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Abstract
The pseudophosphatase MK-STYX
[MAPK (mitogen-activated protein kinase) phosphoserine/threonine/tyrosine-binding
protein] is an atypical noncatalytically active
MKP (MAPK phosphatase). The DUSP (dualspecificity phosphatase) domain of MK-STYX
lacks critical histidine and cysteine residues in
the active site motif (HCX5R), rendering it
inactive. MK-STYX also contains a CH2
domain (cell division cycle 25 phosphatase
homology 2 domain) interrupted by a KIM
(kinase interacting motif). Unlike the KIM of
its MKP active homologs, MK-STYX lacks the
consecutive arginines necessary to bind MKP
target proteins. Despite this, MK-STYX has
been shown to be a regulator of multiple
pathways such as stress response, apoptosis,
and neurite formation, and has been implicated
in various cancers. Uncovering the
macromolecular structure of MK-STYX is the
key to understanding the atypical domains of
MK-STYX, the mechanisms they use to carry
out their role in signaling pathways and induce
particular phenotypes, and how this differs
from the other MKPs. Determining the
structure of MK-STYX requires a combined
approach of protein crystallography and
bioinformatics. An investigation using
computational approaches revealed that the
lack of consecutive arginines in the KIM of
MK-STYX results in a different predicted
binding pocket compared to that of active
homologs, supporting the idea that MK-STYX
has a unique function.
Introduction
Within each cell, communication is key
to ensuring smooth operation. Nowadays,
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people have many ways to communicate with
their coworkers, friends, and family, to carry
out projects, coordinate plans, and remain
abreast of important events. Similarly, cells
have numerous ways in which they “talk”, both
within the cell and with others, using signaling
pathways1. One important messenger is the
phosphate molecule, which when added
(through phosphorylation) or removed
(through dephosphorylation) from a protein
can change the shape and function of that
protein2. The processes of phosphorylation and
dephosphorylation are highly regulated within
the cell in order to maintain homeostasis. Two
kinds of proteins have the vital job of
maintaining this delicate balance, kinases,
which are responsible for phosphorylation, and
phosphatases, which are responsible for
dephosphorylation2.
While enzymes such as kinases and
phosphatases are essential to proper cell
function, there are also proteins known as
“pseudoenzymes” that play an important
cellular role3. These proteins are catalytically
inactive homologs of enzymes such as: kinases,
phosphatases, proteases, synthetases, etc.
Pseudoenzymes
are
highly
conserved
evolutionarily and an estimated 10% of the
proteins encoded in the human genome are
pseudoenzymes1,4,5. However, their biologic
role remains elusive. While these proteins were
previously thought to be “dead” enzymes with
no unique cellular functions, they are receiving
more attention over the last decade as
researchers uncover new information that
reveals a fascinating and complex area of
study1,3,5–7. One such protein of interest is the
pseudophosphatase
MK-STYX
[MAPK
(mitogen-activated
protein
kinase)1

phosphoserine/threonine/tyrosine-binding
protein], also called DUSP-24 (dual-specificity
protein phosphatase 24) or STYXL1
(Serine/threonine/tyrosine-interacting-like
protein 1)8–10.
MK-STYX is a catalytically inactive
PTP (protein tyrosine phosphatase) and the
only catalytically inactive member of the
mammalian MKP (MAPK phosphatase)
subfamily of DUSPs (dual-specificity
phosphatases)9–11. The main function of MKPs
is to dephosphorylate target kinases,
MAPKs/ERKs (extracellular signal regulated
kinases), in order to regulate MAPK/ERK
signaling pathways12,13. MKPs carry out this
function using two conserved domains, an Nterminal noncatalytic binding domain and a Cterminal catalytic domain (DUSP domain)12.
The
N-terminal
noncatalytic
domain
determines substrate specificity and is
responsible for recognizing and binding the
target MAPK/ERK12–14. The C-terminal
catalytic domain removes a phosphate group
from the MAPK/ERK.
PTPs have a highly conserved signature
active site motif consisting of histidine and
cysteine, followed by any five amino acids, and
then an arginine (HCX5R)15–18. This is the
region of the protein that catalyzes the removal
of a phosphate from the substrate. However,
the active site of MK-STYX has the sequence
FSTQGISR (containing phenylalanine and
serine), which lacks the critical histidine and
cystine residues and renders MK-STYX
catalytically inactive1,9,10. The inactive DUSP
domain in MK-STYX is also referred to as a
“STYX” domain, after the prototypical
pseudophosphatase STYX (serine/threonine/
tyrosine-binding protein), classifying MKSTYX as a STYX domain PTP19–21.
In addition to an atypical C-terminal
catalytic domain, MK-STYX has an atypical
N-terminal domain10. Typical MKPs have a Nterminal noncatalytic domain composed of a
CH2 domain (cell division cycle 25
phosphatase homology 2 domain) interrupted
Hepworth

by a KIM (kinase-interacting motif)12. This
noncatalytic domain is used for substrate
recognition and docking of the target at the
KIM, allowing the DUSP domain to then
remove the phosphate group13. However, MKSTYX lacks the two to three consecutive
arginine residues in its KIM that are necessary
to dock MAPKs/ERKs10,12.

Figure 1: Diagram of the Domains and Key Regions of MK-STYX.
Image created with BioRender.

Figure 1 displays a schematic diagram
of MK-STYX, showing the arrangement of the
N-terminal noncatalytic domain and the Cterminal catalytic domain, along with the
location of key atypical regions within these
domains. Table 1 compares critical sequences
within the KIM and active site of MK-STYX
with those of its active homologs, MKP-1
(DUSP-1) and MKP-3 (DUSP-6)10,13,22.

Table 1: Table Comparing the Sequences of MK-STYX and its
Active Homologs at the KIM and Active Site Motif

Given that the domains of MK-STYX
lack the conserved functions of its active
homologs, it would be easy to assume that MKSTYX has lost its overall protein function.
However, while MK-STYX may not function
in the same way as a typical MKP, it is very
much still a functioning protein with an
important role in cellular pathways. MK-STYX
has been implicated in apoptosis pathways,
stress granule formation, neurite formation,
and as a promoter of oncogenesis and
malignancy in glioma and hepatocellular
carcinoma1,9,23–26.
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In previous studies, MK-STYX has
demonstrated the ability to regulate various
signaling pathways1,10. The overexpression of
MK-STYX in PC-12 cells induced neurite
formation through the RhoA signaling
pathway27–29. A homozygous missense
mutation in the STYXL1 gene leads to a version
of MK-STYX with a P311A mutation, known
as MK-STYXID (intellectual disability), that has been
linked to a family with a history of
developmental delays, intellectual disability,
and early onset epilepsy30. Within the last
couple of years, MK-STYX has been
implicated as a possible regulator in the
oncogenesis pathways of glioma and
hepatocellular carcinoma25,26.
Perhaps the role of MK-STYX that is
best characterized, is its role in stress response
pathways. MK-STYX is a regulator of
apoptotic signaling by inducing stressactivated mitochondrial-dependent apoptosis
by inhibiting the phosphatase PTPM1 (PTP
localized to the mitochondrion 1)1,10,23,24.
Another critical role of MK-STYX in the
cellular stress response is the ability of MKSTYX to reduce stress granules (SGs),
membraneless organelles that form in the
cytosol as a protective response to stressful
physiologic
conditions9,31–34.
SGs
are
untranslated messenger ribonucleoproteins
(mRNPs) that are stalled in the translation
initiation stage of protein synthesis. While SGs
are a protective response to stressful cellular
conditions, SGs that persist in the cytosol,
instead of being properly cleared, become
toxic. Prolonged SGs are linked to
neurodegenerative diseases and certain
cancers31,32. The physiologic conditions that
induce SGs can be both physical and chemical,
including thermal stress, osmotic stress, and
oxidative stress, the latter of which can be
induced by a variety of factors such as sodium
arsenate and even microgravity34–38.
The catalytic activity of MK-STYX
can be experimentally restored by replacing
phenylalanine (position 245) and serine
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(position 246) with histidine and cysteine
residues, respectively, to create a catalytically
active mutant (MK-STYXactive mutant) that has
the PTP active site motif (HCX5R) restored9,39.
Interestingly, MK-STYXactive mutant does not
retain the ability to reduce SGs, both those
induced by G3BP-1 [Ras-GAP (GTPaseactivating protein) SH3 (Src homology 3)
domain-binding protein-1] and endogenous
SGs1,9. Actually, the opposite effect is seen and
MK-STYXactive mutant increases the size of
G3BP-1-induced SGs.
Interest in pseudophosphatases and the
funding of relevant studies has historically
been limited due to misconceptions about the
unimportance of “dead” enzymes10. For this
reason, the mechanisms used by MK-STYX to
induce these effects are not well understood.
An essential step towards elucidating the role
of MK-STYX in stress response pathways is to
determine its macromolecular structure.
Determination of Macromolecular Structures
Experimental Approaches
Determining the macromolecular
structure of a protein is an important step
towards understanding the unique relationship
between structure and function in that
protein13,40. Knowing the structure leads to
uncovering the molecular mechanisms of the
protein. It also allows for the development of
drugs to target the protein if it is involved in
disease pathways. Traditional approaches for
structure determination include: X-ray
crystallography, nuclear magnetic resonance
(NMR) spectroscopy, and electron microscopy
(cryo-EM and 3D-EM). These methods use
different types of experimental data to
determine the overall macromolecular structure
of a protein. X-ray crystallography uses the
data from the X-ray diffraction pattern, NMR
uses the distance between atoms, and EM uses
images of individual molecules41–44.
Full or partial structures have already
been determined for the active homologs of
3

MK-STYX, MKP-140 and MKP-313,22, and for
the prototypical pseudophosphatase STYX45.
The structure of the catalytic domain of MKP1 was determined using X-ray crystallography
and revealed that the protein is able to bind both
phosphorylated tyrosine and threonine side
chains because it has a shallow active site22.
Two partial structures for MKP-3 are known,
that of the C-terminal catalytic domain and of
the N-terminal domain13,40. The structure of the
N-terminal domain, also referred to as the
ERK2 binding (EB) domain, of MKP-3 was
determined using NMR spectroscopy13. The
structure showed that binding of ERK2 is
required for activation of MKP-3 because it
induces a conformational change of the Cterminal catalytic domain, revealing that the
two domains are functionally coupled. MKP-1
and MKP-3 are examples of how elucidating
the macromolecular structure of a protein is a
critical step in understanding the function of
the protein and the novel mechanisms utilized
to carry out its role in cellular pathways.
Computational Approaches
Bioinformatics, defined as “the
application of computational tools to organize,
analyze, understand, visualize and store
information associated with biological
macromolecules”, continues to have an
expanding role within the field of structural
biology46,47 Structural bioinformatics can be
used to generate in silico 3-D models of protein
structures using theoretical predictive
methods48–52. One such approach to generating
predictive protein structures is the I-TASSER
(Iterative Threading ASSEmbly Refinement)
server53–55. This server allows a user to submit
the primary sequence of a protein of interest,
and the server will then predict the structure of
the protein by using structural templates from
the PDB (protein data bank) and iterative
fragment assembly simulations to construct the
full-length protein structure. Computational
tools such as I-TASSER provide a powerful
and valuable resource for determining and
Hepworth

exploring the macromolecular structure of a
protein, even without a known crystal structure.
Objectives
1. Determine the function of the
domains in MK-STYX and how they interact.
2. Uncover the novel mode of action
utilized by MK-STYX in signaling pathways
by comparing the structure of MK-STYX to
MK-STYXactive mutant and also to its active
homologs MKP-1 (DUSP-1) and MKP-3
(DUSP-6).
Materials and Methods
The structure of MK-STYX and its
variants will be determined and investigated
using a combined approach of X-ray
crystallography and bioinformatic tools in
order to: thoroughly understand the
relationship between structure and function of
MK-STYX, how the atypical domains of MKSTYX are linked to the mode of action that
allows MK-STYX to regulate cellular stress
response pathways, and identify the
mechanisms utilized by MK-STYX, beyond
those used by its active homologs.
X-ray Crystallography
The sequences for MK-STYX, MKSTYXactive mutant, truncated versions of MKSTYX (MK-STYXCH2 truncate and MKSTYXDUSP truncate), and MK-STYXID, were each
cloned into a pET28a vector containing a
polyhistidine sequence (His-tag), a kanamycin
resistance gene, and a T7 promoter
(GenScript)56. Competent Escherichia coli
containing a DE3 recombinant phage, which
encodes for the inducible T7 RNA polymerase,
were then transformed with one of the
previously mentioned plasmids and grown
overnight on kanamycin treated LB-agar
plates.
The next day a colony was selected
from the plate and grown overnight in LB
liquid medium in a shaking incubator. On the
following day, the overnight culture was used
4

Approach

Description

Website

I-TASSER (Iterative
Threading ASSEmbly
Refinement)53,54

Server that uses structural templates from the PDB (Protein Data Bank) to generate the top five predicted
models for the structure of a protein and to identify the top ten structural analogs of the predicted protein
structure. Also predicts possible functions of the protein using the protein function database BioLip
(biologically relevant ligand-protein binding database).

https://zhanglab.ccmb.m
ed.umich.edu/ITASSER/

MolProbity57–59

The purpose of MolProbity is to provide all-atom model validation of macromolecular structures. It analyzes
steric hindrance as part of its validation and generates a Ramachandran Plot to show which atom
conformations may be sterically disfavored. Another aspect of MolProbity’s model validation is analyzing Hbonds and van der Waals energy at atom-atom contacts in order to identify disfavored/impossible overlaps.

http://molprobity.bioche
m.duke.edu/index.php

PDB (Protein Data
Bank)43

An archive operated by the RCSB PDB (Research Collaboratory for Structural Bioinformatics PDB) which
catalogs the known 3-D macromolecular structures of proteins, DNA, and RNA.

https://www.rcsb.org/

POCASA (Pocket
Cavity Search
Application)60

Probes the surface of a protein with a rolling sphere probe in order to look for pockets (cavities) to predict the
location and shape of potential ligand binding sites. These binding sites may indicate a biological function for
the protein of interest or a potential drug target.

http://g6altair.sci.hokud
ai.ac.jp/g6/service/pocas
a/

PyMOL Molecular
Graphics System61

PyMOL is a molecular visualization software that allows the user to visualize PDB files as animated 3-D
structures and to manipulate these structures (e.g. through its mutagenesis function) in order to better
investigate them. Can also be used to generate and present interactive molecular models.

https://pymol.org/2/

Table 2: Table of Computational Methods

to inoculate fresh LB liquid medium, ranging
in volume from 3mL to 1L. These subcultures
were incubated with shaking until ready to
induce.
IPTG
(isopropyl
β-D-1thiogalactopyranoside) was added to the
cultures to induce expression of the protein of
interest and then incubated with shaking at a
range of temperatures and for varying durations
in order to find the expression conditions that
were the most favorable.
Afterwards,
the
cultures
were
centrifuged, and the bacterial cell pellets were
lysed. Lysates were processed using Nickle
resin columns to separate out the His-tagged
protein of interest. Protein expression and
solubility was analyzed using Western Blots
with primary antibodies against both MKSTYX (anti-STYXL1) and the His-tag (Hisprobe (H-3)).
Due to the COVID-19 pandemic and
safety concerns related to in-person lab work,
experiments working towards the crystal
structure were suspended temporarily and
resumed in Fall 2020. The time spent working
from home was used to expand on the structural
bioinformatics and computational aspects of
this project in order to facilitate progress on the
objectives. This was done by using I-TASSER
(Iterative Threading ASSEmbly Refinement)
Hepworth

models and other computational methods
(Table 2) to further explore the structure of
MK-STYX and gain insight into its function.
Generating Predictive Structures
The amino acid sequence of MK-STYX
was submitted to the I-TASSER server53–55. ITASSER generated and reported the top five
predicted models of the macromolecular
structure of MK-STYX (Figure 2). The models,
in PDB file format, were used for further
computational analysis.
Binding Pocket Study
MolProbity was used to validate the
five structural models of MK-STYX generated
by I-TASSER and to determine which of the
models was the most sterically favored57–59.
Model 2 was the model with the best
Clashscore and MolProbity score (13.65 and
3.39, respectively). Model 2 was then
submitted to POCASA (Pocket Cavity Search
Application) to identify and map potential
binding pockets on the protein’s surface60. The
crystal structures of the C-terminal catalytic
domain for both MKP-1 and MKP-3 were
downloaded from the PDB (Protein Data Bank)
and submitted to POCASA. Then, the active
sites of MK-STYX, MKP-1, and MKP-3 were
5

visualized in PyMOL with the POCASApredicted binding pockets overlaid the surface
of the respective proteins (Figure 3)61. Using
surface depictions of the protein made it easier
to visualize where the pockets were. They were
then visually inspected for structural
similarities.
Mutagenesis Study
In order to investigate the significance
of the “FS” active site motif in MK-STYX, the
“mutagenesis” function in PyMOL was utilized
to generate MK-STYXactive mutant61. Model 2 of
MK-STYX (wild-type) was mutated with the
following mutations to generate MKSTYXactive mutant, F245H and S246C, this
generated a catalytically active DUSP domain
with the active site motif HCTQGISR. The
newly generated MK-STYXactive mutant was
submitted to POCASA to identify and map
potential binding pockets on the surface of the
protein. Using PyMOL, the model of the
corresponding protein, either MK-STYX or
MK-STYXactive mutant, was overlaid with the
predicted binding pockets generated by
POCASA (Figure 4). The list of identified
pockets, the pocket volume, and the pocket
Volume Depth (VD) values calculated by
POCASA were compared between MK-STYX
and MK-STYXactive mutant to see if the protein
mutagenesis had changed the number or shape
of potential pockets60.
The same process was used to study the
impact of the KIM of MK-STYX lacking
consecutive arginine residues. Using the
PyMOL mutagenesis function, the KIM of
MK-STYX was mutated so that it would have
two consecutive arginines by replacing the
valine at position 53 with an arginine (V53R).
The mutation was done at this particular
position in order to make the KIM of MKSTYX more closely resemble the consensus
motif, and so that the MK-STYX_V53R
mutant has the same arginine arrangement as
MKP-3, the active homolog of MK-STYX
(Table 1). The MK-STYX_V53R mutant was
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then submitted to POCASA to identify and
map potential binding pockets on the surface of
the protein. As mentioned previously, using
PyMOL, the model of the corresponding
protein,
either
MK-STYX
or
MKSTYX_V53R, was overlaid with the predicted
binding pockets generated by POCASA
(Figure 5). The list of identified pockets, the
pocket volume, and the pocket Volume Depth
(VD) values calculated by POCASA were also
compared between the two proteins to see if the
protein mutagenesis had changed the number
or shape of potential pockets.
Results
Figure 2 shows the top five predicted
models of the structure of MK-STYX,
generated by I-TASSER, compared to the
known partial structures of its active homologs,
MKP-1 and MKP-3, and to the known structure
of the prototypical pseudophosphatase STYX.
Ribbon depictions were used in order to show
secondary structures.

Figure 2: Predicted Structures for MK-STYX Compared to Known Structures
of Related Proteins. A) The top five predicted models for the macromolecular
structure of MK-STYX, generated by I-TASSER. B) Structure of the N-terminal
noncatalytic domain of MKP-3. C) Structure of the C-terminal catalytic domain of
MKP-3. D) Structure of the C-terminal catalytic domain of MKP-1. E) Structure of
the prototypical pseudophosphatase STYX.
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Figure 3 shows the structure and
predicted binding pockets of MK-STYX,
MKP-1, and MKP-3 with the active site of each
protein highlighted in cyan blue. The structures
of MKP-1 and MKP-3 show the ligand (sulfate
ion for MKP-1 and chloride ion for MKP-3)
that was bound to the active site pocket of the
respective proteins at the time of
crystallography. Surface depictions were used
to better show topography of the proteins.

predicted binding pockets did not change
between the two proteins.
Figure 5 shows the surface diagrams of
MK-STYX and MK-STYX_V53R overlaid
with the respective predicted binding pockets
in order to inspect for changes to protein
structure or to binding pockets. There was a
noticeable change in the shape of one of the
predicted binding pockets. The region of
interest, including the relevant binding pocket,
is outlined by the dashed-line circle. For the
MK-STYX_V53R mutant (KIM with two
consecutive arginines), the predicted binding
pocket in the region of the additional arginine
residue in position 53 was smaller than that of
MK-STYX (KIM with a single arginine). Also,
the respective volume and VD value of the
binding pocket decreased from 104 and 242 in
MK-STYX (WT) to 89 and 208 in the MKSTYX_V53R mutant.

Figure 3: Comparison of the Active Site of MK-STYX (A) with the Active
Sites of MKP-1 (B) and MKP-3 (C). Shows the surface diagram of each
protein with the active site highlighted in cyan. The small dark “+” marks map
the predicted binding pockets on the surface of the protein. A) Surface diagram
of MK-STYX. B) Surface diagram of MKP-1 bound to a sulfate ion. C) Surface
diagram of MKP-3 bound to a chloride ion.

Figure 4 shows the surface diagrams of
MK-STYX and MK-STYXactive mutant overlaid
with the respective predicted binding pockets
in the area of the active site. No changes to the
structure of the active site were observed.
Additionally, the volume and VD values of the
A)

Figure 4: Structure of the Active Site of MK-STYX (A) and MK-STYXactive
mutant (B). The small dark “+” marks map the predicted binding pockets on the
surface of the protein. A) Surface diagram of MK-STYX (wild-type) with active
site (FSX5R) highlighted in green. B) Surface diagram of MK-STYXactive mutant
with active site (HCX5R) highlighted in cyan.

B)

48ITALRVKKKN57
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Figure 5: Structure of
the KIM of MK-STYX
(A)
and
MKSTYX_V53R mutant
(B). The small dark “+”
marks map the predicted
binding pockets on the
surface of the protein.
The dashed-line circle
outlines the area of
interest. A) Surface
diagram of MK-STYX
(wild-type) with the
valine (V) at position 53
highlighted in pink. B)
Surface diagram of MKSTYX_V53R
mutant
with the arginine (R) at
position 53 highlighted
in orange.
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Discussion
Computational models such as ITASSER have limitations, evidenced by the
obvious variation between the top five
predicted structures of MK-STYX, and that is
why
this
approach
involves
both
bioinformatics and X-ray crystallography. This
combination allows us to evaluate the accuracy
of computational methods of structure
determination and eventually to strengthen the
prediction algorithms once the crystal structure
of MK-STYX has been submitted to the PDB.
It was difficult to compare the active site of
MK-STYX to that of MKP-1 and MKP-3 when
MK-STYX is not bound to a ligand. The
binding of a ligand induces a conformational
change in the active site pocket of MKP-1 and
MKP-3. However, it does seem like MKSTYX has a predicted binding pocket on the
lower edge of the active site where a ligand
could bind, in a similar location to the bound
ligands of MKP-1 and MKP-3. This is
important information for us to keep in mind
during the process of obtaining the crystal
structure of MK-STYX. Furthermore, this will
provide a region of interest to compare between
the predicted structure and crystal structure of
MK-STYX. Once the conformation of MKSTYX when bound to a ligand is determined,
these structures can be revisited.
The mutagenesis study of the MKSTYX active site aligns with the expectation
that pseudophosphatases maintain their 3-D
structure, even though they lack catalytic
function. This indicates that MK-STYX is able
to bind the same substrates in both the wildtype and the active mutant form. The MKSTYX_V53R mutant had its KIM domain
mutated so that it contained consecutive
arginines in the same position as its active
homolog MKP-3. The change in shape and
decrease in volume of the binding pocket on
MK-STYX_V53R provides evidence that the
KIM of MK-STYX may be responsible for
binding a unique set of substrates compared to
typical MKPs, and more specifically to its
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active homolog MKP-3. This is further
supported by the fact that the CH2 domain is
known to regulate the substrate specificity of
MKPs. This is exciting evidence that MKSTYX may use a novel mechanism to regulate
critical signaling pathways, such as stress
response. If this binding site is confirmed by
crystallography, it would be an important step
in developing drugs that target MK-STYX.
In order to confirm these computational
findings, we will continue our work on
determining the crystal structure of MKSTYX. Additionally, the use of combined
bioinformatic and traditional methods for
structure determination, as presented here, will
provide a way to assess how computational
approaches can be used to study other
pseudoenzymes. MK-STYX continues to be
linked to an increasing number of signaling
pathways and human diseases. Determining the
macromolecular structure of MK-STYX is
critical for uncovering the molecular
mechanisms behind these interactions and
observations. Until this is known, it will not be
possible to fully understand these pathways or
find ways to target them in order to treat the
associated diseases.
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