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3-subunit myristoylation functions
“as an energy sensor by modulating
‘the dynamics of AMP-activated
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. The heterotrimeric AMP-activated protein kinase (AMPK), consisting of o, 3 and ~ subunits, is a stress-

. sensing enzyme that is activated by phosphorylation of its activation loop in response to increases
in cellular AMP. N-terminal myristoylation of the 3-subunit has been shown to suppress Thr172
phosphorylation, keeping AMPK in an inactive state. Here we use amide hydrogen-deuterium exchange
mass spectrometry (HDX-MS) to investigate the structural and dynamic properties of the mammalian
myristoylated and non-myristoylated inactivated AMPK (D139A) in the presence and absence of
nucleotides. HDX MS data suggests that the myristoyl group binds near the first helix of the C-terminal
lobe of the kinase domain similar to other kinases. Our data, however, also shows that ATP.Mg?*

. results in a global stabilization of myristoylated, but not non-myristoylated AMPK, and most notably

. for peptides of the activation loop of the a-kinase domain, the autoinhibitory sequence (AlIS) and the

. BCBM. AMP does not have that effect and HDX measurements for myristoylated and non-myristoylated

. AMPK in the presence of AMP are similar. These differences in dynamics may account for a reduced basal
rate of phosphorylation of Thr172 in myristoylated AMPK in skeletal muscle where endogenous ATP
concentrations are very high.

© AMPK is an AMP/ATP-sensing enzyme that plays a crucial role in regulating cellular energy metabolism in
. eukaryotes!. Increases in the ratio of AMP/ATP, by processes, such as oxidative stress, glucose deprivation and
© physical exercise activate AMPK to up-regulate energy-producing processes such as fatty acid oxidation and gly-
colysis and down-regulate energy-consuming pathways such as fatty acid, triglyceride, and cholesterol synthesis
as well as protein synthesis and transcription?.
Mammalian AMPK is a heterotrimeric complex consisting of catalytic - and regulatory 3- and ~-subunits®”’
(Fig. 1). In mammals there are isoforms of each subunit: a1-2%, 31-2% and ~1-3° which are differentially
. expressed in tissues!'’. The a-subunit contains an N-terminal kinase domain (KD) (residues 10-278 in human 1)
- that includes the essential catalytic loop (135-144) and the activation loop (157-183) which spans the activating
. phosphorylation site, Thr172'°, followed by an autoinhibitory sequence (AIS) (294-349), the a-hook (359-365)
© that has been shown to interact with the N-subunit'®- and a C-terminal 3-subunit interacting domain (3-SID)
(395-550)>711-13, The (3-subunit is N-terminal myristoylated at Gly2, which facilitates targeting of AMPK to
membranes'*'>. The 3-subunit also contains a glycogen targeting carbohydrate-binding module (3-CBM) (res-
idues 74-156, human (31)!¢-!8 followed by a C-terminal a~y-subunit binding sequence (a~-SBS) (184-270)%.
The ~-subunit is made up of four tandem repeat sequences called cystathionine 3 synthase (CBS) motifs; CBS1
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Figure 1. Domain organization of the subunits of AMPK. The domain regions are annotated with residue
numbering according to the al, 81 and 1 isoforms of mammalian AMPK. The a-subunit consists of an
N-terminal kinase domain, an autoinhibitory sequence (AIS) and a 3-subunit interacting domain. The 3-subunit
consists of an N-terminal myristoyl group, carbohydrate binding module (CBM) and C-terminal ary-subunit
binding sequence (a-SBS). The ~-subunit consists of four cystathionine 3-synthase (CBS) domains.

(residues 56-98, human ~1), CBS2 (137-178), CBS3 (212-251) and CBS4 (285-326) that form two Bateman
domains?*?!. While each CBS has an apparent nucleotide-binding site, only three of these sites (1, 3, and 4) are
occupied by nucleotide in the crystal structure of mammalian AMPK. CBS1 and CBS3 sites competitively bind to
AMP, ATP or ADP whereas CBS4 binds AMP or ATP?!-23,

Liver kinase 31 (LKB1) and Ca**/Calmodulin-dependent protein kinase 3 (CaMKK@) kinases are two of
the upstream kinases (AMPKKs) that catalyze the phosphorylation of AMPK at Thr172 of the a-subunit kinase
domain, leading to an increase in AMPK activity by several hundred-fold?*-?%. The adenine nucleotides (AMP,
ADP and ATP) are well characterized as additional non-covalent ligand modulators of AMPK activity. Following
phosphorylation of Thr172, AMP-binding to the ~-subunit allosterically increases the activity of the enzyme two
to five-fold®? and protects Thr172 from dephosphorylation by protein phosphatases®*-*2.

The N-terminal myristoylation of the 3-subunit has a binary function in AMPK regulation. Firstly, it localizes
and suppresses activity, as the removal of the myristoyl group by mutation of Gly2 to Ala showed a wide dis-
tribution of AMPK into the cytoplasm and a four-fold increase in AMPK activity'*!>. The mechanism of how
myristoylation mediates AMPK inhibition is not fully understood. Secondly, it mediates Thr172 phosphorylation
in response to the metabolic stress signal from AMP, resulting in maximal AMPK activation. In the absence of
myristoylation, this stimulatory effect of AMP is lost, resulting in the abolition of AMPK maximum phospho-
rylation and activation by AMP'>. How the myristoyl group modulates activity of AMPK directly and facilitates
allosteric interactions with AMP is unclear and represent a major challenge in understanding overall regula-
tion of AMPK function. It seems reasonable that the myristoylation regulatory mechanism involves an inter-
action between the myristoyl group and an intramolecular binding pocket. Thus far the 3-subunit N-terminal
myristoyl-group has not been resolved in crystal structures of AMPK. In protein kinase A (PKA) and Abl tyrosine
kinase the myristoyl-binding pocket is located in the a-catalytic kinase domain!41>333,

In this study, we used amide hydrogen-deuterium exchange mass spectrometry (HDX MS) to map the myris-
toyl binding pocket as well as structural changes due to myristoylation. In addition, myristoylation-dependent
differences in the peptide residues known to have significant roles in interactions with nucleotides were also
investigated.

Results

Effects of myristoylation on amide hydrogen-deuterium exchange of AMPK. Prior to carrying
out the HDX experiments, sequencing of all pepsin digest fragment peptides of non-myristoylated and myris-
toylated AMPK was carried out as described in materials and methods. A good sequence coverage of 82%, 90%
and 91% for «, B and ~ subunits respectively of undeuterated non-myristoylated AMPK, and 78%, 86% and 91%
for o, 3 and ~ subunits of undeuterated myristoylated AMPK with a large number of overlapping fragments was
obtained and analyzed under deuterium exchange conditions (Figs S1 and S2, Tables S1, S2 and S3). For the
~-subunit missing regions were typically one or two residues and therefore all regions believed to be involved in
regulation were covered. Sequence coverage missing in other subunits are: a-subunit, 1-21 (only myristoylated),
147-150 and 163-169 (both near the active site), 293-311 (within AIS), 384-416 (linker between the AIS and the
B-SID); for the 3-subunit, 4-12 (only myristoylated), 85-92 (within the CBM) and 157-168. Two independent
HDX experiments were performed each on non-myristoylated and myristoylated AMPK in the presence and
absence of nucleotides. Examples of mass changes to the most relevant peptides are reported in Table S4 and
show an uncertainty of the measurements to be within 4-0.5 deuterons®*. An uncertainty in measurement +0.5
deuterons has been identified from across multiple peptides and proteins and has been found to be independent
of peptide length, deuterium exchange time and any difference between two states greater than 0.5 deuterons
would imply a change in the physicochemical environment between the two states. Under our experimental
conditions and instrumentation with numerous proteins, we do not see a greater uncertainty in measurements of
+0.5 deuterons™.

Mapping interactions of the myristoyl group on AMPK. Considering the general trend of exchange,
deuteration in the absence of ligands appears moderately faster for the majority of peptides for myristoylated
AMPK compared to non-myristoylated AMPK (Fig. 2). For the 3-subunit only the peptide 95-102 of the CBM
showed a moderate difference. For the ~-subunit a cluster of peptide fragments showed an increase in HDX for
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Figure 2. Comparison of deuterium uptake between myristoylated and nonmyristoylated AMPK.

(A) Difference plot of deuterium uptake for peptides of apo mysritoylated and non-myrisoylated AMPK.
Changes in deuteration are shown at three time points: 1 min (orange), 5min (blue) and 10 min (black).

Each point is an average of two separate and independent experiments. On the y-axis a positive difference is
indicative of increased deuteration for non-myristoylated AMPK peptides, whereas a negative difference is
indicative of increased deuteration for myristoylated AMPK peptides. On the x-axis are individual peptides;
assignment of peptide to subunit is shown. (B) Time course of deuterium exchange for residues 122-131 of the
a-subunit and 95-102 of 3-subunit. (C) ESI Q-Tof mass spectra of the a-subunit peptide 122-131 at different
points of deuteration for non-myristoylated and myristoylated AMPK. (D) Location of the a-subunit peptide
122-131 mapped onto the structure of the kinase domain (pdb 4CFH). The position of the phosphorylation
site, Thr172, and DFG of the activation loop are shown. In cyan is the position of the myristoyl group after
superimposing the structure (pdb 1CMK) of the myristylated kinase domain of cAMP protein kinase, showing
that the AMPK peptide 122-131 is near this position.

myristoylated AMPK: the region 219-243 of CBS3, 258-276 located between CBS3 and CBS4 and 300-306 from
CBS4. Subtractive analysis of overlapping peptides showed that there were no significant differences at spanning
residues 119-130, 124-130, 220-227, 300-301 and 305-306 between the apo non-myristoylated/myristoylated
proteins, indicating that the most significant differences could be localized to peptides spanning residues 228-243
and 302-304.

The most significant difference between myristoylated and non-myristoylated AMPK for the a-subunit is
observed for the peptide 122-131 of the kinase domain, which showed a substantial increase in HDX for myris-
toylated AMPK (Fig. 2). This peptide showed for non-myristoylated AMPK an incorporation of 0.4 Deuterons
over the course of the experiment, whereas for myristoylated AMPK this peptide showed a 1.4 Deuteron increase
(Fig. 2B). Subtractive analysis of overlapping peptides show that this increase in deuterium uptake can be local-
ized to Tyr129 which is located at the C-terminal end of the first a-helix in the C-terminal lobe (Fig. 2C). The
peptide 112-128, which encompasses all but the last two turns of this helix and therefore excludes this tyrosine,
shows minimal HDX (0.48 Deuterons) for both non-myristoylated and myristoylated AMPK suggesting that the
helix is well-stabilized by hydrogen bonds. Therefore the significant difference in HDX of the C-terminal end of
this helix of non-myristoylated and myristoylated AMPK suggests the location of the myristoyl pocket is near the
interface of the DFG motif and the catalytic loop (Fig. 2D), in a similar position as shown by the crystal structure
of PKA®,

Mapping effects of AMP on non-myristoylated and myristoylated AMPK. We next set out to mon-
itor the effects of AMP on dynamics of non-myristoylated and myristoylated AMPK. The addition of AMP to
both non-myristoylated and myristoylated AMPK has similar effects to each other and is consistent with pre-
viously reported results® (Fig. 3A and C). It is noted that experiments were conducted under non-saturating
conditions. Assuming the K, for CBS 1 is 2.5 pM? this site would be 96% saturated at 60 uM AMP, whereas CBS3,
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Figure 3. Comparison of deuterium uptake of myristoylated and non-myristoylated AMPK in the presence
and absence of the nucleotides AMP and ATP.Mg>". Difference plots of non-myristoylated AMPK with and
without (A) AMP and (B) ATP.Mg?*. Difference plots of myristoylated AMPK with and without (C) AMP

and (D) ATP.Mg?". For each plot changes in deuteration are shown at three time points: 1 min (orange), 5min
(blue), 10 min (black). Each point is an average of two separate and independent experiments. On the y-axis

a positive difference is indicative of increased deuteration for peptides of the apo-states of AMPK, whereas a
negative difference is indicative of increased deuteration for peptides of the nucleotide bound states of AMPK.
On the x-axis are individual peptides; assignment of peptide to subunit is shown.

with a K, of 80 M, would be 42% saturated. The most significant effects observed are within the ~-subunit: pep-
tides within CBS3 and between CBS3 and CBS4 show the most substantial protection upon binding AMP and to
a lesser extent those within CBS4. The increase in protection likely reflects AMP binding to site 3. Peptides within
CBS1 show a small degree of increased protection whereas those in CBS2 demonstrate very little protection.
However, peptides between CBS1 and CBS2 (108-115 and 116-123) show an increase in protection, and these
would reflect binding of AMP to site 1. The marked difference in deuteration for site 3 despite its lower level of
saturation with nucleotide perhaps suggests a greater change in dynamics at site 3 and is consistent with previ-
ous studies””. Outside of the ~-subunit very few differences are observed. The peptide 371-383 of the «-subunit
showed protection in the presence of AMP for both proteins. This peptide is C-terminal to the a-hook, although
importantly peptides of this latter region showed no differences in HDX. Indeed the peptide 351-366 which
encompasses the a-hook gains 3 Deuterons under all conditions. This gain is not surprising as examination of the
available structures show the NH groups of the a-hook are exposed and not engaged in hydrogen bonds.

Comparison of AMP binding to non-myristoylated and myristoylated AMPK highlights several features
(Fig. 4A). It is clear that the binding of AMP has the same effects on the ~-subunit of both proteins. Also the pep-
tide 122-131 of the a-subunit, which is a signature of the myristoylation binding pocket, shows similar protection
for deuterium exchange in the presence and absence of nucleotide indicating that the addition of AMP has no
effect on its HDX profile and suggests that the myristoyl group remains associated with the protein. Our data,
however, do not rule out the possibility that AMP-induced myristoyl exposure is suppressed in the absence of an
alternative, favourably hydrophobic environment i.e cell membrane, or that the myristoyl group is relocated to a
secondary AMPK binding pocket upon AMP binding.

Mapping effects of ATP.Mg?* binding on non-myristoylated and myristoylated AMPK. The
expected Ky of ATP.Mg?* for site 1 and site 3 is 18 and 230 uM respectively, therefore we expect under our
sample conditions site 1 to be 76% saturated and site 3 to be 21% saturated. The addition of ATP.Mg>* to both
non-myristoylated and myristoylated AMPK show broadly similar effects with respect to the ~-subunit as
observed for AMP (Fig. 3). Peptides within CBS3 and between CBS3 and CBS4 show substantial protection on
binding ATP.Mg*" and to a lesser extent those of CBS1, CBS4 and between CBS1 and CBS2, while CBS2 shows
only a small degree of increased protection. Outside of the ~-subunit differences are observed (Figs 3B,D and 4).
For non-myristoylated AMPK, ATP.Mg?* showed a marked protection of a-subunit peptides spanning residues
424-443, 459-492 and 473-489 within the 3-SID and a reasonable protection on the 312-323 AIS-peptide seg-
ment. In addition, within the 3-subunit, a decrease in protection of 95-102 within the CBM and a significant pro-
tection in peptide 215-241 within the ary-SBS is observed. Subtractive analysis of ay-SBS overlapping peptides
showed that there were no substantial alterations on the amount of deuterons gained for spanning residues 221-234
and 227-238 indicating that the major differences could be limited to peptides spanning residues 215-221 and
239-241. For myristoylated AMPK, ATP.Mg?* binding has a different effect (Fig. 3D). In comparison to apo myris-
toylated AMPK there is a general increase in protection for HDX for the bound state, suggesting a globally stabi-
lizing effect (Fig. 3D) and differs from non-myristoylated AMPK bound to ATP.Mg?" (Fig. 4B). Several peptides
within the a-subunit kinase domain showed significant decreases in deuterium incorporation in the presence
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Figure 4. Comparison of deuterium uptake of myristoylated vs non-myristoylated AMPK bound to
nucleotides. Difference of myristoylated and non-myristoylated AMPK bound to (A) AMP and (B) ATP.Mg?*.
For each plot changes in deuteration are shown at three time points: 1 min (orange), 5min (blue) and 10 min
(black). Each point is an average of two separate and independent experiments. On the y-axis a positive difference
is indicative of increased deuteration for peptides of the non-myristoylated AMPK titrated with ATP.Mg?*,
whereas a negative difference is indicative of increased deuteration for peptides of myristoylated AMPK titrated
with ATP.Mg?*. On the x-axis are individual peptides; assignment of peptide to subunit is shown. (C) Location of
peptides that show marked HDX differences in the - (green) and ~-subunits (yellow) for ATPMg?* are mapped
onto the structure of AMPK (pdb 4CFH). The on-SBS of the 3-subunit is in cyan. Significant peptides that show
faster HDX for myristoylated AMPK compared to non-myristoylated are mapped on the structure in red and those
that show slower HDX in blue. The position of the 3-CBM is unknown in this structure, however several peptides
of the CBM show slow HDX for myristoylated AMPK.

of ATP.Mg*", particularly for the phosphorylation loop that includes Thr172 (170-189) and a connecting loop
(278-283) to the AIS (Fig. 3D). To a lesser degree other AIS peptide fragments that span 312-367 showed marked
protection in myristoylated AMPK bound to ATP.Mg>", as did the segments spanning the residues 424-507
within the 3-SID. For the 3-subunit ATP.Mg*? increased protection of several peptides in myristoylated AMPK
compared to non-myristoylated AMPK, including 38-40 and 49-54 of the N-terminal region, 69-84, 95-102 and
131-145 of the CBM, and 215-241 of the C-terminal ary-SBS domain. Similar to AMP binding to either form of
the protein, two peptides which show increased deuteration for myristoylated AMPK are the peptide 122-131 of
the a-subunit kinase domain, which is the marker peptide for the myristoyl group binding site, and 371-383, a
peptide C-terminal to the a-hook (Fig. 4). The pattern of exchange in the former peptide is similar for apo myris-
toylated AMPK and AMP or ATP.Mg?** bound suggesting the myristoyl group remains bound.

Discussion
Under conditions of starvation (high AMP and low glucose) the myristoylated 3-subunit promotes AMPK asso-
ciation, phosphorylation and activation at cellular membranes, indicating a myristoyl-switch mechanism'®. This
mechanism is proposed to be accompanied by removal of the myristoyl group from the putative binding pocket to
interact with the cell membrane!*!>333, The molecular details of these processes are not well understood. In this
study the HDX profiles of myristoylated and non-myristoylated AMPK characterized a peptide, 122 to 131, that
suggests the binding site of the myristoyl group is near the C-terminal end of the first a-helix of the C-terminal
lobe of the kinase domain (Fig. 2D). This location is in a similar position as shown by the crystal structure of
myristoylated cAMP protein kinase and therefore may represent a common binding site for myristoyl groups in
kinases®. Unlike the kinases Abl and cAMP protein kinase®** the binding pocket of the myristoyl group does not
appear to be a deep cavity within the protein core, and in contrast, results in increased deuterium exchange for
this region of myristoylated protein suggesting that the addition of the myristoyl group has destabilized this part
of the protein. In the presence of AMP and ATP.Mg?™, the faster exchange for the a-subunit 122-131 peptide is
consistently observed for myristoylated protein (Fig. 4). As we have analysed a kinase dead construct that is not
phosphorylated, this result suggests that in the absence of phosphorylation the myristoyl group remains bound.
Other than the difference in this peptide, the addition of AMP has little difference on the HDX profiles for myris-
toylated compared to non-myristoylated AMPK suggesting the overall protein dynamics of these two forms of
AMPK are similar in the presence of AMP (Fig. 4A). In contrast, the addition of ATP.Mg?" results in widespread
protection of myristoylated compared to non-myistoylated AMPK (Fig. 4B).

There are several interesting similarities and some notable differences between myristoylated and
non-myristoylated AMPK in the presence of ATP.Mg?*. Firstly, the ~-subunit for both myristoylated and
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non-myristoylated show similar HDX patterns in the presence of ATP.Mg?*". The CBS3 and the connection
between CBS3 and CBS4 show the most significant changes on addition of nucleotide for either form of the
protein, and our observations are similar to those previously reported®. Importantly, these similar effects that we
observe for CBS3 of myristoylated and non-myristoylated support the robustness of the methodology and serve
as a control for additional comparisons. Several additional small changes of the ~-subunit, especially for peptides
encompassing residues 108 to 115 of CBSI, are observed. CBSI is essentially on the opposite side of the protein
to the putative myristoyl-binding pocket (Fig. 4C). Why these peptides show a small increase in protection from
exchange for the myristoylated form, however, is not clear.

Secondly, a large number of peptides in the 3-subunit show a significant increase in protection for myris-
toylated AMPK compared to non-myristoylated in the presence of ATP.Mg>" (Fig. 4B). Peptides 69 to 84, 95 to
102 and 131 to 145, are all located in the 3-CBM, and all show increased protection from HDX for myristoylated
AMPK. These differences are of significant interest as recently the CBM has been shown to be structurally impor-
tant in the allosteric activation of AMPK by small molecules'. In the structure stabilized by the small molecule
activator compound 991, the CBM sits on top of the N-terminal lobe of the a-kinase domain to form a hydropho-
bic drug binding pocket (ADaM site)**. In this structure (pdb 4CFF) the peptide 69 to 84 is at the interface of the
CBM with the a-kinase domain, but the other peptides are on the surface. However, it is unlikely that the CBM is
always located in such a position. A critical residue implicated in this allosteric activation is Ser108 of the 3-CBM.
This residue has been shown to be cis-autophosphorylated* implying that the CBM needs to reposition near the
catalytic site for cis-autophosphorylation of Ser108 to occur. In the kinase dead construct that we have used here,
Ser108 will not be phosphorylated and therefore may occupy several positions, including near the substrate/
catalytic site of the kinase domain. As HDX of the 3-CBM has been slowed for myristoylated AMPK this suggests
that myristoylation may have the effect of slowing the mobility and positioning of the CBM, which occurs in the
presence of ATP.Mg** but not AMP.

Thirdly, in the presence of ATP.Mg?* two regions of the a-subunit show increased protection from HDX in the
myristoylated form compared to the non-myristoylated; peptide 170 to 189, which includes the phosphorylation
site Thr172, and peptide 278 to 283, which is N-terminal to the AIS. The latter peptide, 278 to 283, is on the oppo-
site side of the putative myristoyl-binding pocket and is likely to be near to the myristoyl group and in contrast to
the a-subunit peptide 122 to 131 has possibly been stabilized by interacting with the myristoyl group. The peptide
170 to 189, however, is distant from both these regions, but its reduced flexibility and therefore accessibility is
consistent with an expected lowering of the basal phosphorylation of Thr172 for myristoylated AMPK">.

In conclusion, comparison of the HDX of myristoylated and non-myristoylated kinase dead AMPK suggest a
binding site for the myristoyl group similar to other myristoylated kinases. Myristoylation resulted in increased
deuteration for the peptide 122 to 131 that marks this binding site, however in the presence of ATP.Mg** a general
protection of deuteration for peptides of the a- and 3-subunit were observed, consistent with reduced flexibility
of AMPK which is typically expected for myristoyl groups buried in a protein core. Importantly, physiologically
AMPK will always be in relatively high concentrations of ATP.Mg*" (ATP, 1 to 10 mM; AMP an order of magni-
tude lower)*!. The slowed dynamics we have observed for myristoylated AMPK compared to unmyristoylated in
the presence of ATP.Mg*" are likely to be physiologically relevant. A relative increase in AMP levels, and binding
to AMPK, would lead to an increase in the flexibility of myristoylated AMPK allowing access to the phosphoryl-
ation site and mobility of the 3-CBM to occur.

Methods

Expression and Purification of Recombinant AMPK Complex. Heterotrimeric human kinase dead
AMPK Hisg-a1(D141A)B1~1 was expressed in E. coli strain Rosetta (DE3) using the pET DUET expression
system (Novagen) as described previously*. Briefly, a1(D141A) and 1, cloned into pET DUET, were co-ex-
pressed with 31, cloned into pET RSF DUET. AMPK stoichiometrically myristoylated on the 3 subunit residue
Gly2 was generated by co-expression with N-myristoyltransferase inserted into pET RSF DUET MCS2 (BglII/
Xhol)'>. Expression cultures were grown in Luria Bertani broth and induced at 16 °C with 0.25mM isopropyl
B-D-thiogalactopyranoside, prior to overnight incubation. Cells were lysed in 50 mM Tris.HCI, pH 7.8, 150 mM
NaCl, 10% glycerol, 50 mM imidazole, 2 mM (3-mercaptoethanol, 0.1 mM Leupeptin, 0.1 mM AEBSF and 1 mM
Benzamidine HCL using a pre-cooled EmulsiFlex-C5 homogenizer (Avestin). AMPK purified using nickel
Sepharose and size exclusion chromatography (HiLoad 16/60 Superdex 200 PG). Final storage buffer consisted
of 50mM Tris.HCI, pH 7.8, 150 mM NaCl, 10% glycerol and 2mM TCEP. All preparations were verified by TOF
mass spectrometry.

HDX MS analysis at peptide resolution. Deuterium exchange was initiated by diluting 2 pl of 30 pM
protein, 10-fold with 18 pl deuterated buffer (50 mM Tris.HCI, pH 7.8, 150 mM NaCl, 2mM TCEP, 10% glycerol,
100% D,0) without ligand (AMP or ATP.Mg*") or with 0.6 jul of 2mM ligand pre-dissolved in 17.4 ul deuterated
buffer. The final concentrations of the protein and ligand in the exchange reactions were 3 and 60 uM, respec-
tively. The labelling mixtures were incubated at room temperature and deuterium exchange was carried out for
three time points (1, 5 and 10 min), followed by quenching of the reaction, by lowering the pH to 2.5 via addi-
tion of 230 pl of pre-chilled 2% trifluoroacetic acid. Quenched samples were digested, desalted and separated
online using a Waters ultra-performance liquid chromatography system based on a nanoACQUITY platform as
described®#2. A 250l quenched sample was injected into a 2.1 x 30 mm immobilized pepsin column (Porozyme,
ABI, Foster City, CA) maintained at 0°C*. The online pepsin proteolysis was carried out for 2.5 min in water
containing 0.05% formic acid at a flow rate of 100 pl.min~'. The resulting peptic peptides were trapped for 7min
ona2.1 x5mm C18 peptide trap (ACQUITY UPLC BEH C18 VanGuard, 1.7 pm resin, Waters, Milford, MA).
The trapped peptides were eluted from the trap column onto a reversed phase Waters ACQUITY UPLC BEH
C18 1.7 um, 1 X 100 mm column held at 0°C using an 8 to 40% gradient of acetonitrile in 0.1% formic acid at
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40pL.min"! over 10 min. The eluate was directed into a Synapt ESI Q-Tof mass spectrometer (Waters, Manchester,
UK). Mass spectra were acquired in MSE mode, a nonbiased, nonselective CID method*. Peptide sequence iden-
tifications were performed from undeuterated samples using ProteinLynx Global Server 2.5 (beta test version)
(Waters, Milford, MA) and searched against the sequence of AMPK with no protease specified. Peptide deute-
rium exchange was calculated using DynamX 2.0 software (Waters, Milford, MA). No adjustment was made for
deuterium back-exchange during analysis and therefore all results are reported in absolute exchange terms. The
average back exchange we have observed in our HDX MS system is about 30%*.

References

1.

2.
3.

10.

11.

12.

13.
. Warden, S. et al. Post-translational modifications of the 3-1 subunit of AMP-activated protein kinase affect enzyme activity and

15.
16.
17.
18.
19.
20.

21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.

34.
35.

36.

37.

Hardie, D. G. AMP-activated/SNF1 protein kinases: conserved guardians of cellular energy. Nat Rev Mol Cell Biol 8, 774-785,
doi: 10.1038/nrm2249 (2007).

Steinberg, G. R. & Kemp, B. E. AMPK in health and disease. Physiological reviews 89, 1025-1078 (2009).

Carling, D. et al. Mammalian AMP-activated protein kinase is homologous to yeast and plant protein kinases involved in the
regulation of carbon metabolism. Journal of Biological Chemistry 269, 11442-11448 (1994).

. Davies, S. P. et al. Purification of the AMP-activated protein kinase on ATP-~-Sepharose and analysis of its subunit structure.

European Journal of Biochemistry 223, 351-357, doi: 10.1111/§.1432-1033.1994.tb19001.x (1994).

. Mitchelhill, K. I. et al. Mammalian AMP-activated protein kinase shares structural and functional homology with the catalytic

domain of yeast Snfl protein kinase. Journal of Biological Chemistry 269, 2361-2364 (1994).

. Stapleton, D. et al. Mammalian AMP-activated protein kinase subfamily. Journal of Biological Chemistry 271, 611-614 (1996).
. Stapleton, D. et al. Mammalian 5’-AMP-activated protein kinase non-catalytic subunits are homologs of proteins that interact with

yeast Snfl protein kinase. Journal of Biological Chemistry 269, 2934329346 (1994).

. Chen, Z.-p. et al. Expression of the AMP-activated protein kinase 81 and 32 subunits in skeletal muscle. FEBS letters 460, 343-348

(1999).

. Cheung, P, Salt, I, Davies, S., Hardie, D. & Carling, D. Characterization of AMP-activated protein kinase ~-subunit isoforms and

their role in AMP binding. Biochem. ] 346, 659-669 (2000).

Kim, M. & Tian, R. Targeting AMPK for cardiac protection: opportunities and challenges. ] Mol Cell Cardiol 51, 548-553,
doi: 10.1016/j.yjmcc.2010.12.004 (2011).

Littler, D. R. et al. A conserved mechanism of autoinhibition for the AMPK kinase domain: ATP-binding site and catalytic loop
refolding as a means of regulation. Acta Crystallographica Section F: Structural Biology and Crystallization Communications 66,
143-151 (2010).

Xiao, B. et al. Structural basis of AMPK regulation by small molecule activators. Nat Commun 4, 3017, doi: 10.1038/ncomms4017
(2013).

Xiao, B. et al. Structure of mammalian AMPK and its regulation by ADP. Nature 472, 230-233, doi: 10.1038/nature09932 (2011).

cellular localization. Biochem. ] 354, 275-283 (2001).

Oakhill, J. S. et al. 3-Subunit myristoylation is the gatekeeper for initiating metabolic stress sensing by AMP-activated protein kinase
(AMPK). Proceedings of the National Academy of Sciences 107, 19237-19241 (2010).

Hudson, E. R. et al. A novel domain in AMP-activated protein kinase causes glycogen storage bodies similar to those seen in
hereditary cardiac arrhythmias. Current biology 13, 861-866 (2003).

Polekhina, G. et al. AMPK 3 subunit targets metabolic stress sensing to glycogen. Current biology 13, 867-871 (2003).

Polekhina, G. et al. Structural basis for glycogen recognition by AMP-activated protein Kinase. Structure 13, 1453-1462 (2005).
Iseli, T. ). et al. AMP-activated protein kinase 3 subunit tethers o and ~ subunits via its C-terminal sequence (186-270). Journal of
Biological Chemistry 280, 13395-13400 (2005).

Bateman, A. The structure of a domain common to archaebacteria and the homocystinuria disease protein. Trends in biochemical
sciences 22, 12-13 (1997).

Xiao, B. et al. Structural basis for AMP binding to mammalian AMP-activated protein kinase 449 thesis, (2007).

Zhu, L. et al. Structural insights into the architecture and allostery of full-length AMP-activated protein kinase. Structure 19,
515-522 (2011).

Chen, L. et al. AMP-activated protein kinase undergoes nucleotide-dependent conformational changes. Nature structural &
molecular biology 19, 716-718 (2012).

Carling, D., Sanders, M. & Woods, A. The regulation of AMP-activated protein kinase by upstream kinases. International Journal of
Obesity 32, $55-559 (2008).

Hong, S.-P, Leiper, E. C., Woods, A., Carling, D. & Carlson, M. Activation of yeast Snfl and mammalian AMP-activated protein
kinase by upstream Kinases. Proceedings of the National Academy of Sciences 100, 8839-8843 (2003).

Woods, A. et al. Identification of phosphorylation sites in AMP-activated protein kinase (AMPK) for upstream AMPK Kkinases and
study of their roles by site-directed mutagenesis. Journal of Biological Chemistry 278, 28434-28442 (2003).

Hawley, S. A. et al. Calmodulin-dependent protein kinase kinase-{ is an alternative upstream kinase for AMP-activated protein
kinase. Cell metabolism 2, 9-19 (2005).

Woods, A. et al. Ca2+/calmodulin-dependent protein kinase kinase-3 acts upstream of AMP-activated protein kinase in
mammalian cells. Cell metabolism 2, 21-33 (2005).

Carling, D., Clarke, P. R., Zammit, V. A. & Hardie, D. G. Purification and characterization of the AMP-activated protein Kinase.
European Journal of Biochemistry 186, 129-136 (1989).

Oakhill, J. S., Scott, J. W. & Kemp, B. E. AMPK functions as an adenylate charge-regulated protein kinase. Trends in Endocrinology ¢
Metabolism 23, 125-132 (2012).

Sanders, M., Grondin, P., Hegarty, B., Snowden, M. & Carling, D. Investigating the mechanism for AMP activation of the AMP-
activated protein kinase cascade. Biochem. ] 403, 139-148 (2007).

Davies, S. P, Helps, N. R., Cohen, P. T. W. & Hardie, D. G. 5'- AMP inhibits dephosphorylation, as well as promoting phosphorylation,
of the AMP-activated protein kinase. Studies using bacterially expressed human protein phosphatase-2Ca and native bovine protein
phosphatase-2Ac. FEBS Letters 377, 421-425, doi: http://dx.doi.org/10.1016/0014-5793(95)01368-7 (1995).

Zheng, J. et al. Crystal structures of the myristylated catalytic subunit of cAMP-dependent protein kinase reveal open and closed
conformations. Protein Science 2, 1559-1573 (1993).

Nagar, B. et al. Structural basis for the autoinhibition of c-Abl tyrosine kinase. Cell 112, 859-871 (2003).

Houde, D., Berkowitz, S. A. & Engen, J. R. The utility of hydrogen/deuterium exchange mass spectrometry in biopharmaceutical
comparability studies. Journal of pharmaceutical sciences 100, 2071-2086 (2011).

Badireddy, S. et al. Cyclic AMP analog blocks kinase activation by stabilizing inactive conformation: Conformational selection
highlights a new concept in allosteric inhibitor design. Molecular & Cellular Proteomics 10, M110, 004390 (2011).

Landgraf, R. R. et al. Activation of AMP-activated protein kinase revealed by hydrogen/deuterium exchange mass spectrometry.
Structure 21, 1942-1953 (2013).

SCIENTIFICREPORTS | 6:39417 | DOI: 10.1038/srep39417 7


http://dx.doi.org/10.1016/0014-5793(95)01368-7

www.nature.com/scientificreports/

38. Resh, M. D. Fatty acylation of proteins: new insights into membrane targeting of myristoylated and palmitoylated proteins.
Biochimica et Biophysica Acta (BBA)-Molecular Cell Research 1451, 1-16 (1999).

39. Langendorf, C. G. & Kemp, B. E. Choreography of AMPK activation. Cell Res 25, 5-6, doi: 10.1038/cr.2014.163 (2015).

40. Scott, J. W. et al. Small Molecule Drug A-769662 and AMP Synergistically Activate Naive AMPK Independent of Upstream Kinase
Signaling. Chemistry & biology 21, 619-627 (2014).

41. Gowans, G. ], Hawley, S. A., Ross, E. A. & Hardie, D. G. AMP is a true physiological regulator of AMP-activated protein kinase by
both allosteric activation and enhancing net phosphorylation. Cell Metab 18, 556-566, doi: 10.1016/j.cmet.2013.08.019 (2013).

42. Wales, T. E., Fadgen, K. E., Gerhardt, G. C. & Engen, J. R. High-speed and high-resolution UPLC separation at zero degrees Celsius.
Analytical chemistry 80, 6815-6820 (2008).

43. Wang, L., Pan, H. & Smith, D. L. Hydrogen Exchange-Mass Spectrometry Optimization of Digestion Conditions. Molecular &
Cellular Proteomics 1, 132-138 (2002).

44. Silva, J. C., Gorenstein, M. V,, Li, G.-Z., Vissers, J. P. & Geromanos, S. J. Absolute quantification of proteins by LCMSE a virtue of
parallel MS acquisition. Molecular & Cellular Proteomics 5, 144-156 (2006).

45. Moorthy, B. S., Gao, Y. & Anand, G. S. Phosphodiesterases catalyze hydrolysis of cAMP-bound to regulatory subunit of protein
kinase A and mediate signal termination. Mol Cell Proteomics 10, M110, 002295, doi: 10.1074/mcp.M110.002295 (2011).

Acknowledgements

This study was supported by the CASS foundation (PRG); the Australian Research Council (ARC), the National
Health and Medical Research Council (NHMRC) and the the Victorian Government’s Operational Infrastructure
Support Program (BEK, JSO and JWS); the Waters Corporation. NA acknowledges the Ministry of Higher
Education, Saudi Arabia.

Author Contributions

PR.G,, G.S.A,,D.IS,, B.EK. and ].S.O. conceived of and designed the study. N.L. and N.A. purified protein while
N.A,, S.K. and G.S.A. conducted the M.S. experiments. N.A. analysed the data together with PR.G., G.S.A. and
S.K., N.A. and PR.G. wrote the manuscript and prepared figures. All authors reviewed and edited the entire
report and approved the final version for publication.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ali, N. et al. 3-subunit myristoylation functions as an energy sensor by modulating the
dynamics of AMP-activated Protein Kinase. Sci. Rep. 6, 39417; doi: 10.1038/srep39417 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:39417 | DOI: 10.1038/srep39417 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	β-subunit myristoylation functions as an energy sensor by modulating the dynamics of AMP-activated Protein Kinase

	Results

	Effects of myristoylation on amide hydrogen-deuterium exchange of AMPK. 
	Mapping interactions of the myristoyl group on AMPK. 
	Mapping effects of AMP on non-myristoylated and myristoylated AMPK. 
	Mapping effects of ATP.Mg2+ binding on non-myristoylated and myristoylated AMPK. 

	Discussion

	Methods

	Expression and Purification of Recombinant AMPK Complex. 
	HDX MS analysis at peptide resolution. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Domain organization of the subunits of AMPK.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Comparison of deuterium uptake between myristoylated and nonmyristoylated AMPK.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Comparison of deuterium uptake of myristoylated and non-myristoylated AMPK in the presence and absence of the nucleotides AMP and ATP.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Comparison of deuterium uptake of myristoylated vs non-myristoylated AMPK bound to nucleotides.



 
    
       
          application/pdf
          
             
                β-subunit myristoylation functions as an energy sensor by modulating the dynamics of AMP-activated Protein Kinase
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39417
            
         
          
             
                Nada Ali
                Naomi Ling
                Srinath Krishnamurthy
                Jonathan S. Oakhill
                John W. Scott
                David I. Stapleton
                Bruce E. Kemp
                Ganesh Srinivasan Anand
                Paul R. Gooley
            
         
          doi:10.1038/srep39417
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39417
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39417
            
         
      
       
          
          
          
             
                doi:10.1038/srep39417
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39417
            
         
          
          
      
       
       
          True
      
   




