMPK since its bio-
chemical characteristics compare very favorably with AMPK
that has been purified from tissue or cell cultures (see
“Results”). Recombinant wild type AMPK alone is basically
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FIGURE 8. Inhibition of PP2Ca by AMP. Activated and re-purified «1B81y1 (5
rg/ml), a2B2y1 (5 pg/ml), and a1-(1-312) AMPK (25 pg/ml) were treated
with PP2Ca (10 pg/ml for heterotrimers and 0.3 wg/ml for the monomer) for
20 minat 30 °C. A, samples were analyzed by Western blotting after SDS-PAGE
using phospho-specific anti-AMPKa Thr-172 antibodies (three independent
experiments). B, densitometric quantitation of the phospho-specific anti-
AMPKa Thr-172 signals (n = 3; =S.E., *, p < 0.05). C, AMPK activity was deter-
mined after PP2Ca-treatment at different AMP concentrations by incubation
with 200 um ATP, 50 um AMP, and 500 um SAMS for 10 min using the HPLC-
based procedure. Remaining activities are shown by percentage relative to
the non-PP2Ca-treated AMPK.

inactive, suggesting that bacteria are not capable of phospho-
rylating Thr-172 of the a-subunit. Particularly, phosphoryla-
tion at Thr-172 is below the detection limit if probed with the
corresponding phospho-specific anti-AMPKa Thr-172 anti-
bodies. Moreover, we presume that bacterially expressed
AMPK is fully dephosphorylated, also evidenced by facilitated
identification of new phosphorylation sites using the very same
material (5). In contrast, native AMPK is post-translationally
modified at multiple sites (4, 5, 38); thus, the absence of these
modifications in recombinant AMPK provides a clear advan-
tage if one intends to study the effect of a particular modifica-
tion. This “maiden-like” property of recombinant wild type
AMPK allows for determination of activities prior to activation
by upstream kinases, revealing low but clearly detectable kinase
activities. Furthermore, the recombinant enzyme is highly acti-
vated by upstream kinases and, in addition, is stimulated by
AMP. Moreover, we observe very high specific activities that
are comparable to highly purified enzyme preparations from
cells or tissues (29). As apposed to eukaryotic cells, bacteria do
not express endogenous AMPK; thus, it is possible to obtain
homogeneous preparations of AMPK isoenzymes, depending
solely on the cDNA used for transformation, thereby eliminat-
ing the problem of co-purifying endogenously synthesized
AMPK isoforms as always present in cells and tissues.
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Here we show that bacterially expressed AMPK is activated
1000-fold by the combined effect of activation by its upstream
kinases, CaMKKp or LKB1-MO25a-STRADe, together with
its allosteric stimulator AMP. Both upstream kinases activate
AMPK to a similar extent, and the two wild type isoforms of
AMPK «al1B1vyl and «2B2y1 studied exhibit similar specific
activities, as well as equal responses to AMP. We further sug-
gest high sensitivities of AMPK toward AMP atlow micromolar
concentrations. Half-maximal stimulation of AMPK was
reached at 2 um AMP, and, if residual AMP content is consid-
ered, half-maximal stimulation would occur already at signifi-
cantly lower [AMP]. Consistent with previous reports, we
observe 1.5-3-fold stimulation by AMP (6, 8—10), but a much
higher stimulatory potential of AMP is expected if the residual
AMP is taken into account. These findings support the notion
that AMPK is a highly sensitive energy-sensing kinase.

Neither LKB1-MO25-STRAD nor CaMKK} is directly stim-
ulated by AMP (6, 8 —10). However, phosphorylation of immu-
noprecipitated AMPK by a partly purified LKB1-MO25-
STRAD complex was stimulated by AMP 1.5-3.5-fold (6), and
in another study AMP did not affect activation of AMPK by the
LKB1 complex (8). According to our results AMP exhibits no
direct effect on AMPKKs, nor does binding of AMP to the allo-
steric site of the AMPK y-subunit appear to augment phospho-
rylation at Thr-172 of the a-subunit by the upstream kinases
CaMKKp and LKB1-MO25a-STRAD« (Fig. 4). In contrast, we
reported previously that phosphorylation of recombinant
AMPK by a partially purified preparation of heart upstream
kinases is augmented by AMP (19). We cannot currently
explain this discrepancy, but it is possible that another
unknown AMPKK is operational in heart (39). Thus, AMP-
augmented AMPK phosphorylation in vivo or in partially puri-
fied extracts should not be ruled out, but the mechanism of
such regulation so far remains elusive.

Deactivation of AMPK a2 by its phosphatase PP2Ca is sig-
nificantly attenuated by elevated concentrations of AMP, and
the same tendency, although not statistically significant, is seen
with AMPK o1 (Fig. 8). Similar results were reported previously
(16), supporting the notion that the AMPK-AMP complex
serves as a less favorable substrate for PP2Ca. Such decelera-
tion of the dephosphorylation rate by increased AMP concen-
trations couples phosphorylation of the a-subunit of AMPK at
Thr-172, a prerequisite for significant AMPK activity, to the
cellular AMP levels. Thus, AMP plays two direct roles for reg-
ulation of AMPK activity simultaneously: (i) allosteric stimula-
tion of activity and (ii) repression of deactivation by PP2Cq.

Ponticos et al. (40) proposed regulation of AMPK activity by
phosphocreatine to creatine (PCr/Cr) ratios via a direct allo-
steric mechanism. Although representing an attractive model,
the purported inhibitory effect of PCr has been recently chal-
lenged by Taylor et al. (21). Similarly, we have been unable to
detect a direct allosteric effect on AMPK activity or on its
upstream kinases by PCr or Cr in the concentration range of
0.3-20 mm.* A very strong direct interaction of AMPK with
creatine kinase, also reported by the same authors (40), seems

4 M. Suter, D. Neumann, and T. Wallimann, unpublished observations.
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unlikely as well, because if this were true, all AMPK present in a
cell would be completely complexed by creatine kinase, a very
abundant enzyme in tissues of high and fluctuating energy
requirements (41, 42). However, a phosphorylation of creatine
kinase by AMPK (40) should not be ruled out.

In this study, we also investigated the potential of NAD™* and
NADH to allosterically regulate AMPK activity as proposed by
Rafaeloff-Phail et al. (30). We employed the HPLC system to
analyze solutions of NAD " and identified contaminating AMP,
a likely degradation product, causing significant allosteric acti-
vation of AMPK. However, neither HPLC-purified NAD™ nor
NADH exhibits any direct effect on AMPK activity at concen-
trations up to 300 um. Therefore, the originally attractive
hypothesis that AMPK could act as a sensor for the cellular
redox potential should be carefully re-evaluated.

AICAR has been used extensively to activate AMPK in living
cells and organisms (33). AICAR is taken up by cells and con-
verted to ZMP, which is thought to activate AMPK via direct
allosteric activation. Here we also investigated potential direct
allosteric effects of ZMP on AMPK in vitro. Our results dem-
onstrate that, in comparison to AMP, the stimulatory potential
of ZMP is lower, and also high concentrations fail to fully stim-
ulate AMPK, suggesting that mimicking of AMP by ZMP in
vivo is incomplete. It is entirely conceivable that activation of
AMPK, although not reaching maximal levels, could be suffi-
cient for a full cellular response considering the time factor
during which the compound acts within cells. Alternatively,
other additional mechanisms might exist that lead to activation
of AMPK by AICAR or ZMP in vivo.

In conclusion, the study presented here, using a defined in
vitro system with purified AMPK, upstream kinases, and phos-
phatase, contributes to a better comprehension of physiologi-
cally important aspects of AMPK function and regulation. As
AMP does not augment phosphorylation of AMPK in vitro, the
question arises whether inhibition of PP2Ca« through elevated
AMP in response to stress can explain the observed changes of
Thr-172 phosphorylation of AMPK in vivo or in cultured cells.
Alternatively, additional previously unknown mechanisms may
exist. Further studies are required to investigate these issues.
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