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SUMMARY

The canonical function of kinases is to transfer a phosphoryl group to substrates, initiating a
signaling cascade; while their non-canonical role is to bind other kinases or substrates, acting as
scaffolds, competitors, and signal integrators. Here, we show how to uncouple kinases dual
function by tuning the binding cooperativity between nucleotide (or inhibitors) and substrate
allosterically. We demonstrate this new concept for the C-subunit of protein kinase A (PKA-C).
Using thermocalorimetry and NMR, we found a linear correlation between the degree of
cooperativity and the population PKA-C’s closed state. The non-hydrolysable ATP analog
(ATPyC) does not follow this correlation, suggesting that changing the chemical groups around
the phosphoester bond can uncouple kinases dual function. Remarkably, this uncoupling was also
found for two ATP-competitive inhibitors, H89 and balanol. Since the mechanism for allosteric
cooperativity is not conserved in different kinases, these results may suggest new approaches for
designing selective kinase inhibitors.
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INTRODUCTION

Protein kinases are ubiquitous phosphoryl transferases that regulate many cellular signaling
processes (Fischer and Krebs, 1955). Due to their primary role in cell physiology and
pathology, protein kinases have become major drug targets to counteract human diseases,
such as heart failure and cancer (Johnson and Lewis, 2001; Manning et al., 2002a). Kinases
canonical function is to transfer the y-phosphate of ATP to Ser/Thr/Tyr residues of
substrates, thereby activating or deactivating various signaling pathways (Endicott et al.,
2012; Johnson and Lewis, 2001; Manning et al., 2002b; Pearce et al., 2010). About a decade
ago, Manning and co-workers identified a non-canonical function for kinases that, in several
instances, do not carry out any catalytic function; rather they provide binding scaffolds to
modulate, integrate, or compete in signaling cascades, the so-called pseudo-kinases
(Manning et al., 2002b). While kinases mediate signaling through phosphoryl transfer and
scaffolding (dual function), pseudo-kinases’ function is independent from catalysis
(Boudeau et al., 2006; Reiterer et al., 2014). To date, approximately 10% of the 518
members of the mammalian kinases have been identified as pseudo-kinases, with reduced or
completely obliterated ability to catalyze phoshoryl transfer (Boudeau et al., 2006; Shaw et
al., 2014). Recent site-directed mutagenesis studies suggest that it is possible to uncouple the
canonical from the non-canonical function of kinases (Hu et al., 2013; Hu et al., 2011; lyer
et al., 2005). Also, it has been found that small molecules that inhibit kinase phosphorylation
in vitro are able to activate kinase pathways in cell (Dar and Shokat, 2011; Hatzivassiliou et
al., 2010; Poulikakos et al., 2010). The latter suggests that kinases depleted of their catalytic
functions still work as scaffolds and play an active role in cell signaling. Therefore,
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uncoupling canonical and non-canonical functions of protein kinases with small molecules
would enable one to achieve a higher level of control over the kinase-mediated signaling
pathways (Shaw et al., 2014).

Although substantial progress has been made for the development of allosteric inhibitors
(Arencibia et al., 2013; Cowan-Jacob et al., 2014; Fang et al., 2013), small molecules that
bind the ATP binding site (ATP-competitive inhibitors) remain the most common kinase
inhibitors (Wu et al., 2015). However, none of these drugs have been engineered to
uncouple the dual functions of kinases, rendering them either pseudo-kinases (devoid of
catalytic activity) or dead kinases (non-catalytic and non-scaffolding). So, how can we
uncouple canonical and non-canonical kinase functions? Since allosteric binding
cooperativity (K-type cooperativity, i.e., nucleotide binding affects substrate affinity) is a
hallmark for several kinases (Masterson et al., 2012; Masterson et al., 2008), we reasoned
that by modulating the chemical moieties of nucleotides and nucleotide-analogs it would be
possible to control allosteric binding cooperativity. The latter will make it possible to design
inhibitors able to steer kinases’ function toward pseudo-kinases or dead kinases.

As a model system, we chose the catalytic subunit of the cAMP-dependent protein kinase A
(PKA-C). This enzyme is one of the most studied and has represented the benchmark for the
entire kinase family (Johnson et al., 2001). PKA-C is organized into two lobes, an N-
terminal small lobe with 5 B-strands and one helix (aC helix), and a C-terminal large lobe
mostly helical that harbors the substrate binding cleft (Knighton et al., 1991a) (Figure 1A).
The nucleotide (ATP) binds at a critical junction of the kinase core, which is embedded
between the small and large lobes (Knighton et al., 1991a). Through coordination of two
Mg?2* ions, the nucleotide positions several amino acids from various catalytic motifs such
as the DFG loop, glycine-rich loop, and catalytic loop for phosphoryl transfer (Figure 1C)
(McClendon et al., 2014). Structurally, the nucleotide’s adenine ring completes the
architecture of the catalytic spine (C-spine), an array of hydrophobic residues that play a key
role in intramolecular allosteric signaling and kinase activation (Kornev et al., 2008). The
substrate binds the C-lobe, laying on the peptide positioning loop, which provides high-
binding affinity for registering the recognition sequence. It has been hypothesized that ATP
acts as an allosteric effector priming the kinase structure for substrate binding (Kornev et al.,
2008; Masterson et al., 2011a; Whitehouse et al., 1983). The dynamic apo enzyme toggles
between three major conformational states along the free energy reaction coordinate (open,
intermediate, and closed, Figure 1B). ATP binding shifts the enzyme conformational
ensemble from an open to an intermediate state, increasing substrate affinity through a K-
type binding cooperativity (Sims et al., 2013; Taylor et al., 2005; Taylor et al., 2004).
Binding of substrate further shifts the ensemble toward the enzyme’s closed state. In spite of
a plethora of structural (Johnson et al., 2001) and biophysical data (Adams, 2001), it is still
unclear how the different chemical moieties of ATP confer positive K-type cooperativity for
substrates.

By combining isothermal titration calorimetry (ITC) with NMR spectroscopy we show how
small molecules (nucleotides or small molecule inhibitors, Figure 1D) are able to modulate
the degree of the binding cooperativity for the pseudo-substrate peptide derived from the
endogenous protein kinase inhibitor (PKls_»4). For the nucleotide analogs, we found a linear
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correlation between the degree of cooperativity and the population of the closed state of the
enzyme. The highest degree of cooperativity is reached with ATP, where the phosphate
groups pre-organize the active site for phosphoryl transfer and prime the substrate binding
site for high binding affinity (catalytically competent state). The degree of cooperativity is
substantially reduced for ATPyN and completely abrogated for ATPyC. In addition, ATPyC
drastically decreases the binding affinity of PKA-C for phospholamban, a natural substrate
of this kinase in the heart muscle. For H89 and balanol, two chemically different ATP-
competitive inhibitors of PKA-C, we found negative and positive binding cooperativity,
respectively. These results demonstrate that it is possible to modulate substrate binding
cooperativity by changing the chemical nature of small molecule inhibitors that can
decouple the dual functions of kinases, opening new directions for manipulating protein
kinases functions in a specific manner.

Different nucleotides provide varying degree of binding cooperativity

To measure substrate binding cooperativity of PKA-C, we utilized ITC to measure the
binding affinity of PKA-C for the heat stable protein kinase A inhibitor peptide (PKls.24).
Since PKls_»4 contains the substrate recognition motif for PKA-C (with Arg residues on the
P-2 and P-3 positions and an Ala instead of a Ser at the P-site), it is considered a pseudo-
substrate(Johnson et al., 2001), recapitulating the high binding affinity of the R-
subunits(Cheng et al., 1986; Knighton et al., 1991a; Knighton et al., 1991b; Masterson et al.,
2011a). The degree of binding cooperativity between PKls_o4 and the nucleotide was
assessed by saturating the kinase with a series of nucleotide analogs: adenine, adenosine,
AMP, ADP, ATPyN, ATPyC, and ATP (Figure 2 and S1-2). Under the time scale of our
experiments, we did not detect any hydrolysis of ATPyN, which has been detected in the
crystallized PKA-C/ATPyN/SP20 complex (SP20 is a substrate peptide derived from
PKl5.o4 with Asn20Ala and Ala21Ser mutations (Bastidas et al., 2013)). The different
nucleotides were chosen to dissect the contribution of each chemical moiety (i.e., adenine
ring, ribose, and phosphates) to the K-type cooperativity. All of these nucleotides display
very similar binding affinities for the enzyme (Bhatnagar et al., 1983; Ni et al., 2000;
Srivastava et al., 2014), with Ky values between 20-50 uM. Note that under our
experimental conditions, two Mg?* ions occupy the binding site, which are required for the
high binding affinity of PKl5_o4 (Zimmermann et al., 2008). To quantify the extent of
cooperativity, the binding thermodynamics were interpreted using a classical heterotropic
linkage model (Figure 2A), where the binding of one ligand enhances or reduces the affinity
of the second ligand. The degree of cooperativity (o), which is independent of the order of
ligand binding, quantifies the extent of K-type cooperativity (Freire et al., 2009; Masterson
et al., 2008). Saturation with most nucleotides increases the binding affinity toward PKlsg_p4.
The highest affinity and degree of cooperativity (o = 400) was measured for ATP.
Specifically, we found a gradual increase of affinity of PKls_»4 and binding cooperativity for
the following series: adenine < adenosine < ADP < ATPyN < ATP (Figure 2B). These data
indicate that the adenine ring, the ribose and the three phosphates contribute incrementally
to the enzyme’s binding affinity for PKlg_o4. As previously observed (Bhatnagar et al.,
1983), the adenine moiety (Figures 2, S1, S2, and Table 1) is especially important for the
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binding affinity, since its ring, sandwiched between residues Val57 in the N-Lobe and
Leul73 in the C-Lobe, is stabilized by hydrophobic interactions. The ribose moiety and
phosphate groups further increase PKls_p4 binding affinity, with a significant increase in
cooperativity correlated with the number of phosphate groups. Notice that the affinity of the
pseudo-substrate peptide is much greater when the enzyme is bound to ATP than ADP,
indicating that ADP facilitates the exit of the enzymatic product. An anomalous behavior is
observed for AMP, which has been shown to have a lower binding affinity for PKA
compared to other nucleotide analogs (Bhatnagar et al., 1983). In agreement with these
previous data, we found a substantially weaker affinity with AMP (Kq ~ 250 uM). These
binding experiments repeated at higher AMP concentrations to saturate the kinase; however,
we did not observe significant changes in the pseudo-substrate affinity (Figure S3). Since
the structure of the kinase in complex with AMP is not available, we speculate that the
absence of the  and y phosphates prevents the closure of the binding cleft, reducing the
affinity for the substrate. Interestingly, two non-hydrolysable nucleotide mimics that are
commonly used for structural studies, ATPyN and ATPyC, show a decrease in PKlg_o4
binding cooperativity. In fact, the presence of a nitrogen atom in place of oxygen at the y
position of the ATP phosphoester dramatically reduces the binding cooperativity (o = 53).
This phenomenon is accentuated for ATPyC, where a methylene group replaces the bridging
oxygen. In this case, the binding cooperativity between the non-hydrolysable nucleotide and
pseudo-substrate is completely abolished (o = 1.0).

ATPyC prevents substrate binding

To further understand the role of the bridging oxygen of the  and y phosphates on the
binding cooperativity of more realistic substrates that display much lower affinity than the
pseudo-substrate, we utilized a 19-amino acid peptide corresponding to the cytoplasmic
domain of phospholamban (PLN1.19), a signaling target for PKA-C that regulates cardiac
contractility (Masterson et al., 2010; Masterson et al., 2011b; Metcalfe et al., 2005).
Although phospholamban contains a transmembrane domain, the cytoplasmic domain alone
is recognized and phosphorylated by PKA-C (Masterson et al., 2011b). Remarkably, the
binding titrations carried out in the presence of saturating concentration of ATPyC showed a
dramatic reduction of the binding affinity. Previous binding studies show that the
dissociation constant of PLN1.1g in the ternary complex PKA-C/ATPyN/PLN1.1g is
approximately 28 uM (Kim et al., 2015a). In stark contrast, for the PKA-C/ATPyC complex
the PLN1.19 peptide has a Kg > 1 mM (Figure S4A). Accordingly, NMR titrations of the
PLN1.19 peptide on the PKA-C/ATPyC complex do not show any detectable chemical shift
changes in both the amide and methyl group fingerprints (Figure S4B). Although PLN1.19
and PKls_»4 share the same recognition sequence, PKls_p4 contains a high affinity region
(Cheng et al., 1986) that is not part of other substrates. Both ITC and NMR titrations
indicate that the loss of binding affinity by ATPyC observed in the pseudo-substrate is not
only confirmed using PLN1.1g, but is accentuated with natural substrates.

Linkage between structural transitions and binding cooperativity

To probe the conformational transitions of the enzyme with the different nucleotides, we
mapped the enzyme’s amide fingerprint using [*H,1°N]-TROSY-HSQC experiments
(Pervushin et al., 1997) as the amide chemical shifts are sensitive reporters of allosteric
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transitions (Figure S5) (Axe et al., 2014; Cembran et al., 2014; Selvaratnam et al., 2011).
Although previous crystallographic structures of these complexes were reported to be
identical (Johnson et al., 2001), small changes in chemical shifts have been demonstrated to
report on subtle changes in conformation and allostery (Boulton et al., 2014; Selvaratnam et
al., 2012a; Selvaratnam et al., 2012b). Resonance assignments for the different free and
ligated states of the kinase were previously obtained using triple-resonance experiments
(Kim et al., 2015a) and transferred to the spectra of the kinase saturated with the different
nucleotides, as well as in the ternary complexes. We found that the addition of the pseudo-
substrate to nucleotide-saturated PKA-C shifts the amide resonances of the enzyme along
linear chemical shift trajectories (Figure 3A). This indicates that the enzyme predominately
interconverts between two states and pseudo-substrate binding shifts the populations of the
enzyme toward the closed state to different extents.

A succinct view of the process is offered by the analysis of the amide chemical shifts using
CONCISE (Cembran et al., 2014), a statistical approach that utilizes principal component
analysis to quantify the global coordinated response of the amide chemical shifts upon
ligand binding. This method identifies the predominant linear trajectory of all the chemical
shifts and the aggregate amide chemical shifts for each state is grouped together by their
average position along the linear trajectory (PC score). These changes are displayed as
probability density distributions defining a specific conformational state of the kinase along
the conformational equilibrium (Cembran et al., 2014). The chemical shifts of each of the
three major conformational states (open, intermediate, and closed) were previously defined
by performing triple resonance experiments to assign the backbone chemical shifts or the
apo, nucleotide bound and PKI bound forms of the enzyme (Kim et al., 2015a). Addition of
PKls5.o4 to all of the nucleotide-bound forms of the kinase shifts the conformational
equilibrium toward the closed state (Figures 3, S6, and Table S1 and S2), reflected in the
higher PC score from CONCISE, but to different degrees (Figure S7). In particular, a
gradual shift of the probability density distributions of the amide chemical shifts is apparent
going from adenine, adenosine, and ADP up to ATP, indicating that the presence of the
ribose and the increased number of phosphates gradually shifts the conformational
equilibrium toward the kinase closed state. To link the binding thermodynamics of PKls.o4
with the conformational transition, we first compared the free energy of binding of PKl5_o4
under saturating conditions of nucleotide with the PC score (Figure S8) and did not find a
firm correlation. However, a comparison between the free energy of binding for PKl5_4 and
the PC score of the enzyme’s ternary complexes with PKls_o4 (F igure 6B) shows a linear
correlation between the extent of the closed state and the free energy of binding (|R| = 0.95,
Figure 6B), indicating that the degree of cooperativity of substrate binding strongly depends
on the extent of the closed state.

The CONCISE analysis yields insights into the global opening and closing transitions
following only those residues with linear trajectories. Therefore, we followed the chemical
shift trajectories of the lle, Val, and Leu methyl groups. Methyl group chemical shifts also
report on allosteric networks particularly in large proteins (Ruschak and Kay, 2012; Shi and
Kay, 2014; Velyvis and Kay, 2013). Upon ligand binding most of the methyl group
chemical shifts follow predominately linear trajectories along the open to close
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conformational states, reporting on a two state equilibrium in the fast exchange regime
(Figure 4). However, several methyl groups in the PKA-C/ATPyC/PKls5_o4 complex located
near the binding site as well as in distal regions follow non-linear chemical shift trajectories,
with many resonances exhibiting substantial line broadening even at ligand saturation
conditions. These features suggest that ATPyC shifts the enzyme into another
conformational state that is outside the open-to-closed reaction coordinates traceable with
the other nucleotides and that binds substrates with lower affinity.

ATP-competitive inhibitors exhibit positive and negative cooperativity

To understand the allosteric response of commonly used high affinity ATP-competitive
inhibitors, we analyzed the binding cooperativity of H89 and balanol (Table 2 and Figure 5).
H89 is an isoquinoline sulfonamide-based inhibitor designed to achieve higher selectivity
for PKA-C and is commonly used to block PKA-C activity in cells (Chijiwa et al., 1990).
Balanol is a natural occurring small molecule isolated from Verticillium balanoides with
high inhibitory potency for PKC (Kulanthaivel et al., 1993) and PKA-C (Koide et al., 1995).
We found that balanol displays a positive cooperativity (o = 7.0) for PKlg_»4. In contrast,
H89, displays negative binding cooperativity (o = 0.55). Our ITC results reveal that high
affinity ATP-competitive inhibitors can modulate allosteric binding cooperativity in a
manner similar to the nucleotides.

To map the conformational state of PKA-C complexes with H89 or balanol and the pseudo-
substrate PKl5.o4, we used [*H,15N]-TROSY-HSQC experiments and performed similar
analysis (Figure 6). Several residues of the amide backbone followed linear trajectories
along the two-state equilibrium. Several other residues, however, showed marked deviations
from these trends and were excluded from the CONCISE analysis (Figures 6, S7 and S8).
Many of these non-linear trajectories result in the unique chemical environment around each
ligand and not accurately report on the global conformational transition(Selvaratnam et al.,
2012b). The probability distribution curves show that these ternary complexes are only
partially closed and occupy intermediate position in the conformational equilibrium. When
plotted as a function of the degree of binding cooperativity, the ternary complex with H89
falls within the linear correlation, displaying negative cooperativity, while the ternary
complex with balanol, which shows a positive binding cooperativity, deviates from this
relationship (Figure 6B). Although balanol shows cooperativity with pseudo-substrate
binding, it fails to drive the entire enzyme toward a substrate competent state as in the case
of ATP.

Analysis of the crystal structures and the NMR spectral signatures of the binary complexes
with H89 and balanol explain the differences between their cooperative behaviors. The
hydroxybenzophenone moiety together with the ester linkage of balanol form several
hydrogen bonds with residues in the Gly-rich loop, i.e., Val57, Gly55, Phe54, Ser53, and
Gly52, as well as the side chain groups of the conserved ion pair Lys72 and Glu91, and
Asp184 (a residue in the DFG loop), while the bromocinnamoy! group of H89 does not
make such electrostatic interactions (Figure 5C). This electrostatic interactions from balanol
enable the Gly-rich loop to be clamped down and be coupled to the residues in the C-helix
and large lobe. The NMR spectra show that, while both inhibitors caused apparent chemical

Sructure. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 8

shift changes in the small lobe, hinge and C-terminal residues, balanol perturbs the chemical
shifts of the residues in the catalytically important motifs more significantly than H89
(Figures 7 and S9). These residues include Gly186, Ala188 (DFG loop), Thr197 (activation
loop) and GIu203 (residue in the peptide positioning loop which interacts with the P-6 Arg).
This allosteric interaction between the residues in the small lobe and substrate binding site
may be responsible for the observed contrasting cooperativity effect with the two ATP-
competitive inhibitors.

DISCUSSION

Although it has been known that PKA-C exhibits K-type allosteric cooperativity (Kivi et al.,
2014; Masterson et al., 2008), this work illuminates the structural basis for this phenomenon.
The correlation we found between the conformational state of the ternary complex and the
free energy of binding for the pseudo-substrate has many implications for kinase substrate
recognition and function. The nucleotide emerges not only as carrier of the phosphate group
for chemistry at the active site, but also having a structural role for mediating allosteric
binding cooperativity. Importantly, high binding affinity of the substrate and pseudo-
substrate can only be achieved when the appropriate nucleotide brings together the small and
the large lobes, shifting the population of the enzyme toward the intermediate state
(Cembran et al., 2014), pre-organizing the active site such that it is complementary for
substrate binding and enabling the ternary complex to reach a catalytically competent state
(Fersht, 1974; Schramm, 2011). This conformational transition is most closely obtained with
native substrates and ATP, leading to the most favorable free energy of binding. Removal of
the B- and y-phosphate or ribose does significantly alter the nucleotide binding affinity, but
results in an enzyme conformation progressively less complementary for substrate binding.

Interestingly, for both AMP and ATPyC, they did not fall within the linear relationship
between free energy of pseudo-substrate binding and extent of the closed state, showing that
these nucleotides do not exhibit positive K-type cooperativity (Figures 2B and 6). Not only
AMP has a lower binding affinity, but it is also unable to drive the conformation of the
glycine-rich loop in a competent state, abrogating binding cooperativity. Interestingly, the
non-hydrolysable nucleotide mimic ATPyC has a similar effect (Figure 2). Our data could
be explained by comparing the crystal structures of the kinase in the presence of SP20 and
ATPyC (PDB entry 41AC(Gerlits et al., 2013)) with that in complex with PKls_p4 and ATP
(PDB entry 1ATP). Overall, the backbone structures of the two complexes are identical.
However, in the 41AC structure ATPyC does not interact with the backbone amide groups of
Phe54 and Gly55, preventing the glycine-rich loop from closing and resulting in a more
open conformation (Figure S11). Furthermore, in the presence of ATPyC, the second Mg?*
ion adopts a bi-pyramidal coordination geometry rather than the octahedral geometry found
with both ATP and ATPyN (Gerlits et al., 2013). Therefore, the coordination of the metal
ion plays a key role in positioning the yphosphate and the substrate for productive
phosphoryl transfer. Moreover, the chemical shifts of the methyl groups suggest that the
ternary complex PKA-C/ATPyC/PKIls5_4 occupies a different state in the conformational
landscape of the enzyme, with a loss of binding cooperativity for the pseudosubstrate and
complete obliteration of binding for phospholamban. Although all chemical moieties are
important for binding cooperativity, our data underscore the central role of the oxygen atom
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bridging the 3 and y phosphate. Structurally, this atom provides the coordination geometry
for the second Mg2* ion, clamping down the glycine-rich loop and shifting the
conformational equilibria for the formation of a productive ternary complex with substrates.
In fact, the degree of cooperativity is significantly attenuated when nitrogen replaces the
oxygen (ATPyN). The latter was also predicted but not proven in the published work by
Walsh and coworkers (Whitehouse and Walsh, 1983). If the degree of cooperativity is
attenuated by the substitution of the oxygen with nitrogen (ATPyN), it is completely lost
with ATPyC, a widely used non-hydrolysable ATP analog for both kinases and
ATPases(Toyoshima and Mizutani, 2004). In the case of PKA-C, this compound appears to
prevent the formation of a catalytically competent complex with endogenous substrates.

Based on the above considerations, we conclude that the oxygen bridging the 3 and y
phosphate is a hot spot for modulating binding cooperativity. By changing the chemistry
around this hot spot, it is possible to convert a kinase into a completely dead kinase
abrogating both its canonical and non-canonical functions. These results may have important
implications in the design of new inhibitors of kinases. It is possible to anticipate that newly
designed inhibitors may be directed to either the catalytic function (i.e., phosphoryl transfer)
or both catalytic and binding functions. In the former case, the kinase would still function as
a pseudo-kinase preserving its signaling role as scaffolds, anchors, spatial modulators, traps,
and ligand-driven regulators of canonical kinases (Hu et al., 2011; Reiterer et al., 2014). In
fact this case has previously been observed with small molecular inhibitors of RAF kinase,
activating kinase signaling pathways in a dose dependent manner (Hatzivassiliou et al.,
2010; Poulikakos et al., 2010) or in the more recent finding that ATP-competitive inhibitors
can block protein kinase recruitments to the Hsp90-Cdc37 system(Polier et al., 2013). In the
latter case, the kinase would be totally dead and removed from its signaling pathways
(Figure 8). Mutations have been reported to convert active kinases into pseudo-kinases,
preserving their non-catalytic functions (Hu et al., 2013; lyer et al., 2005). In the case of
PKA-C, residual catalytic activity enables yeast to survive(Gibbs and Zoller, 1991). On the
other hand, a catalytically dead PKA-C fails to be autophosphorylated, but it can still bind
ATP as well as the regulatory subunits and is recognized and phosphorylated by PDK-1
(lyer et al., 2005). Another notable case is with a mutation that fuses the C-spine, blocks
ATP binding and allows for dimerization of RAF kinase domains (Hu et al., 2011). ATPyC
renders the kinase dead, abolishing both catalysis and binding of substrates, despite
assembly of the C-spine.

In fact, widely used ATP-competitive inhibitors such as balanol and H89 are able to render
PKA-C a pseudo-kinase and a dead kinase, respectively. Although both inhibitors contain
aromatic rings that intercalate with the C spine residues, balanol possesses several polar
groups that form hydrogen bonds with side-chain groups critical for substrate recognition
and catalysis, including the conserved Lys72 and GIu91 in the active site (Narayana et al.,
1999), the conserved Asp184 in the DFG loop, and the Gly-rich loop. H89 lacks these
hydrophilic groups and the interaction within the binding site is almost exclusively through
hydrophobic contacts. The polar interactions in balanol bring down the Gly-rich loop in a
quasi-competent state. This is further supported by the crystal structure where the Gly-rich
loop in the H89-bound complex is directed away from the catalytic loop, resulting in the loss
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of interaction between the pseudosubstrate and the Gly-rich loop, resulting in a negative
cooperativity. In the committed complex, the movement of the Gly-rich loop coordinated by
the nucleotide corresponds to allosteric rearrangements of the residues in the substrate
binding site (Masterson et al., 2010; Masterson et al., 2008). Interestingly, both balanol and
H89°s electrostatic interactions with the critical Mg2* ion are not observed in the X-ray
structures. Future design of inhibitors exploiting the hot spot for binding cooperativity may
lead to greater control of kinase function in vivo and tune the kinase binding cooperativity.

In a recent work on Src kinase, Foda et al. show a negative binding cooperativity between
ATP and substrates(Foda et al., 2015); while a positive cooperativity was measured for ADP
and phosphorylated substrate. These authors found that the negative cooperativity is
mediated by an allosteric network of contacts initiated by a protonation event occurring at
the DFG loop (Foda et al., 2015). This contrasts the positive K-type binding cooperativity
found for PKA-C (Masterson et al., 2008), where a high degree of cooperativity was
observed for ATP with the endogenous protein kinase inhibitor (PKI), regulatory subunits
(R-subunits), (Herberg and Taylor, 1993) and substrates (Kim et al., 2015a). These findings
suggest that the mechanism for cooperativity is not uniform throughout the kinome and that
cooperativity hot spots may become a target for designing inhibitors able to fine-tune
specific signaling pathways.

In conclusion, our study identifies a hot spot for tuning binding cooperativity and
decoupling canonical and non-canonical functions in kinases, introducing the concept of a
possible higher level of control achievable by high affinity competitive inhibitors. By
modulating the extent of closure of the Gly-rich loop, newly designed kinase inhibitors
would then be able to convert a kinase into a pseudokinase, i.e., creating a scaffold that it is
still involved in signaling, or alternatively, subtract kinases from their signaling pathways
altogether, impairing both enzymatic activity and substrate binding (dead kinases) (Reiterer
etal., 2014; Shaw et al., 2014).

EXPERIMENTAL PROCEDURES

Adenosine 5'-triphosphate (ATP), adenosine 5’-monophosphate (AMP), y-f-
methyleneadenosine 5’-triphosphate (ATPyC), adenine, and N-[2-(p-
bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H89) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Adenosine 5-diphosphate (ADP) and adenosine were
purchased from Research Products International (Mt. Prospect, IL, USA). Adenosine 5'-(B,y-
imido)triphosphate (ATPyN) was purchased from Roche Diagnostics (Indianapolis, IN,
USA). Balanol was purchased from AnalytiCon Discovery, LLC (Rockville, MD, USA).

Sample Preparation

Recombinant catalytic subunit of PKA was expressed in BL21 (DE3) cells as previously
described by Studier(Studier, 2005) at 24 °C. Purification of PKA-C was performed as
previously described using the Hisg-RIla(R213K)(Hemmer et al., 1997) subunit and a
second purification step was performed using the HiTrap SP cation exchange column as
previously described(Chao et al., 2014). The most abundant isoform, corresponding to
phosphorylation at S338, T197 and S10, was used for all experiments. Peptide synthesis was
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performed on a CEM Liberty microwave synthesizer as described previously(Masterson et
al., 2011a). Kinase activity was tested with a gel shift assay and quantified using Aygg =
52060 M~1cm™1,

ITC measurements

All ITC measurements were performed with a Microcal VP-ITC instrument or TA NanolTC
instrument at 300K. Samples were buffer exchanged into 20 mM MOPS, 90 mM KCl, 10
mM DTT, 10 mM MgCl,, 1 mM NaNs, pH 6.5. Approximately 1.7 mL of 11.4-32uM of
PKA-C was used for each experiment and 280 uL of 140-350uM of PKlsg_o4 in the titrant
syringe. For the AMP binding experiment 300 uL of 238uM of PKA-C was used with 50 uL
of 3.3mM of AMP. Final concentration of 2mM of nucleotide was used for nucleotide
saturated experiments and a concentration of 50 uM for the inhibitor saturated experiments.
All experiments were performed in triplicate. The heat of dilution of the ligand to the buffer
was taken into account by measuring the heat of dilution of the ligand to the buffer and was
subtracted from the experiment accordingly. Binding was assumed to be 1:1 and was
analyzed using the NanoAnalyze software (TA instruments New Castle, DE, USA), with the
Wiseman Isotherm(Wiseman et al., 1989):

AIX] ey [1+ 1—(14+)/2— Ry /2
A Xt (2 (R, —2Rn (=) +(141)?)

1/2

where the change of the total complex, d[MX] with respect to the change of the ligand
concentration, d[Xit] is dependent on r, the ratio of the K4 with respect to the total protein
concentration, and Ry, the ratio between the total ligand and total protein concentration. The
free energy of binding was determined using the following:

AG=RTInK,

where R is the universal gas constant and T is the temperature at measurement (300 K). The
entropic contribution to binding was calculated using the following:

TAS=AH-AG

Calculations for the cooperativity constant (o) were calculated as follows:

K

d,Apo

o=
I{d7 nucleotide OT Kd,inhibitor

where Kg apo is the Kg of PKIs_»4 binding to the apo enzyme and Kg nucleotide OF Kd,inhibitor
is the Ky of PKls5_»4 to the nucleotide- or inhibitor-bound enzyme, respectively.
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NMR Experiments

Samples for 13C IVL 15N labeled PKA-C were expressed and purified as previously
described(Chao et al., 2014; Masterson et al., 2008). Effective final sample concentrations
were 0.2-0.25 mM in 20 mM KH,POy4, 90 mM KCI, 10 mM DTT, 10 mM MgCl, 1 mM
NaNs3 at pH 6.5 with 12 mM of nucleotide. Adenosine and adenine lack solubility in
aqueous solution and concentrations of 10 mM and 6mM respectively were used. For ATP-
competitive inhibitors concentrations of 0.8 mM of Balanol and 3 mM of H89 were used.
Samples with ATP and ATPyN were performed with 60 mM MgCl, for MgATP. Additions
of 4, 8, 12, 18, 24, and 32 UL of 4.0 mM of PKl5_p4 were used for a minimum final two fold
molar excess of ligand. NMR assignments on the apo, nucleotide bound (ATPyN) and
ternary (ATPyN and PKls_p4) were carried out on an 850 MHz Bruker Avance |11
spectrometer and described elsewhere (Kim et al., 2015b). 1H-15N TROSY-HSQC
experiments and 1H-13C HMQC experiments for nucleotide-bound PKA-C were carried out
on a Varian Inova 600 MHz spectrometer equipped with a Cold HCN probe operating at 300
K. [*H-1°N] TROSY-HSQC experiments of PKA-C with ATP-competitive inhibitors were
performed on a Bruker Avance 700 MHz spectrometer equipped with a TXI probe.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Linearly between extent of the kinase closed state and cooperativity
Canonical and non-canonical function of the kinases can be uncoupled
Bridging oxygen of ATP is a hot spot for cooperativity

Formation of pseudo-kinase and dead kinase by ATP-competitive inhibitors

Sructure. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kim et al.

Page 18

Y .
v e

g “. 4
E127 E170 Mg 2t=imm=e N171

Adenosine ADP ATPyC

Figure 1. Three-dimensional fold and conformational states of PKA-C
A) Ribbon diagram of the catalytic subunit of protein kinase A (PDB: 1ATP) shown with

the C-spine scaffold (yellow surface), sandwiching the adenine moiety of ATP, and the
peptide fragment of the heat stable protein kinase inhibitor (PKls.o4). B) Overlay of the
glycine-rich loop of the open (PDB: 1J3H), intermediate (PDB:1BKX) and closed (PDB:
1ATP) forms of PKA-C. (C). Electrostatic and hydrophobic contacts with ATP deduced
from the 1ATP structure of PKA-C. (D) Chemical structures of the nucleotide analogues
used in this study.
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Figure 2. Binding cooperativity between nucleotide and pseudo-substrate
A) Two-state heterotropic linkage model for nucleotide and pseudo-substrate binding. B)

Plot of the K of PKls5_»4 to PKA-C in the presence of various nucleotides (See also Figure

S1-3).
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Figure 3. CONCISE analysis of the chemical shift changes with nucleotide
A) [1H,15N]-TROSY-HSQC spectra showing the backbone amide chemical shift changes of

PKA-C saturated with different nucleotides upon binding PKl5_o4 (See also Figure S4-6)
Residues following linear trajectories (blue spheres) plotted on the cartoon representation of
the PKA-C crystal structure (PDB: 1ATP).
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Figure 4. Effects of the ligand binding on the kinase side chains
Methyl-TROSY spectra of 13C methyl-labeled PKA-C saturated with different nucleotides.

Most of the resonances follow linear chemical shift trajectories. Several resonances for
ATPyC do not lay the shared linear trajectory
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Figure 5. Binding cooperativity between ATP-competitive inhibitors and pseudo-substrate
A) ITC isotherms for PKls5_»4 binding to PKA-C saturated with Balanol (left), and H89

(right). B) Plot of the Ky of PKl5_»4 to PKA-C in the presence and absence of ATP-
competitive inhibitors. C) Structure of PKA-C with balanol (PDB:1BX6, orange) and H89
(PDB: 1YDT, blue) with key electrostatic interactions (see also Figure S4-6 and Table S1-
2).
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Figure 6. Chemical Shift Trajectories with Nucleotides and ATP-competitive inhibitors
A) [1H,15N]-TROSY-HSQC spectra showing the backbone amide chemical shift changes of

PKA-C saturated with different ATP-competitive inhibits and nucleotides upon binding
PKls.24. B) Linear correlation between PC1 score and degree of cooperativity of the
aggregate chemical shifts including the ATP-competitive inhibitors (see also Figure S7).
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Figure 7. Chemical Shift Changes in the Active Site
A) [H,15N]-TROSY-HSQC spectra of the backbone chemical shifts of active site residues

in PKA-C. In the ATPyN bound state, many of these resonances experience exchange so
they are unobservable (dotted circle). B) Significant chemical shift changes upon binding of
balanol and H89. Note that balanol induces more significant chemical shift changes in the
active site compared to H89 (see also Figure S7).
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Figure 8. Uncoupling canonical and non-canonical function of kinases
The apo enzyme (blue) displays both disassembled C spine and disengaged Gly-loop.

Binding of non-hydrolyzable ATP analogs or good ATP mimic drug inhibitors (i.e., able to
engage Gly-rich loop via coordination of Mg2* ion) produce a pseudokinase that is unable to
carry out phosphoryl transfer but is able to bind substrates cooperatively (yellow). Binding
of drug inhibitors that are unable to properly coordinate the Mg?* ion to engage the Gly-
loop (i.e., ATPyC, H89, see also Figure S8) obliterates both catalytic and scaffolding
function (dead kinase).

Structure. Author manuscript; available in PMC 2017 March 01.



Page 26

Kim et al.

"3]qeIja4 SS8| 8Je SWa) SY pue HY 8yl pue juiod uondsjsul dieys e aney 1ou op (Z‘TS ainbi4 os[e 89S) swLIBY10s! Buipuig 8y 40 8Wos Jeyl 810N D1 |
WOJJ PauIWLLIBIap ap1103JaNU 3yl YlIM pajeanies aseuly ayl 01 19adsal yum Bulpulqg ¥2-513d Jo satwreuApowlayl pue ‘(o) Aliaieiadood Jo aaibap ‘Aluiye syl

Author Manuscript

T alqel

Author Manuscript

80F/TT- | ¥v€0F06TI- | L000F2L0T- | 0Ov | 61000 7F9T00 div
0S0F 98- | LZ0F2T8T- | 200F6v6- | €5 | 05000F2T0 | NADLY
LE0FYS8- | GE0FL9.T- | €00FeT6- | 62 | £6000F€20 dav
0zZ07692T- | 8T0F2ETe- | 2007¢€98- | 2T 200 F€50 | auisouspy
8TOFETI- | 9TOFEY6I- | T00F008- | €¥ €00FGT auuspy

80°0F /67TT- | L00FLT02- | 200%F0zL- | TT 8T0F LS dNvY
8e0Fer9- | 9€0FT9€T- | 200¥F.T2- | 0T 1Z0FT9 oMLY

890F06VT- | €90F€022- | SO0FvTL- | T 950 F¥'9 ody

(1owyreax) SVL | (lowyreax) HV | (low/fea) ov | o (M) PH

Author Manuscript

Author Manuscript

Sructure. Author manuscript; available in PMC 2017 March 01.



Page 27

Kim et al.

090FG9TT- | 290F9¥8T- | v00FT189- | 260 | S20%2TT | 68H
G9'0 F£8'L- 950 F¥T'9T- | 600F0c8- | 02 | €T0F26°0 | louereg
(lowyreax) svL | (lowyreay) HV | (jow/ea) ov | o (M) Py

¢ ?dlqel

Author Manuscript Author Manuscript

Author Manuscript

*D1| WO paulwisIap
1031qIYul 3ANIRAWO9-d 1 8y YIM pajesnyes aseury ay 0 19adsas yim Buipuiq 7275134 Jo sotwreukpowayy pue ‘() AAiesadood o saibap ‘Aluiye syl

Author Manuscript

Sructure. Author manuscript; available in PMC 2017 March 01.



