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Abstract: AMPK is a conserved heterotrimeric serine-threonine kinase that regulates anabolic and catabolic pathways in 
eukaryotes. Its central role in cellular and whole body metabolism makes AMPK a commonly proposed therapeutic target 
for illnesses characterized by abnormal energy regulation, including cancer and diabetes. Many AMPK modulators, how-
ever, produce AMPK-independent effects. To identify drugs that modulate AMPK activity independent of the canonical 
ATP-binding pocket found throughout the kinome, we designed a robust fluorescence-based high throughput screening 
assay biased toward the identification of molecules that bind the regulatory region of AMPK through displacement of 
MANT-ADP, a fluorescent ADP analog. Automated pin tools were used to rapidly transfer small molecules to a low vol-
ume assay mixture on 384-well plates. Prior to assay validation, we completed a full assay optimization to maximize the 
signal-to-background and reduce variability for robust detection of small molecules displacing MANT-ADP. After valida-
tion, we screened 13,120 molecules and identified 3 positive hits that dose-dependently inhibited the protein-bound signal 
of MANT-ADP in the presence of both full-length AMPK and the truncated “regulatory fragment” of AMPK, which is 
missing the kinase active site. The average Z’-factor for the screen was 0.55 and the compound confirmation rate was 
60%. Thus, this fluorescence-based assay may be paired with in vitro kinase assays and cell-based assays to help identify 
molecules that selectively regulate AMPK with fewer off-target effects on other kinases.  

Keywords: ADP, AMPK, canonical ATP-binding site, environment-sensitive fluorophore, high throughput assay, regulatory 
fragment. 

INTRODUCTION 

AMP-activated protein kinase (AMPK) is a heterotrimeric 
serine-threonine kinase that regulates anabolic and catabolic 
pathways in eukaryotes [1, 2]. AMPK’s ubiquitous expression 
and central role in cellular metabolism have made it a com-
monly proposed therapeutic target for disorders characterized 
by abnormal energy regulation, including cancer and diabetes 
[1]. Drugs that specifically target AMPK could have immense 
translational value. The earliest AMPK modulators, AICAR 
and Compound C, were not specifically developed for AMPK 
and have off-target effects [3, 4]. Compound C, which was 
identified in a library screen for AMPK inhibitors, binds the 
canonical ATP-binding catalytic site in numerous kinases [3-
5]. Strategies designed to identify AMPK modulators that tar-
get AMPK-unique protein domains, therefore, have the theo-
retical potential to identify molecules that are more selective 
than those that bind the canonical ATP-binding catalytic site 
found throughout the kinome. 

The mammalian AMPK trimer is composed of one cata-
lytic subunit (α1 or α2) and two regulatory subunits (β1 or β2  
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and γ1, γ2, or γ3) [1, 2]. AMPK-γ has four potential nucleo-
tide-binding pockets, of which one (Site 2) is constitutively 
unoccupied [6]. Previous studies have identified several 
modes of AMPK regulation: (1) Phosphorylation of 
threonine 172 (T172) on AMPK-α activates AMPK; (2) 
Binding of AMP to AMPK-γ (Site 1) allosterically increases 
activity of p-AMPK by 2 to 5-fold; and (3) Binding of AMP 
or ADP to AMPK-γ (Site 3) inhibits dephosphorylation of p-
T172 by phosphatases [2, 7]. AMP and ADP have also been 
shown to promote the phosphorylation of AMPK, but only 
when AMPK-β is myristoylated [1, 8-10]. Site 4 has been 
proposed to bind AMP in a non-exchangeable manner [6, 7]. 
Recent co-crystallization experiments, however, have shown 
that nucleotide exchange with ATP is possible, though per-
haps not physiological [9]. Although some researchers have 
disagreed with the designation of Site 3 as the dephosphory-
lation inhibition site, most AMPK researchers agree that 
AMPK-γ has two primary regulatory nucleotide-binding 
sites that, together, allosterically increase and sustain activity 
of p-AMPK [7, 9, 10]. 

Historically, AMP has been thought to be the primary al-
losteric regulator of p-AMPK [1, 11]. However, ADP’s 
greater cytosolic abundance and ability to inhibit dephos-
phorylation of p-T172 have led an increasing number of in-
vestigators to postulate that ADP is the primary allosteric 
AMPK regulator in vivo [1]. The discovery of ADP’s regula-
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tory role was foreshadowed nearly a decade ago, when Chen 
and colleagues demonstrated a correlation between ADP 
levels and AMPK activity measured from human skeletal 
muscle before and after intense exercise [12]. Furthermore, 
these investigators demonstrated that the rise in ADP 
dwarfed the slight increase in AMP in human exercised 
muscle by 19-fold [12]. Given the similar affinities of AMP 
and ADP for the exchangeable AMPK-γ sites (2.5 and 1.5 
µM at Site 1, respectively; 80 and 50 µM at Site 3, respec-
tively), it is more likely that ADP is the primary regulatory 
nucleotide of AMPK in vivo [7]. 

Although AMPK-α and AMPK-γ can both bind adenine 
nucleotides, the binding sites on these subunits can have dif-
ferential affinities for ligands. For example, the non-specific 
kinase inhibitor staurosporine binds only the single AMPK-α 
canonical catalytic site [7]. In addition, the environment-
sensitive fluorophore 2'/3'-O-(N-methylanthraniloyl)-ATP 
(MANT-ATP) binds two sites on both truncated and full-
length AMPK, even though full-length AMPK contains three 
potentially exchangeable nucleotide-binding sites [6]. The 
heterotrimeric truncated AMPK (in contrast to full-length 
AMPK trimer) lacks the canonical ATP-binding site found 
throughout the kinome and is termed the AMPK “regulatory 
fragment” [6, 7, 13]. The differential affinities of binding 
sites on AMPK-α and AMPK-γ for various ligands suggests 
that it may be possible to identify novel AMPK modulators 
that bind the regulatory fragment but not the canonical ATP-
binding site found throughout most of the kinome.  

We designed a rapid fluorescence-based high throughput 
assay to identify small molecules that would displace 
MANT-ADP bound to full-length AMPK. MANT-ADP’s 
fluorescence increases after binding to AMPK, and competi-
tive displacement of bound MANT-ADP by the primary 
regulatory nucleotide ADP reverses this increase in fluores-
cence. AMPK has previously been shown to have two 
MANT-adenine nucleotide-binding sites on the regulatory 
fragment [6, 14]. This assay could therefore identify mole-
cules that compete with MANT-ADP for binding to Site 1 or 
Site 3 – the exchangeable sites on AMPK-γ. Theoretically, 
the assay could also identify molecules that bind to an un-
known allosteric site, provided the binding of the small 
molecule and MANT-ADP are mutually exclusive. After 
screening 13,120 small molecules at less than 5 µM, we 
identified 3 molecules that dose-dependently inhibit MANT-
ADP fluorescence in the presence of full-length AMPK (the 
“primary assay/screen”). We also developed a similar secon-
dary assay using the trimeric AMPK regulatory fragment 
lacking the kinase domain (the “secondary assay/screen”). 
All 3 positive hits dose-dependently inhibited MANT-ADP 
fluorescence in the regulatory fragment assay as well.  

MATERIALS AND METHODOLOGY 

Materials 

STK740822 (Vitas-M Laboratory, Ltd.), STL035166 
(Vitas-M Laboratory, Ltd.), and Z64358107 (Enamine, Ltd.) 
were re-purchased in powder form and then dissolved in 
DMSO for dose response studies. ADP, lysozyme, and 1% 
EDTA-free protease inhibitor cocktail were purchased from 
Sigma-Aldrich. MANT-ADP was purchased from Life 
Technologies. Cobalt-based immobilized metal affinity 

chromatography (IMAC) resin was purchased from Clontech 
Laboratories, Inc.  

Protein Purification 

Tricistronic vectors encoding full-length AMPK (rat His-
α1, β1, γ1) and the AMPK regulatory fragment (rat His-α1, 
396-548; human β2, 187-272; rat γ1) were gifts from Dr. Uwe 
Schlattner and Dr. Steve Gamblin, respectively. Vectors 
were transformed into Rosetta cells and individual colonies 
were then incubated at 37 °C in overnight starter cultures 
containing antibiotics. Overnight cultures were amplified in 
auto-inducible media and shaken for two days at room tem-
perature. Induced cultures were pelleted, washed twice in 
0.9% NaCl, and then sonicated (40% intensity, 30 seconds, 3 
times with 2 minute intervals) at 4 °C in lysis buffer contain-
ing 50 mM Tris-HCl (pH 8), 100 mM NaCl, 0.75 mg/mL 
lysozyme, 0.1% Triton X100, and 1% EDTA-free protease 
inhibitor cocktail. Lysates were centrifuged and supernatants 
were batch-bound onto cobalt-based IMAC resin. Resin was 
washed three times in buffer containing 0.01% Triton X100 
(first wash only), 50 mM Tris-HCl (pH 8), 100 mM NaCl, 
and 2 mM imidazole. Washed resin was loaded onto a col-
umn prior to elution in 50 mM Tris-HCl (pH 8), 100 mM 
NaCl, and 500 mM imidazole. Eluates were concentrated on 
either 30 kDa (for the regulatory fragment) or 50 kDa (for 
full-length AMPK) size exclusion centrifugal filters at 4 °C. 
Concentrates were resuspended and concentrated twice more 
in 50 mM Tris-HCl (pH 8) prior to storage at -80 °C.  

Assay Assembly 

Except where otherwise noted, assays were performed 
with the following conditions: 0.5 µM full-length AMPK 
(130 kDa) or 0.5 µM regulatory fragment (66.7 kDa), 0.1 µM 
MANT-ADP, 10 mM Tris-HCl (pH 8), 0.45% DMSO (vehi-
cle and negative control), and 5 µM ADP (positive control). 
Automated assays were assembled in two steps. First, a 
NanoQuot (BioTek) was used to dispense 11 µL of master 
mix (protein, MANT-ADP, and Tris-HCl) per well in black, 
low volume 384-well plates (Corning-3676). Next, a Biomek 
NX workstation (Beckman-Coulter, Brea, CA) equipped 
with pin tools (VP Scientific, San Diego CA) was used to 
transfer 50 nL of controls (columns 1, 2, 23, and 24) and 
small molecules (4.5 µM final). Controls and library mole-
cules were transferred from Axygen 384-well rigid PCR 
plates (Cat no. 321-67-051) at 221X concentration for sin-
gle-concentration screening. Plates were shaken for 10 min-
utes prior to reading.  

Fluorescence Measurements 

Fluorescence emission spectra of MANT-ADP were col-
lected using a PerkinElmer EnSpire plate reader with an ex-
citation wavelength of 360 nm. Background fluorescence 
from protein was subtracted from the raw data prior to plot-
ting MANT-ADP’s fluorescence in the presence of protein. 
Fluorescence detection for assay development and screening 
was performed on either a BMG Pherastar Plus (360/10 exci-
tation and 460/10 emission filters) or a PerkinElmer EnVi-
sion (355/40 excitation and 460/25 emission filters), depend-
ing on equipment availability. Relative fluorescence units 
(RFUs) were recorded at room temperature.  
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Calculation of Z’ 

Z’ was calculated using the formula: Z’ = 1- ((3(σvehicle + 
σADP))/(µvehicle – µADP)) [15]. 

Small Molecule Library  

The Center for Integrative Chemical Biology and Drug 
Discovery (CICBDD) assembled a commercially-available 
small molecule library from multiple sources comprised of 
molecules that have structural similarities to known kinase 
inhibitors and/or have been shown to bind kinases in silico 
[16, 17]. Library molecules were stored at 1 mM 
concentration in DMSO. All of the molecules comply with 
Lipinski’s rules [18].  

Screening Data Analysis 

ScreenAble (ScreenAble Solutions, Chapel Hill, NC) 
high throughput screening software was utilized for merging 
screening data and chemical structure, for statistical design 
of experiments, and hit selection. GraphPad Prism was used 
for non-linear regression analysis of dose response data. 

RESULTS 

The overall goal of this study was to identify novel small 
molecules that preferentially bind the regulatory region of 
AMPK. To achieve this goal, we designed a fluorescence-
based assay using purified His-tagged AMPK trimer and a 

fluorescent analog of AMPK’s primary regulatory nucleo-
tide, ADP (Fig. S1). Optimizing lysis conditions and switch-
ing from IPTG-inducible media to auto-inducible media in-
creased the yield of purified protein from 3 mgs to 20 mgs 
per liter of culture, greater than previously published yields 
for AMPK heterotrimers [19-21]. This improved AMPK 
expression method supplied ample protein for designing and 
optimizing assays, screening libraries, and confirming hits in 
secondary assays.  

After a thorough review of the available fluorescent nu-
cleotide analogs and assay technologies, fluorescent ADP 
analogs were chosen because of the known physiologic role 
of ADP interaction with AMPK [7, 10]. Both MANT-labeled 
and trinitrophenylated (TNP) nucleotide analogs are envi-
ronment-sensitive probes whose fluorescence increases upon 
binding to nucleotide-binding sites on protein (Fig. 1A) [6, 
14, 22]. Fluorescence emission spectra were recorded for 
MANT-ADP and TNP-ADP (0.1 µM each) in the presence 
and absence of protein (Figs. 1B, S2). Only MANT-ADP 
fluorescence increased upon addition of full-length AMPK 
and the regulatory fragment (Fig. 1B). MANT-ADP was 
therefore selected for detection of small molecules binding to 
the regulatory fragment of AMPK. The general assay princi-
ple is to pre-load AMPK with MANT-ADP, causing an in-
crease in MANT-ADP fluorescence. If a small molecule can 
displace MANT-ADP from the binding site, MANT-ADP 
will be ejected and will have a substantial decrease in fluo-

 
Fig. (1). ADP competes with MANT-ADP for binding to AMPK. (A) Simplified cartoon showing MANT-ADP fluorescence increasing 
upon binding to protein. AMPK-α and AMPK-β subunits and additional nucleotide-binding sites are omitted for clarity. (B) MANT-ADP 
fluorescence increased after addition of regulatory fragment or full-length AMPK (excitation = 360 nm). Background fluorescence from 
protein was subtracted from raw data prior to plotting the corrected spectra shown above. A 460 nm emission filter was used for subsequent 
experiments. (C) ADP inhibited the increase in MANT-ADP fluorescence. (D) Full-length AMPK provided a slightly greater assay window. 
Z’-factors > 0.6. (B-C) n = 5 wells per data point. (D) n = 6 wells per data point. Data points are mean ± standard deviation. Some of the 
standard deviations are too small to be visible when plotted on this scale. RFUs, relative fluorescence units. 
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rescence, thereby indicating a positive result for the test 
compound. Using excess AMPK (0.5 µM protein with 0.1 
µM MANT-ADP) helped maximize the number of MANT-
ADP molecules bound to protein and thus helped maximize 
the protein-bound fluorescent signal in the absence of the 
competitive positive control ADP.  

ADP, which competitively binds to Site 1 and Site 3 on 
AMPK-γ, inhibited the increase in MANT-ADP fluores-
cence with IC50s of 0.4 µM and 0.3 µM for the regulatory 
fragment and full-length AMPK, respectively (Fig. 1C). For 
the ADP dose responses, replicates containing MANT-ADP 
with no protein were used as positive controls for 100% in-
hibition of MANT-ADP’s protein-bound fluorescent signal. 
Although the signal-to-background ratio was less than 2-fold 
(Figs. 1B, 1D), the assay’s Z’-factor was greater than 0.6 
(Fig. 1D), indicating that the assay was robust enough for 
high throughput screening. At an emission wavelength of 
460 nm, full-length AMPK consistently provided a slightly 
larger assay window, usually resulting in higher Z’-factors 
(Fig. 1D). The small molecule library, therefore, was 
screened against full-length AMPK. Positive hits were con-
firmed against the regulatory fragment in subsequent secon-
dary screens. Aside from a small difference in assay win-
dow, truncation of AMPK-α1 and AMPK-β2 did not appear 
to significantly disrupt interactions among AMPK-γ1, 
MANT-ADP, and ADP.  

Prior to screening, assay conditions were optimized by 
testing high and low concentrations of several reagents in a 
design of experiments study using ScreenAble software 
(ScreenAble Solutions, Chapel Hill, NC). Previous studies 
have shown that affinities of adenine nucleotides for AMPK 
decrease with increasing ionic strength [6, 14]. In agreement 
with published data, the greatest MANT-ADP fluorescence 
was observed with a low concentration of Tris-HCl (pH 8) 
and 0 µM NaCl (Fig. 2A). Triton, which is often used to pre-

vent adsorption of target proteins onto plastic, had no effect 
on MANT-ADP fluorescence in the presence of 0 µM NaCl 
(Fig. 2A) [23]. The sacrificial protein BSA did increase fluo-
rescence (Fig. 2A), but this was due in part to interactions 
between BSA and MANT-ADP. In the absence of AMPK, 
MANT-ADP’s fluorescence still increased upon addition of 
BSA, even after subtracting BSA’s autofluorescence from 
the raw data (Fig. S3A). It is possible that MANT-ADP 
binds non-specifically to BSA, thus decreasing the pool of 
MANT-ADP molecules that can bind to AMPK and conse-
quently decreasing the assay window between vehicle and 
ADP-treated control groups (Fig. S3B). Because BSA de-
creased the assay window and Z’-factor, we decided to ex-
clude BSA from our optimized assay conditions (Fig. S3B). 
Optimized buffer conditions yielded a Z’-factor ≥ 0.6 with 
an assay window that increased linearly with protein and 
MANT-ADP concentrations (Fig. 2B). Instead of increasing 
AMPK and MANT-ADP concentrations to maximize the 
assay window, we decided to optimize the assay with low 
reagent concentrations (0.5 µM AMPK and 0.1 µM MANT-
ADP) to ensure sensitivity for small molecule binding, as 
micromolar concentrations of AMPK would severely limit 
the theoretical maximum inhibition due to the stoichiometry 
of enzyme to small molecule. 

Since many small molecule libraries use DMSO as a sol-
vent, the DMSO tolerance of the optimized assay was deter-
mined prior to screening. The assay yielded a robust Z’ 
across a range of DMSO concentrations, with no statistical 
difference observed among controls treated with 0-2% 
DMSO (Fig. S4). This DMSO tolerance is especially impor-
tant for automated assay assembly, in which the final DMSO 
concentration may vary depending on the type of robotic 
dispenser used for transferring small molecules. The DMSO 
tolerance also allows flexibility in starting concentrations of 
library plate stocks.  

 
Fig. (2). (A) MANT-ADP fluorescence decreased as the ionic strength of the assay solution increased. In the absence of NaCl, 0.01% Triton 
had no effect on MANT-ADP fluorescence. (B) The assay window increased linearly as concentrations of AMPK, ADP, and MANT-ADP 
were increased at a constant molar ratio. (A) n = 4 wells per data point; (B) n = 6 wells per data point. Data points are mean ± standard 
deviation. Z’-factors ≥ 0.6. 
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For library screening, a NanoQuot and a Biomek NX 
workstation were used to dispense the assay master mix and 
small molecules, respectively. To validate the automated 
dispensers, the plate-to-plate coefficient of variation (CV) 
was calculated for the control groups on 4 plates (< 4% CV 
between plates; average Z’-factor = 0.6) (Fig. 3). Fluores-
cence detection was performed on a BMG Pherastar Plus, 
which produced lower signals than the PerkinElmer EnVi-
sion used for other figures (Figs. 1D, 2). The fold-difference 
between MANT-ADP’s protein-bound and unbound signals, 
however, was similar for both detectors. After validating 
minimal plate-to-plate variation, 13,120 molecules from a 
small molecule library were screened over the course of sev-
eral days. Five positive hits (0.04% primary hit rate) were 
identified, each of which inhibited MANT-ADP fluores-
cence by more than 50% (Fig. 4A). Autofluorescent mole-
cules increased the total fluorescent signal and are shown on 
the scatter plot as having large negative binding activity (Fig. 
4A). Data for DMSO controls and library molecules had 
similar distributions, with the average compound binding 
activity close to 0% inhibition of MANT-ADP fluorescence 
(Fig. 4B). The large number of autofluorescent molecules, 
which decreased the efficiency of screening, may explain the 
low primary hit rate. It is possible that some of the autofluo-
rescent molecules are false negatives that inhibit binding of 
MANT-ADP but are masked by their autofluorescence. After 
initial screening, positive hits were re-purchased in powder 
form, dissolved in DMSO and re-tested for inhibition of 
MANT-ADP fluorescence. Three of the 5 positive hits (60% 
confirmation rate) dose-dependently inhibited MANT-ADP 
fluorescence in the presence of full-length AMPK (Fig. 5, 
Table 1). These 3 hits also dose-dependently inhibited fluo-
rescence in the presence of the regulatory fragment (Fig. 5, 
Table 1). Like the primary assay using full-length AMPK, 

the secondary assay was performed in buffer that had low 
ionic strength and was assembled in the same manner, with 
controls and positive hits added to a master mix of regulatory 
fragment and MANT-ADP.  

DISCUSSION 

AMPK’s central role in metabolism makes it an appeal-
ing therapeutic target for numerous illnesses characterized by 
abnormalities in energy regulation, such as diabetes or can-
cer [1]. The current widely used AMPK modulators, how-
ever, were not specifically developed for AMPK and have 
off-target effects [3, 4]. Compound C, which was identified 
in a library screen for AMPK inhibitors, binds the catalytic 
ATP-binding site and has been shown to be a more potent 
inhibitor of numerous other kinases [3-5, 24]. Furthermore, 
Compound C’s selectivity may be over-estimated in AMPK 
literature, as many papers fail to mention Compound C’s 
alternate identity as the bone morphogenetic protein receptor 
modulator, dorsomorphin [25]. In contrast to molecules that 
bind the canonical catalytic ATP-binding pocket found 
throughout the kinome, molecules that bind the regulatory 
region of AMPK may be more selective and could be ex-
tremely useful as either drugs or as tool compounds for 
analysis of AMPK function in vivo. It is important to note 
that both Site 1 and Site 3 bind AMP, ADP, and ATP [7]. 
Small molecules that bind the regulatory region of AMPK 
may, therefore, include ATP-competitive ligands. The ideal 
discovery would be that of an ATP-competitive modulator 
that binds Site 1 and/or Site 3, but not the kinase active site. 
The preferential binding of staurosporine to the kinase active 
site indicates differential affinities of these three ATP-
binding sites for small molecules [7].  

 
Fig. (3). Positive and negative controls demonstrate low plate-to-plate variation across 4 plates. The average Z’-factor was 0.60 (inset table) 
and the percentage difference between plates was < 4%. n = 32 wells per control group per plate. 
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Fig. (4). (A) In a set of sixteen plates from the small molecule library, two of 5120 molecules inhibited MANT-ADP fluorescence by more than 
50% (yellow arrows). Each plate included 32 positive and 32 negative controls (green and red circles, respectively). Negative inhibition most 
likely indicates small molecule autofluorescence. Many of the autofluorescent molecules were plotted on a logarithmic y-axis to conserve space. 
The average Z’-factor for the plates shown above is 0.58. (B) Histograms and box plots show distribution statistics for the positive control ADP 
(green), vehicle (red), and library molecules (black). Whiskers indicate the range; boxes indicate data between the first and third quartile. 

 
Fig. (5). (A-C) Three of the five positive hits produced sigmoidal dose responses in the presence of full-length AMPK and the regulatory 
fragment. DMSO and ADP controls were included on each plate and used to define 0 and 100% inhibition, respectively. n = 5 wells per data 
point. Data points are mean ± standard deviation. 
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Table 1. Hill Slopes, IC50s, and Maximum Inhibition were Calculated for each of the 3 Reproducible Hits in the Presence of Full-
Length AMPK and the Regulatory Fragment (Data in Parentheses). 

Positive hit Vendor, Catalog Number Structure Hill Slope IC50, µM 

1 
Vitas-M Laboratory, Ltd., 

STK740822 

 

1.4 (1.4) 2.9 (1.6) 

2 
Vitas-M Laboratory, Ltd., 

STL035166 

 

1.3 (1.4) 2.7 (1.5) 

3 Enamine, Ltd., Z64358107 

 

1.1 (2.6) 0.3 (0.2) 

 

To identify molecules that bind the regulatory region of 
AMPK, we designed a fluorescence-based assay using read-
ily purified His-tagged protein and commercially available 
MANT-ADP, an analog of AMPK’s primary regulatory nu-
cleotide [1]. Binding of MANT-labeled analogs to nucleo-
tide-binding sites on protein can be easily detected by an 
increase in fluorescence [6]. No crystal structures of AMPK 
with MANT-ADP have been published, but structures of the 
regulatory fragment soaked with MANT-AMP indicate bind-
ing at Sites 1 and 3 [14]. Because full-length AMPK pro-
vided a slightly larger assay window in preliminary experi-
ments, we decided to use full-length AMPK for our primary 
screen and the regulatory fragment for our secondary screen. 
Although full-length AMPK has three available nucleotide- 
binding sites (one on AMPK-α and two on AMPK-γ), fluo-
rescence studies have shown that MANT-ATP binds only 
two sites on both the regulatory fragment and full-length 
AMPK [6]. Because our assay measures MANT-ADP fluo-
rescence and not enzyme activity, the assay could identify 
positive hits that may be overlooked by peptide phosphoryla-
tion kinase assays. Kinase assays, such as the ones used to 
identify the drugs Compound C and A-592107, are biased 
toward the identification of ATP-competitive inhibitors that 
bind AMPK-α and AMP-mimetics that increase the activity 
of p-AMPK, respectively [4, 26, 27]. (A-592107 was later 
used as a structural template for the optimized synthetic ana-
log A-769662, but this drug was shown to be ineffective 
against AMPK heterotrimers containing AMPK-β2 [27, 28]). 
Because purified protein phosphatases are not included in 
kinase activity assays, these assays are biased away from the 
identification of protective ADP-mimetics [4]. Our fluores-
cence-based assay, on the other hand, can identify molecules 
that displace MANT-ADP. Orthogonal follow-up assays, 
including in vitro assays in the presence of phosphatases, can 

then determine if positive hits are allosteric inhibitors, allos-
teric activators, dephosphorylation inhibitors, or candidates 
for structure-activity relationship (SAR) optimization. 

To optimize MANT-ADP’s protein-bound fluorescent 
signal, we tested 16 unique assay mixtures in a full-factorial 
screening design of experiments study (Fig. 2A). We subse-
quently decided to minimize our assay’s ionic strength to 
increase the protein-bound signal of MANT-ADP. Our full-
factorial data agrees with Saiu’s and Xiao et al.’s data, which 
show an inverse relationship between salt concentration and 
nucleotide binding affinities for AMPK-γ [6, 14]. Published 
nucleotide binding studies have, in fact, been performed in 
low ionic strength conditions [6]. Further characterization of 
positive hits from this assay should, however, be completed 
under more physiological conditions.  

Although increasing concentrations of MANT-ADP and 
AMPK would have produced a larger assay window, we 
decided to continue with low concentrations of each so that 
all MANT-ADP-binding sites would be saturated by positive 
hits when screening libraries at 5 µM or less (Fig. 2B). In-
stead of maximizing the Z’-factor, we prioritized the sensi-
tivity of the assay to small molecule detection. Despite the 
low signal-to-background ratio, the assay was robust and 
identified positive hits that dose-dependently inhibited 
MANT-ADP fluorescence. It is important to note that our 
experiments used a standard Coumarin (360 nm excitation 
and 460 nm emission) filter set. The greatest difference be-
tween MANT-ADP’s bound and un-bound signals, however, 
occurs close to 440 nm (Fig. 1B). Switching from a 460 nm 
to a 440 nm filter could be an alternative way to increase the 
assay window and/or Z’-factor without changing the bio-
chemistry, but has the disadvantage of potentially increasing 
the interference of autofluorescent compounds in the near-
ultraviolet range. 
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One substantial drawback to using MANT-ADP as a 
fluorescent probe is the potential for false negatives due to 
the high percentage of autofluorescent compounds near 460 
nm [29-31]. Thus, our assay cannot distinguish between 
fluorescent true negatives and fluorescent false negatives that 
inhibit binding of MANT-ADP to AMPK. A red-shifted 
fluorophore, such as TNP-ADP, could reduce this problem. 
Substitution of 0.1 µM MANT-ADP with 0.1 µM TNP-ADP, 
however, failed to produce an assay window (Fig. S2). Fur-
thermore, trinitrophenylation replaces both of the ribosyl 
hydroxyl groups on nucleotides [32]. Because these hydroxyl 
groups form hydrogen bonds with aspartate residues on 
AMPK-γ, trinitrophenylation could decrease the affinity of 
adenine nucleotides to AMPK-γ [9, 14]. In their discussion 
of a TNP-ATP-based screening assay, Guarnieri et al. sug-
gested using MANT-ATP as an alternative because TNP-
ATP had such a weak binding affinity to their target kinase 
[22]. To compensate for TNP-ATP’s high KD, the authors 
increased their probe, protein, and library concentrations to 
150, 100, and 100 µM, respectively [22]. Indeed, we had to 
increase TNP-ADP to 100 µM to observe a window between 
the probe’s protein-bound and unbound fluorescent signals 
(Fig. S2). A better probe may be a red-shifted Alexa Fluor-
ADP analog that retains one of the ribosyl hydroxyls needed 
for binding. Alexa Fluor-ADP is not environment-sensitive, 
however, so one would need to use fluorescence polarization 
to detect binding of the probe to AMPK.  

Finally, our library screen yielded a relatively low hit rate 
of 0.04% with a 60% confirmation rate. Multiple factors may 
have contributed to our low hit rate. First, nearly one-fourth 
of our library molecules produced fluorescent signals that 
were higher than the average DMSO control signal and, 
therefore, limited the screening efficiency, thereby lowering 
the hit rate. These molecules, which are shown on our scatter 
plot as having negative inhibition (Fig. 4), are most likely 
autofluorescent and may include false negatives that inhibit 
binding of MANT-ADP to AMPK. It is unlikely that these 
molecules could be increasing fluorescence by promoting 
interactions between AMPK and MANT-ADP, as the protein 
concentration exceeds the MANT-ADP concentration by 
almost 5-fold. Any MANT-ADP molecules that dissociate 
from one AMPK heterotrimer should bind immediately to 
another heterotrimer. Finally, the small molecule library we 
screened herein includes molecules that were pre-selected 
based on structural similarities to known kinase inhibitors 
and could, therefore, bind kinase domains [16, 17]. If 
MANT-ADP binds only the nucleotide-binding sites on 
AMPK-γ, then the assay will be biased toward the discovery 
of small molecules that bind the regulatory region of AMPK 
and away from the discovery of promiscuous kinase modula-
tors that bind the canonical, catalytic ATP-binding pocket 
found throughout the kinome. Our low hit rate, therefore, 
may reaffirm this bias and may be much lower than the hit 
rate for future screens of more diverse small molecule librar-
ies.  

CONCLUSION 

This screen has identified small molecules that are capa-
ble of inhibiting MANT-ADP’s protein-bound fluorescent 
signal. Small molecules that dose-dependently inhibit 
MANT-ADP fluorescence may include AMPK inhibitors or 

activators. Orthogonal follow-up studies with these mole-
cules will demonstrate if they can also displace ADP and 
will be performed both biochemically in vitro and then in 
cell lines for AMPK modulation in a cell intact physiological 
environment. Positive hits that bind the regulatory fragment 
but do not regulate AMPK may be used as structural tem-
plates for SAR optimization. Ultimately, the best way to 
determine if these molecules actually regulate AMPK is to 
test them in both cell-based assays and in vitro kinase assays 
before evaluating in vivo function.  
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