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The Arabidopsis Serine/Threonine Kinase 1 (SIK1) is a Sterile 20 (STE20)/Hippo orthologue that is also cat-
egorized as a Mitogen-Activated Protein Kinase Kinase Kinase Kinase (MAP4K). Like its animal and fungi
orthologues, SIK1 is required for cell cycle exit, cell expansion, polarity establishment, as well as patho-
genic response. The catalytic activity of SIK1, like other MAPKs, is presumably regulated by its phospho-
rylation states. Since no crystal structure for SIK1 has been reported yet, we built structural models for
SIK1 kinase domain in different phosphorylation states with different pocket conformation to see how
this kinase may be regulated. Using computational structural biology methods, we outlined a conduction
path in which a phosphorylation site on the A-loop regulates the catalytic activity of SIK1 by controlling
the closing or opening of the catalytic pocket at the G-loop. Furthermore, with analyses on the dynamic
motions and in vitro kinase assay, we confirmed that three key residues in this conduction path, Lys278,
Glu295, and Arg370, are indeed important for the kinase activity of SIK1. Since these residues are con-
served in all STE20 kinases examined, the regulatory mechanism that we discovered may be common
in STE20 kinases.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Living organisms rely on dynamic signaling networks that often
involve protein kinases to transduce signals and to respond to envi-
ronmental and developmental cues. The mitogen-activated protein
kinase (MAPK) cascades are among themost thoroughly studied path-
ways, with reported functions in cell proliferation, polarity establish-
ment, differentiation, and cell death. A typical MAPK cascade consists
of at least three classes of kinases, including Mitogen-Activated Pro-
tein Kinase (MAPK), MAPK Kinase (MAP2K), and MAPK Kinase Kinase
(MAP3K), forming a kinase cascade [1,2]. In many cases, the MAP3K
can be phosphorylated by the Mitogen-Activated Protein Kinase
Kinase Kinase Kinase (MAP4K), which can also phosphorylate many
other targets outside the MAPK pathway [3–5]. Together with their
diverse sub-cellular distributions, the MAP4Ks are therefore often a
hotspot and hub in MAPK and other signaling pathways.

One example of the versatile MAP4Ks is Hippo/MST1/2, the
STE20 family kinase that serves as the core component of the
Salvador-Warts-Hippo (SWH) pathway, or the Hippo pathway.
Hippo was initially identified in Drosophila genetic screens for tis-
sue overgrowth (‘‘ugly as a Hippo”) [6,7], and MST1/2 was initially
characterized as a Mammalian Sterile Twenty-like (MST) kinase
that responds to severe stresses [8] and characterized later as a
Hippo counterpart in human. The SWH pathway is essentially a
kinase cascade that involves a pair of kinases, Hippo/Mammalian
STE20-like 1 and 2 (MST1/2), and Warts (Wts)/LArge Tumor Sup-
pressor kinases 1/2 (LATS1/2), and a pair of scaffold proteins, Sal-
vador/SAV1, and Mps One Binder 1 (MOB1)/Mats. Downstream to
the kinase cascade are two oncogenic transcriptional co-
activators Yorkie (Yki)/Yes-Associated Protein (YAP)/Transcrip-
tional Activator with PDZ-binding motif (TAZ). Upon activation,
Hpo/MST1/2 kinases form a complex with Salvador (Sav)/SAV1
and phosphorylate and activate the Wts/LATS1/2-MOB1/Mats
complexes. Wts/LATS then phosphorylate Yki/YAP/TAZ, resulting
in their cytoplasmic retention and degradation. When the Hippo
pathway is deactivated, Yki/YAP/TAZ shuttle to the nucleus and
bind to the TEF family transcription factors Scalloped (SD)/Tran-
scriptional Enhanced Associated Domain (TEAD) to initiate tran-
scription that leads to growth, proliferation, and migration. A
paramount of studies have since established the tumor suppressor
roles for Hippo/MST1/2, as well as setting the Hippo pathway at
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the center stage of organ size control and regeneration [9]. Other
MAP4Ks, such as the Ste20 kinase Happyhour (Hppy) and Mis-
shapen (Msn) of Drosophila and their mammalian counterparts
MAP4K1/2/3/5 and MAP4K4/6/7, have been characterized as alter-
native kinases that can phosphorylate Wts/Lats as Hpo/Lats do
[10–13].

In 2015, we firstly reported that the model plant Arabidopsis
thaliana also has a Hippo orthologue [14]. We showed that the Ara-
bidopsis Serine/Threonine Kinase 1 (SIK1) was homologous to
Hippo and MST1/2 in its kinase domain, and that SIK1 could fully
complement the bud site selection and cell cycle exit defects in
ste20D yeast cells. Through a yeast two-hybrid screen, we discov-
ered MOB1A/B, homologues of MOB1/Mats, as SIK1-interacting
partners. Both sik1 and mob1 null mutants were small in size and
exhibited extended longevity. The sik1 mutant was slower in exit
from cell proliferation and entry into cell expansion coupled with
endoreduplication, hence it has smaller, rather than larger leaves
and petals with reduced cell numbers and smaller cells. Recently
we reported that, similar to its metazoan and fungi counterparts,
SIK1 also has roles in the polarity establishment of Arabidopsis,
such as phyllotaxis and root gravitropism [15]. Other studies
revealed a positive role for SIK1 in extracellular ROS burst and
immunity towards pathogenic bacteria [16], and suggested its
involvement in jasmonate–induced gene expression [17]. Although
the studies above have rekindled an old interest on MAP4K func-
tions in plants [18], the lack of any clearly determined structure
of SIK1 limited further investigations on its molecular functions.

SIK1 belongs to the GCK-II subfamily of the STE20-like kinase
(SLK) family [19]. It is homologous to STE20 in the budding yeast,
Hpo in the fruit fly, and MST1/2 in humans, all belong to MAP4K
[20]. Compared with other MAP4Ks, the N-terminal and C-
terminal domains of SIK1 are unique [14]. The N-terminal domain
of SIK1 was cytotoxic to E. coli, hence the full-length kinase could
not be expressed and purified[14]. The C-terminal domain of
SIK1 also lacks homology to other GCKs with known structures.
Luckily, the kinase domain of SIK1 shares high homology with
other Ste20 kinases and MAP4Ks [21,22]. The catalytic activity of
the human MAP4K is known to be controlled by its phosphoryla-
tion states at a site on the ‘‘activation” loop (A-loop). According
to available crystal structures, the phosphorylation sites on A-
loops are Tpo183 for MST1 [23], Tpo180 for MST2 [21], Tpo178
for MST3 [24], Sep602 for PAK5, and Sep560 for PAK6 [25], where
Tpo and Sep are abbreviations for phosphorylated Thr and Ser,
respectively. On the other side of the kinase domain, a Gly-rich
loop (G-loop) is relatively conserved among MSTs, which may
change between relatively ordered and disordered conformations,
just like a ‘‘gate” in front of the catalytic pocket [26]. However,
the molecular mechanism of the phosphorylation on the A-loop
to control the conformation at the G-loop is still unexplained.

Here we proposed an allosteric pathway between the A-loop
and the G-loop based on molecular dynamics simulations on sev-
eral homology models of the kinase domain of SIK1 at different
phosphorylation states. The importance of three key residues on
the path, Lys278, Glu295, and Arg370, were further validated by
in vitro kinase assay. Considering that SIK1 and other STE20-like
kinases are highly conserved in the kinase domain, this allosteric
mechanismmight be shared by other Ste20 kinases, thus providing
clues in the activation and regulation mechanisms of these kinases.
2. Methods and materials

2.1. Homology analysis and molecular modeling

The disordered tendency of full-length SIK1 was predicted by
IUpred [27], which was then confirmed by structure prediction
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using RaptorX [28] and AlphaFold2 [29,30]. Since the N-terminal
and C-terminal domains were predicted to be disordered, only
the kinase domain of SIK1 was used as a target for homology mod-
eling by SWISS-MODEL [31–35]. To search for proper templates,
we used the sequence of aa249-503 that was predicted to be the
kinase domain of SIK1 [14] to do the sequence alignment, with
basic local alignment search for proteins (blastp) targeting on the
protein database (PDB). We used the Clustal Omega [36] for multi-
ple sequence alignment and the result was visualized and analyzed
by Jalview [37]. Five proteins were selected as candidate tem-
plates: MST1 (PDB id: 3COM) and MST3 (PDB id: 3A7J) from the
GCK sub-family of the STE20 kinases, PAK5 (PDB id: 2F57) and
PAK6 (PDB id: 2C30) from the PAK sub-family of the STE20 kinases,
and STK25 (also a GCK) without phosphorylated Thr or Ser (PDB id:
4NZW).

Based on multi sequence alignment and structure comparison
results, two different templates were chosen to build the struc-
tures in different active states and different phosphorylation states.
We chose MST1/2 (PDB id: 3COM.A) [21] as the template of the
active SIK1 with Tpo405. 3COM.A has the lowest E-value among
all blastp results and is the only template with a phosphorylated
Tpo183. Then we chose STK25 (PDB id: 4NZW.B) [38] as the tem-
plate of the inactive SIK1 with non-phosphorylated threonine
(Thr405). 4NZW.B has the fourth-lowest E-value among all blastp
results and has a ‘‘closed” catalytic site with ATP blocked by the
G-loop. Thus we considered 3COM.A and 4NZW.B appropriate tem-
plates for modeling the activated and inactivated structures of
SIK1, respectively. The sequence identity between SIK1 and the
two templates are 42.9% and 47.8%, respectively, in the kinase
domain.

The ATP-binding model was built by superposition of another
Ste20 like kinase, Hematopoietic progenitor kinase-1 (HPK1, PDB
id: 6CQD.A) [39] that contains ANP-Mg2+-Mg2+ in its catalytic
pocket, with the active model of SIK1 kinase. And the N atom of
ANP was modified to O atom, so as to transfer ANP into ATP.
Because of the high similarity between the catalytic pockets of
these two structures, the binding pose and shape of ATP-Mg2+-
Mg2+ in this artificial model is more reasonable than directly dock-
ing ATP into the pocket.

2.2. Molecular dynamic simulation and data analysis

Four initial structures were built from the homology models
above and modified at the residue 405 with different phosphoryla-
tion states if necessary (Table 1). All trajectories were calculated by
Amber 14 package [40] with the ff03CMAP force field [41], a bal-
anced force field for folded/intrinsically-disordered proteins and
the TIP4P-Ew model for water molecules [42]. In those protein sys-
tems containing Tpo, we added parameters from Forcefield_PTM
[43,44]. Counterions (Na+/Cl�) were added to neutralize the sys-
tems, which were then solvated in a truncated octahedron box of
TIP4P-Ew water molecules with a buffer of 12 Å. All systems were
relaxed for 6000 steps with the steepest descent minimization and
3000 steps with the conjugate gradient minimization, and were
then heated for 20 ps and equilibrated for 20 ps in the constant-
pressure and constant-temperature (NPT) ensemble at a tempera-
ture of 298.15 K under standard atmospheric pressure. The cova-
lent bonds with hydrogen atoms were constrained using the
SHAKE algorithm [45], and the electrostatic interactions were cal-
culated using the particle mesh Ewald (PME) method [46] with a
cutoff of 8 Å. Lennard-Jones interactions were truncated at 8 Å.
The temperature coupling was controlled using a Berendsen ther-
mostat, and pressure coupling was controlled using a Berendsen
barostat [47]. To accelerate the molecular dynamic (MD) simula-
tions, the CUDA version of PMEMD was used [48]. Each initial
structure was simulated three times with different random seeds,



Table 1
The models of MD simulations.

Model Template Phosphorylation states Residue at aa405 Initial Pocket Equilibrated pocket

I 3COM.A Phosphorylated Tpo Open Open
II 3COM.A Non-phosphorylated Thr Open Close
III 4NZW.B Phosphorylated Tpo Close Open
IV 4NZW.B Non-phosphorylated Thr Close Close

The model based on 3COM.A with Tpo405 (model I) and the model based on 4NZW.B with Thr405 (model IV) are kinases in the active state or the inactive state, respectively.
Then Tpo405 of model Iwas modified into Thr (model II) to observe the conformational changes when the dephosphorylation transfers SIK1 into the inactive state. Vice versa,
Thr405 of model IV was phosphorylated in model III, so as to observe possible activation by this phosphorylation.
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with each trajectory simulated for 500 ns. CPPTRAJ [49] was used
to process all MD trajectories and calculate root mean square
deviation (RMSD), two-dimensional RMSD, root mean square
fluctuation (RMSF), distances, and dihedral parameters. Conformer
clustering was performed with Kclust [50], using Ca RMSD as
reference with the cut-off as 2.5 Å.

2.3. Dynamics network and allosteric conduct pathway analysis

Dynamical fluctuation correlation network is constructed from
the atomic fluctuation covariance matrix, as Eq. 1 [51–54]:

Cxy ¼ Drx
!ðtÞ � Dry

!ðtÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Drx
!ðtÞ2 � Dry

!ðtÞ2
q ð1Þ

where displacement of node x is computed respect to its time aver-
age as Eq. 2:

Drx
!ðtÞ ¼ rx

!ðtÞ � Drx
!ðtÞ

D E
ð2Þ

where �h i is the time average of node x. Here every amino acid is
defined as one node. An edge between two nodes is defined if they
are not covalently bonded but are with heavy atoms closer than
4.5 Å over 75% of sampling time. The strength of the edge is defined
as the absolute value of the covariance matrix element (Cxy) as com-
puted in Eq (1). The number of connected edges at each node is
defined as the degree of the node. The relative correlation-
weighted degree of the node, which indicates the importance of
the node, is defined as the ratio of the total strength of all edges
connected to the node over the total strengths of all nodes. It was
used to calculate the dynamic cross-correlation matrix (DCCM)
and was used for the community analysis. The DCCM analysis
unveiled the relationships between residues and distinct regions
by quantifying their relative motion. Positive values indicate that
two residues are moving in the same direction, whereas negative
values indicate the opposite.

The Floyd-Warshall algorithm [55] was used to calculate the
shortest pathways between each pair of nodes in the networks.
By calculating all shortest paths between each pair of residues,
the times that a single edge was passed was defined as the edge
betweenness. It can be used to represent the importance of each
edge in information flow. Based on the edge betweenness, the net-
works were clustered into communities with the Girvan-Newman
algorithm [56]. All scripts used for calculation are from earlier
works [57,58].

2.4. Recombinant protein purification and in vitro kinase assay

Since the N-terminal region and thus the full-length SIK1 is
toxic to E. coli, we used the N-terminal truncated SIK1, SIK1DN
with amino acids 221–836 for in vitro kinase assay. SIK1DNK278A,
SIK1DNE295A, SIK1DNH369A, SIK1DNR370A, and SIK1DNK373A variants
were generated by site-directed mutagenesis. Genes encoding
SIK1DN and the 5 variants were sub-cloned into PET30 vector with
N-terminal His-MBP tag. All primers used are listed in Table S2.
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The plasmids were transformed into E.coli for protein expression.
Protein expression were induced by addition of 0.25 mM IPTG to
a 100 mL culture at OD600 = 1.2, followed by incubation at 16 �C
for 13 h. In general, 16 �C is preferred over 37 �C for proper folding
of recombinant protein in E. coli [59,60]. Bacteria were then har-
vested and resuspended in binding buffer (50 mM Tris, 0.5 M NaCl,
pH8.0). Subsequently, cell lysates were centrifuged at 15,000 rpm
and proteins in supernatant were incubated with Ni-NTA Beads
at 4 �C for 4 h. Proteins were eluted with 1 mL elution buffer
(50 mM Tris, 0.5 M NaCl, 0.5 mM Imidazole, pH8.0). 200 ng of puri-
fied protein were added to 30 lL reaction buffer containing 2 mM
HEPES, 30 mM NaCl, 2 mM MgCl2, and 0.5 mM ATPcS. The reaction
was carried out at 30� C for 1 h. Then 1.5 lL of 50 mM PNBM was
added and alkylation was proceeded at 30 �C for 1 h. When the
reaction is completed, each sample was mixed with sodium dode-
cyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) load-
ing buffer and analyzed by western blotting.

For western blotting, Mouse anti-MBP (1:5000 dilution; Uti-
Body, China), Rabbit anti-Thiophosphate ester (1:5000; Abcam,
USA), and the appropriate IgG-HRP conjugated secondary antibody
(1:5000; ZSGB-Bio, China) were used. The signal was developed
using High-sensitivity ECL chemiluminescence detection kit
(Vazyme, China) and chemiluminescence was detected using a
chemiluminescent Western Blot scanner (ChemiScope 6100T,
Clinx, China). Quantifications were performed with ImageJ
(https://imagej.nih.gov/) and normalized to the anti-MBP signal.
3. Results and discussions

3.1. Homology analysis and molecular modeling

For the full-length SIK1, the disordered tendency predicted by
IUpred and the three-dimensional structures predicted by RaptorX
and AlphaFold2 all indicate that only the residues numbered from
249 to 503 tend to form an ordered structure, which may be
exactly the kinase domain, while most of the N-terminal and C-
terminal domains are highly disordered (Fig. S1). Therefore, the
MD simulations and structural analyses here mainly focus on the
kinase domain of SIK1.

We selected five STE20 kinase family members with reported
crystal structures for a comparison with SIK1 of their phosphoryla-
tion sites and phosphorylation states (Fig. 1A). The overall struc-
tures are well conserved among all 5 STE20 kinases, suggesting a
similar catalytic regulatory mechanism (Fig. 1B-C). Although the
phosphorylation sites corresponding to Thr405 in SIK1 are not
identical, they are all serines or threonines. As far as we know, it
is always threonine in all MSTs. Another difference on the phos-
phorylation site is that, in all the crystal structures compared, only
Thr178 of 4NZW is in the non-phosphorylated state and deviates
from those phosphorylated sites of the other four structures. The
detailed multi-sequence alignment is shown in Fig. S2. The align-
ment showed that only the kinase domains are relatively con-
served among the MAP4Ks, particularly around the catalytic sites
Asp371 and Asp389, the ATP binding site Lys278, the phosphoryla-
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Fig. 1. Comparison between STE20 like kinases. (A) Only the kinase domains are conserved among MST1, MST3, PAK5, PAK6, STK25 and SIK1. According to multi-sequence
alignment, STE20 like kinases have conserved phosphorylation sites (some are phosphothreonines while some are phosphoserine). It is reasonable to suppose that Thr405 is a
phosphorylation site of SIK1. The detailed multi-sequence alignment result is shown in Fig. S2. (B) The ‘‘activation” loops (A-loop, aa398-408) and Gly-rich loops (G-loop,
aa253-264) are conserved among these five homology proteins[26]. (C) A surface model of MST1 (3COM.A), with the A-loop in blue, the G-loop in green, the catalytic site in
red. The residues of the phosphorylation site, the catalytic pocket and the ATP binding site shown in sticks. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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tion site Thr405 on the A-loop [21], and the Gly-rich loop region
(G-loop) including Gly256, Gly258 and Gly261 of SIK1. By compar-
ing a phosphorylated structure 3COM and the non-phosphorylated
structure 4NZW (Fig. S3), we noticed that the structure of the G-
loop may be a critical factor in determining the catalytic activation
of STE20 kinases. In the non-phosphorylated structure (4NZW.B),
the G-loop is unfolded at the entry of the catalytic pocket, blocking
ATP from entering. In contrast, in a phosphorylated kinase (3COM.
A), the G-loop forms a b-hairpin structure, leaving the catalytic
pocket open, so that ATP can quickly enter the catalytic site.

Using 3COM.A and 4NZW.B as templates, we built two three-
dimensional models for the kinase domain of SIK1. When compar-
ing the two models, we noticed that the orientation of the residue
Lys257 could best reflect the conformational change in the G-loop
and may play a role in the regulation of the catalysis of SIK1. The
model based on 3COM (in green) has the phosphorylated residue
Tpo405 (Fig. 2). At the same time, its G-loop forms a b-hairpin
structure that is somewhat stabilized by the salt bridge between
the side chains of Lys257 and Glu254. In this model, the entry of
the catalytic site is fully open for ligand binding, thus it is called
‘‘the active model” hereafter. On the opposite, ‘‘the inactive mod-
el”, shown in blue, has no phosphate group on Thr405 and the
entry of its catalytic pocket is blocked by the unfolded G-loop,
where the sidechain of Lys257 sticking out toward Asp334 to form
a salt bridge. This model based on 4NZW may represent a non-
phosphorylated and inactive state of SIK1. Similar to the phospho-
rylation site, the site of Lys257 of SIK1 is not fully conserved among
MAP4Ks, but they are all charged residues with long side chains
(Lys in SIK1, STK25, and MST3; Glu in MST1, PAK5, and PAK6)
(Fig. S2). The flexibility of the A-loop and the G-loop in the 3D
space might be the reason to allow the different amino acids at
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the phosphorylation site and the regulation site to achieve similar
function, respectively. For example, no matter the phosphorylated
residue is serine or threonine, its phosphoryl group always forms
strong double hydrogen bond with a nearby arginine, which corre-
sponds to Tpo405 and Arg370 in SIK1 (to be discussed below). At
the same time, the salt bridge between Lys257 and Glu254 stabiliz-
ing the G-loop in the active SIK1 is also observed in the structure of
PAK6, where Glu415 and Lys412 forms a salt bridge in the inversed
orientation (see Fig. S4). At the same time, the residue Asp334 of
SIK1 on the opposite side of the entry is fully conserved in all these
kinases. It may provide electrostatic interactions with other posi-
tively charged residue on the G-loop once it is relatively unfolded,
such as the partially conserved lysines three sites ahead of Lys257.
In summary, although not strictly conserved as the catalytic resi-
dues in the active site, Thr405 and Lys257 of SIK1 on the flexible
A-loop and G-loop may still exhibit some regulation function com-
mon in the STE20-like kinases. Therefore, we chose Thr/Tpo405
and Lys257 as the terminal residues for further allosteric pathway
analysis, as discussed below.

From these two models, we modified the phosphorylation
states at the residue 405 and obtained four initial structures in
total for further MD simulations, as summarized in Table 1, so as
to compare and observe how the phosphorylation states can affect
the dynamic conformations of the SIK1 kinase domain and finally
affect its activity.

3.2. MD simulations

We ran 500 ns simulations for each model, which is relatively
enough for conformational equilibration in model I and model IV,
and enough to observe the conformational changes in model II



Fig. 2. The structure comparison between two SIK1 kinase homology models with different phosphorylation states. The blue one is based on 4NZW while the green one is
based on 3COM. The carbon atoms of the side chains are colored same as the backbone while other heavy atoms colored by elements. (A) The difference in the orientation of
the G-loop and the long side-chain of residue Lys257. (B) The global comparison between the two models. (C) The difference in the A-loop and the phosphorylation site
Thr405/Tpo405. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and model III. As suggested by the RMSD results (Fig. S5), all four
systems reached equilibrium. Consistent with our hypothesis, the
model I and IV were stable and keep their pockets open or closed,
respectively. In contrast, with the phosphorylation states inversed,
the model II and III experienced important conformational
changes, especially in the G-loop region, making the catalytic
pocket closed or open, respectively.

Whether the pocket is open or closed is reflected by the differ-
ent distributions of two selected distances. The first distance is the
distance between the side-chain N atom of Lys257 on the G-loop
and the gamma carbon atom of Asp371, one of the catalytic resi-
dues on the other side of the bottom of the catalytic pocket. The
other distance we chose is the distance between the side-chain N
atom of Lys257 and the gamma carbon atom of Asp334, a residue
on the edge of the other side of the catalytic pocket at the entry.
The two distances and their distributions are shown in Fig. 3.
Although the results of the trajectories from different initial
homology models (I & II versus III & IV) may not be compared
directly, comparison between the distributions in the models
based on the same homology model (I versus II, and III versus
IV) could still suggest a shift of opening probability when the phos-
phorylation state is changed on the A-loop, which may also mean
different chance for ATP to enter the catalytic pocket and thus
change the catalytic activity.

As Fig. 3 suggested, the active model from 3COM.A with phos-
phorylation at Tpo405 (model I) tend to keep the catalytic pocket
open while the one with non-phosphorylated Thr405 (model II)
may close its catalytic pocket and transfer into the inactive state
during the 500 ns simulations. The different conformations are
compared by representative structures from the clustering results
of MD simulations (Fig. 4). Oppositely, the inactive model from
4NZW.B tends to have the catalytic pocket open or keep it closed
when the residue 405 is phosphorylated (model III) or dephospho-
rylated (model IV), respectively (Fig. 5). These two figures together
show that the phosphorylation of the A-loop is the critical factor
that determines the conformation of the G-loop and the orienta-
tion of the side chain of the key residue Lys257, which determines
the opening probability of the catalytic pocket and thus the activity
of SIK1. The RMSD and RMSF analysis of the trajectories are also
shown in Fig. S5 and Fig. S6, which are consistent with the conclu-
sions from the representative structures above.

3.3. Community analysis

From the MD simulations, we found enormous dynamic
motions in the domain of the G-loop to open or close the catalytic
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pocket upon phosphorylation or de-phosphorylation on the A-loop,
respectively. To search for important domains coupled with these
conformational changes, dynamic cross-correlation matrix (DCCM)
were constructed from the trajectories stable at the active state
(model I) and the inactive state (model IV) (Fig. S7), from which
the residual DCCM was calculated for the active SIK1 kinase
domain versus the inactive SIK1 kinase domain (Fig. 6). According
to the residual DCCM map, the correlations between the A-loop
and aG, the A-loop and the catalytic sites, as well as the G-loop
and aC increased in the phosphorylated SIK1 kinase domain, where
the latter two changes may be related to the allosteric regulation of
the activity of SIK1 as discussed in section 3.2 above.

From these matrices, we generated the community networks of
the stable models I and IV, i.e. the active SIK1 (phosphorylated) and
inactive SIK1 (non-phosphorylated) for comparison (Table S1).
Residues within the cut-off distance of 4.5 Å for at least 75% of
the MD trajectories were categorized into the same community,
which could be regarded as a synergistic functional unit within
the protein structure. In Fig. 7, residues within the same commu-
nity were illustrated with identical colors, and further simplified
to colored circles connected by sticks, whose thicknesses are pro-
portional to the maximum edge betweenness of the two connected
communities. In both networks of SIK1 kinase domain, the com-
munity A, B, and C mainly consist of the b-sheet domain together
with the G-loop, the bottom of the catalytic pocket, and part of
the A-loop, respectively. The community I mainly cover the small
helix aC that consists one side of the catalytic pocket together with
the communities A and G, while the community B and D consist of
the other side of the pocket and also part of the a-bundle domain.
But the core of the a bundle domain is mainly supported by the
helix aG, which is part of the community J in both networks.

Obviously, the community networks are quite different in the
active and the inactive states. There are ten communities in the
former but only nine in the latter, mainly because the more flexible
a-bundle domain in the active state is divided into smaller com-
munities, and the connections with the core community J are all
weaken. Instead of associated with J, the community C of phospho-
rylated SIK1 is directly connected with community B, consistent
with the stronger interaction between the A-loop and the catalytic
pocket as suggested in the residual DCCM. Another obvious differ-
ence is around the b-sheet domain. The stronger connections
between the communities A, B, G and I all suggest more compact
packing around the b-sheet domain, including the formation of a
b-hairpin at the G-loop. At the same time, the thickness of the con-
nection between the communities A and D is lowered, possibly
because the pocket entry is more open and the folded G-loop loses



Fig. 3. The opening of the catalytic pocket in the MD trajectories of the four models. The two distances monitored are illustrated in (A), whose distributions are summarized
in (B-E) with the units in angstrom. (B) The initially active and phosphorylated model keeps open (model I). The two distances are relatively concentrated in the larger region
of 25 Å, indicating more space for ATP to enter. (C) The initially active but non-phosphorylated model turns to be relatively dispersed around 20 Å, suggesting the pocket turn
to be more closed (model II). (D) The initially closed but phosphorylated model turns more open (model III). Although part of the frames still have the distance K257 to D334
around 5 Å, there are a number of samples with much longer distances, compared with the samples in (E) the initially closed and non-phosphorylated model. In the trajectory
of the latter, the distance from K257 to D334 is highly concentrated at 5 Å, indicating that the pocket keeps closed (model IV).

Fig. 4. The MD simulations and clustering results of the initially active model. (A) The initial structure with open catalytic pocket (middle) turns closed in the non-
phosphorylated model (model II, top) and keeps open in the phosphorylated model (model I, bottom). The representative structures were obtained by k-means clustering
from the last 300 ns of the 500 ns trajectories, with an RMSD cut-off of 2.5 Å. (B) The structure details of the non-phosphorylated model. The pocket is partially occupied by
the G-loop in this structure, representing its inactivity. The Lys257 lies horizontally at the entry of the catalytic pocket, leading to the steric effects preventing ATP from
entering the active site. This cluster accounts for 71.9% of the selected part of trajectory. (C) The structure details of the phosphorylated model. The pocket is obviously open in
this structure, representing its activity. The Lys257 lies vertically in front of the catalytic pocket, allowing the ATP to enter. Due to the relatively big cut-off of the clustering
(2.5 Å), all the frames were clustered into one cluster, which still indicates that the structure of the G-loop is more stable in phosphorylated SIK1 at the same clustering cut-
off.
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Fig. 5. The MD simulations and clustering results of the initially inactive model. (A) The initial structure with closed catalytic pocket (middle) keeps closed in the non-
phosphorylated model (model IV, top) and turns open in the phosphorylated model (model III, bottom). The representative structures are the most populated clusters
obtained by k-means clustering from the last 300 ns of the 500 ns trajectory, with an RMSD cut-off of 2.5 Å. (B) The structure details of the top cluster that accounts for 23.9%
of the last 300 ns trajectories of the non-phosphorylated model. The pocket is blocked by the G-loop in this structure, suggesting its inactivity. The Lys257 lies horizontally at
the entry of the catalytic pocket, leading to the steric effects preventing the ATP from entering. (C) The structure details of the top cluster that accounts for 61.9% of the last
300 ns trajectories of the non-phosphorylated model. The pocket is open in this structure. The Lys257 lies vertically at the entry of the catalytic pocket, allowing the ATP to
enter.
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its possible interaction with Asp334 in the non-phosphorylated
SIK1.

3.4. Allosteric pathways

The shortest path algorithm, Floyd-Warshall’s Algorithm was
used to calculate the shortest paths (SP) communicating the A-
loop and the G-loop, choosing Thr405/Tpo405 (the phosphoryla-
tion site on the A-loop) as the beginning residue and Lys257 (at
the entry of the catalytic pocket) as the ending residue. The short-
est correlation paths of phosphorylated kinase and non-
phosphorylated kinase are compared in Fig. 8.

The first difference between the two shortest paths is at the
upstream between the phosphorylation site and Arg370. The path
of the phosphorylated kinase lacks Ile407 and Tyr409 between
Tpo405 and Arg370, because the phosphate on Tpo405 can directly
interact with the guanidine group of Arg370. Oppositely, Thr405 in
the non-phosphorylated kinase has almost no interaction with
Arg370, as observed in the MD simulations and the DCCM map.
The second divergence between the two paths is between Arg370
and Lys278. Lys278 is the ATP binding site of SIK1, which corre-
sponds to Lys59 in MST1 [21]. In the phosphorylated kinase, the
communication is through the interaction between the guanidine
of Arg370 and the backbone carbonyl of Val390, the backbone
amino group of Phe390 and the carboxyl of Glu295, as well as
the salt bridge between the side chains of Glu295 and Lys278.
On the other side, the non-phosphorylated kinase replaces the lat-
ter two interactions with only the salt bridge between Asp389 and
Lys278. One of the beneficial effects of the bypass through Glu295
is to release the side chain of Asp389, which is one of the critical
374
catalytic residues. At the downstream of both two paths, on the
b-sheet domain Lys278 interacts with Val263 through backbone
H-bonds and then influence Leu255 and Lys257 on the G-loop
(Fig. 8).

In summary, the shortest path in the active SIK1 kinase sug-
gested the side chains of Lys278, Glu295 and Arg370 play impor-
tant roles in the communication from the phosphorylation site
Tpo405 on the A-loop to the G-loop at the entry of the catalytic
pocket. Interestingly, it is noticeable that all these three residues
are totally conserved, even more conserved than the phosphoryla-
tion site 405 and the G-loop in the multi-sequence alignment
among all compared MAP4Ks (Fig. S2). Among the three residues,
Lys278 has been long recognized as critical to ATP binding [21],
whereas the roles of Glu295 and Arg370 are often neglected before.
Although it was mentioned that the salt bridge between Lys278
and Glu295 can only be found in the crystal structures of phospho-
rylated MAP4Ks [26] but not in the non-phosphorylated ones, its
role to the catalysis had not been explained. Here, the scenario of
the two allosteric pathways changed from the inactive to the active
SIK1 kinase may perfectly explain the critical function of the fully
conserved Glu295 and Arg370 in activation of STE20-like MAP4Ks.

3.5. In vitro kinase assay

To gain more insights of the distinct functions of the key resi-
dues in the allosteric path, especially the binding of ATP in the
active state, we built a ATP-binding model of the kinase domain
of SIK1 with ATP superposed into the catalytic pocket, and the
key residues around the catalytic site Asp371 and Asp389 were
examined (Fig. 9A). In this model, both Lys278 and Glu295 are irre-



Fig. 6. The residual DCCMmatrix of the active SIK1 kinase domain versus the inactive SIK1 kinase domain. The collaborations between the G-loop and aC and between the A-
loop and the catalytic sites are enhanced, which may be directly related to the regulation of the catalytic activity. Meanwhile, the correlation between the A-loop and aG
increased as well.

Fig. 7. Map of community network of (A-C) the active and (D-F) the inactive SIK1 kinase domain. Each community was represented by a circle in different colors, with its
radius proportional to the number of residues in it, which are list in Table S1. Inter-community connection was visualized by stick, the thickness of which was proportional to
the maximum edge betweenness of the two connected communities.
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Fig. 8. Comparison between the two shortest correlation paths in SIK1 kinase domain in the different phosphorylation states. The structures of the phosphorylated (A) and
non-phosphorylated (D) kinase domains are also shown beside. The starting residues (Tpo405 and Thr405) are colored in blue, same as the backbone of A-loop in the
structures. Similarly, the downstream residues on the G-loop as well as the backbone of the G-loop are colored in green. Two key residues (Arg370 and Glu295) validated by
kinase assay are in red. (B) The detailed interactions (in yellow) around one of the critical residues Arg370 (in red) in the allosteric pathway of active SIK1. (C) The detailed
interactions (in yellow) around another key residues Glu295 (in red) in the allosteric pathway of active SIK1. (E) The detailed interactions (in yellow) around Arg370 (in red)
in the pathway of inactive SIK1. (F) The detailed interactions (in yellow) around the mid-stream of the pathway of inactive SIK1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

J. Mu, J. Zhou, Q. Gong et al. Computational and Structural Biotechnology Journal 20 (2022) 368–379
placeable to conduct the allosteric effect from the A-loop to the G-
loop to activate SIK1, as well as to attract the negative groups of
Asp389 and ATP together. The salt bridges and hydrogen bonds
from the highly conserved, positively charged residues His369
and Lys373 could be essential in fixing the catalytic residues
Asp389 and Asp371 in their active positions. Lastly, the positive
guanidine of Arg370 may help connecting the phosphate on
Tpo405 to the allosteric path.

To confirm the importance of these key residues, in vitro kinase
assay was performed. We purified recombinant SIK1DN and its
mutants, K278A, E295A, H369A, R370A, and K373A from E. coli.
The kinase activities were evaluated by analyzing autophosphory-
lation using an antibody-labeled assay, of which results are shown
376
in Fig. 9B-C. Clearly, the SIK1DN protein could autophosphorylate
itself, while SIK1DNK278A, SIK1DNE295A, SIK1DNH369A, and
SIK1DNK373A completely lost the autophosphorylation activity.
The autophosphorylation activity of SIK1DNR370A was significantly
reduced. The essential function of Lys278, Glu295, His369, and
Lys373, and the important function of Arg370 were therefore all
validated by the kinase assay.

4. Conclusions

Although many crystal structures of human MAP4Ks have been
reported, the details of dynamic changes in conformation remained
elusive. In this study, we outlined an allosteric regulation pathway



Fig. 9. Kinase activities of SIK1DN protein and its mutants. (A) The model with ATP-Mg2+-Mg2+ superposed in the catalytic pocket of SIK1 kinase domain. The key residues
(green) around the catalytic residues (cyan) are highlighted. (B) Recombinant His-MBP-SIK1DN and five mutated versions of His-MBP-SIK1DN were expressed and purified
from E. coli. The in vitro kinase assay was initiated by adding ATPcS along with ATP to the indicated recombinant proteins. Autophosphorylation was tested by an anti-
Thiophosphate ester antibody that specifically recognizes ATPcS (upper panel), while the recombinant proteins were blotted with mouse monoclonal antibody to MBP tag
(bottom panel). Similar results were obtained from three biological replicates. (C) Quantification of relative kinase activity from the grayscales in (A). The relative grayscale of
SIK1DN protein in the upper panel versus that in the lower panel was set to 1. The autophosphorylation of SIK1DNE295A was not detected whereas the autophosphorylation of
SIK1DNR370A was greatly reduced. The autophosphorylation of SIK1DNK278A, SIK1DNH369A, and SIK1DNK373A were not detected. ****indicates p < 0.0001 in paired Student’s t-
test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in SIK1 by molecular dynamic simulations and dynamic cross-
correlation matrix analyses, which could be summarized into three
points:

Firstly, SIK1 is activated by phosphorylation on the A-loop
through conformational changes in the G-loop that open the
catalytic pocket. From Fig. 3, we can see that the phosphorylation
of the A-loop greatly improves the probability of pocket opening,
which means that ATP would more likely enter the catalytic pocket
and interact with catalytic sites (Asp371 and Asp389). As shown in
Figs. 4 and 5, the opening of the pocket upon the phosphorylation
mainly comes from the folding of the G-loop at the entry, while in
the non-phosphorylation state the G-loop becomes so flexible that
Lys257 could block the entry.

Secondly, an allosteric pathway coordinates the phosphory-
lation site and the entry of the catalytic pocket. Based on the
residual DCCMmap in Fig. 6, we calculated the network communi-
ties in Fig. 7 to illustrate the global structural changes upon phos-
phorylation, as well as the shortest paths in Fig. 8, which
demonstrated the key roles of the residues Lys278, Glu295, and
Arg370 in the allosteric regulation pathway from the phosphory-
lated Tpo405 on the A-loop to Lys257 on the G-loop, which was
confirmed by experimental results from the in vitro kinase assay
in Fig. 9. Unlike the long recognized key residue Lys278 (also vali-
dated in the kinase assay), these two residues have not been fully
discussed in previous studies, although they are highly conserved
in both sequence and structure of all MAP4Ks compared here.

Thirdly, some key residues with relatively conserved func-
tion in the 3D structure may not be conserved in the primary
sequences, especially when they are on a flexible loop instead of
377
in the rigid catalytic pocket. Unlike His369 and Lys373 which
may interact with the catalytic residues, or Lys278 and Glu295
which may affect ATP binding in the deep catalytic pocket, the ter-
minal residues Thr405 and Lys257 of the allosteric pathway are not
fully conserved in all the STE20-family kinases. Similarly, the
importance of not fully conserved residues was reported in the
activation of coagulation factor X [61]. Therefore, only searching
for key residues according to conservations in high throughput
sequence alignment may not be enough. To develop more tools
involving three-dimensional structural information of the target
proteins might be necessary, especially in the post-AlphaFold
decade.

Considering that SIK1 and other STE20-family kinases are
highly conserved in the kinase domain, the allosteric mechanism
described here is likely shared by other STE20 kinases. The key
residues reported in this study could serve as potential allosteric
drug targets or protein design hotspots not only on SIK1 for plant
biomass production and yield formation, but also on other MSTs
for organ repair and cancer research.
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