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Abstract
In an effort to extend the peptide aptamer approach, we have developed a scaffold protein that allows
small molecule ligand control over the presentation of a peptide aptamer. This scaffold, a fusion of
three protein domains, FKBP12, FRB, and GST, presents a peptide linker region for target protein
binding only in the absence of the small molecule Rapamycin or other non-immunosuppressive
Rapamycin derivatives. Here we describe the characterization of ligand-regulated peptides aptamers
that interact with and inhibit the 5′-AMP-Activated Protein Kinase (AMPK). AMPK, a central
regulator of cellular energy homeostasis, responds to high cellular AMP/ATP ratios by promoting
energy producing pathways and inhibiting energy consuming biosynthetic pathways. We have
characterized 15 LiRPs of similar, poly-basic sequence and have determined that they interact with
the substrate peptide binding region of both AMPK α1 and α2. These proteins, some of which serve
as poor substrates of AMPK, inhibit the kinase as pseudosubstrates in a Rapamycin regulated fashion
in vitro, an effect that is largely competitive with substrate peptide and mediated by an increase in
the kinase's apparent Km for substrate peptide. This pseudosubstrate inhibition of AMPK by LiRP
proteins reduced the AMP stimulation of AMPK in vitro and caused the inhibited state of the kinase
to kinetically resemble the basal, unstimulated state of AMPK, providing potential insight into the
molecular mechanisms of AMP stimulation of AMPK.
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Introduction
The genomic era has provided much to the biological sciences, not least of which has been the
identification of the coding sequence for the ∼25,000 known and hypothetical proteins that
make up the human proteome1. Bridging the divide between the primary sequence of these
proteins and their cellular function now stands as one of the primary tasks in the biological
sciences. Methods to do this are varied, and range from traditional knockout genetics2 or the
use of RNA interference3 technologies to the use of small molecules that block specific actions
of a target protein4. Each particular method has its own set of advantages and disadvantages.
Genetic removal techniques can offer high or absolute specificity for a target protein and can
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be used to remove a protein in a spatially controlled fashion using tissue specific promoter
technologies, but these methods can often be plagued by compensation, complicating
identification of protein function. Chemical agents can provide exquisite temporal control of
protein function and allow for the inhibition of individual domains of multidomain proteins,
yet these molecules often interact with evolutionarily conserved binding sites and have
questionable specificity for target proteins. Recently, techniques that combine chemical and
genetic approaches have been developed that can conceptually combine the advantages of small
molecule inhibitors (temporal control and inhibition of single domains) and genetic agents
(high specificity, tissue specific expression, and subcellular localization), creating hybrid
chemical-genetic agents that expand the biologist's tool kit and allow for more controlled
techniques to inhibit protein function, such as chemical inducers of dimerization5; 6; 7; 8; 9;
10, engineered receptor-ligand pairs11; 12; 13; 14; 15, and ligand-regulated macromolecules16;
17; 18; 19; 20; 21.

With protein-protein interaction networks continuing to emerge as a fundamental organizing
characteristic of the cell22; 23; 24, it is no surprise that the protein-protein interactions that a
given protein makes contribute greatly to the overall function of that protein. One promising
approach for the rapid generation of agents for protein-protein interaction disruption is the use
of selected peptide aptamers25. In this method, combinatorial libraries of peptide sequences,
typically displayed from a surface loop of a scaffold protein, are used to select individual
members that interact with a specific target molecule, often in the yeast two-hybrid system.
This method has been employed in the selection of aptamers targeting multiple proteins
(Cdk225; 26, E2F27, Ras28, the HPV protein E629, and others), displayed from various scaffold
proteins (E.coli TrxA25, GFP 30, Staphylococcus nuclease31, SteA32, and others33), and
selected or screened in multiple high-throughput systems (yeast two-hybrid 25 and retroviral
delivery to mammalian cells 34).

We have worked on extending the peptide aptamer approach by developing a scaffold that will
control the presentation of the randomized peptide aptamer region with a cell permeable, small
molecule ligand16, merging the benefits of small molecules (inhibition of single domains,
exquisite temporal control, disability) with the powers of the genetically-encoded, selection
based peptide aptamer approach (tissue specific expression, rapid generation of protein
targeting agents). Towards this goal, we have engineered a novel Ligand-Regulated Peptide
(LiRP) scaffold protein16 (figure 1), based on the trimeric complex of FKBP-12, Rapamycin,
and the FRB domain of mTOR35. By fusing these small protein domains with a randomized
peptide linker, the addition of Rapamycin imparts a conformational constraint on the peptide
aptamer. The scaffold is completed with the presence of a steric occlusion domain, the protein
GST, which is fused to the c-terminus of FRB and blocks access to the randomized linker
region when it is constrained in the Rapamycin-bound state. Using the LiRP scaffold we were
able to impart ligand regulation (using both Rapamycin and it non-immunosuppressive
analogue AP23102) on the interaction of two small peptides with their cellular protein partners,
the c-Src SH3 domain and the Retinoblastoma protein. In addition, we demonstrated the utility
of our LiRP scaffold by selecting ligand-regulated peptide aptamers from a combinatorial
library that bound conditionally to the Retinoblastoma protein, as well as the 5′AMP-Activated
Protein Kinase (AMPK) α1 subunit16.

The 5′AMP-Activated Protein Kinase (AMPK) is a heterotrimeric protein kinase that is
stimulated by increased AMP concentrations as well as other organismal signals such as the
adipocyte hormones adiponectin and leptin36. AMPK responds to these activating stimuli by
phosphorylating target proteins, inactivating key biosynthetic enzymes in energy-consuming,
anabolic pathways (Acetyl-CoA Carboxylase37, HMG-CoA Reductase38, Glycogen
Synthase39, mTOR40, enzymes in fatty acid, cholesterol, glycogen, and protein synthesis,
respectively) or promoting energy-producing, catabolic cellular pathways (glycolysis41 and
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glucose transport42). Active AMPK exists as a stable heterotrimeric protein complex,
consisting of an α catalytic subunit that contains a protein kinase domain, a regulatory γ subunit
that binds AMP43 and is thought to mediate its stimulatory effects, and a β scaffolding subunit
which interacts with both the α and γ subunits44. AMP stimulates AMPK in two ways, by direct
allosteric activation of the kinase activity and by causing an increase in the steady state
phosphorylation level of AMPK's activation loop. In the presence of AMP, AMPK exhibits a
2-6 fold increase in in vitro kinase activity, mediated largely by an increase in the maximal
velocity without a major decrease in the Km of the kinase for its peptide substrate38; 45. While
the exact molecular mechanism by which AMP stimulates AMPK is unknown, it is thought
that either binding of AMP to the γ subunit either confers a positive, stimulatory signal to the
α subunit43; 46, or it relieves an inhibitory communication between γ and α subunits, possibly
mediated by γ-bound ATP47. The uncertainty of the precise molecular mechanisms for AMPK
stimulation, as well as the general utility that modulators of AMPK may have in aiding the
study of its cellular function, led us to target the AMPK α subunit with the peptide aptamer
approach.

Previously we described the selection of 15 LiRPs from a peptide aptamer library that interacted
with AMPK α1 in a Rapamycin dependent fashion16. Upon identification of these LiRPs, it
became clear that they shared a large amount of sequence similarity (table 1). All of the
sequences were poly-basic in the first 4 of the 7 amino acid randomized peptide aptamer linker,
and many had hydrophobic residues in the c-terminal portion of the aptamer region. In the
present study we have characterized in more detail the interaction of these LiRPs with AMPK,
and demonstrate that they inhibit AMPK's kinase activity in a rapamycin-regulated fashion.
We provide multiple pieces of evidence to suggest that these LiRP proteins interact with the
AMPK substrate binding pocket and inhibit the kinase as pseudosubstrates. In addition to
simple inhibition of AMPK, the LiRP proteins decrease the AMP stimulation of the kinase.
The reduction of AMP stimulation, as well as the similarity between the basal- and LiRP-
inhibited states of the kinase, suggests the possibility that the AMP stimulation of the kinase
may be due to relief of a pseudosubstrate inhibited heterotrimeric complex.

Results
YTH Characterization of AMPK α1 Interacting LiRPs

After the initial selection of the 15 LiRPs that interacted with AMPK α1, we sought a more
detailed description of their interaction with the target protein, beginning with an assessment
of differences in the various LiRPs ability to interact with AMPK and ability of Rapamycin to
disrupt that interaction. Relying on a qualitative assessment of strain growth to determine
differences between the LiRPs, we found that there was indeed heterogeneity in the strength
of interactions and that there was an inverse relationship between strain growth and the ease
with which rapamycin disrupted the interaction, with strong interactors requiring higher
concentrations of ligand to completely prevent strain growth. Specifically, one LiRP exhibited
a more rapid growth rate (LiRP A1-10) and three LiRPs had a slower growth rate (LiRPs A1-9,
A1-11, and A1-15) (figure 2, panels b and c). The ability of Rapamycin to disrupt the
interactions was assessed at 3 Rapamycin concentrations, and showed that weakest interactors
(LiRP A1-9, A1-11, and A1-15) were unable to interact with AMPK α1 at lower doses of
Rapamycin than the stronger interactors (LiRP A1-2 and A1-10) (figure 2, panels d, e, and f).
Importantly, these clear differences in the various LiRP-AMPK α1 interactions, as assessed
by cell growth, were not caused by corresponding differences in LiRP expression level or
cellular stability, as all LiRPs exhibited similar protein expression levels in western blots (data
not shown).

To determine what regions of AMPK were involved in the LiRP interaction and whether the
interaction was specific for the AMPK α1 isoform, we created a series of truncations of both
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the AMPK α1 isoform and the similar, but functionally distinct, AMPK α2 isoform (amino
acids 1-312 and 313-548 for α1 and 1-312 and 313-552 for α2). We found that all 15 LiRPs
interacted with the N-terminal 312 amino acids of AMPK α1 and α2 (table 1), a region of the
AMPK α protein that contains the catalytic kinase domain.

Identification of Amino Acid Residues on AMPK α1 Required For LiRP Interaction
We set up a selection experiment to identify point mutations in the AMPK α subunit that
disrupted the LiRP-AMPK interaction to more finely identify the area of AMPK α1 required
for the interaction. To do this, we screened an AMPKα1 mutant library mutated by error prone
PCR between amino acids 1-364. We identified 2 mutant AMPK clones that did not interact
with LiRP A1-2, maintained an interaction with AMPK β1, and expressed a full length
Gal4DB-AMPK α1 protein. In addition to these 2 full length clones, 2 clones that contained
truncated DB-AMPK α1 proteins expected to be greater than the pDB-AMPKα1(1-312) bait
protein sufficient for a LiRP-AMPK α1 interaction were collected and sequenced. These 4
clones contained in total 23 missense mutations from which we selected 10 to retest
individually. Three of the ten mutations (E183K, E100A, and E143A) prevented the LiRP-
A1-12–AMPK interaction (figure 3, panel a), while the remaining mutations had no effect on
the AMPK-A1-12–LiRP interaction. While all three mutations disrupted the weaker LiRP-
A1-12–AMPK α1 interaction, only the E100A mutation fully disrupted the LiRP-A1-2–AMPK
α1 interaction. No tested mutations had any effect on the AMPKα1-AMPKβ1 interaction.

When the interaction disrupting mutations were mapped to the Snf1 crystal structure (the yeast
orthologue of AMPK α1)48, it became clear that two of the mutations were located in a highly
acidic region of AMPKs substrate binding pocket, consisting of amino acids E100, D103, E143,
D215, D216, and D217). We targeted the remaining acidic residues with alanine mutagenesis
(D103A and the DDD215-217AAA triple mutant) and found that their mutation prevented or
decreased the LiRP-AMPK interaction (figure 3, panel b and c), suggesting that these acidic
residues participate in the LiRP interaction.

Inhibition of In Vitro AMPK Kinase Activity by Bacterially Expressed LiRPs
We used bacterially expressed and purified LiRPs in in vitro AMPK kinase assays to determine
if the LiRPs modulated AMPK activity. For these in vitro tests we chose five LiRPs (A1-1,
A1-2, A1-4, A1-11 and A1-12) with a spectrum of yeast two-hybrid interaction characteristics
to express in E. coli and purify. In addition to these AMPK α1 interacting LiRPs, we also
expressed and purified a LiRP selected for its ability to interact with the Retinoblastoma
protein, LiRP Rb-1-3, to ensure that the LiRP scaffold alone did not modulate AMPK activity.
We found that all 5 AMPK-targeted LiRPs tested inhibited AMPK activity, with A1-4
exhibiting the greatest inhibitory effect at the concentration tested (figure 4a). We also found
that the inhibition caused by all AMPK-targeted LiRPs was completely relieved upon addition
of Rapamycin. LiRP Rb-1-3, however, was unable to modulate AMPK activity, as was the
presence of Rapamycin alone.

In the presence of AMP, purified rat liver AMPK exhibits a ∼3 fold increase in kinase activity
in vitro (figure 4b). To determine if the LiRP proteins had any modulatory effect on this AMP
stimulation we tested LiRP A1-4, the most potent of the 5 LiRPs tested, for inhibition of both
basal and AMP stimulated AMPK. The presence of the LiRP A1-4 protein inhibited both the
basal and AMP stimulated kinase activity of AMPK, inhibiting the AMP stimulated state to a
greater extent (figure 4b). This effect led to a decrease in the AMP stimulation of the kinase,
from a 2.7 fold increase in activity to a less than 1.5 fold increase in activity after AMP
stimulation. This effect was also seen with LiRP A1-2 inhibition of AMPK (data not shown).
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LiRP Inhibition of AMPK at Varied Substrate Concentrations
To examine the inhibition of AMPK by LiRP A1-4 further, we chose to study the kinetics of
inhibition at various concentrations of AMPK substrate peptide. These studies were
complicated by the fact that AMPK appears to be substrate inhibited by the SAMS peptide
substrate at high concentrations (above 200 μM SAMS peptide), and this substrate inhibition
was relieved by LiRP A1-4 (figure 5a). However, utilizing substrate concentrations that did
not cause substrate inhibition, we found that LiRP A1-4 did indeed exhibit a dose dependent
inhibition of AMPK, and that a substantial component of this inhibition was due to a significant
increase in the apparent Km of the enzyme for substrate peptide (figure 6a), and that there
appeared to be only a modest decrease in the Vmax of the enzyme in the presence of the largest
concentrations of the LiRP protein. In addition, we were able to create a plot of the apparent
Km values versus the LiRP A1-4 inhibitor concentrations to determine an approximate Ki value
of 3.9 μM (figure 6b).

Some LiRP Proteins serve as Rapamycin-Regulated, Partial Substrates of AMPK
After determining that the LiRP-AMPK interaction required key AMPK residues involved in
the kinase-subsrate interaction and that the LiRPs could inhibit AMPK activity, we wanted to
test the ability of a set of LiRP proteins to serve as AMPK substrates. We tested 5 LiRP proteins
(A1-1, A1-2, A1-4, A1-11, and A1-12) for radiolabel incorporation in radioactive kinase assays
and found that 3 served as partial substrates for AMPK, and did so in a Rapamycin-regulated
fashion (A1-2, A1-11, and A1-12) (figure 7a). When quantified, the phosphorylation of these
proteins was between 20 and 100 fold lower than the classical AMPK substrate, the SAMS
peptide, clearly showing that some LiRPs could serve as substrates, albeit at a fraction of the
efficiency of typical peptide substrates (figure 7b).

Discussion
In this work we report the characterization of 15 ligand-regulated peptide aptamers that inhibit
AMPK as pseudosubstrates. In doing this, we have shown that our ligand-regulated peptide
scaffold can display functional peptides in a conditional fashion in vitro. We have also
demonstrated that, in the yeast two-hybrid system, there appears to be an inverse relationship
between interaction strength and switchability, suggesting the LiRP scaffold exhibits mutually
exclusive binding of either a target protein or Rapamycin, with stronger interactions requiring
larger concentrations of Rapamycin to completely abolish LiRP-target binding. These data fit
well with our proposed steric-occlusion model for the conditional display of peptides from our
LiRP scaffold, whereby the binding of rapamycin to the scaffold conformationally constrains
the three domain protein, blocking access to the randomized peptide with the GST domain. In
subsequent studies it may be possible to exploit this effect, creating a gradient of binding ability
where the Rapamycin concentration controls the amount of displayed, accessible peptide that
is present. One negative aspect of this phenomenon is that peptide aptamers that bind their
targets with high affinity may prove more difficult to conditionally display, requiring larger
concentrations of Rapamycin or its non-immunosuppressive analogues to prevent aptamer-
target interactions. However, the high affinity of rapamycin for FKBP and FRB49, an affinity
that is likely to be even higher when FKBP and FRB are unimolecular, should compensate for
high affinity LiRP-target interactions.

We have also demonstrated that 5 representative LiRPs, selected for their ability to interact
with the AMPK α1 subunit, inhibit AMPK activity in vitro. Multiple pieces of evidence suggest
that this inhibition occurs by competitively blocking access of the substrate peptide to the active
site. First, we demonstrated that the LiRPs interact specifically with the N-terminal 312 amino
acids of AMPK α1, a region containing the kinase domain, and that residues in the two acidic
patch regions of the substrate binding pocket48, known to be involved in recognition of basic
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residues in the P-3 to P-6 regions of AMPK substrates50; 51; 52, are vital for the LiRP-AMPK
interaction. In addition, we found that some LiRP proteins were rapamycin regulated substrates
of AMPK. Finally, and perhaps most convincingly, we demonstrate that 5 LiRP proteins inhibit
AMPK activity and that when the kinetics of LiRP A1-4 inhibition were studied it was evident
that this inhibition is relieved at saturating concentrations of substrate peptide, a situation that
strongly suggests competitive binding for the same site and a pseudosubstrate mode of
inhibition.

It is interesting to note that in earlier work on the peptide aptamer approach26, Brent and
coworkers selected aptamers that competitively inhibited the kinase Cdk2, showing that this
was likely due to competition for the substrate binding region of the kinase. The similarity
between their proposed mechanism of inhibition and ours is striking, and suggests that the
application of the peptide aptamer approach could be successful in producing competitive
inhibitors of substrate binding for more protein kinases. Broadly, this evidence also supports
the hypothesis that the peptide aptamer approach is well suited for the identification and
disruption of protein-protein interactions, and also suggests that peptide aptamers will often
interact with a target protein at functional, protein-binding regions. Our LiRP scaffold, unlike
the thioredoxin A scaffold, is expected to display extended peptides and does not provide the
large entropic constraint that a surface loop insertion scaffold exhibits. Because of this, the
LiRP scaffold has distinct disadvantages, of which one is the decreased interaction strength
when compared to entropically constrained surface loop inserted peptide aptamers. However,
the LiRP scaffold, because of its extended peptide display may be well suited for the
identification and disruption of protein-peptide interactions, such as kinase-substrate or SH3-
polyproline helix interactions, that require of the peptide component an extended, linear
structure. These intermediate-strength, transient protein-peptide interactions are often some of
the most interesting functional interactions a protein can make, and are especially prevalent in
signal transduction pathways where these reversible interactions help mediate the coordinated
responses of various inputs.

While all the evidence suggests that these LiRP proteins inhibit AMPK as pseudosubstrates,
it is noteworthy that few are good matches with the traditional AMPK phosphorylation motif,
Φ-(β,X)-X-X-S/T-X-X-X-Φ (Φ = hydrophobic residue and β = basic residues). Indeed, the
most dominant feature contained in all of LiRPs is their poly-basic, and often poly-arginine,
composition. When observing some of the known AMPK substrates it becomes clear that
substrates are quite often poly basic in the P-3 to P-6 region (figure 8), a fact that has been
clearly established in previous explorations of the AMPK-substrate interaction52. Some of the
LiRPs, however, do have a well positioned phospho-accepting serine or threonine (LiRP A1-11
and A1-12) and were phosphorylated by AMPK in a Rapamycin regulated fashion. Indeed, all
of the LiRP proteins have a glycine-serine linker immediately c-terminal to the aptamer region,
a product of the cloning strategy for peptide aptamer library creation, and are therefore all
potentially phosphorylatable. Interestingly, the three LiRPs that had the weakest interaction in
the yeast two-hybrid (LiRPs A1-9, A1-11, and A1-14) were amongst those LiRPs whose
sequence most closely resembled an AMPK substrate, raising the possibility that their weaker
interactions were due to their ability to be partially phosphorylated, decreasing their ability to
interact with the AMPK kinase domain. The LiRP protein that was phosphorylated most
efficiently, LiRP A1-2, was also the only LiRP that had an extended insert sequence of 16
amino acids (an aberrant clone which resulted from two random inserts being cloned during
library creation), suggesting that sequence c-terminal from the potential phosphoaccepting
residue may cause the other LiRPs to be poor substrates. In addition, the fact that LiRP A1-2
served as the most effective AMPK substrate of the LiRPs tested suggests that the use of peptide
aptamer libraries with longer aptamer sequences may be useful in the generation of higher
affinity inhibitors, as the 7 amino acid, single-insert library members may be too small to take
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advantage of the full length of the AMPK substrate binding pocket, which can accommodate
an ∼20 amino acid peptide substrate52.

For kinetic analysis and determination of the apparent Km and Vmax parameters of the various
states of AMPK it was important to utilize data points in which the kinase was not substrate
inhibited, a phenomenon described here and noted in earlier work53. It is unclear whether this
is a general phenomenon or one unique to the SAMS peptide substrate. Some of the previously
reported studies of AMPK activity at varied substrate concentrations were lacking kinetic
analyses at high peptide substrate concentrations, possibly due to these same complicating
factor38; 45; 53. In our system, it is clear that the ability to view the LiRP-inhibited, AMP
stimulated state of the kinase at high substrate concentrations is vital for recognizing that these
substrate concentrations relieve the LiRP inhibition of AMPK (figure 5a). If one were to only
examine the kinetic analyses of LiRP inhibition at substrate peptide concentrations below 200
μM the inhibition could easily be mistaken for non-competitive inhibition that is not relieved
by substrate peptide (figure 5b). It was interesting that while the LiRP proteins clearly inhibited
AMPK, they also relieved the substrate inhibition caused by SAMS peptide. The mechanism
for how these conflicting actions occur is unclear, but we speculate that one potential
explanation for the observed substrate inhibition is an ordered two-substrate kinetic mechanism
of AMPK activity (the effects of which are described theoretically and experimentally for
Phosphofructokinase by Ferdinand54), with ATP binding first followed by the peptide
substrate. If this is indeed the case then the LiRP proteins may relieve this substrate inhibition
by interacting with only a portion of the substrate binding pocket, preventing the substrate
peptide from binding out of order, yet still allowing ATP binding, thus relieving the inhibition
observed when large concentrations of SAMS peptide prevent ATP binding.

Upon determining that the LiRPs inhibited AMPK activity we were immediately intrigued by
two aspects of LiRP inhibited-AMPK that seemed to resemble the basal, unstimulated state of
the kinase. First, it was clear that LiRP inhibition of AMPK caused a reduction in the AMP
stimulation of AMPK, an effect that could not be relieved with saturating concentrations of
AMP (figure 4b). Second, at peptide concentrations where substrate inhibition was not
occurring, AMP-stimulated, LiRP A1-4–inhibited AMPK very closely resembled the basal
state of uninhibited AMPK (figure 5b). These two apparent similarities between LiRP-
inhibited, AMP stimulated AMPK and the basal state of the kinase suggest the possibility that
the basal state of the kinase could be due to a pseudosubstrate inhibition as well, and that the
pseudosubstrate LiRP inhibitors mimic this state of the kinase. This is only one potential
explanation of the similarities between the LiRP-inhibited and basal states of the kinase, as the
LiRP protein could also block a putative stimulatory interaction of the kinase in the AMP bound
state, or the similarities could simply be coincidental. However, because a precise molecular
explanation of the basal and AMP stimulated states of AMPK have not been definitively
described, we feel a more detailed kinetic description of these two states of AMPK may provide
insight into this enzymes mechanism of regulation. Previous studies, and indeed the work
presented here, concluded that the basal state of the kinase is the result of a lower maximal
activity with little change in Km when compared to AMP stimulated AMPK (effectively a non-
competitively inhibited state). However, if high substrate peptide concentrations were used
these conclusions may not hold and we may instead find that the AMPK basal state is the result
of a pseudosubstrate inhibited form of the kinase. These are fundamental issues of the AMP
stimulation of AMPK, and get at the nature of the intramolecular interactions that hold AMPK
in a basal, inhibited state, and would therefore be of general utility in understanding the
regulation of this kinase as well as aiding the rational design of therapeutic modulators of
AMPK activity.

In this report we show the characterization of a class of peptide inhibitors of AMPK that can
be displayed conditionally from our Ligand-Regulated Peptide scaffold. These inhibitors
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interact with the substrate binding region of AMPK and act as pseudosubstrate inhibitors of
the kinase and behave as competitive inhibitors with respect to substrate peptide. The presence
of Rapamycin prevents this interaction and inhibition, both in vitro and in the yeast two-hybrid
system. We feel this represents a significant step towards the ultimate goal of using these agents
for the spatial and temporal control of protein function in vivo. The aptamers selected here
exhibit significant inhibition at concentrations ranging from 5 to 20 μM, and although it is
difficult to use this information to estimate binding constants due to the competitive nature of
their binding with SAMS peptide, we suspect that they interact with AMPK with a low μM
Kd. In the presented in vitro kinase assays, LiRP proteins inhibited AMPK only when present
in vast excess (in figure 4 LiRP protein is at 8 μM while the AMPK concentration is below 3
nM). While the inhibitory effect in vivo may be greater due to a much lower substrate
concentration than the 200 μM SAMS peptide used in the above in vitro studies, it may still
be necessary to identify new, higher affinity LiRPs targeting AMPK or mature the described
LiRPs using random mutagenesis. In addition to the characterization of these inhibitory LiRPs,
we also describe here the apparent similarity between the pseudosubstrate inhibited kinase and
the basal state of AMPK, suggesting that more detailed kinetic studies of AMPK in its basal
and AMP stimulated states may provide insight into the molecular mechanisms of AMP
stimulation of AMPK.

Experimental Section
Plasmids and Reagents

All reagents, unless otherwise noted, were obtained from Sigma. The yeast two-hybrid strain
MaV203 (Invitrogen) is commercially available, and strain PJ69-4A (tor2-1 Δfpr1) has been
previously reported16. Lyticase enzyme was purchased from Promega. SAMS peptide was
custom synthesized by UW-Biotech Peptide Synthesis Facility. PKA for control
phosphorylation studies was purchased from NEB. pPrey-LiRP plasmids and pBait-
AMPKα1 plasmids were described elsewhere. TEV protease expression plasmid, pTEV-his,
was the generous gift of Prof. Brian Fox. For the MBP-fusion expression vector pET-MBPtev,
MBP coding sequence was PCR amplified using primers 1 and 2 (primer 2 incorporated the
tev protease cleavage site) from plasmid pAIDL1455. This PCR product was inserted as an
NdeI/BamHI fragment into the pET-37b plasmid, creating the MBP-fusion-6his expression
plasmid pET-MBPtev. The multiple MBP-LiRP expression vectors, designated pMBP-LiRP-
x, were created by PCR amplifying LiRP coding sequence using primers 3 and 4. The resulting
HindIII/SalI fragment was cloned into HindIII/XhoI cut pET-MBPtev. pDB-AMPKα2 was
made by PCR amplifying α2 sequence from the plasmid pGEM-AMPKα2 (generous gift of
Prof. Alan Attie) using primers 5 and 6 and cloning the BamHI/PstI fragment into similarly
cut pGBKT7. Plasmids pBait-AMPKα1-1-312, pBait-AMPKα1-312-552, pBait-
AMPKα2-1-312, and pBait-AMPKα2-312-554 were constructed by PCR amplifying the
corresponding portion of AMPKα1 or AMPKα2 using primer pairs 7/8, 9/10, 11/12, and 13/14,
respectively. The resulting fragments (NcoI/SalI, NdeI/XhoI, NcoI/EcoRI, NdeI/EcoRI
respectively) were cloned into similarly cut pGBKT7 vector. Mutations that were observed in
the AMPKa1mut screen were inserted individually into the pBait-AMPKα1 plasmid by quick
change mutagenesis. The mutations E183K, A191T, F158I, L140M, D261N, A292P, R49Q,
F175D, E100A, E143A, D103A, and DDD(215-217)AAA were installed with mutagenic
primer pairs 15/16, 17/18, 19/20, 21/22, 23/24, 25/26, 27/28, 29/30, 31/32, 33/34, 35/36, and
37/38, respectively. Parental pBait-AMPKα1 DNA was removed with DpnI, and PCR products
were transformed into bacteria. Individual clones were amplified and DNA was sequenced to
confirm incorporation of the mutation.
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YTH Characterization
Bait plasmids containing the TRP1 selection marker and prey plasmids containing the LEU2
selection marker were transformed into strain PJ69-4A (tor2-1 Δfpr1) and plated onto SC-Leu-
Trp media. Single colonies containing both bait and prey plasmids were patched onto SC-Leu-
Trp plates and replica plated onto SC-Leu-Trp-Adenine selection plates +/- various
concentration of Rapamycin. Replica plates were allowed to incubate 2-3 days prior to image
acquisition.

AMPKα1mut Library Synthesis
A randomly mutagenized AMPK α1 bait plasmid library, pLib-AMPKα1mut, was created by
using error-prone pcr as described previously56. Briefly, AMPKα1 was amplified using primer
pair 7/10 under the following mutagenic conditions (10× Polymerase Buffer, 2.5 mM
MgCl2, 0.5 mM MnCl2, 100 μM dCTP, 100 μM dATP, 1 mM dGTP, 1 mM dTTP, 10 ng pDB-
AMPKα1 template DNA, 100 pmol of each primer, and 20 U KOD-Hot Start Polymerase).
The resulting mutated AMPKα1 PCR product was cut with NcoI and ApaI (ApaI cuts the wt
AMPKα1 sequence at amino acid 374). This library of mutated fragments was cloned into
similarly cut pDB-AMPKα1 vector and transformed into chemically competent DH5α E. coli.
Transformed cells were allowed to recover for 1 hour in LB media, serially diluted and plated
onto LB-Amp plates to obtain a measure of the library complexity. Pooled transformations
were then incubated overnight in 500 mL LB media + 50 μg/ml Ampicilin followed by large
scale DNA purification (Promega megaprep kit). Overall, 4.45 × 105 independent
transformants were amplified to produce 0.7 mg of pLib-AMPKα1mut DNA. 9 single colonies
were picked from titer plates for sequencing and analysis of mutation rate. From 8100 bp of
random sequence read, 54 mutations were found, giving the library an error rate of 0.6% in the
randomized region. Of the 54 nucleotide mutations, 37 accounted for missense amino acid
substitutions and one was a frame shifting deletion.

AMPKα1mut Selection Experiment
Large-scale transformations of YTH strain containing pPrey-LiRP-A1-2 MaV-203 followed
published protocols57. Serial dilutions of the original transformation were plated to determine
the overall number of yeast transformants. The remaining amount of the yeast transformation
was plated onto SC-Leu-Trp + 0.1% 5-FOA (negative selection media). After 4 days, colonies
were picked from transformation plates, grown in patches on SC-Leu-Trp plates, and replica
plated onto SC-Leu-Trp-His + 10 mM 3-AT, SC-Leu-Trp-Ura, or SC-Leu-Trp + 0.1% 5-FOA
plates to confirm the selected phenotype. To isolate the plasmid DNA from positive strains,
yeast were grown in 2 mL of liquid SC-Leu-Trp media overnight, yeast were pelleted and
resuspended in lysis buffer (50 mM Tris-Cl, 50 mM EDTA, 10 mM β-mercaptoethanol, 1.2
M sorbitol, and 200 U lyticase) and incubated in a rotary shaker at 37° C overnight. Cells were
fully lysed and the plasmid DNA purified using the Promega Miniprep kit. This DNA was then
transformed into chemically competent DH5-α E. coli for amplification and then purifed with
Promega Miniprep kits. Isolated DNA was sequenced and retransformed into AD-LiRP-A1-2
expressing PJ69-4A (tor2-1 Δfpr1) yeast to reconfirm phenotype. These yeast strains were also
used in Western Blot analysis to look for full length DB-AMPKα1 via the c-Myc tag. Isolated
clones were also transformed with pAD-AMPKβ1 to determine if they retained the AMPKα-
AMPKβ interaction.

Protein Expression and Purification
For expression of Tev protease, the plasmid pTEV-his was transformed into BL21-DE3 cells,
grown overnight to saturation, pitched into 1 liter of LB media, grown to an OD600 of 0.6, and
induced with 0.2 mM IPTG at 16° for 36 hours. Bacteria were pelleted and resuspended in
buffer A (50 mM Phosphate pH 7.4, 120 mM NaCl). Cells were lysed by sonication and the

Miller et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2009 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



insoluble materials pelleted by centrifugation at 40,000 × g for 30 min. The soluble material
was applied to a nickel-NTA column (equilibrated with buffer A). The column was washed
with buffer B (60 mM Imidazole, 500 mM NaCl, 20 mM Tric-Cl pH 7.9) and TEV protease
was eluted with buffer E (1 M Imidazole, 500 mM NaCl, 20 mM Tric-Cl pH 7.9). Protein was
concentrated, exchanged into buffer A, supplemented with 1 mM DTT and 30% v/v glycerol,
and stored at -20° at a final concentration of 1 mg/mL.

For expression of the LiRP proteins, pET-MBP-LiRP expression plasmids were transformed
into BL21-DE3 RIL cells, single colonies were grown overnight, and saturated cultures were
pitched into 1L of LB media at 37°. At OD600 of 0.6, cultures were chilled to 16°, and induced
with 100 mM IPTG for 48 hours. Bacteria were peleted, resuspended in PBS + 1 mM PMSF,
and lysed by sonication. The insoluble materials were pelleted by centrifugation at 40,000 × g
for 30 min. The soluble material was applied to an amylase-agarose resin (NEB), washed with
PBS, and eluted with 10 mM maltose. Eluted protein was cleaved with Tev protease at 4° C
until completion, to liberate the LiRP protein from its MBP fusion. LiRP proteins were then
bound to Glutathion Uniflow resin (clontech) and eluted with 10 mM Glutathione. LiRP protein
was exchanged into pH 7.5 PBS, concentrated, supplemented with 1 mM DTT and 25% v/v
glycerol, and stored at -20° C.

In vitro Kinase Assays
Kinase assays were performed as described elsewhere58. Briefly, 10 mU active rat liver AMPK
(Upstate) was added to 25 μL assay buffer (200 μM ATP, +/- 200 μM AMP, 100 μM SAMS
peptide (or varied [SAMS peptide] for kinetic experiments) and ATPγP32) containing various
concentrations of LiRP protein. Reactions were incubated for 10 minutes at 30° C and stopped
by spotting 15 μL of the reaction mixture on P81 phosphocellulose filter paper discs (Whatman)
to specifically immobilize the SAMS peptide. Unincorporated radioactive ATP was then
removed by washing in 1% phosphoric acid twice. Filter discs were then rinsed in water and
acetone, allowed to dry, and radioactivity was counted using a scintillation counter. For kinetic
analyses data points were fit to the Michalis-Menten equation, in SigmaPlot 9.0, to obtain
kinetic parameters.

Protein Phosphorylation Assays
Active AMPK (20 mU) was incubated with various LiRP proteins, at 20 μM concentrations,
in kinase assay buffer (200 μM ATP, ATPγP32, and 200 μM AMP in Hepes-Brij Buffer) for
30 minutes at 30° C. Reactions were stopped by adding 2× SDS-PAGE loading buffer. Proteins
were run on 12% SDS-PAGE gels, and radioactivity was detected using a phosphor-imager
cassette. For quantification of phosphate incorporation, exhaustive phosphorylation of a known
PKA tag containing protein (GST-PKA-tag-FKBP12 expressed from pGEX-2TK-FKBP12)
by active PKA (NEB) was loaded on the gel for comparison and quantification. The ImageJ
program was used for quantification of phosphorylation.
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Abreviations
AMP  

5′-Adenosine monophosphate

ATP  
5′-Adenosine triphosphate

AMPK  
AMP-Activated protein kinase
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LiRP  
Ligand-Regulated Peptide

5-FOA  
5-fluoroorotic acid
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Figure 1. LiRP Protein Scaffold and Displayed Sequences Selected for AMPK α1 Binding
A. A model, displayed in two views differing by rotation on the vertical axis by 90°, exhibiting
the steric occlusion of the randomizable peptide region to target proteins of the LiRP protein
scaffold, created in SYBYL (trypos corporation) and rendered in PyMol (Delano Scientific).
In the model, FKBP is colored red, FRB is colored Blue, GST is colored green, and Rapamycin,
shown in stick form, is colored by atom type.
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Figure 2. Characterization of Growth Rate and Switching Phenotype of LiRP Proteins in the Yeast
Two-Hybrid
Shown is one representative experiment depicting the variation in LiRP-AMPK interaction
strength and the ability of Rapamycin to disrupt the interactions. Various yeast strains were
patched onto plasmid retention media and replica plated onto experimental plates with selection
media. A. Plasmid retention plate showing growth of strains containing DB-AMPKα1 and all
15 LiRP proteins (labeled 1-15) and the control strain for Rapamycin containing DB-FKBP12
and AD-FRB (labeled 16). B. and C. Images depicting colony growth on selection media at 2
days growth (B.) and 3 days growth (C.). D.-F. Images of selection media plates after 3 days
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growth with either 250 nM Rapamycin (D.), 500 nM Rapamycin (E.), or 1 μM Rapamycin
(F.).
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Figure 3. Identification of AMPK α1 Residues Required For LiRP-AMPK Interaction
A. A yeast two-hybrid experiment showing the interaction of various individual DB-AMPK
α1 point mutants identified in the AMPKα1mut selection and their interactions with LiRP
A1-2, LiRP A1-12, or AMPK β1 activation domain fusions. B. Mutations of residues in two
acidic patches in the AMPK substrate binding pocket prevent the interaction of LiRP A1-2 and
LiRP A1-12 with AMPK, but do not effect the interaction with AMPK β1. C. Surface depiction
of Snf1 crystal structure showing the location of two acidic patches required for AMPK-
substrate and AMPK-LiRP interactions. Acidic patches are colored by atom type, mutations
identified in the AMPKα1mut screen that do not modulate the LiRP A1-2–AMPK interaction
from panel A. are colored orange.
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Figure 4. LiRP Proteins Inhibit AMPK and Reduce the AMP Stimulation of the Kinase
A. Graph showing the in vitro kinase activity of AMPK under varied conditions. Dark bars
indicate the kinase activity in the absence of Rapamycin while light bars are the activity in the
presence of 20 μM Rapamycin. Kinase activities were determined in the absence or presence
of various LiRP proteins (A1-1, A1-2, A1-4, A1-11, A1-12), or the LiRP scaffold protein with
a sequence not selected for binding to AMPK α1 (Scaff insert sequence is LYCYE). All LiRP
protein concentrations are 8 μM, and 10 mU of purified AMPK (Upstate Biotech) was used
(10 mU at 759U/mg protein in 25 μL reactions equals less than 3 nM AMPK heterotrimeric
complex). B. AMPK kinase assays depicting the LiRP A1-4 inhibition of AMPK activity in
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the presence or absence of 200 μM AMP. Below the graph is the calculated AMP stimulation
values (AMP stimulated/Basal) at the various concentrations of LiRP A1-4.
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Figure 5. Kinase Activity of Basal, AMP Stimulated, and LiRP Inhibited AMPK
A. AMPK activity at various concentrations of SAMS peptide substrate, exhibiting the
substrate inhibition at high concentrations of SAMS peptide, and relief of substrate inhibition
in the presence of 30 μM LiRP A1-4. B. AMPK activity at various concentrations of SAMS
peptide, only observing the data points below the SAMS peptide concentration that starts to
show substrate inhibition of the basal state of AMPK, AMP stimulated AMPK, and AMP
stimulated, LiRP A1-4 (30 μM) inhibited AMPK.
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Figure 6. LiRP Inhibition of AMPK In Vitro Kinase Activity at Varied SAMS Peptide Substrate
Concentrations
A. In vitro AMPK kinase assays (using 10 mU AMPK per data point) were performed at varied
substrate peptide concentrations in the presence of 200 μM AMP and increasing concentrations
of LiRP A1-4 inhibitor. Kinetic parameters were determined using non-linear regression
analysis in SigmaPlot 9.0 by fitting data points to Michalis-Menten equation. Also included is
uninhibited AMPK in the absence of AMP. Kinetic parameters (apparent Km:Vmax +/- standard
errors) for the various states are: for uninhibited, basal AMPK (●) (25.4 +/- 4.9 μM : 3.08 +/- .
18 pmol/min); AMP stimulated AMPK (○) (22.6 +/- 2.3 μM : 8.63 +/- .27 pmol/min); AMP
stimulated AMPK with 1 μM LiRP A1-4 (▼) (52.7 +/- 11.3 μM : 7.86 +/- .53 pmol/min);
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AMPK with 5 μM LiRP A1-4 (Δ) (92.8 +/- 19.5 μM : 7.61 +/- .48 pmol/min); AMPK with 10
μM LiRP A1-4 (□) (119.5 +/- 32.5 μM : 6.51 +/- .56 pmol/min). B. Plot of Apparent Km values
(+/- standard error), versus the LiRP A1-4 inhibitor concentrations, yielding the apparent Ki
value of 3.9 μM.
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Figure 7. Some LiRP Proteins Can Be Phosphorylated By AMPK in a Rapamycin Regulated
Fashion
A. Phosphoimager detection of LiRP proteins, phosphorylated by AMPK, resolved on SDS-
PAGE gels show a Rapamycin regulated phosphorylation of 3 of the 5 LiRP proteins tested
(A1-2, A1-11, and A1-12). AMPK phosphorylation of the remaining LiRP proteins (A1-1 and
A1-4) was not above the phosphorylation levels of the LiRP protein scaffold (Scaff. insert
sequence is LYCYE). B. Quantification of AMPK phosphorylation of LiRP proteins and
SAMS peptide reveals that LiRP proteins serve as poor AMPK substrates (between 20 and 200
fold poorer than SAMS peptide).
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Figure 8. AMPK Target Proteins Are Often Poly-basic in the P-3 to P-6 Region
Pileup of some AMPK target proteins and displaying basic residues in blue exhibits the
prevalence of poly-basic stretches in the P-3 to P-6 region of AMPK substrates (previously
reported and described by Hardie and coworkers50; 52; 59) and shows the resemblance to the
sequences found in LiRP proteins. Proteins included were collected from PhosphoELM
database (phspho.elm.eu.org) for AMPK substrates.
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Table 1
15 LiRPs Identified as Interactors With AMPK α1
Primary sequence of 15 Ligand-Regulated Peptides identified from a selection experiment targeting AMPK α1.

LiRP Protein Aptamer Sequence

LiRP A1-1 YRQRDKF

LiRP A1-2 RRQRFMFGSCIGLTYS

LiRP A1-3 RRMWPWS

LiRP A1-4 RRMRPCR

LiRP A1-5 PPQCRHL

LiRP A1-6 RRQSHWS

LiRP A1-7 KRMRTWK

LiRP A1-8 KRQRWCY

LiRP A1-9 KRQRDFT

LiRP A1-10 KRQTLWW

LiRP A1-11 RRCRERT

LiRP A1-12 QRMRDRS

LiRP A1-13 RHQSWWH

LiRP A1-14 KRMRSSV

LiRP A1-15 RMMRSRT
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