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Heterotrimeric AMP-activated protein kinase
(AMPK) is crucial for cellular energy
homeostasis of eukaryotic cells and
organisms. Recently, we developed a bacterial
co-expression strategy for functionally intact
full-length mammalian AMPK with a His-tag.
Here we report on (i) the bacterial expression
of untagged mammalian AMPK isoform
combinations, all containing y,, (ii) a fully
automated 4-dimensional purification
protocol, and (iii) a detailed biophysical
characterization of AMPK heterotrimers by
small angle X-ray scattering in solution
(SAXS), transmission and scanning
transmission electron microscopy (TEM,
STEM) and mass spectrometry (MS). AMPK
in solution at low concentrations (< ~1 mg/ml)
largely consisted of individual heterotrimers
in TEM analysis, revealed a precise 1:1:1
stoichiometry of the three-subunits in MS,
and behaved as ideal solution in SAXS. At
higher AMPK concentrations, SAXS revealed
concentration-dependent, reversible
dimerization of AMPK heterotrimers and
formation of higher oligomers, also confirmed
by STEM mass measurements. Single particle
reconstruction and averaging by SAXS and
TEM, respectively, showed a similar
molecular shape of AMPK heterotrimers
revealing elongated, flat particles with
protrusions and indentations. In the lower
AMPK concentration range, addition of AMP
resulted in a significant decrease of the radius
of gyration by ~5% in SAXS, which indicates

a conformational switch in AMPK induced by
ligand binding. Based on our findings we
propose a structural model involving a ligand-
induced relative movement of the Kinase
domain resulting in a more compact
heterotrimer and a conformational change in
the kinase domain that protects AMPK from
dephosphorylation of T172, thus positively
affecting AMPK activity.

AMP-activated protein kinase (AMPK) and its
orthologs found in yeast, plants, insects,
invertebrates and vertebrates are fuel sensors of
the eukaryotic cell and function as master
regulators of energy metabolism (1-5). AMPK is
a serine/threonine protein kinase, consisting of
one catalytic o and two regulatory-subunits (
and vy), existing as multiple isoforms (a;, oy, B,
B2, Y1, Y2, v3) and splice variants (of y, and vs),
thus allowing for the generation of multiple
heterotrimeric isoform combinations. Critical for
activation of AMPK is its phosphorylation at
T172 in the kinase domain of the a-subunit by
either of the two upstream kinases of AMPK,
LKB1-MO250-STRADa or Ca’’/Calmodulin-
dependent protein kinase kinase B (CaMKK}p)
(6-10). In addition, AMP allosterically stimulates
AMPK (10,11) by binding to two pairs of CBS
domains in the y-subunits, called Bateman-
domains (12). These domains were reported to
show high affinity for AMP (10,13) and lower
affinity for ATP (12), although a recent study
indicates that affinities may be similar (14).
AMP is a very sensitive signal for an altered



cellular energy status (13,15,16). Its intracellular
concentration changes by one order of magnitude
upon a 1% change in the cellular ATP
concentration, due to the equilibrium reaction of
adenylate kinase and creatine kinase. The latter
uses phosphocreatine to rapidly rephosphorylate
ADP to ATP and thus maintains a high
ATP/ADP ratio (15-18). Allosteric stimulation of
AMPK by AMP increases phosphorylation at
T172 and simultaneously inhibits
dephosphorylation of this site by protein
phosphatase 2Ca, thus decreasing the rate of
AMPK inactivation (10,19). The precise function
of the AMPK B-subunit is not entirely clear. It
contains o and y interaction domains (20,21), a
glycogen binding domain (22,23), and B,
additionally has an N-terminal myristoylation
site that may target AMPK to membranes (24).
More recently, an autophosphorylation site at
S108 has been involved in the AMP-dependent
activation mechanism of AMPK (19).

Cellular energy stress and other signals
activate AMPK by various pathways, leading as
a main consequence to compensatory measures
that increase ATP generation and decrease ATP
consumption. However, the AMPK signaling
pathway has not only been implicated in cellular
energy homeostasis (13,25), but also in the
regulation of whole body energy balance
(2,26,27), and more recently in energy-
dependent regulation of cell shape (4) and cancer
signaling (28-32). The latter is mainly due to the
tumor suppressor properties of the upstream
kinase LKB1 (6,8) and the downstream link to
signaling by the mammalian target of
rapamycine (mTOR) which is involved in
proliferation control (33). Mutations in the
AMPK y-subunit cause several pathologies,
mainly due to accumulation of cellular glycogen
(34-36). Its multiple downstream effects,
including lowering of blood glucose levels, have
identified AMPK as a promising target to treat
type II diabetes mellitus and the metabolic
syndrome (37).

More detailed structural information
about mammalian heterotrimeric AMPK is
needed to understand its complex molecular
architecture and function. Valuable but limited
insight has been provided by X-ray structures of
isolated AMPK domains: the catalytic domain of
the human a,-subunit (Littler et al., Structural
Genomics Consortium, PDB:2H6D) and its yeast
ortholog Snfl (38,39), the glycogen binding
domain of the rat B-subunit (40), the Bateman
domain of the y-subunit yeast ortholog Snf4 (41),
and a CBS;_4-domain pair of the human y-subunit

(42). More informative, but still limited in their
explanatory power, are the recent X-ray
structures of truncated versions of a mammalian
AMPK complex (14) and its yeast orthologs of S.
pombe (43) and S. cerevisiae (44) (suppl. Fig. 1).
For successful crystallization, large truncations
were introduced into the mammalian o- and B-
subunits or their yeast homologs. The published
core structures all lack the a-subunit kinase
domain and a more or less large N-terminal part
of the B-subunit. In the S. pombe and mammalian
structures, almost 50% of the entire complex is
missing. The S. cerevisiae structure (suppl. Fig.
1) is somewhat less truncated and contains a
regulatory sequence (RS, oa-subunit) and the
glycogen-binding domain bound to f-
cyclodextrin (B-subunit).

A major contribution of these structures
is the exact definition of subunit interactions.
They confirm the structural consensus model of
AMPK that had been challenged before (20,21).
In addition, the larger S. cerevisiae structure
reveals novel interactions of the fy-subunit
homologue with both the regulatory domain (o.-
subunit) and the glycogen binding domain (f3-
subunit). The structures also identify the precise
nucleotide binding sites on the y-subunit (see
also Fig. 9B). While in yeast only a single AMP
(or ATP) molecule is bound to the y-homolog
(43,44), probably because yeast AMPK is not
activated by AMP, the mammalian AMPK v-
subunit revealed three nucleotide binding sites
(14). One site, corresponding to the yeast binding
site, contains a non-exchangeable, fixed AMP,
while the other two allow for ATP/AMP
exchange and thus provide the AMP sensor
function of AMPK. However, neither of the
AMP-containing AMPK core structures showed
an appreciable structural difference as compared
to ATP-containing or nucleotide-free structures.
This observation and the absence of the kinase
domain in all known AMPK core structures have
so far hampered a molecular explanation for
AMP-dependent activation of the holo-complex.
This mechanism necessarily involves a cross talk
between AMP binding on y and the activating
T172 phosphorylation on the o kinase domain,
which most likely implies a conformational
change and/or a domain movement. Thus,
although extremely valuable, the known
structures are unable to explain the functioning
of the entire holo-complex. Detailed analysis the
full-length mammalian AMPK heterotrimer and
its dynamic structure upon activation is
obviously necessary.



Here we report on the molecular shape of
yi-containing AMPK holoenzyme-complexes
obtained using different biophysical approaches.
We have set up a high level expression and
automated purification protocol of untagged
protein on the basis of our Hise-tagged
tricistronic expression system (45). It yields
sufficient quantities of homogeneous functional
kinase complexes without the need of a
potentially interfering purification tag. This
allowed us to study AMPK in solution by small
angle X-ray scattering (SAXS) and by different
electron microscopy (EM) techniques, including
single particle reconstruction. These data
characterize AMPK as an elongated, flat particle
with a large indentation and a protrusion.
Importantly, they demonstrate a ligand-induced
conformational change of the AMPK
heterotrimer upon binding of AMP.

EXPERIMENTAL PROCEDURES

Plasmids and expression of proteins in
bacteria — Tricistronic = AMPK  expression
plasmids were constructed as described earlier
(45), but encoding non-tagged versions of the
four different mammalian AMPK isoform
combinations o;By;, By, P2y, and By
(Genbank Acc. No. U40819, 729486, X95577,
AJ224538, X95578). Proteins were expressed in
Tuner (DE3) E. coli cells (Novagen, EMD
Chemicals Inc., Darmstadt, Germany).
Expression of AMPK in rich medium in a self-
constructed fermenter will be described
elsewhere  (Riek et al., unpublished).
Preculturing and expression in minimal medium
was developed for full-length heterotrimeric
AMPK and was later also successfully applied
for the expression of LKBI complex as
described recently (46). The same method was
used here for AMPK expression in a 42 liter
bioreactor (MBR Switzerland), except that the
growth temperature was kept at 34°C, or in a 5
liter  bioreactor (Minifors, Infors AG,
Switzerland), except for some adaptations to the
reduced vessel volume. After inoculation with
cells from 400 ml pre-culture, batch growth was
continued for 12 h overnight at 32°C, with a
stirrer speed at 1000 rpm and an air flow of
about 4 1/min until depletion of glucose and
acetate (pO, ~100%). The feed was balanced
with O, consumption until reaching pO,
limitation at the maximal air flow (~7-8 1/min; to
obtain such high air flow, the original air inlet
filter was changed to an AcroPac 300, Pall,

Switzerland) at maximal stirrer speed (1250
rpm). Protein expression was induced with 50
mg/1 iso-propylthio-p-D-galactopyranoside
(IPTG) at around ODggum = 25 for 7.5 h at 34°C.

Bacteria were harvested by
centrifugation, washed in physiological NaCl
solution and immediately frozen in liquid
nitrogen. The yield per fermentation, expressed
as wet weight bacterial pellet, was reproducibly
200-250 g or 1200-1400 g in the 5 1 or 42 1
bioreactor with 3 or 27 1 medium, respectively.

Protein extraction— A 70 g aliquot of
the frozen bacterial pellet was resuspended in
lysis buffer (LysB: 30%(w/v) glycerol, 0.5 M
sucrose, 50 mM HEPES, 2 mM MgCl, pH 8.0 at
7°C) to a total volume of about 200 ml. Cells
were lysed with an Emulsiflex C5 high pressure
homogeniser (Avestin, Germany), first applying
100-300 bar to resuspend cells, and then using
1200-1500 bar for cell lysis. The lysate was
supplemented with 7 ul Benzonase (purity grade
I, Merck, Germany), stirred gently at 4°C for
1h, and centrifuged at 23,000 g for 1 h to pellet
cell debris. The clear supernatant was used for
HPLC purification.

Protein purification— A new protocol
was developed based on (i) the fact that untagged
AMPK heterotrimer is able to bind to some
metal affinity matrices, and on the availability of
(i) an Akta Explorer 100 Air HPLC system (GE
Healthcare, Otelfingen, Switzerland) that was
modified to allow automated multi-dimensional
purification. Details of the machine setup will be
published elsewhere (Riek et al., unpublished).
The setup used here included following columns:
(i) XK 26/40 (GE Healthcare, Switzerland)
containing 140 ml Protino Ni-IDA (Macherey
Nagel, Switzerland), (ii) XK 26/20 containing 45
ml with Reactive Red 120 fast flow highly cross-
linked 6%  Agarose (R-6143  Sigma,
Switzerland), (iii) two 1 ml Ni-HP columns (GE
Healthcare), (iv) Superdex 200 16/60 (GE
Healthcare); as well as a 10 ml Super-loop (SL)
(GE Healthcare) at the first injection valve. The
buffers used were: elution buffer (EluB: as LysB,
but with the addition of 250 mM Imidazol), Red
Sepharose elution buffer (RSEIuB: as LysB, but
with the addition of 600 mM NaCl), Ni-HP
elution buffer (HPEIuB: as EluB but with the
addition of 200mM NaCl and 2 mM Tris(2-
carboxyethyl)phoshine hydrochloride (TCEP),
size exclusion buffer one (SE1: 200 mM NaCl,
50 mM HEPES, 10 mM MgCl,, 8 mM EDTA, 2
mM TCEP pH 8.0 at 7°C), size exclusion buffer
two (SE2: as SEI1, but without EDTA and with
only 2 mM MgCl,).



The fully automated purification
procedure was carried out at 7°C except for the
Superdex column, which was run at 25°C.
Sample tubing at S1, S2, and S3 were connected
to vessels containing LysB, EluB and RSEIuB,
respectively, and were primed manually. The Ni-
IDA column was equilibrated with LysB, the
Reactive Red column with EluB, and the Ni-HP
column with RSEIuB. Tubing and valves were
flushed with the appropriate buffers. Bacterial
lysate was added to the sample vessel S1 and the
automated run was started. Lysate was then
applied to the Ni-IDA column at a flow rate of 4
ml/min using an air sensor to stop direct load
injection. The column was washed with 160 ml
LysB (flow rate 5 ml/min at maximal 0.5 MPa
pressure feedback). After flushing the system
and P960 with EluB, elution was done with EluB
(5 ml/min, max. 0.5 MPa). Elution fractions
between 63 and 156 ml after EluB application
were recovered in the S2 vessel and re-injected
into the Reactive Red column at a flow rate of 1
ml/min, max. 0.2 MPa. After washing with 94 ml
LysB at 2 ml/min (max 0.2 MPa), the volume
eluting between 20 and 95 ml after application of
RSEIuB, was collected in the S3 vessel and re-
injected into the Ni-HP columns (1 ml/min, max.
0.4 MPa). Columns were washed with 8§ ml LysB
(0.5 ml/min, max. 0.4 MPa) and eluted with
EluB. A 5 ml peak fraction (starting at
OD,5p>600 mAU) was collected in the SL. The
Superdex column was equilibrated with 200 ml
SE1 buffer (1.6 ml/min, max. 0.1 MPa) and,
finally, 4 ml of the SL fraction were loaded and 1
ml fractions were collected. Material left in the
tubing and SL was collected later in separate
fractions.

For MS, STEM, TEM, SAXS,
crystallization and activity experiments, the first
part of the size exclusion peak showing the
highest specific AMPK activity was pooled, and
subjected to a second size exclusion
chromatography on the same Superdex column
but using SE2 buffer without EDTA. Protein
concentrations were determined according to
Bradford (47) wusing Bio-Rad microassay
(Biorad, Reinach, Switzerland) in SE2 buffer,
calibrated by the 280 nm extinction coefficient
for unfolded AMPK protein (o;f;y;: 0.911 and
(XZBZ'YI: 0.892 g/l)

Dynamic light scattering — The dynamic
light scattering (DLS) signal was recorded on a
DynaPro molecular-sizing instrument (Protein
Solutions, now Wyatt). Samples after elution
from the second size exclusion chromatography
were concentrated to 10 mg/ml in SE2 buffer and

centrifuged at 4°C and 20,000 g for 30 min prior
to the measurements. Data were acquired using a
50 ul sample in an Eppendorf UVette cuvette at
20°C with 10 s acquisition intervals and
maximum laser intensity and analyzed with the
software Dynamics.

Enzyme activity assay — Following full
activation by upstream kinases, activity of
purified AMPK  was  determined by
phosphorylation of the synthetic substrate SAMS
in presence of saturating AMP concentrations,
using a non-radioactive, HPLC-based method
that quantifies SAMS, phospho-SAMS, AMP,
ADP and ATP, as described previously (10).

Scanning Transmission Electron
Microscopy (STEM) — Cross-linking of 1 mg/ml
AMPK obtained in SE2 buffer after a second
size exclusion chromatography was done at a
final concentration of 1% glutaraldehyde (Fluka,
Switzerland) for 60 s on ice and was quenched
with Tris pH 8.0 at 4°C. The cross-linked AMPK
was then repurified by size exclusion on column
4 in SE2 to remove aggregates. An aliquot of this
preparation was diluted 4x in SE2 buffer, and 5
pl-aliquots were adsorbed for 60 s to glow-
discharged STEM films (thin carbon films that
span a thick fenestrated carbon layer covering
200-mesh/inch, gold-plated copper grids). The
grids were blotted, washed on 5 drops of quartz
double-distilled water, and freeze-dried at -80°C
and 5x10® Torr overnight in the microscope.
Tobacco mosaic virus (TMV) particles (kindly
provided by R. Diaz Avalos, University of
California, Davis, USA) were used for absolute
mass calibration. These particles were similarly
adsorbed to separate STEM films, washed on 4
drops of 10 mM ammonium acetate, and air-
dried. A Vacuum Generators STEM HB-5
interfaced to a modular computer system (Tietz
Video and Image Processing System GmbH,
Gauting, Germany) was employed. Series of
512x512-pixel, dark-field images were recorded
from the unstained sample at an acceleration
voltage of 80 kV and a nominal magnification of
200,000x. The recording dose ranged from 474
to 945 electrons/nm”. The digital images were
evaluated using the software package IMPSYS
(48). Accordingly, the projections were selected
in circular boxes, and the total scattering of each
region was calculated. The background
scattering of the carbon support film was then
subtracted, and the mass was calculated. The
results were scaled according to the mass
measured for TMV and corrected for beam-
induced mass loss according to the behavior of
proteins in a similar mass range ((49) and



unpublished data). The mass values were then
displayed in histograms and described by Gauss
curves. The overall experimental uncertainty of
the results was estimated from the corresponding
SE (SE = SDAn) and the approximate
uncertainty of 5% in the calibration of the
instrument. The number of particles giving rise
to each peak, n, was estimated by measuring
between the points of peak overlap.

To aid peak assignment, galleries were
created displaying particles with masses = 20
kDa from each peak. Average images were
calculated using the EMAN program package
(50).

Transmission  electron  microscopy
(TEM) and image processing — AMPK samples
were diluted (in SE2) to 20 pg/ml. Aliquots of 5
ul were stained with 2% (w/v) uranyl acetate
after sample adsorption onto glow discharged
400 mesh carbon-coated grids. The micrographs
were recorded at an accelerating voltage of 100
kV and a magnification of 50,000%, using a
Hitachi 7000 electron microscope. All
micrographs were recorded on Kodak SO-163
film. The electron micrographs were digitized
with a Heidelberg Primescan (Germany) scanner
at 4 A/pixel (resolution at the sample level).
Manually selected particle projections were
subjected to reference-free alignment and
classification by multi-variant statistical analysis
using the EMAN software package (50). The
class averages with the best signal-to-noise ratio
were gathered in a gallery.

Mass spectrometry (MS) — The AMPK
complex was analyzed after chemical cross-
linking performed with a mixture of cross-linkers
(CovalX K100 MALDI MS stabilization Kkit,
Zurich,  Switzerland).  The  cross-linking
chemistry and specificity has been studied and
described (51). 10 pul of AMPK complex at 2 uM
was submitted to the cross-linking reactions and
incubated on ice for 1 h to achieve complete
reaction. After cross-linking, 1 pl of the sample
containing the stabilized complex was mixed
with 1 pl of the matrix solution of sinapic acid
(10 mg/ml) in acetonitrile/deionized water 1:1
(v/v) and 0.1% TFA. After mixing, 1 pl of the
mixture was dropped onto the MALDI plate
using the dried droplet method.

High-mass MALDI ToF mass spectra
were obtained using a Reflex III MALDI ToF
mass spectrometer (Bruker Daltonics, Bremen,
Germany) equipped with a HMI high-mass
detection system (CovalX, Zurich, Switzerland).
The instrument was operated in linear mode by
applying and accelerated voltage of 25 kV. Mass

spectra were acquired by averaging 200 shots.
The laser pulse energy was adjusted slightly
above threshold for ion production. The mass
spectra were acquired after external calibration
with a mixture of 4 proteins covering a 6-150
kDa range. The mass spectrometric data were
analyzed using Complex Tracker software
(CovalX AG, Zurich, Switzerland). The software
allows the overlay and subtraction of control and
cross-linked spectrum for characterization of
intact protein complexes analyzed by High-Mass
MALDI ToF mass spectrometry.

Small angle X-ray scattering in solution
(SAXS) —The synchrotron SAXS data were
collected at DESY (Hamburg, Germany) on the
X33 camera of the EMBL (52,53). Two isoforms
of wild type AMPK (a,B1y; and o,fB,y;) in SE2
with and without | mM AMP were analyzed at
protein concentrations ranging from 0.5 to 18
mg/ml. Data were recorded using a MAR345
image plate detector at a sample-detector
distance of 2.4 m and a wavelength A = 0.15 nm,
covering the range of momentum transfer 0.12 <
s < 4.5 nm”. No radiation damage was observed
during two 2-minute test exposures. The data
were reduced, processed and the overall
parameters were computed following standard
procedures of the software package PRIMUS
(54,55).

The forward scattering I(0) and the
radius of gyration R, were evaluated using the
Guinier approximation (56) assuming that at
very small angles (s < 1.3/R,) the intensity is
represented by 1(s) = 1(0) exp(-1/3(ng)2). These
parameters were also computed from the entire
scattering patterns using the program GNOM
(57), also yielding the maximum particle
dimension Dy,,c. The molecular masses (MM) of
the solutes were evaluated by comparing the
forward scattering with that of reference
solutions with bovine serum albumin. The
excluded volume of the hydrated particle (Porod
volume V (58)) was computed using the equation

(1):
V =2721(0)/ j s?1,,(s)ds )
0

(lexp experimental data as function of momentum
transfer S)

Prior to this analysis, an appropriate
constant was subtracted from each data point to
force the s decay of the intensity at higher
angles following Porod’s law for homogeneous
particles. This “shape scattering” curve was
further employed to generate low resolution ab
initio  models of  monomeric =~ AMPK



heterotrimers using the program DAMMIN (59),
which represents the protein by an assembly of
densely packed beads. Simulated annealing (SA)
is employed to build a compact interconnected
configuration of beads inside a sphere with the
diameter Dy, that fits the experimental data
Lexp(S) to minimize discrepancy:

2 1 Iexp(sj)_C|calc(sj) ’
£ N-é{ o(s)) } @

where N is the number of experimental points, C
is a scaling factor and I..(sj) and o(s;) are the
calculated intensity and the experimental error at
the momentum transfer Sj, respectively. The
results from ten runs for each type were averaged
using the program DAMAVER (60), which
superimposed the models pairwise to generate
the most typical model by retaining the common
structural features.

RESULTS

Purification — The presence of a purification tag
in a recombinant protein may cause problems for
its biophysical or biochemical characterization,
especially for crystallization. Attempts to remove
the His-tag from tagged AMPK after purification
were unsuccessful, partly due to precipitation of
AMPK after cleavage and protein loss during
IMAC employed to remove uncleaved AMPK.
Further analysis revealed that untagged AMPK
also bound to the IMAC column (data not
shown). Based on this finding, a 4-dimensional
purification protocol was developed on a highly
modified commercial HPLC (Riek et al,
unpublished). It applies first IMAC, second a
nucleotide analog affinity chromatography
(Reactive Red 120 agarose), third another IMAC
for sample concentration and fourth a preparative
size exclusion column. This procedure was
automated and optimized for minimum total
runtime (~18.5 h, suppl. Fig. 2A), convenience
and reproducibility, rather than maximum yield
(about 10-15 mg AMPK per 70 g wet weight
bacterial  pellet). Several-subunit isoform
combinations (oBiy1, 0fiy1, aiP2yi, and oafsy1)
were Dbacterially expressed and purified
according to this protocol. AMPK eluted from
the final calibrated gel filtration column at an
elution volume corresponding to ~240 kDa. This
is a higher MM than expected for heterotrimers,
indicating a strong non-sphericity of these
particles. Coomassie-Blue stained SDS-PAGE
gels of the peak fractions revealed the general
homogeneity of the preparations with three

distinct protein bands at the expected molecular
weight corresponding to the a-, B-, and y-
subunits of AMPK (Fig. 1A).

A final, second size exclusion
chromatography run was performed to remove
EDTA, which was included in the buffer of the
first size exclusion chromatography to chelate
Ni**-ions leaking from the preceding IMAC
column. Functional integrity of these final
AMPK preparations was verified by activity
determination using CaMKKJ for activation and
AMP for maximal stimulation. Maximal specific
activities of the elution fractions were further
increased compared to the first size exclusion
step, changing from ~4 to ~6 pmol phospho-
SAMS min'mg" (suppl. Fig. 2B), which is
comparable to those reported -earlier (10).
However, it should be noted that specific kinase
activity was always slightly higher in the first
half of the size exclusion peak.

Taken together, the new automated
protein purification scheme resulted in highly
purified and enzymatically functional untagged
full-length AMPK. Either such untagged protein
or the earlier His¢-tagged version (45) have been
successfully used in several studies (10,19,61-
68).

Dynamic light scattering — a,B;y;- and
arP,y1-AMPK samples concentrated to 10 mg/ml
showed a polydispersity of about 20% and a
hydrodynamic radius of about 5.6-7.5 nm in
dynamic light scattering (Fig. 1B). This results in
a calculated MM range of 210-380 kDa. Since
the expected MM of the ofy AMPK
heterotrimers is roughly 130 kDa, this data
suggests the formation of dimers or higher
oligomers at elevated concentration.

Scanning Transmission Electron
Microscopy — For mass determination by STEM,
a solution of B,y AMPK at 1 mg/ml was
reacted with 1% glutaraldehyde to conserve the
native complexes prior to the dilutions required
for microscopy. The cross-linking efficiency was
verified by SDS-PAGE and any large unspecific
oligomers were removed by size exclusion
chromatography as described above. The
unstained AMPK particles were imaged by
STEM (Fig. 2A), manually sorted according to
their dimensions (small, medium, large), and
subsequently analyzed for their mass as shown in
the three histograms (Fig. 2B-D). The major
particle population (Fig. 2B,C) mainly contained
single heterotrimers (expected MM ~130 kDa)
including the peaks at 142 (£33) kDa (n~766;
arrow in Fig. 2B) and 130 (£21) kDa (n~124;
arrow in Fig. 2C). These two peaks arise from



particles of different size (~11 x 8 nm and ~8 x 7
nm in diameter; estimated uncertainty in longest
dimension +1nm), which may be interpreted as
side and top views of the heterotrimer. A minor
particle population (Fig. 2D) showed a peak at
296 (£28) kDa (n~73; arrow in Fig. 2D),
indicating the additional presence of dimers of
these heterotrimers as already seen by dynamic
light scattering experiments in more concentrated
solutions. The minor histogram peak at 83 (+ 21)
kDa (n~36; Fig. 2C) is not significant and may
be assigned to a small number of dissociation
products, while the peaks at 221 and 392 (£28)
kDa (n~52 and ~17, respectively; Fig. 2D) relate
to some unspecific association. The existence of
AMPK heterotrimers and dimers thereof was
corroborated by the prior SDS-PAGE separations
of cross-linked AMPK material (not shown).

High-mass MALDI ToF MS-To
analyze the composition of AMPK complexes,
the axfry1 AMPK was subjected to high-mass
MALDI ToF MS. Without chemical cross-
linking, three different polypeptides were
detected in the overlay spectrum (Fig. 3A, black
trace: m/z=62.26, 30.24 and 37.38 kDa;). They
very precisely correspond to the expected MM of
the three individual-subunits a, (62.32 kDa), B,
(30.23 kDa) and vy; (37.58 kDa). To distinguish
between a,[,y; heterotrimers (130.13 kDa ) and a
possible (B,y1), complex of similar size (135.56
kDa), MS of the entire cross-linked AMPK
complexes was conducted (Fig. 3A, red trace).
Intact complex was clearly detected with
m/z=129.95 kDa, corresponding to the ayf,y;
heterotrimer. The subtraction spectrum (Fig. 3B)
confirmed the presence of the heterotrimer ion
[ooPoyi]™, together with a peak at m/z=64.97
kDa  representing the doubly charged
heterotrimer [azﬁzyl]ﬂ. These data confirm the
correct heterotrimeric stoichiometry and the
absence of (By), complexes.

Transmission electron microscopy -
TEM of negatively stained o,B,y; AMPK
revealed a major population of elongated
particles with a maximum length of
approximately 11 nm (£ 1nm, Fig. 4).
Comparison with the dimensions of the ~130-
140 kDa particles analyzed by STEM, allowed
their assignment as heterotrimers. Reference-free
alignment and classification of 937 such particles
yielded class averages corresponding to different
orientations of the molecules on the carbon film.
The molecules appear elongated and show some
cavities giving them a “cashew nut”-like
appearance.

Small angle X-ray scattering — Particle
characterization in solution with SAXS was
applied to wild type AMPK of the two-subunit
isoform combinations o;B;y;, and o,Byy;. The
experimental SAXS curves for different protein
concentrations are shown in Figures 5 and 6, the
corresponding integral structural data are
presented in Table 1.

First of all, the data show that the size of
the scattering particle depends on protein
concentration. At high AMPK concentrations
generally used for SAXS, an oligomerization of
AMPK occurred (Fig. 6, Table 1). AMPK
concentrated to 10-20 mg/ml occasionally
showed some unspecific large aggregates, but
mostly specific, larger but homogeneous
particles (Dpax ~25-30 nm) in the size range of
AMPK  heterotrimer dimers. Upon dilution of
such concentrated AMPK solutions, a decrease
of the R, and Dy, was observed, leading to
values similar to those observed for samples that
had always remained at low protein
concentration. Therefore, the observed
dimerization of AMPK heterotrimers is a
reversible, concentration dependent process.
Upon decreasing AMPK concentration further
below ~1 mg/ml (Fig. 5A, Table 1), the
scattering  signal became  concentration-
independent and no further decrease of
maximum size and radius of gyration of AMPK
particles occurred for both, o;fBy;- and a,fB,y;-
AMPK. Such ideal, monodisperse solutions (in
SAXS terms) were represented by a
homogeneous population of monomers of
AMPK heterotrimers with a maximum particle
dimension D, of 16 £1 nm, a maximum of the
distance distribution function of ~5 nm and a
MM of roughly 140 kDa. The larger dimensions
and additional mass of heterotrimers compared
to calculated data and to those determined in
TEM/STEM can be explained by the presence of
the hydration shell and the potential flexibility of
the AMPK complex (69), both of which increase
the size seen by SAXS. Further, in the case of
EM, an influence of adsorption on the flexible
AMPK heterotrimer cannot be entirely ruled out;
interaction with the carbon film of the grid might
favor more compact conformations of the
complex.

The latter ideal AMPK solution, i.e. a
protein concentration below ~1mg/ml, is a
precondition to study the binding of the ligand
AMP, or to model the heterotrimeric AMPK
particle from SAXS data. Addition of the
allosteric activator AMP induced a noticeable
change in the AMPK scattering curves (Fig. 5B)



and in the derived radii of gyration (R,, Table 1),
while the maximum particle dimension (Dyax,
Table 1) remained constant. This clearly
indicates that AMP-binding leads to more
compact particles (Fig. 6A). At higher, non
monodisperse protein concentrations, addition of
AMP also decreased R, (not shown). However,
these results are ambiguous, since it is
impossible to distinguish between effects caused
by changes in the dimerization equilibrium
induced upon ligand binding and changes in the
shape of the scattering particles themselves.

Models of the molecular shape of
monodisperse heterotrimeric a,f3,y;- and a,B,y;-
AMPK in solution were calculated using the
DAMMIN software in the “keep” mode and
assuming Pl symmetry (no symmetry).
Individual molecules were represented by
elongated, curved particles showing a deep
indentation and a protrusion (Fig. 7). Some of
these features are less evident in averaged and
filtered models based on 10 different, individual
models each calculated from data obtained
without (Fig. 8 green) or with AMP added (Fig.
8 red). Arithmetic averages of the radii of
gyration and the excluded model volumes
calculated from these models by DAMMIN
again showed a consistent and significant change
of about 5% towards a more compact scattering
particle upon AMP ligand binding.

DISCUSSION

This study provides a first detailed structural
characterization = of untagged, full-length
heterotrimeric AMPK by applying a variety of
independent but complementary biochemical and
biophysical analytical tools. The quantitative
results  obtained suggest that AMPK
heterotrimers are not spherical but rather
elongated, curved particles that have a strong
tendency to dimerize. Most importantly,
allosteric activation by AMP is shown to involve
a conformational change towards a more
compact heterotrimer.

Large quantities of untagged, native
AMPK are essential for biophysical analysis —
High yield bacterial expression and the novel
purification protocol for untagged AMPK were
instrumental for this study, providing the large
amounts of purified, native protein required for
biophysical characterization, especially for
SAXS or isothermal titration calorimetry (ITC).
Implementation of the automated 4-dimensional
purification procedure aimed at increased

reproducibility and minimal process time without
reducing the purity of the final preparation. This
could be achieved by the use of frozen bacterial
pellet aliquots from fermentation single runs and
the setup of a user-modified Akta Explorer™
(Riek, et al., unpublished). The latter provided
reproducible instrumental precision, reduced the
time needed for purification to about 18.5h
overnight (as compared to one week with manual
operation), and gave a final overall yield of about
10-15 mg AMPK per 70 g wet weight bacterial
pellet. Availability of freshly purified AMPK
was in particular essential for methods that
require large amounts of material and/or that are
incompatible with glycerol, like SAXS, STEM,
TEM or ITC. Otherwise, addition of 50%
glycerol is necessary to stabilize AMPK for
longer time periods (10). Such purified AMPK
could be activated by CaMKKp and further
stimulated by the allosteric activator AMP,
reaching a rather high specific activity of 6 pmol
phospho-SAMS min'mg”. In a previous study
using this protein (10), we could show that AMP
does not affect AMPK phosphorylation by the
upstream kinases LKB1/MO250/STRADa or
CaMKKB  (6-9), but inhibits AMPK
dephosphorylation by PP2Ca (10). It was also
shown that the combined activation effects are
more than 1000-fold, thus much larger than
thought previously (10). These data corroborate
the functional integrity of the native AMPK
preparations with respect to activation and
deactivation  mechanisms. To  distinguish
between the afy heterotrimers and possible (By)
dimers with very similar MM, MS of the entire
cross-linked AMPK complexes was conducted.
The data revealed a correct heterotrimeric
stoichiometry and the absence of (By):
contamination.

Reversible dimerization of AMPK at
higher protein concentrations — High
concentrations of protein (above 10 mg/ml) are
generally used for in solution characterization of
protein structures by SAXS to obtain an optimal
signal to noise ratio. Under these conditions, the
data revealed a strong tendency of AMPK
heterotrimers to form dimers. In addition, first
results with SAXS and DLS (not shown)
indicated a concentration dependent occurrence
of further higher oligomers of the heterotrimer,
as well as some unspecific aggregates or
precipitates, especially upon exposition of the
protein to stronger shearing forces by
inappropriate handling, e.g. careless pipeting.
This indicates a tendency of AMPK to form
higher aggregates or to even denature in Vvitro, as



also noted during the development of the AMPK
purification protocol. However, if handled with
sufficient care, AMPK did not just aggregate, but
rather formed dimers of native heterotrimers.
This was confirmed independently by electron
microscopy methods, being single molecule
rather than bulk techniques. Dimers of AMPK
heterotrimers were detected in small amounts by
TEM, and also by STEM, the latter allowing
exact mass measurements of oligomers after the
chemical cross-linking.

As shown in further SAXS experiments,
the dimerization process is a concentration-
dependent and reversible process. Dilution of
concentrated AMPK solutions led to a decrease
in particle size, until values comparable to those
from AMPK samples that had been purified and
maintained at such low protein concentrations.
Samples diluted immediately (~1 min) before
starting the 2 min X-ray exposure for SAXS
were no different to undiluted low concentration
samples or samples examined a longer time after
dilution. Therefore, the timescale for the
reversible concentration-dependent dimerization
equilibrium must be much less than 3 min.

Dimerization may in fact be an intrinsic,
conserved property of the AMPK kinase family
and even physiologically relevant. The catalytic
domain of SNF1, the yeast ortholog of AMPK,
not only forms crystallographic dimers by a
conserved and accessible surface motif, but also
dimerizes in solution (38,39,70). Mammalian
AMPK is not an abundant cellular protein, but
different mechanisms may lead to higher local
AMPK  concentrations  than  commonly
anticipated. These include compartmentation at
defined subcellular loci (24,71), e.g. in the cell
nucleus or at biological membranes via the
myristoyl anchor, and molecular crowding
effects. Thus it may be entirely reasonable to
speculate that dimerization of AMPK could
occur at such defined subcellular loci. However,
for dimerization of AMPK to occur in vivo, not
only AMPK concentration is important, but also
the concentration of water in the cytosol and its
activity coefficient(s) have to be considered.

AMP-binding to AMPK induces a
conformational change — Dilution of AMPK
samples below 1 mg/ml did not result in a further
decrease of particle size in SAXS, indicating that
a thermodynamically ideal, mono-disperse
protein solution had been reached. This is an
absolute prerequisite for the interpretation of
SAXS data when analyzing ligand effects or for
single particle modeling (see below). In such
mono-disperse AMPK solutions, binding of the

allosteric activator AMP induced a clear and
significant change in the particle conformation as
directly seen by SAXS. The radii of gyration of
both AMPK isoforms examined were reduced by
about 5%, while the maximum particle
dimensions remained constant. Comparative
averaged SAXS models of AMPK with and
without AMP (Fig. 8) indicate that the
conformational change induced by ligand
binding is likely to be a more radial movement of
MM, involving a domain movement tangentially
along the long axis of the molecule, rather than
an axially oriented shift of MM. Such a change,
together with the observed decrease of MM by
extrapolation to 1(0), as well as the decrease of
both the Porod volume and the excluded
DAMMIN-model volume, would be consistent
with a cleft-closing model in the AMPK
heterotrimer upon binding of AMP due to loss of
hydration shell water.

ITC was applied in an attempt to directly
measure AMP binding constants to AMPK.
However, even modern, state of the art
microcalorimeters require AMPK concentrations
significantly above 1.5 mg/ml to generate a
signal that would allow analysis of the
potentially three independent AMP binding sites
(two Bateman domains, one kinase domain).
However, as shown by SAXS, in this
concentration range the dynamic, concentration-
dependent dimerization equilibrium of AMPK
heterotrimers is probably influenced by AMP
binding, adding a further energy parameter to the
system and, thus, making ITC intrinsically
unsuitable for the determination of the exact
ligand binding constants for AMPK. So far, Kp
values for AMP have been only determined for
the Bateman domains in the isolated y-subunits
or the truncated mammalian core complex,
ranging from 20 to 125 uM (12,14). Thus, with
the AMP concentration of 1 mM used in our
study, we clearly saturated the AMP binding
sites.

AMPK heterotrimers are elongated,
curved particles — In solution SAXS and single
particle TEM were applied as complementary
techniques to analyze molecular dimensions and
shape of AMPK complexes. When using SAXS
and procedures for particle reconstruction like
DAMMIN, any deviation of an ideal solution has
to be strictly avoided. Although heterotrimeric
full-length AMPK can exist as monomers and
dimers, the equilibrium between both is
concentration-dependent. =~ A monodisperse
solution (in SAXS terms) of monomers-of
trimers was obtained at protein concentrations



below 1 mg/ml (Table 1). However, this reduced
the signal-to-noise ratio of SAXS measurements.

The STEM analysis provided a first
estimate of both the mass and particle
dimensions of the heterotrimers. This guideline
ensured that the projections later selected from
the negative stain TEM images and averaged
(Fig. 5) indeed arose from heterotrimers.

Some differences in particle dimensions
between SAXS and single particle TEM were
observed. The maximum distance D,,,, inside the
scattering AMPK particle, obtained by the
distance distribution functions in SAXS, was 16
+1 nm, while particle with a size of 11 = 1 nm
were obtained by TEM with negatively stained
AMPK and by STEM with cross-linked AMPK,
respectively. Such differences may be largely
due to the hydration shell and the rapid
molecular dynamics of flexible AMPK
molecules observed with the SAXS in-solution
method (69). In addition, it cannot be excluded
that more compact conformations were favored
on adsorption to the EM grid adding to the size
discrepancy.

Despite these explainable differences,
the molecular shape of the SAXS models
calculated by DAMMIN and the averaged
pictures obtained by single particle TEM look
strikingly similar. Both reveal large particles
with an elongated, curved structure and a wider
and a narrower end. This overall shape and
appearance resembles that of a cashew nut. The
SAXS models show an additional protrusion
emanating perpendicularly from the more planar
particle, as well as a deeper indentation. The
latter feature is not seen in the TEM pictures,
possibly due to a preferred orientation of the
particles on the carbon film of the EM grid.
Interestingly, the recent X-ray structure of the
AMPK core complex of the S. cerevisiae AMPK
homologue, SNF1, which contained most of the
B-subunit, showed that the latter protruded
perpendicularly to the long axis of the molecule
(44). Thus, the protrusion resolved here by
SAXS might either represent the kinase domain
of the a-subunit or the B-subunit. However, the
large truncations in the published high resolution
X-ray structures (43,44) preclude precise fitting
of these data into the low resolution SAXS
model.

The presence or absence of AMP also
changed the appearance of the DAMMIN models
of AMPK. Without AMP, the complex appeared
very elongated with some protrusions exposed,
while AMP binding changed the molecule to a
more compact shape preferentially at one end of

10

the particle (compare Fig. 8A,B). Since the
heterotrimeric core of AMPK does not change
conformation upon binding of AMP (14), the
conformational change observed here by SAXS
must have its structural basis in other parts of the
molecule, i.e. in the a-subunit, which contains
the kinase domain, or in the (-subunit, which
contains the glycogen-binding domain. The
conformational change upon AMP binding
would thus be consistent with a relative
movement of the a- and/or B-subunit, or
domains thereof, along the long-axis of the
molecule towards the y-subunit. This would lead
to a change in mass distribution and thus to a
more compact molecule. The fact that the
regulatory domain of the a-subunit was shown to
interact tightly with the fy-subunit in the S.
cerevisiae SNF1 structure (44) would favor such
an interpretation.

Full-length AMPK reveals properties
different to AMPK core complexes — The most
recent X-ray structures of severely truncated core
complexes of mammalian AMPK (14) and its
orthologs in S. pombe (43) and S. cerevisiae (44)
reveal two structural properties that are relevant
to our study: (i) the yeast enzymes occur as
crystallographic dimers-of-trimers, and (ii) no
major conformational differences are observed
between the apo-enzyme and the AMP- (or
ATP)-bound state.

Tight dimers of yeast AMPK orthologs
seem to occur readily in crystals (39,43,44), but
also in solution (39). However, dimerization
occurs at various different interfaces: between o.-
and y-subunits in the S. pombe core complex (43)
(whether this interface is accessible in the full-
length holoenzyme remains an open question),
between y-subunits in the S. cerevisiae core
complex (44), and between the kinase domains
with individual Snfl oa-subunit orthologs (39).
These latter interactions could also occur in full-
length heterotrimeric AMPK complex, but the
mechanism of dimer formation in solution and its
putative role in vivo await future clarification.

Significant conformational changes upon
binding of AMP or ATP were neither observed
in the S. pombe complex (43), nor in the
truncated mammalian AMPK (14). This may
simply be due to the large truncations (Fig. 9), in
particular to the absence of both the
autoinhibitory and kinase domains (43).
However, it is also unknown whether the yeast
complexes are activated by AMP at all, thus
precluding definite conclusions on the activatory
mechanism of mammalian AMPK. AMP binding
to Bateman domains in the y-subunit of



mammalian AMPK leads to activation of the
kinase domain in o, suggesting a cross-talk
between these two-subunits. The conformational
change observed with full-length, native AMPK
in our study provides a possible mechanism for
this cross-talk.

A model for AMPK activation -
Combining  X-ray  structural information
(14,43,44) with known biochemical and

biophysical data on the regulation of AMPK
(10,11) and the observed conformational change
upon AMP binding (this work), we propose a
new structural model for AMPK. The model is
based on the AMPK ortholog of S. cerevisiae
(Fig. 9A, PBD:2QLV, Ref. (44)). Since only one
AMP moiety was partially resolved (as in the S.
pombe structure), the three AMP molecules
observed in the mammalian AMPK core
complex (14) were fitted into the homologous
yeast sites by superposition. Turning the
representation as published in Amodeo et al.
(Fig. 9B and suppl. Fig. 1) by 90°, it is obvious
that one exchangeable AMP-binding site (site 1)
in the y-subunit (Fig. 9B, blue) is very close to
the regulatory sequence of the o-subunit (RS,
Fig. 9B, red). The second AMP-binding site (site
2) and the site containing a non-exchangeable,
fixed AMP (site 3) are somewhat more distant to
the RS. Further, the X-ray structure of the
isolated AMPK kinase domain (Littler et al.
2006,  Structural  Genomics  Consortium;
PDB:2H6D) was positioned with the active site
pointing to the outside of the complex (Fig. 9B,
grey). From this topology it is obvious that the
RS together with a neighboring sequence, which
are missing in the crystallized structures
(including a putative regulatory helix suggested
by Pang and colleagues (72)), are sandwiched in-
between the y-subunit and the o-subunit kinase
domain. It is thus entirely conceivable that a
small conformational change and/or a change in
the y-subunit surface charge upon AMP binding
(as in the S. pombe X-ray structure, see Figs
2D,F in (43)) could be transmitted via the RS
onto the kinase domain and possibly other
domains of AMPK (Fig. 9C). Involvement of the
B-subunit S108 autophosphorylation site in
activation of AMPK has been reported recently
(19), suggesting that the B-subunit may also
come close to the kinase domain, consistent with
our model (Fig. 9B,C). These effects would
finally lead to the overall conformational change
of the AMPK molecule as observed by SAXS in
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this work. According to this conformational
switch model, the RS would not act as an
autoinhibitory pseudosubstrate sequence inside
the kinase domain loop, as for example in PKA
and other protein kinases (see (72)), but rather
contact the kinase domain at its backside as also
proposed by Pang and colleagues (see Fig. 7 in
(72)). Upon AMP binding to the y-subunit, the
RS relocates and thereby releases auto-inhibition
(Fig. 9C). Please note that the structural part of
the RS which supposedly would associate with
the kinase domain, is not resolved in any of the
published AMPK X-ray structures and thus
structural information is not included in Fig. 9B.

Our model proposes that changes
induced by AMP binding in the y-subunit and
transmitted via the RS sequence to the a-subunit
may also alter accessibility of the phospho-T172
residue. This would make it less susceptible for
dephosphorylation by protein phosphatase
2Ca (10,19), 0  thus  prolonging AMPK
activation in presence of AMP (Fig. 9C). The
entire process of AMP sensing and transmission
of the conformational changes would lead to an
overall compacting of the AMPK molecule as
shown by SAXS (Figs 5 and 6) and depicted
schematically in our model (Fig. 9C). The model
integrates many old and recent findings, seems
consistent with published data, and may give
some new clues for further studies on the
allosteric activation of AMPK.

Taken together, the quantitative results
presented here shed new light on the molecular
shape of native AMPK heterotrimer, at the
resolution attainable by negative stain TEM
methods and in-solution SAXS techniques.
Overall, the molecular shape of AMPK particles
was consistent irrespective of the method
applied, suggesting that it reflects the “true”
structural/functional state of mammalian AMPK
at this resolution. The studies revealed a rapid
concentration-dependent equilibrium between
AMPK heterotrimers and defined dimers thereof.
Finally, and most importantly, an AMP-induced
conformational switch is shown to take place in
full-length AMPK complex, suggesting a
molecular mechanism for AMPK activation by
allosteric activators. The techniques and results
developed herein are expected to stimulate new
and original approaches to pursue high-
resolution structural characterization of full-
length AMPK, as well as to aid a more detailed
study of AMPK regulation in vivo.
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TABLE LEGENDS

Table 1. Molecular properties of AMPK as determined by SAXS for two different AMPK isoform
combinations at different concentrations. Abbreviations: C, protein concentration, Dy, maximal
intramolocular distance, Ry, radius of gyration, MM, molecular mass, Vporog, particle volume according
to Porod.

Samples ¢ Dmnax | Rg | MM | Porod Volume
[mg/ml] | [nm] | [nm] | [kDa] | [nm’]

a2 32y 0.52 16.0 | 4.64 140 230

a2 32y 1.92 16.0 | 4.84 141 254

a2 32y 13.18 | 2.0 |7.62 215 445

s 3y, with AMP 0.51 16.0 | 4.44 137 211

a1 iy 0.50 16.0 | 5.13 133 310

iy 1.00 17.0 |5.14 139 315

oy By 17.62 30.0 |9.26 330 590

a1 Pry; with AMP 098 160 492 | 136 288
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FIGURE LEGENDS

FIGURE 1. SDS-PAGESs and dynamic light scattering (DLS) of AMPK. A. Coomassie Blue-stained
SDS-PAGEs (12%), showing the purity of the full-length, untagged AMPK heterotrimeric isoforms
purified with the 4-dimensional method described herein. Note: The B, chain shows anomalous
electrophoretic migration behavior. B. DLS of two typical samples of concentrated o,f,y; AMPK
(10 mg/ml) in SE2 buffer, showing a polydispersity of approximately 20%.

FIGURE 2. Scanning transmission electron microscope (STEM) picture and mass determination
of glutaraldehyde cross-linked a,p,y; AMPK. A. Section of a STEM picture used for mass
determination, scale bar = 50 nm. B. Histogram for the main medium size population of AMPK: 142,
232 (+33)" kDa (n*~766, 154, respectively); the 142 kDa species corresponds to monomeric AMPK
heterotrimers. C. Histogram for the smallest particles: 83, 130 (+21)" kDa (n* ~36, 124, respectively),
corresponding to partially dissociated AMPK complex species (83 kDa) or heterotrimers (130 kDa) D.
Histogram for the largest particles: 221, 296, 392 (£28)" kDa (n* ~52, 73, 17, respectively), with the
296 kDa species corresponding to the dimer of heterotrimers). *The values of n are approximate and
are measured between the points of peak overlap. 'The standard deviations are within the size
expected from background fluctuations.

FIGURE 3. High-mass MALDI spectra of heterotrimeric a,p,y; AMPK complex and single-
subunits. A. Overlay spectra of AMPK complex analyzed before cross-linking (black trace) clearly
showing the mass of the single-subunits (30,24 kDa for 3, 37.38 kDa for y; and 62.26 kDa for a, ) and
after cross-linking (red trace) showing intact a,B,y; complex (129.95 kDa). B. Subtraction spectrum
obtained by subtracting the control spectrum from the cross-linked spectrum. It reveals the
predominance of the heterotrimer complex [o,p,y,] with m/z=129.95. Note that the peak at 64.97 kDa
corresponds to the doubly charged heterotrimer ion [ouB,y1]™

FIGURE 4. Electron microscopy of negatively stained a,f,y; AMPK. The scale bar corresponds to
50 nm. The insets display the averaged images of the major classes of a total of 937 hand picked
images, representing different orientations of the particle on the carbon support. The inset baselines
each correspond to 18 nm.

FIGURE 5. Small angle X-ray scattering curves of AMPK in solution. The logl10 of the radially
symmetric scattered X-ray intensity around 1(0) is plotted as a function of the momentum transfer S.
Large congruence of the scattering curves from o,;y; AMPK in diluted solution of 1,00 mg/ml (blue)
and 0.50 mg/ml (red), after scaling to the protein concentration. This indicates that no further decrease
of maximum size and radius of gyration of AMPK particles occurs within this protein concentration
range. B. Diluted, monodisperse AMPK solutions of a;B;y; (without AMP magenta; with AMP green)
and o,Pyy; (without AMP blue; with AMP red), showing a small but significant change upon AMP
ligand binding.

FIGURE 6. SAXS curves of AMPK isoforms and corresponding distance distribution functions.
Scattering curves in A and distance distribution functions in B. at different concentrations show the
effect of concentration dependent reversible dimerization of AMPK heterotrimers. Scattering curves 4-
6 are scaled by a factor 10 for graphical comparison. 1-3: ayB,y; AMPK 1- high concentration (13
mg/ml), 2- low concentration (0.4 mg/ml), 3- low concentration (0.4 mg/ml) + AMP. 4-6: a,By,
AMPK 4- high concentration (17.6 mg/ml), 2- low concentration (0.8 mg/ml), 3- medium
concentration (2.2 mg/ml) + AMP.

FIGURE 7. Gallery of selected views from an individual o;B,y; AMPK model without AMPK
ligand. The model demonstrates the similarity to the single particle TEM averages of AMPK. The
diameter of the spheres is 8.5 A.

FIGURE 8. Gallery of averaged, filtered DAMMIN models of a,f,y; AMPK, Each model was
obtained by DAMAVER software, based on 10 individual models of each ZAMP. Green: a,f,y;
AMPK without AMP, the cut-off volume is 2.440410° A, Red: oBy1 apo AMPK with AMP, the cut-
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off volume is 2.209+10° A°. Note: The diameter of the spheres building the space models is 8.5 A for
the green and 7.4 A for the red model. Al and A2. Two different views of the averaged models of
oP2y1 AMPK + AMP shown superimposed, centered on the center of mass and oriented along their
axis of inertia. B. o,p,y; AMPK with AMP approximately in the same orientation as in A2. C. a,B,y;
apo AMPK without AMP approximately in the orientation as in A2.

FIGURE 9. Model for AMPK activation by AMP: a novel role for the regulatory sequence.

The model is mainly based on the recent X-ray structure of the S. cerevisiae AMPK ortholog core
complex (44). Crystallized parts of the sequence are shown in color: red, C-terminus plus regulatory
sequence (RS) of the a-subunit; green, C-terminus plus glycogen binding domain (GBD) of the f3-
subunit; blue, complete y-subunit with the AMP-binding CBS domains. Bound AMP and ATP are in
magenta or white, respectively. Sequence sections lacking corresponding structural information are in
grey: e.g. kinase domain (KD) with activation loop (AL) of the a-subunit and a significant N-terminal
part of the B-subunit

A. Domain organization of S. cerevisiae AMPK ortholog. Snfl, Sip2 and Snf4 correspond to a-, -
and y-subunits, respectively, of mammalian AMPK (amino acid numbering according to S. cerevisiae,
modified after (44)).

B. Structural model of a putative full-length AMPK complex. The structure of the core complex of S.
cerevisiae AMPK ortholog (PDB:2QLYV) is turned sidewise by 90° relative to the representations in
Amodeo et al. (44). Three AMP molecules (one fixed, two exchangeable,) were introduced by
superposition with the very homologous core structures of mammalian AMPK using PDB:2V8Q (see
also suppl. Fig. 1). The a-subunit KD (Littler et al. 2006, Structural Genomics Consortium,
PBD:2H6D) was added to its putative location (see Fig 1B in (43)), in close proximity to the a-subunit
RS and with the active site pointing to the outside of the complex. Some part of the RS, including the
autoinhibitory domain with a conserved putative a-helix, is not resolved in any of the known X-ray
structures. The autoinhibitory domain was proposed to bind to the backside of the small lobe of the
KD (72). Note: The RS is sandwiched in-between the y-subunit (blue), with its AMP binding sites, and
the KD (grey). This would allow the RS to mediate a cross-talk between AMP binding sites and the
KD or other parts of the AMPK complex as outlined in C.

C. Simplified model for the mechanism of AMPK regulation by AMP. This model is based on the
putative structure of AMPK (shown in B) and incorporates data from us (this work and (10)), as well
as others (e.g. (43,72)). The (P) in the KD indicates the activatory phosphorylation at T172 (6-9). Left:
At low AMP/ATP ratio, binding sites 1 and 2 are occupied by ATP and site 3 by non-exchangeable
AMP. The TI172-phosphate group is easily accessible to protein phosphatase 2Co for
dephosphorylation (10,19), resulting in low AMPK activity. Right: At increasing AMP/ATP ratio,
replacement of ATP by AMP at the reversible AMP-binding sites 1 and/or 2 would result in small
conformational changes and/or changes in surface potential of the y-subunit (43). Given the structure
outlined in B, our model proposes transmission and amplification of these changes by the neighboring
RS and KD (small open arrows) leading to release of autoinhibition of the KD by retracting the RS
and pulling the KD domain closer to the core of the AMPK molecule. The overall compaction of the
heterotrimer is interpreted in our model as a movement of RS (red arrow) and KD (black arrow), as
well as a conformational change in the KD. The latter would protect phospho-T172 against
dephosphorylation, thus keeping AMPK in its phosphorylated, active form.
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FIGURE LEGENDS (supplemental data)

Suppl. FIGURE 1. X-ray structure of the truncated AMPK ortholog of S.cerevisiae (modified from
(44); PBD 2QLV).

Color code according to Fig. 10: red, a-subunit, including the regulatory sequence (RS) lying on top
of the y-subunit; green, B-subunit, including the glycogen binding domain (GBD), and blue, the
complete y-subunit. The three AMP molecules (bound at AMP binding sites 1-3) that were not present
in the Amodeo et al. X-ray structure have been introduced here by superposition with the very
homologous X-ray structure of truncated mammalian AMPK ((14); PDB: 2V8Q), where three bound
AMP molecules were present. One is a tightly bound, unexchangeable AMP (fixed AMP at site 3) and
two are exchangeable AMPs (sites 1 and 2), working as actual AMP sensors. Snfl, Sip2 and Snf4 of
the yeast ortholog correspond to the a-, -, and y-subunits, respectively, of mammalian AMPK.

Suppl. FIGURE 2. Automated 4-dimensional purification of AMPK and activity.

A, Chromatogram of the entire automated 4-dimensional procedure for o;B;y; AMPK. The high
absorption until 200 ml indicates the load and wash of the first column (Ni-IDA) and elution around
300 ml, followed by loading and washing of the second column (Red Sepharose) and elution at around
600 ml. To concentrate AMPK, this eluate is loaded onto the third column (2 ml Ni-HP crude) and
eluted around 800 ml. During the following 240 ml, the fourth column (size exclusion) is equilibrated
while the sample is incubating in the super loop. Au, absorbance units. Insert: Magnification of the
AMPK elution peak from the size exclusion column. B, Histogram of specific AMPK activities
(hatched bars) and protein concentrations (solid black bars) of individual fractions of the second size
exclusion chromatography run.
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Figure 2
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Figure 3

3|0.24 12|9.95

100
90

Signal
g

20 i

10

0 _L@.A_MN N }L A b L lal . o L -

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Mass (m/z-10°%)

129.95
100 :
. B

70

Signal

m |\ |
| M

0 20 40 60 380 100 120 140 160 180 200 220 240 260 280 300 320 340 36

Mass (m/z-10%)

21



Figure 4
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Figure 6
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Figure 9
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Suppl. Figure 1
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