JOURNAL OF
JCII vl CHEMICAL INFORMATION
AND MODELING
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

pubs.acs.org/jcim

Capturing Autoinhibited PDK1 Reveals the Linker’s Regulatory Role,
Informing Innovative Inhibitor Design

Liang Xu, Hyunbum Jang, and Ruth Nussinov*

Cite This: J. Chem. Inf. Model. 2024, 64, 7709-7724 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: PDKI1 is crucial for PI3K/AKT/mTOR and Ras/ Mechanism of PDK1 activation

MAPK cancer signaling. It phosphorylates AKT in a PIP;- o _

dependent but S6K, SGK, and RSK kinases in a PIP;-independent ?‘mma'” Kinase domain

manner. Unlike its substrates, its autoinhibited monomeric state
has been unclear, likely due to its low population time, and
phosphorylation in the absence of PIP; has been puzzling too.

bound

—
Here, guided by experimental data, we constructed models and
performed all-atom molecular dynamics simulations. In the g -
autoinhibited PDK1 conformation that resembles autoinhibited "% Membrane Inactive Autoinhibited
=

AKT, binding of the linker between the kinase and PH domains to
the PIF-binding pocket promotes the formation of the Glu'*'-
Lys''" salt bridge and weakens the association of the kinase domain with the PH domain, shifting the population from the
autoinhibited state to states accessible to the membrane and its kinase substrates. The interaction of the substrates” hydrophobic
motif and the PDK1 PIF-binding pocket facilitates the release of the autoinhibition even in the absence of PIP;. Phosphorylation of
the serine-rich motif within the linker further attenuates the association of the PH domain with the kinase domain. These suggest
that while the monomeric autoinhibited state is relatively stable, it can readily shift to its active, catalysis-prone state to
phosphorylate its diverse substrates. Our findings reveal the PDKI activation mechanism and discover the regulatory role of PDK1’s
linker, which lead to two innovative linker-based inhibitor strategies: (i) locking the autoinhibited PDK1 through optimization of the
interactions of AKT inhibitors with the PH domain of PDK1 and (ii) analogs (small molecules or peptidomimetics) that mimic the
linker interactions with the PIF-binding pocket.

H INTRODUCTION developmental disorders, such as macrocephaly,” cardiovas-
The monomeric autoinhibited state of 3-phosphoinositide- cular disease, and acts in insulin resistance 2311_151 type 2 diabetes,
dependent kinase 1 (PDK1) is still unresolved, and neither is inflammatory and autoimmune disorders.” " Its critical role
its release in the absence of lipids. PDKI1 structurally resembles can also be gleaned from the paucity of its mutations, likely
that of AKT (aka. protein kinase B, PKB), and both can since their occurrence, together with its frequent over-
phosphorylate substrates in the presence of signaling expression in cancer,’'* can elicit oncogene induced
phosphoinositide lipids such as phosphatidylinositol (3,4,5)- senescence (OIS). Altogether, PDKI is a cardinal therapeutic
trisphosphate (PIP;) and phosphatidylinositol 4,5-bisphos- target, primarily in cancer.””~'> It harnesses PIP;-dependent
phate (PIP,), although PDKI1 can also phosphorylate and independent catalytic mechanisms, raising the tantalizing
substrates in the absence of PIP;/PIP,. Here we seek to question of how it is able to readily switch and execute both.
reveal its autoinhibited state and understand how it can be The framework of its mechanism is understood,’ and the
released in the presence and absence of PIP;, and especially, modulation of its substrate specificity also elegantly worked
whether its hitherto unknown autoinhibition state could out.'® Yet, despite efforts,"” to date no selective drug in the
inform an innovative drug strategy for this ultraimportant clinics and the vital question of the autoinhibited state, which

protein kinase. As we discuss below, we made significant
strides in all.

PDKI1 serine/threonine kinase is a critical node in the major
PI3K/PDK1/AKT/mTOR cell signaling kinase cascade. It -
phosphorylates AKT and multiple members of the AGC kinase Rec?we‘l: August 1, 2024
family, activating at least 23 downstream protein kinases.' It Revised:  September 24, 2024
also acts in the PI3K-dependent, but AKT-independent Accepted: September 24, 2024
malignancy route with the PDKI1/mTORC2/SGK axis Published: September 30, 2024
substituting for AKT in survival, migration, and growth, and
in homeostasis crosstalk, including Raf/MAPK. It mediates

may help not only in fully elucidating its activation mechanism,
but innovative allosteric drug discovery,'® has not been worked
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out. Here we uncover the hidden autoinhibited PDK1
conformation, leading us to discover the regulatory role of
the linker region, opening a possible new therapeutic window.

PDKI1 exists as a dimer in cells,'” and the one crystal
structure of its isolated Pleckstrin homology (PH) domain
exhibits a dimer interface.”® To date, there is no clear evidence
for the role of dimerization for AKT.”" Crystal structures of
AKT, where the PH domain interacts with the kinase
domain,””™*° raise the question as to whether PDKI
monomeric conformations could also exist in the autoinhibited
state. Since the structure of the PH domain of PDK1 resembles
that of AKT, it is reasonable to assume that PDK1 monomers
may also exhibit such autoinhibited conformations. On the
other hand, the linker and C-terminal region of PDKI are
significantly different from those of AKT. If PDK1 can sample
such autoinhibited states, it is unclear how it concertedly
maintains such conformations through intramolecular inter-
actions between the kinase domain, the PH domain, and the
linker region. Such interactions could stabilize the auto-
inhibited conformations providing a new strategy to allosteric,
ATP-noncompetitive kinase inhibitors discovery that would
capture the monomeric state.'®>°

Here, we explore the monomeric conformational states
associated with the activation of PDK1. Our results, supported
by published experimental data, show that PDK1 can adopt a
relatively stable monomeric autoinhibited conformation
resembling that of AKT. Unexpectedly, we discover that in
this conformation, the linker binds to the PDKl-interacting
fragment (PIF)-binding pocket of the kinase domain and
simultaneously interacts with the PH domain, promoting the
formation of a salt bridge between Glu'** and Lys'"", mitigating
the association between the two domains. Phosphorylation of
the linker Ser*”® further weakens the binding of the PH domain
to the kinase domain. The shift in the population from the
autoinhibited toward the open state suggests a relatively
unstable closed state, with a low kinetic barrier, amenable to
adopting the active, catalysis-prone state, even in the absence
of PIP;. This shift makes PDK1 capable of readily
phosphorylating its multiple substrates through PIP;-depend-
ent and independent mechanisms, which could be a reason
why in cells PDK1 prefers the dimeric state. Population shift is
the paradigm in kinase activation.””**

Our work reveals the “hidden” autoinhibited conformation
of PDK1 and determines the role of the linker in regulating
PDK1 activation, which then offer an innovative potential drug
target. Below, we describe our results and ofter a broad
mechanistic description of PDKI, its autoinhibition states,
activation mechanism, and critically the regulation that we
discovered, all in the framework of other kinases and especially,
AKT, and leading us to propose original drug discovery
approach.

B METHODS

Construction of the Full-Length PDK1 in Auto-
inhibition. The full-length PDK1 structure was predicted by
AlphaFold (Figure S1A).”” However, in this model, the kinase
domain has only few contacts with the PH domain, and almost
no contact with the linker. The radii of gyration of the full-
length (1-556) and truncated (71—556) structures are ~30 A
and ~26 A, respectively. To obtain diverse full-length PDK1
structures including those with the kinase domain interacting
with the PH domain, we used Rosetta protein—protein
docking®™ with the crystal structures of the inactive kinase
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domain (PDB ID: 3NAX)*' and the PH domain (PDB ID:
IW1H).** We modeled the missing residues in the activation
loop of the kinase domain with the cyclic coordinate descent
method and refined by the kinematic closure method using the
Rosetta loop modeling module.”> > We randomly placed the
initial structure of the PH domain ~10 A away from the kinase
domain, and applied the Rosetta global docking protocol as
follows: (i) we randomly perturbed the PH domain with
respect to the kinase domain by 3 A translation and 8° rotation
before the start of each run, (ii) rotated the PH domain around
the kinase domain in each run, and (iii) randomized the
starting positions of the kinase and PH domains in each run to
avoid the effect of the starting positions. We performed three
independent Rosetta docking runs, resulting in a total of
30,000 complexes. We sorted these complexes by their binding
energy score, which represents the effective binding free energy
at the binding interface, selecting the top 8 complexes with the
lowest binding energy scores for further modeling of the full-
length PDK1. We obtained an additional autoinhibited
conformation of PDK1 by superimposing of the crystal
structures of the PDK1 kinase domain and PH domain onto
the corresponding kinase domain and PH domain of the
autoinhibited AKT crystal structure (Figure SIB). At the end,
a total of 9 complexes were ready for constructing the full-
length PDKI.

Next, we used the same Rosetta loop modeling and
refinement methods to model the missing kinase domain
loop residues in the linker region (residues 360—408) between
the kinase and PH domains in the different models. We
selected a linker that satisfies two criteria: (i) the predicted
linker features predominantly random coil structures, and (ii)
has few contacts with both domains. We added the N-terminal
(residues 1—70) and C-terminal tails (residues 550—556) to
each model using the same loop modeling protocols. In
addition, to meet the two criteria for the linker region and
reduce the artifact caused by the interactions of the N-terminal
tail with other domains, we selected N-terminal tail models
with more compact dimensions. We also included a full-length
PDK1 structure predicted by RoseTTAFold,* showing a
different binding pattern between the kinase and PH domains.
In total, we constructed 10 full-length PDK1 models (M1—
M10), with the radius of gyration varying between 25 and 27 A
excluding the N-terminal tail from the calculation (Figure
S2A). We considered these compact conformations candidate
autoinhibited states.

Atomistic Molecular Dynamics (MD) Simulations
Protocols. To explore the conformational dynamics of the
inactive PDK1, we carried out MD simulations of each model
with NAMD 2.14.””°® The simulation protocols were similar
to those used in our previous works.””~** We represented each
PDKI1 structure using the updated and modified version of the
CHARMM36m force field parameters*”** and solved in a
cubic water box filled with TIP3P water molecules. The
minimum distance between protein and the edge of the water
box was 12 A. Each system was neutralized by adding 100 mM
NaCl. The Nosé—Hoover Langevin piston pressure control
and Langevin temperature control were used to maintain the
pressure at 1 atm and the temperature at 310 K.**° Long-
range electrostatics were treated using the Particle Mesh Ewald
(PME) method,”" with the PME grid spacing of 1.0 A and
PME interpolation order of 6. We calculated the van der Waals
interactions using a switching function with a twin cutoff of 10
and 12 A, and applied the SHAKE algorithm to constrain the

https://doi.org/10.1021/acs.jcim.4c01392
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Figure 1. Sequence and crystal structure of PDKI. (A) Sequence of the full-length PDK1. The sequences corresponding to the N-terminal
region, kinase domain, linker, PH domain, and C-terminal region are underlined. The nonpolar, basic, acidic, and polar residues are colored black,
blue, red, and green, respectively. Two motifs, ¥*NYD*” and the equivalent hydrophobic motif 3**FGCM>* are in the linker region. (B) The
crystal structure of the PDK1 kinase domain in the DFG-out conformation (left panel). The PIF-binding pocket is on the kinase surface, formed by
aB-helix, aC-helix, f4-strand, and fS-strand. The crystal structure of the isolated PDK1 PH domain (right panel). The N-lobe and C-lobe of the
kinase domain are colored in blue and cyan, respectively. The aB-helix, @C-helix, #4-strand, and S-strand are colored in yellow.

motion of bonds involving hydrogen atoms.””> We used an
integration time step of 2 fs. Each system was first energy
minimized for 20,000 steps, and then equilibrated in the NVT
ensemble (constant volume and temperature at 310 K) for S ns
with Ca atoms restrained using harmonic restraints. The
production run was performed in the NPT ensemble (constant
pressure at 1 atm and temperature at 310 K) without any
restraints and lasted for at least 1,000 ns. The total simulation
systems are summarized in Table S1, including number of
replica simulations for each system. Since consistent results
were obtained, the following analyses are based on single
trajectory for each system.

B RESULTS

PDK1 Structure and Substrates. PDK1, a member of the
AGC kinase family (PKA, protein kinase A; PKG, protein
kinase G; PKC, protein kinase C), phosphorylates a specific
threonine or serine residue within the activation loop of at least
23 other AGC kinases, including AKT, PKC isoforms, p70
ribosomal S6 kinase (S6K), serum- and glucocorticoid-induced
protein kinase (SGK), and p90 ribosomal protein S6 kinase
(RSK).>’ Full-length human PDK1 comprises 556 amino acids,
including the N-terminal region (residues 1—70), the kinase
domain (71-359), the flexible linker (360—408), the PH
domain (409—549), and the C-terminal tail (550—556)
(Figure 1A). The kinase domain shares the conserved
structural fold as observed in other protein kinases, consisting
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of two, N- and C-lobes (Figure 1B).** The small N-lobe
contains five f-strands and two a-helices, while the large C-
lobe is predominantly a-helical. The ATP-binding site is
located between the two lobes, below the glycine-rich loop
formed between the Pl-strand and f2-strand.”* The PIF-
binding pocket is defined by two a-helices (@B-helix and aC-
helix) and two f-strands (f4-strand and 35-strand).*>*° In the
active conformation of the kinase domain, the aB-helix and
aC-helix are well positioned, and a salt bridge between Glu'¥
in the @C-helix and Lys'!! in the 3-strand is maintained.”**’
Another characteristic feature in the kinase domain is the
conversed **Asp-Phe-Gly**® (DFG) motif, where Asp** is an
important residue for catalysis.’>*® In the active conformation,
Asp®® points to the ATP-binding site (DFG-in conformation),
but along with Phe**, flips ~180° in the inactive state (DFG-
out conformation).” The PH domain is responsible for
recruiting PDK1 to the plasma membrane by interacting with
the signaling phosphoinositide lipids, PIP; and I’IPZ,?’Z’59 and
PDKI monomer—dimer equilibrium.*® Since crystal structures
are only available for individual kinase and PH domains, but
not for the full-length PDKI1, the role of other regions of
PDKI, particularly the linker between the kinase and PH
domains, has not been fully elucidated. Full activation requires
trans-autophosphorylation of Ser**! on the activation loop.’”®!
Autophosphorylation of Thr''* in the PH domain may also
contribute.””*>®* Additional phosphorylation events may
further fine-tune PDK1 activity.”*™®’

https://doi.org/10.1021/acs.jcim.4c01392
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Figure 2. Clustering of autoinhibited PDK1 conformations. Overlay of all simulated configurations with respect to the kinase domain in a
cartoon representation, resulting in clustered locations of the PH domain in a thread representation with different colors (left panel). The best
representative conformations from the top 6 ensemble clusters with different populations (right panels). The kinase domain is colored light green,
the PH domain in different clusters is colored differently, and the linker region is colored cyan. The population of each cluster is shown in
parentheses. Cluster 3 corresponds to the AKT-like autoinhibited conformation.

Among the PDKI1 substrates, only AKT has a PH domain,
which allows it to colocalize with PDK1 at the membrane,
bind, get activated by PIP;, and its activation loop to be
phosphorylated by PDK1 there.®*®” This unique AKT
membrane anchorage requirement among the PDKI substrates
points to its critical role in the PI3K/mTOR pathway. It not
only promotes the positioning of AKT in PDKI physical
adjacency, but permits optimal orientation, producing a
favorable spatial microcluster organization for efficient cell
signaling,”’ suggesting why AKT has been endowed with the
PH domain. Other substrates, such as S6K, SGK, and RSK, do
not possess PH domains, but can bind to the PIF-binding
pocket of PDKI1 through the phosphorylated hydrophobic
motif (HM) in their C-terminal regions, facilitating PDK1
phosphorylation of their activation segments.”®’" A typical
HM contains Phe and Tyr residues that are crucial for the
interactions with the PIF-binding pocket. In the crystal
structure of PDK1 with ATP and PIFtide (PDB ID: 4RRV),
the HM of the bound PIFtide corresponds to the sequence
MFRDFDYIA.”> In contrast to other AGC kinases, PDK1
lacks such HM in its C-terminal region. Instead, a recent study
identified an equivalent HM in the linker (**FGCM*¥) that
could bind to the PIF-binding pocket and promote PDKI1
trans-autophosphorylation. Another **NYD*’ motif in the
linker was also found to promote PDK1 autophosphorylation.
Our study reveals the functional role of the linker, how it
interacts with the PIF-binding pocket of PDKI and exactly
how it mediates PDKI1 activation.

PDK1 Can Adopt Multiple Autoinhibited Conforma-
tions. PDK1 can exist in multiple conformational states.”” It
can form an autoinhibitory homodimer in living cells, but
dissociates into monomers when Thr*'® on the PH domain is
phosphorylated.'” In equilibrium, the monomers are highly
dynamic, jumping between the different conformations.
Distinct monomer conformations can be stabilized by binding
small compounds. However, elucidating the molecular details
of the full-length PDK1 conformation is challenging due to the
low-resolution data obtained by size exclusion chromatography
and small-angle X-ray scattering,16 and the mechanism by
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which full-length PDKI1 becomes activated in the absence of
modulators also remains unclear. To provide the ensembles of
the conformations of PDK1 in autoinhibition, we performed
MD simulations on the ten independent candidate auto-
inhibited PDK1 systems (Table S1). During the simulations,
they mainly maintained their initial configurations, but some
models displayed conformational convergence between differ-
ent configurations (Figure S2B). To cluster the conformational
ensembles, we applied the ensemble clustering method
implemented in Chimera’*”” to the conformations generated
from the simulations of the 10 models. Conformationally
related clusters were generated based on the best pairwise root-
mean-square deviations (RMSDs) between different con-
formations with automatically determined cutoff values in the
clustering.”* The best representative conformations from the
top 6 ensemble clusters indicate absence of dominant clusters
(Figure 2). The populations of the top 6 clusters vary from
15% to 5%, suggesting a highly heterogeneous conformational
space of the autoinhibited PDK1. The PH domain can interact
with both lobes of the kinase domain (clusters 1 and 3), only
the N-lobe (clusters 4 and ), or the C-lobe (clusters 2 and 6).
These interactions may have different outcomes. In cluster 1,
the PH domain interacts with the two lobes of the kinase
domain, which could impair the binding of ATP and substrate.
Depending on the relative position of the PH domain with
respect to the kinase domain, the linker displays distinct
binding preferences. In cluster 3, the linker region primarily
interacts with the N-lobe of the kinase domain. But in cluster
6, the linker region preferentially interacts with the PH
domain. Taken together, the clustering results demonstrate
that the intramolecular interactions between the kinase
domain, the PH domain, and the linker region define the
conformations of the autoinhibited PDKI1 states.

To further characterize the different binding patterns
between the kinase and PH domains, we calculated the
relative probabilities of contacting residues at the binding
interface for all systems. Because surface charge—charge
interactions are important for protein stability,”® we focused
on the analysis of charged interacting residues. We considered

https://doi.org/10.1021/acs.jcim.4c01392
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Figure 3. Key charged residues on the surface of the kinase and PH domains involved in the interdomain interactions of PDK1. Residue—
residue contact probabilities for residues on the surface of (A) the kinase domain and (B) the PH domain, obtained by statistical analysis of all
simulations. Charged residues with a probability >0.5% are labeled. Mapping of those charged residues with a probability >1.0% on the surface of
the kinase domain and the PH domain is also shown. A contact occurs when the Cf atom of a residue (Ca for Gly) in the kinase domain is within
10 A of the Cf3 atom of a residue (Ca for Gly) in the PH domain. The electrostatic interactions between the kinase and PH domains over the large

surface area lead to different autoinhibited conformations.

charged residues on the surface of the kinase domain as
contributing to the PH domain binding, with Lys* showing
the highest probability (Figure 3A). Lys™ is located on the f1-
strand, which forms the glycine-rich loop (G-loop) with the
PB2-strand. Because of its proximity to the ATP-binding site,
Lys® has been considered as an important contact residue for
the development of potent and selective PDKI inhibitors.””
Lys® is also at the binding interface between the kinase and
PH domains (Asp**®) in the conformation of PDK1(77—549)
stabilized by a specific compound.'® We identified two
positively charged motifs “RKKR’® and 'KYIRK'” on the
kinase domain surface, contributing to the association with the
PH domains. RKKR"® is located at the starting sequence of
the kinase domain and connecting to the linker region, and
1KYIRK' on the aD-helix of the C-lobe. Lys’ is the key
residue that forms the phosphate-binding site close to the PIF-
binding pocket,54 and the aD-helix is part of the substrate
binding pocket as observed in the crystal structures of PKA
(PDB ID: 2QCS) and AKT (PDB ID: 4EKK).”*”® Thus,
binding of the PH domain to these regions of the kinase
domain would impair the binding of substrates that dock either
to the PIF-binding pocket or to the canonical substrate binding
site below the ATP-binding site. As expected, we observed
charged residues across the surface of the PH domain (Figure
3B). Lys*” shows the highest contact probability, as it can
establish electrostatic interactions with Asp'’® or Glu® of the
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kinase domain, contributing to the different binding patterns
between the PH and kinase domains. Notably, Lys*’, Lys**,
and Arg>*' have been identified as key players that interact with
phosphoinositides.”” Thus, burial of these charged residues by
interaction with the kinase domain renders the lipid-binding
site in the PH domain inaccessible. Collectively, PDK1 could
exist in multiple autoinhibited conformations primarily due to
distinct surface electrostatic interactions between the kinase
and PH domains.

The Best Representative Model for the Autoinhibited
PDK1. We quantitatively assessed the binding preferences of
the kinase and PH domains in the autoinhibited PDK1 by their
interaction energy, as well as the solvent-accessible surface area
(SASA) of the PH domain. As expected, different clusters have
different buried surfaces, which are less than ~8400 A? for the
free PH domain (PDB ID: 1WIH) (Figure S3A). The
interaction energies between the kinase and PH domains also
vary among these clusters (Figure S3B). The linker interacts
strongly with the kinase domain in clusters 1, 2, and 3, and
with the PH domain in clusters 4 and 6. Cluster 3 is of
particular interest because (i) it shows the largest SASA and
the most favorable domain interactions compared to other
clusters, (ii) it originates from the model that adopted an
AKT-like autoinhibited conformation, and (iii) the linker binds
to the PIF-binding pocket. In the following, we focused on
cluster 3 and examined the structural alterations of the inactive
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Figure 4. Electrostatic interactions contribute to the stability of the AKT-like autoinhibited PDK1 (cluster 3). Contact maps between the
kinase and PH domains (A), between the kinase domain and the linker (B), and between the PH domain and the linker (C) calculated for the
conformations in the AKT-like autoinhibited PDK1 (cluster 3). Snapshots representing the key residue pairs involved in the interdomain
interactions are also shown. The contacting residue pair with a probability >50% is labeled. The underlined residues (Lys’®, Arg"*, Thr'*, and
GIn'*®) correspond to the phosphate-binding site of the kinase domain of PDK1 (PDB ID: 1HIW). $389—S393 denotes the serine-rich motif

38955858393.

kinase domain in response to the interactions with the PH
domain and the binding of the linker. To sufficiently sample
the conformational space of cluster 3, we extended the
corresponding simulation from 1 to 2 us.

To identify the key residues involved in the interdomain
interactions in cluster 3, we calculated the contact maps
between different domains. The higher the contact frequency
(or probability), the stronger the residue—residue interactions.

As shown in Figure 4, the contact map between the kinase and
PH domains reveals that many charged residues in the kinase
domain, including Lysm, Glu'?}, Lysn3, Arglzg, Lys*®, Glu*®,
Arg?%, and Glu*®, are involved in the electrostatic interactions
with the charged residues in the PH domain, including Glu*?,
Lys™S, Arg®®, Glu*3, Arg"*, Lys®S, Glu"’, Arg™!, and Arg™*
(Figure 4A). The most important electrostatic contacts
(probability >50%) are those formed by Glu'>'-Lys*** (94%),
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Lys*5-Glu*® (84%), Glu**-Lys*® (78%), and Lys'*-Glu**
(60%). In addition, less frequent electrostatic contacts
(probability <50%, unlabeled) are made by Lys***-Glu*”’
(35%), Arg'”-Glu®™?® (23%), and Glu**-Arg*’* (23%). The
involvement of these charged residues in the binding interface
defines the high-affinity association of the PH domain with the
kinase domain in this AKT-like autoinhibited PDK1. In cluster
3, the binding of the linker to the PIF-binding pocket in the
kinase domain is unexpected as it was not observed in other
clusters. Clusters 1 and 2 show a relatively strong interaction
between the linker and the kinase domain (Figure S3C), but
the linker interacts with the C-lobe of the kinase domain
(Figure 2). This result suggests that the binding of the linker to
the PIF-binding pocket depends on the relative positions of the
kinase and the PH domains. Since the PIF-binding pocket is in
the hydrophobic groove of the N-lobe of the kinase domain,
the hydrophobic interactions between Phe®® and Ile''®, and
the 7—7 stacking between Phe®®* and Tyr'*® occur with high
probabilities (>90%, Figure 4B). Electrostatic interactions are
also observed between the positively charged residues in the
kinase domain (Lys’®, Arg'®!, and Lys'**) and the negatively
charged residues in the linker region (Asp®®, Asp®’!, and
Asp®””). The most frequent interactions include Lys’5-Asp®”’
(85%), Arg'*'-Asp*™* (71%), and Lys'**-Asp®® (70%). These
interactions further stabilize the binding of the linker to the
PIF-binding pocket. A previous study showed that Lys'*
mutations (K144E and K144A) decrease PIFtide binding.80
In agreement with the experimental result, our result also
highlights Lys'* role in the linker binding. We further identify
the four interacting residues Lys76, Argm, Thr'*®, and GIn!*°
forming the phosphate-binding site that interacts with the
phosphorylated C-terminal HM of PDK1 substrates.”* The
involvement of the linker Asp residues (Asp368, Asp*”!, and
Asp®’) is also consistent with the experimental evidence that
some PDK1 substrates such as PKA, PKC( and PRK2 (protein
kinase C-related kinase-2), which possess an acidic (Glu/Asp)
residue rather than a Ser/Thr in the C-terminal HM, can also
interact with the PIF-binding pocket of PDK1.>® The linker
interacts with the PH domain through its serine-rich region
(*¥SSSSSSHSLSAS*®) (Figure 4C), but no significant specific
electrostatic interactions were identified, indicating a relatively
weak association of the linker with the PH domain.

Binding of the Linker to the PIF-Binding Pocket
Promotes PDK1 Transition to an Active-like Conforma-
tion. To confirm the binding site of the linker, we
superimposed the conformations of the AKT-like autoinhibited
PDKI1 with the crystal structure of the PDK1 kinase domain in
complex with ATP and PIFtide.”* The linker binds to the same
hydrophobic groove formed by the aB-helix, the aC-helix, the
P4-strand, and the fS-strand as the PIFtide in the crystal
structure (Figure SA). In contrast to the active conformation of
the kinase domain, the aB- and aC-helices of inactive PDK1
remain largely unstructured. To further examine the effects of
the linker binding, two hallmark features of protein kinases, the
Lys'"!-Glu' salt bridge and the glycine-rich loop, were
compared with the PDKI1 active state. In the active
conformation of PDK]1, the formation of a salt bridge (<4
A) between Glu"’ in the aC-helix and Lys'"! in the 3-strand,
positions ATP for phosphoryl transfer. The crystal structure of
the inactive state shows ~10 A distance between the two
residues.”’ The AKT-like inactive PDK1 (cluster 3) samples
the active-like conformation with high probability salt bridge
formation (Figure SB). This active-like behavior was observed
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Figure S. Salt bridge formation in the AKT-like autoinhibited
PDKI1 (cluster 3). (A) Superimposition of the PIF-binding pocket
with the crystal structure of PDKI1 kinase domain in complex with
PIFtide (purple, PDB ID: 4RRV). The bound linker in the
autoinhibited PDK1 is shown in red. The dynamic conformations
of the linker in the PIF-binding pocket are also shown. (B) The
probability of the Glu'**-Lys'!! salt bridge formation in different
PDKI1 clusters. This salt bridge is only formed in cluster 3, and the
inset shows an illustration of the formation of this salt bridge. For
comparison, the salt bridge in the active kinase domain is also shown
(white cartoon, PDB ID: 4RRV). (C) Correlation between the
binding of the linker to the PIF-pocket and the formation of the
Glu'*-Lys'"" salt bridge. The center of mass distance between Arg'*’
and Asp®”! is used to characterize the binding of the linker to the PIF-
binding pocket. The dense data points in the black rectangle (12 A x
12 A) suggest that the decrease in the distance between Arg"' and
Asp®”! corresponds to the decrease in the distance between Glu'*® and
Lys'"" (formation of the salt bridge).

130

only in cluster 3. Furthermore, we observed that salt bridge
formation is correlated with the binding of the linker to the
PIF-binding pocket, as indicated by a decrease in the Arg''-
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Asp®! distance as the Lys'"'-Glu'*" distance decreases (Figure
5C).

To further confirm this observation, we performed MD
simulations of N-terminal truncated PDK1(71—556) (with the
linker), and PDKI1(71-556)"U"k" (without the linker).
Excluding the N-terminal tail avoids the effects of its
interactions with other regions. The AKT-like autoinhibited
conformation taken at 1 us from the M1 simulation was used
as the starting conformation for the new simulations
(Figure.S4A). PDK1(71—556) displays the highest probability
at the same distance (3 A) as the full-length PDK1, suggesting
formation of the Lys'''-Glu'® salt bridge (Figure S4B).
However, in PDK1(71—-556)21" where the kinase domain
only interacts with the PH domain, the probability of salt
bridge formation is greatly reduced because the peak is located
at 8 A, indicating an increased Lys''-Glu'*® distance. This
suggests that the binding of the linker to the PIF-binding
pocket promotes the formation of the Lys'"'-Glu"*’ salt bridge.

The glycine-rich loop is located on top of the ATP-binding
site, and mutations of glycine affect the catalytic efficiency of
the protein kinase.” We used the distance between the
glycine-rich loop (residues 90—94) and Asp*® to describe the
kinase domain hinge motion between the two lobes, which can
adopt open and closed conformations of the active site.”” For
PDKI in the active state, the average center of mass distances
between the glycine-rich loop and Asp®® are 14.7 A in the
presence of ATP (PDB ID: 1HIW) and 15.1 A in the presence
of both ATP and the PIFtide (PDB ID: 4RRV). These active
kinase domains states represent the closed state of the active
site. For PDK1 in the inactive state, the corresponding distance
is 14.8 A in the presence of an inhibitor (PDB ID: 3NAX).?!
Simulations of inactive PDKI in the absence of the inhibitor or
ATP enabled us to monitor the hinge motion of the kinase
domain by calculating the distance between the glycine-rich
loop and Asp*® (Figure SS). The inactive apo-kinase domains
appear to retain the closed active site conformation (e.g.,
clusters 1, 2, 3, and 6), but also exhibit the open active site
conformation (e.g., clusters 4 and S). The interaction of the
PH domain with the N-lobe kinase domain appears to lead to
the open conformation as in clusters 4 and S (Figure 2). To
further check whether those clusters undergo hinge motion, we
calculated the distribution of the distance between the glycine-
rich loop and Asp®® in each cluster (Figure 6A). Except for
cluster 2, which shows a bimodal distribution but still within
15 A, the other clusters display unimodal distributions,
suggesting the presence of only one dominant conformational
state and thus no observable hinge motion in the kinase
domain. Cluster 3, the AKT-like autoinhibited PDK1, has the
shortest distance of 11.2 + 0.4 A compared to other clusters.
Superimposition with the crystal structure of the active kinase
domain shows that the glycine-rich loop shifts toward the
ATP-binding site, resulting in steric clashes with the ATP-
binding pocket (Figure 6B), suggesting that loading of ATP is
hindered by the closed active site in autoinhibited PDK1. To
explore the effect of linker binding to the PIF-binding pocket,
we also calculated the distance between the glycine-rich loop
and Asp®® for the two systems, PDKI1(71—-556) and
PDK1(71—556)A"inker (Figure 6C). In the first case, an
increase in the distance of 8% (12.1 + 0.1 A) is observed,
whereas a large increase of 27% (14.2 + 1.0 A) is obtained for
the second, suggesting that the interaction of the linker with
the PIF-binding pocket facilitates the formation of closed
active site conformations in autoinhibition.
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Figure 6. The AKT-like autoinhibited PDKI1 shows a closed
conformation of the ATP binding site. (A) Distribution of the
distance between the center of mass of the glycine-rich loop (G-loop,
residues 90—94) and Asp>® for full-length PDK1 in different clusters.
Cluster 3 displays the shortest distance between the G-loop and
Asp®®, resulting in a closed conformation of the active site. (B)
Comparison of the positions of the G-loop and Asp*® in the
autoinhibited PDK1 (cluster 3) and in the crystal structure after
superimposition of the conformation of the autoinhibited PDKI1
(green) with the crystal structure of the active kinase domain (white,
PDB ID: 4RRV). The conformation of cluster 3 is not accessible to
ATP. (C) Distribution of the distance between the G-loop and Asp*®
for truncated PDKI1. PDKI1(71—556) denotes the N-terminal
truncated PDK1, and PDK1(71—556)1" denotes the deletion of
both the N-terminal tail and linker. The conformation of the full-
length PDK1 at 1 us from the M1 simulation is used as the starting
conformation for both PDKI(71—556) and PDK1(71—556)Aknker,
All PDK1 refers to the AKT-like autoinhibited conformation (cluster
3).
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Effects of the Linker and Phosphorylation on the
Autoinhibited PDK1. The structural changes induced by the
binding of the linker to the PIF-binding pocket in the small
lobe of the kinase domain lead us to ask whether this binding
affects the association of the PH domain with the kinase
domain. This cardinal question bears on the role of the linker
and could have implications for innovative drug discovery. We
calculated the interdomain interaction energies for the
simulations of the AKT-like PDK1(71-556) and PDK1(71—
556)ALnker and compared them with those of full-length PDK1
(Figure 7). In the absence of the N-terminal tail and the linker,
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Figure 7. The presence of the linker or phosphorylation of
$*weakens the interactions between the kinase and the PH
domains. Interdomain interaction energies calculated for the full-
length PDK1 with $*** phosphorylation, N-terminal truncated PDK1,
and N-terminal truncated PDK1 without the linker. For comparison,
the interaction energy of the full-length PDK1 is included. All PDK1
refer to the AKT-like conformation (cluster 3). PDKI1(1—
556)+pS393 denotes the full-length PDK1 with $** phosphorylation.
PDK1(71—556) denotes the N-terminal truncated PDKI, and
PDK1(71-556)2Uk denotes the N-terminal truncated PDKI
without the linker.

the interaction energy between the kinase and PH domains
becomes more favorable (decreased by 26%), suggesting that
the binding of the linker to the PIF-binding pocket actually
destabilizes the association of the kinase domain with the PH
domain. In the presence of the N-terminal tail, the interaction
between the two domains of PDK1(1—556) is more favorable
than that of PDK1(71—556), suggesting that the N-terminal
tail may stabilize the autoinhibited PDK1. The interaction of
the linker with the kinase domain becomes less favorable in
PDK1(1-556) than in PDK1(71—-556), indicating that the N-
terminal tail may also competitively interact with the linker
region and consequently reduce the interaction between the
kinase domain and the linker region. The PH domain interacts
with the serine-rich motif of the linker, including Ser** (Figure
4C). Phosphorylation of Ser* has been shown in vivo, and
mutation of Ser’ to Ala did not affect PDK1 activity.”” To
examine the role of the linker in modulating the autoinhibited
PDK1, we simulated PDK1(1-556) with phosphorylated
Ser’”3. The phosphorylation results in less favorable
interactions between the kinase and PH domains compared
to the wild-type PDK1, suggesting that Ser’” phosphorylation
tends to destabilize the autoinhibited PDK1 and facilitates its
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activation, in agreement with previous study.”* Thus, going
back to our question above, binding of the linker to the PIF-
binding pocket destabilizes the association of the PH domain
with the kinase domain, with PH domain interacting with the
linker’s serine-rich motif. Ser*”*> phosphorylation degrades the
interactions between the kinase and PH domains, further
shifting the landscape toward the active state. As to the N-
terminal tail, its competitive interaction with the linker region
reduces the interaction between the kinase domain and the
linker region, shifting the ensemble toward the closed
autoinhibited state, collectively pointing to the regulatory
role of the linker and its hitherto not understood interplay with
the N-terminal.

B DISCUSSION

AGC Kinase Autoinhibition. Kinase activation requires
release of its autoinhibition.'¥** Many AGC kinases, including
diverse PDK1 downstream substrates, exhibit autoinhibited
conformations in which the substrate binding sites of their
kinase domains are blocked by other domains/regions. Release
from the autoinhibited states is achieved by distinct
mechanisms. In the autoinhibited PKA and PKG, the kinase
domains interact with their respective regulatory domains,
which block substrate binding.83 Activation of these kinases is
triggered by the binding of cAMP or cGMP to their respective
regulatory subunits.”* For PKC, which is cyclic nucleotide-
independent, its regulatory domain contains an autoinhibitory
pseudosubstrate domain that resembles the PKC substrate but
does not contain a serine/threonine phosphorylation site. In
the autoinhibited PKC, the pseudosubstrate domain occupies
the catalytic site, thus activation of PKC requires release of this
autoinhibitory domain from the kinase core.””~" Inactive
RSK1 and RSK2 are in autoinhibited forms in which the C-
terminal inhibitory helix interacts with the kinase core.**® In
autoinhibited S6K, the C-terminal autoinhibitory domain
interacts with the N-terminal kinase domain. Phosphorylation
of the autoinhibitory domain disrupts their interactions.”’ ">
The autoinhibited AKT reveals an interdomain interaction
between its N-terminal PH domain and kinase domain, which
is relieved by C-tail phosphorylation or PIP;.***>°*** In the
proposed structural model of the full-length autoinhibited
AKT, the unphosphorylated C-terminal tail binds to the PIF-
binding pocket of the kinase domain.**

PDK1 Autoinhibition Appears to Resemble That of
AKT. An autoinhibited state of PDK1 has been suggested by
several experiments.”*>”> If PDK1 could adopt the auto-
inhibited conformation as its substrates do, it should likely
resemble that of AKT, as both contain a PH domain. This
work provides structural evidence for the existence of such a
conformation. Compared to other possible autoinhibited
PDK1 conformations, the one constructed based on the
crystal structure of the autoinhibited AKT (cluster 3) shows
the most favorable interaction between the kinase and PH
domains (Figure S3B). This domain interaction involves
multiple strong electrostatic interactions (Figure 4). The
stable association between the two domains is further
supported by our simulation results of the truncated
PDK1(71—556)Akinker containing only the two domains,
which shows an enhanced domain interaction compared to
PDK1(1-556) and PDK1(71-556) (Figure 7). The finding
that the N-terminal tail stabilizes the domain interactions
highlights its functional role in the autoinhibited PDKI.
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independent of PIP;, which needs further investigation.

The Regulatory Role of the Linker. Several PDKI partially autoinhibited PDK1 that is susceptible to ATP
substrates, including S6K, SGK and RSK, require the binding loading and activation. Our studies suggest that the binding of
of their respective C-terminal HM to the PIF-binding pocket the linker to the PIF-binding pocket only partially facilitates

of PDK1 to be phosphorylated at their activation loops.”®”" A the transition from the inactive to the active conformation.
recent study identified an equivalent HM (*FGCM**) as Other structural changes, including the disorder-to-order
well as the **NYD*”” motif from the linker that can promote transition of the aC-helix, may be achieved by the binding

PDKI1 trans-autophosphorylation by the binding of the linker of the phosphorylated HM of the substrate to the PIF-binding
of one protomer to the PIF-binding pocket of opposing pocket of PDKI. A similar HM phosphorylation-promoted

protomer." However, it has been unclear whether the linker conformational changes have been reported for many PDK1
itself can bind to the PIF-binding pocket via self-interaction substrates.”””®”” The second outcome of the binding of the
within a PDK1 protomer. The present work provides clear linker to the PIF-binding pocket is the destabilization of the
evidence that the linker can bind to the PIF-binding pocket of domain interaction. Our results show an increased interaction
the full-length autoinhibited PDK1 (Figure SA). In addition to between the kinase and PH domains in the absence of the
hydrophobic interactions, electrostatic interactions further linker (Figure 7). Thus, the binding of the linker to the PIF-
contribute to the binding of the linker to the PIF-binding binding pocket can allosterically modulate the interactions
pocket (Figure 4). Electrostatic interactions also played an between the kinase and PH domains. Since the PIF-binding
important role in the binding of PIFtide to the HM of (mouse) pocket is the binding site of the C-terminal HM of substrates,
Akt In the autoinhibited PDKI, the binding of the linker to our results suggest that the binding of a substrate’s HM to the
the PIF-binding pocket demonstrates two outcomes. First, it PIF-binding pocket of PDKI1 may also contribute to the
promotes the formation of the salt bridge between Lys''' and activation of PDKI. And such an effect can be potentiated
Glu'* (Figure SB), a characteristic feature of the active kinase when the HM is phosphorylated, as electrostatic interactions
that is critical for catalysis. Earlier studies observed the contribute to its binding (Figure 4). Previous studies have
conformational changes in the ATP-binding site induced by shown that phosphorylated S6K1 and SGKI1 at their HMs
binding of small molecules to the PIF-binding pocket of promote their interactions with the PIF-binding pocket of
PDK1.*%°” The autoinhibited PDKI retains the closed PDK1,* and docking of phosphorylated HM of RSK2 to
conformation of the active site, but also exhibits the open PDKI1 activated PDK1."'” Phosphate-dependent docking site
conformation of the active site (Figure 6A). The latter in PDK1, as shown in the crystal structure (PDB ID:
conformation, which has an exposed active site, refers to a 1H1IW),>* involving residues Lys’®, Arg'®', Thr'*, and
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Figure 9. Proposed strategies for the design of PDKI inhibitors. (A) Inhibitors in the crystal structures of autoinhibited AKT. (B)
Superimposition of autoinhibited AKT conformations. The kinase and PH domains of the AKT (PDB ID: 3096) are shown and colored in orange
and light blue, respectively. Residues interacting with inhibitors are shown in surface and colored based on their types (nonpolar: white; polar:
green; basic: blue; and acidic: red). (C) Sequence alignment of those interacting residues shown in (B) between AKT and PDKI. For clarity, the
nonpolar residues are colored in black. (D) The binding site of those AKT inhibitors in the autoinhibited PDK1. The kinase and PH domains of
PDKI1 are separately superimposed to the kinase and PH domains of the autoinhibited AKT. The interacting residues based on the sequence
alignment in (C) are shown and labeled. The kinase and PH domains of PDKI are also colored in orange and light blue, respectively. (E)
Interaction of the PIFtide *MFRDFDYIA?" with the PIF-binding pocket (PDB ID: 4RRV). The binding of two inhibitors based on the PIFtide are
also shown (PDB IDs: 4RQK and 4RQV). The PIF-binding pocket is shown in surface, and the PIFtide is shown in yellow tube. Residues in the
PIFtide are shown as sticks, with Met' and Ala® labeled. Residues that define the binding site of the inhibitors are labeled and colored according to
their types. The structures of the inhibitors are shown in Table S2. (F) Interaction of the linker segment (*** DDEDCYGNYDNLLSQF**®) with the
PIF-binding pocket. The linker is shown as yellow tube. The binding site of the two inhibitors shown in (E) is obtained by superimposition of the
crystal structures (PDB IDs: 4RQK and 4RQV) with the conformation of PDK1. The first inhibitor binding site, as well as the second potential
binding site, are indicated as dashed lines.

GIn'*’, was also identified to contribute to the binding of the The observation that phosphorylation of the linker Ser*”?
linker to the PIF-binding pocket of PDK1, in good agreement weakens the interaction between the kinase and PH domains
with our results (Figure 4B). further suggests that the population of the autoinhibited PDK1
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is highly context-dependent and could be shifted by multiple
factors (Figure 7), which may explain why experimental
detection of autoinhibited PDK1 remains a challenge. The
clustering results (Figure 2) provide several representative
conformations that the autoinhibited PDK1 could adopt. With
the long flexible linker, PDKI is expected to exist in more
autoinhibited states with various populations. The AKT-like
autoinhibited PDK1, where the linker binds to the PIF-binding
pocket and promotes the activation of PDKI, is consistent with
current experimental evidence on how PDK1 becomes active
and phosphorylates distinct substrates. Single-molecule studies
provided direct evidence for the formation of a membrane-
bound PDKI-AKT heterodimer stabilized by PIF interac-
tions.'”" The activation mechanism proposed here highlights
the autoinhibited PDKI state and the regulatory role of the
linker region (Figure 8). In the cytoplasm, the highly
populated autoinhibited PDK1 is in equilibrium with the less
populated, PH domain-free partially autoinhibited (or partially
activated) states. In the presence of PIP;, the population shifts
toward PH domain accessible states, releasing the auto-
inhibition. In the cytoplasm, PDK1 may interact with scaffold
proteins and phosphorylate diverse substrates, independent of
PID,.

Alternative, Autoinhibition-Based Approaches for
the Challenging PDK1 Drug Discovery. Stabilization of
AKT in the autoinhibited conformation by allosteric inhibitors
has been reported.”””* However, locking PDK1 in the
autoinhibited conformation and impairing membrane recruit-
ment may have been more challenging due to the lack of
mechanistic understanding of the autoinhibited state. Com-
plementing efforts to develop PDK1 inhibitors targeting the
ATP-binding site,'*>'*® PIF-binding pocket,'”*~"" the lipid-
binding site,'"°®* and the DFG-out conformation of
PDK1, """ the present work proposes two potential
strategies for inhibitor design or FDA-approved repurposing
(Figure 9). The first strategy involves modifying/optimizing
inhibitors that lock the AKT in the autoinhibited conforma-
tion. We superimposed the conformations of the autoinhibited
AKT with inhibitors and found that these inhibitors occupy the
same binding site formed by Leu*?, Thr*!!, Leu®®, Lys*®
Val?°—Asp*™, 1e**—Asp>?, Cys**® and Lys® residues in the
kinase domain, and Leu”*~Glu® in the PH domain (Figure
9A-C). We performed sequence alignment and identified
corresponding residues of PDK1 (Figure 9C and Figure S6).
We then superimposed the conformations of the kinase and
PH domains of PDK1 onto the autoinhibited AKT separately
(Figure 9D). We found that these inhibitors interact with
similar or identical residues of the kinase domains, but with
different residues of the PH domains of AKT and PDK1
(Figures 9C and 9D). Optimization of the interactions
between the inhibitors and the PH domain of PDKI1 by
modification of AKT inhibitors appear applicable to the
development of inhibitors that stabilize PDK1 in autoinhibited
states.

The second strategy is to develop novel inhibitors that target
the PIF-binding pocket. The superposition of available crystal
structures of PDK1 with modulators (activators and inhibitors)
bound at the PIF-binding pocket revealed that these small
molecules occupy the same site, roughly defined by residues
Ie!'8, Argm, Thr'®, GIn'*°, and Leu'* (Figure S7 and Table
S2). The detailed interactions between these modulators and
PDK1 are provided in Figure S8. We found that PDKI1
activators interact with both Lys’® and Arg"' simultaneously,
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which resembles the electrostatic interactions between the
linker and PIF-pocket observed in our work. In contrast, PDK1
inhibitors interact exclusively with Arg'*' (Figure S8). Figure
9E shows the binding of two of those inhibitors in the PIF-
binding pocket, which were designed based on the bound
PIFtide ("*"MFRDFDYIA?'),”* with Phe'* and Phe'” occupying
the hydrophobic pocket and Asp'® or Asp'® interacting with
Arg"! of PDKI1. Correspondingly, the inhibitors contain two
aromatic rings and one carboxylic acid moiety (Table S2, PDB
IDs: 4RQK and 4RQV). The interactions between the linker
and the PIF-binding pocket point to a second site, defined by
Lys’S, Thr'*, Arg"', and Lys'* (Figure 9F). The interaction of
linker residue Asp®”” with Arg'*' stabilizes the binding of linker
in the first site, and interactions of Asp*”' with Lys’, and
Asp**® with Lys'** stabilize the binding of linker in the second
PIF-binding pocket site. Of note, Lys'** plays an important
role in the hinge motion of the kinase domain, and Lys'**
mutations decreased the binding of PIFtide.*’

Thus, besides the PIFtide-guided inhibitor design, here we
propose alternative approaches for the design of PDKI1
inhibitor based on the linker interactions: (1) Introduction
of additional carboxylic acid moiety in the structures of existing
inhibitors and optimization of the interactions with the second
binding site, particularly with Lys'*; (2) High-throughput
virtual screening of available drug database directly targeting
the second binding site in the PIF-binding pocket; and (3)
Development of peptidomimetics''> based on the linker
sequence in order to obtain high binding affinity with the
PIF-binding pocket. Of note, the newly designed inhibitors
should avoid interaction with Lys’®, a characteristic interaction
with PDK1 activators.

B CONCLUSIONS

In this work, we elucidate the autoinhibited conformation of
PDKI. With the positioning of the PH domain relative to the
kinase domain resembling that of AKT, the autoinhibited
PDKI1 exhibits unique intramolecular interactions between the
linker and the PIF-binding pocket of the kinase domain, which
promote the characteristic Glu'*%-Lys''" salt bridge and
attenuates the association of the kinase domain with the PH
domain. The binding of the two domains is further weakened
by the phosphorylation of Ser’® in the linker, shifting the
autoinhibited closed state toward conformations with high
binding affinity to the substrate, even in the absence of PIP;.
Substrate binding relieves the autoinhibition. Different PDK1
substrates such as AKT, PKC, SGK, S6K, and RSK can use
their respective hydrophobic motif (HM) to bind to the PIF-
binding pocket of PDKI1 and promote PDKI1 activation.

Taken together, our work suggests that PDKI, like its
downstream substrates, could adopt autoinhibited conforma-
tions. Our work discovers the regulatory role of the linker in
the activation of the full-length PDKI, offers innovative
strategies to linker-guided PDK1 inhibitors design. The shift of
the autoinhibited population toward the active state— even in
the absence of PIP;— suggests how PDKI can phosphorylate
diverse protein kinases.
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