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Protein phosphorylation and dephosphorylation play import-
ant roles in intracellular communication.' C-terminal domain
(CTD) small phosphatase 1 (CTDSP1), previously known as
small CTD phosphatase 1 (SCP1), is an enzyme that pref-
erentially dephosphorylates serine residues in the CTD of RNA
polymerase II (RNAPII)? CTDSP1 catalyzes the dephosphoryla-
tion of the fifth phosphorylated serine of Y1S;P3T4SsPsS7in
the RNAPII CTD.?> CTD small phosphatase 2 (CTDSP2),
previously known as small CTD phosphatase 2 (SCP2), and
CTD small phosphatase like 1 (CTDSPL1), previously known
as small CTD phosphatase 3 (SCP3), have a similar sequence
and structure to CTDSP1.* CTD small phosphatases (CTDSPs)
have been documented as neuronal development regulators
by silencing neuronal genes.’ Recent studies suggest that
cell division cycle associated 3 (CdcA3)°® and receptor-reg-
ulated SMADs (R-SMADs)"® can be dephosphorylated by
CTDSPs, and that CTDSPs are involved in cell cycle reg-
ulation and differentiation.

Undifferentiated embryonic cell transcription factor 1 (Utf1),
which is specifically expressed in two pluripotent cell lines
(mouse embryonic carcinoma cells and mouse embryonic
stem cells), is a key player in embryonic cell development
and cell fate determination.” Interestingly, Utf1 is a Euthe-
rian-specific pluripotency marker.'® Utfl is a chromatin-
associated protein with repressor activity and is also involved
embryonic stem (ES) cell differentiation.'’ A recent study
proposed that Utf] prevents excessive inhibition of bivalent
genes by blocking polycomb repressive complex 2 (PRC2)
binding and subsequent silencing via Histone 3 (H3) lysine
27 trimethylation. The same study also proposes that Utf1
fine-tunes bivalent gene expression by tagging newly tran-
scribed mRNAs in the nucleus for cytoplasmic degrada-
tion. Therefore, Utf1 acts as an epigenetic and translation-
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modulating factor, and contributes to regulation of plurip-
otency.'? In recent studies, the role of Utfl in cervical carci-
noma and carcinogenesis was defined."* Two phosphoproteomics
studies of human embryonic stem cells reported that Utf1
could be phosphorylated during their differentiation.'*!3
Utf1 has five phosphorylated serine and threonine residues:
S18, T35, S42, S54, and S245. The roles of these phos-
phorylations might be related to regulation of Utfl-binding to
target proteins or nucleic acids. Additional investigation to
reveal the biological roles of these phosphorylations is
necessary to understand Utf1’s role in ES cell differenti-
ation. Furthermore, studies describing how these phosphorylated
residues are dephosphorylated are indispensable to ascer-
tain how Utf1 is regulated.

The 3-dimensional structures of CTDSP1 (e.g., PDB ID:
2GHT, 2GHQ, 1TA0),*'* CTDSP2 (PDB ID: 2Q5E),"” and
CTDSPLI1 (PDB ID: 2HHL)" have been solved by X-ray
crystallography. The X-ray crystal structures of a dominant-
negative form of human CTDSP1 bound to mono- and di-
phosphorylated peptides (PDB ID: 2GHQ and 2GHT) encom-
passing the CTD heptad repeat in RNAPII (Y1S:P3T4SsP6S7)
identified the residues in CTDSP1 involved in CTD bind-
ing and its preferential dephosphorylation of p.Ser5 of the
CTD heptad repeat. Based upon this crystallization study,
the PX(pS/T)P sequence was selected as a specific substrate
motif for catalysis by CTDSP1. We have used this motif to
search protein sequence databases. We selected Utf1 as a
candidate because both CTDSP1 and Utf1 localize to the
nucleus. In this study, we examined Utf1 as a potential sub-
strate of CTDSP1 by using steady-state kinetics, molecular
docking studies, and immunoprecipitation pull-down assays.

Initially, we searched proteins homologous to Utf1 in the
National Center for Biotechnology Information (NCBI)
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database. We found five sequences of Utfl proteins in Euar-
chontoglires (accession numbers in supplementary infor-
mation) and used these sequences to explore conservation
of the phosphorylated serine or threonine residues among
Utfl homologs. We aligned the five sequences using T-
Coffee. The multiple sequence alignment showed that two
regions of Utfl are highly conserved in Euarchontoglires
(Fig. S1). Most of the phosphorylated serine or threonine
residues of Utf1 are also conserved among the homologs.
The sequences near S18 are similar between Homo sapiens
Utfl and Macaca mulatta Utfl-like, but show little sim-
ilarity to Mus musculus Utf1, Rattus norvegicus Utf1, and
Eptesicus fuscus Utf1-like. The sequence similarity is observed
in the sequences near T35, S42, and S245. Interestingly,
the sequences near S54 are quite similar among five Utf1
homologs. Therefore, we hypothesized that the biological
function of phosphorylation and dephosphorylation of S54
might be conserved in Euarchontoglires.

We analyzed the protein sequence of human Utf1 using
data from previous reports.”!3!° Utf1 has 341 amino acids
and contains a Myb/SANT-like DNA-binding domain (amino
acids 94-134) and a leucine zipper motif (amino acids 279-310)
(Fig. 1A). The DNA-binding domain controls the inter-
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Figure 1. (A) A schematic diagram of human Utfl with delim-
ited domains. The selected sites of phosphorylation are marked.
(B) Comparison of synthesized phosphopeptides selected from
human Utfl with CTD sequence.

action of Utfl with DNA,’ and leucine-zipper is required
for activation of activating transcription factor 2 (ATF2)
through its binding to the N-terminal residues of ATF2.>!8
We checked the Human Protein Reference Database (HPRD)
for reports of phosphorylated Utf1 residues, and found that
it has five phosphorylated residues (S18, T35, S42, S54,
and S245) (Fig. 1A). Phosphorylation and dephosphoryla-
tion of these sites might be involved in DNA binding and in
the activation of ATF2 by human Utfl. These phosphor-
ylation sites could be located within unstructured regions
of human Utf1."®!” We noted that the five-residue sequence
in Utf1 is similar to the phosphorylated RNAPII CTD sequence.
They both contain the PX(pS/T)P motif (Fig. 1B), although
there are different amino acids positions 1, 2, 4, and 7 of the
RNAPII CTD heptad repeat. Therefore, we decided to charac-
terize the steady-state kinetics of CTDSP1 against these five
phosphopeptides derived from human Utfl.

The five Utfl-derived phosphopeptides were synthe-
sized by a commercial supplier. They are named S18, T35,
S42, S54, S245, and CTD. Their sequences are summa-
rized in Table S1. We characterized steady-state kinetics of
CTDSP1 against these five synthesized phosphopeptides
(Fig. S2). Initially, we optimized the reaction conditions for
steady-state kinetics. The CTD phosphopeptide (YSPTSPSYSPT-
pSPS) was used as a positive control. The kinetic values of
phosphopeptides are summarized in Table 1.

Among five phosphopeptides, the phosphopeptide S54
had the lowest K, value (0.197 = 0.010 mM) and highest
kew value (5.539 +0.173 s7'), which were comparable to the
values (K., 0.222 £ 0.021 mM; kear, 4.128 £ 0.345 s7!) of
the CTD phosphopeptide. The phosphopeptide S245 had
asimilar K, value (0.228 £ 0.031 mM) to that of CTD phospho-
peptide, but a lower k.. value (2.246 + 0.094 s™') than that
of CTD phosphopeptide. The phosphopeptides S42 and S18
had much higher K, values (3.675 + 0.857 mM, 1.058 + 0.176
mM, respectively) and much lower k. values (0.898 +0.051 s,
0.443 £0.058 s, respectively) than did CTD phosphopeptide.
Interestingly, we were unable to measure the activity of CTD-
SP1 against the phosphopeptide T35 under steady-state

Table 1. Steady-state kinetic characterization of CTDSP1 against Utf1-derived phosphopeptides

K, (mM)* kear (57 kead K (s 'mM1)*
S18 1.058 £0.176 0.443 + 0.058 0.420+0.016
T35 ND? ND? ND?
S42 3.675 +0.857 0.898 = 0.051 0.254 +0.023
S54 0.197 +0.010 5.539+0.173 28.113 +0.759
S245 0.228 + 0.031 2.246 + 0.094 9.946 + 1.019
CTD 0.222 +0.021 4.128 +0.345 18.603 + 0.965

“The data represent the average value of three independent measurements + S.D. °ND, not detectable.
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conditions, even though it has the PX(pS/T)P motif. The
phosphopeptide S54 had the highest k../K,, value (28.113
£0.759 s mM™). The specificity of CTDSP1 for the S54
phosphopeptide was comparable to that of CTD phospho-
peptide (18.603 + 0.965 s'mM™") and ~7 times greater than
that of the next most reactive phosphopeptide, S245 (9.946
+1.019 s'mM™). These results suggest that CTDSP1 might
dephosphorylate at least one of phosphorylated residues of
human Utf1, and that the most likely phosphorylated res-
idue is S54.

We examined binding modes to understand different
activities between six phosphopeptides from structural aspects
through molecular docking protocols. We selected final poses
of each phosphopeptide based on the binding conformation
of the peptide in the crystal structure (2GHQ).? Consider-
ing the core interaction and the direction of the phospho-
peptide chain (N-terminal to C-terminal), the best poses
were chosen from SwissDock for CTD, S18, S54, and
S245 and from GOLD for T35 and S42 (Fig. 2). The core

hﬁman SCP1

interactions between all the phosphopeptides and the
CTDSP1 binding groove show similar patterns when com-
pared to the previously reported structures,’ except for T35.
The binding of the N- and C-terminal regions of the phospho-
peptides indicated the presence of variable conformations.
These observations agree with a previous study” that reported
disorder in the end regions due to high flexibility. The coordi-
nation of the Pro; of CTD phosphopeptide in a hydropho-
bic pocket formed by Phe106, Val118, Ile120, Val127, and
Leul55 of CTDSP1 is important for phospho-CTD rec-
ognition of CTDSP1.? We carefully observed the coordi-
nation of Pro in the PX(S/T)P sequence of the phosphopeptides
S18,T35, 542, S54, and S245 in the hydrophobic pocket of
CTDSP1. We found that Pro of S54 was located in the
hydrophobic pocket, but the Pro of S18, T35, S42, and S245
was outside the hydrophobic pocket. This observation agrees
with our steady-state kinetic data. However, the molecular
docking study did not explain the order of specificity con-
stants of S18, T35, S42, and S245. We acknowledge that

(B) S18, (C) T35, (D) S42, (E) S54, and (F) S245 are represented as cyan, green, purple, orange, yellow, and pink stick models, respec-
tively. Key residues and Mg?" ion are shown as gray-stick and green-sphere models.
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Figure 3. Coimmunoprecipitation with anti-V5 antibody using total
lysates of co-transfected HeLa cells with pPCDNA-CTDSP1-V5-
His and pCMV-Utf1-Myc-DDK. 1. Immunoprecipitate with control
HeLa cell, 2. Immunoprecipitate with co-transfected HeLa cell.

structural investigation is necessary to address this. Thus,
we are performing a structural investigation to further define
the interaction between the Utf1-dervied phosphopeptides
and CTDSPI1.

We next checked the interaction of human CTDSP1 and
Utfl in cells by immunoprecipitation pull-down assay. After
co-transfection of CTDSP1 and Utfl in HeLa cells, we
attempted to detect an interaction. We found that Utf1 was
present in the immunoprecipitates of CTDSP1 (Fig. 3), but
that CTDSP1 was not identified in immunoprecipitates of
Utf1. Thus, we are planning to observe cellular interaction
of CTDSP1 and Utf1 using active site mutants of CTD-
SP1, because the active site mutants of a protein phosphatase
might be useful for the interaction study. We acknowledge
that cell biological observation is necessary to confirm the
dephosphorylation of Utf1 by CTDSPs in vivo. We are planning
to observe the dephosphorylation through several approaches,
including a knock-down assay.

In this study, we investigated if Utfl is a substrate of
CTDSPs by sequence alignment, steady-state kinetics,
molecular docking, and co-immunoprecipitation. Here, we
have documented conservation of the phosphorylated site
at S54 among Utf1 proteins in Euarchontoglires, kinetic
specificity of CTDSP1 toward the phosphorylated site at S54,
and proper coordination of the Pro residue corresponding
to Pros in CTD heptad repeat in phosphopeptide of S54.
Therefore, one of CTDSPs could dephosphorylate one (S54)
of the phosphorylated sites in Utf1 proteins. Taken together,
our data suggest that Utf1 is a potential substrate of CTDSPs.

EXPERIMENTAL

Preparation and Purification of Human Recombinant
CTDSP1

An E. coli plasmid containing the human CTDSPI gene
spanning residues 76-261 was subcloned into the E. coli
expression vector pET 21a(+). The pET 21a(+)/AN CTD-
SP17%2%!/His vector was introduced into the E. coli Rosetta
2 (DE3) strain (EMD Bioscience, Darmstadt, Germany).
After an ODggo value of 0.6 was reached, the E. coli culture
was transferred to a pre-cooled incubator at 16 °C, and
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expression of the recombinant protein was induced with
0.4 mM isopropyl-p-D-thiogalactopyranoside (IPTG; Sigma
Korea, Seoul, Korea). The human recombinant CTDSP1
was expressed and purified by following a previously
described method.?

Synthesis of Phosphopeptides

The phosphopeptides generated from human Utf1 based
on the phosphorylation position reported in the Human
Protein Reference Database (HPRD) were synthesized by
FMOC solid phase peptide synthesis with ASP48S and
purified by reverse-phase high-performance liquid chro-
matography (HPLC) on the Vydac Everest Cs Column (Pep-
tron Inc., Daejeon, Korea). The sequences of the synthetic
phosphopeptides are summarized in Fig. 1B.

Malachite Green Assay

CTDSP1-catalyzed dephosphorylation of the phosphor-
ylated substrate was performed as previously described®
with slight modifications. The assays were conducted at
37 °C in a buffer composed of 50 mM sodium acetate (pH
5.5), 20 mM MgCl,, 5 uM—1 mM phosphopeptides, and
5-50 ng of the wild-type CTDSP1. Phosphate release was
quantified by a malachite green-based colorimetric assay
for inorganic phosphate by measuring the absorbance at
620 nm. The malachite green solution and inorganic phos-
phate standards were prepared as previously described.?
To derive the K, and k.. values, the data were fitted by a
nonlinear regression to the Michaelis-Menten equation by
using PRISM software.

Molecular Docking

Molecular docking calculations were performed to pre-
dict the binding modes of the six phosphopeptides CTD,
S18, T35, S42, S45, and S245. We selected a structure of
the holo form containing a Mg** ion (PDB ID: 3PGL, B
chain),?! which is one of the seven X-ray crystal structures
for human CTDSP1 available in the Protein Data Bank
(PDB). The structures of the phosphopeptides were drawn
and then subjected to energy minimization with the CHARMm
force field by using the Discovery Studio 3.5 (Accelrys
Software Inc., San Diego, CA). The phosphopeptides were
docked into the active site of the CTDSP1 by using GOLD
5.2 software® and SwissDock web-server.”*** GOLD uses
a genetic algorithm (GA) to explore the ligand conformational
space in the protein binding site. The residues for docking
calculation were selected within a radius of 15 A from a
coordinate that is defined from the center of mass of the co-
crystal ligand in the CTDSP1-phosphopeptide complex struc-
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ture (PDB ID: 2GHQ).? The number of GA runs was set to
150. All other parameters were set as their default values.
An additional docking was also performed using the web-
based docking server SwissDock, which is based on the
docking algorithm EADock DSS.

Immunoprecipitation Pull-Down Assay

A plasmid containing the human CTDSP/ gene was sub-
cloned into the mammalian expression vector pCDNA-
V5-His (Invitrogen, San Diego, CA, USA), and a pCM V-
Myc-DDK vector containing the human Utf] gene was
purchased from Origene (Rockville, MD, USA). The pull-
down assay was performed using immunocomplexes that
were immunoprecipitated from the total lysates of co-trans-
fected HeLa cells with pPCDNA-CTDSP1-V5-His and pCM V-
Utf1-Myc-DDK. Co-transfected cells were lysed with a
lysis buffer [SO mM Tris-HCI (pH 7.4), 150 mM NaCl, ] mM
ethylenediaminetetraacetic acid (EDTA), and 1% TritonX-
100 containing protease and phosphatase inhibitor cocktails
(Roche, Manheim, Germany)] or radioimmunoprecipita-
tion assay (RIPA) buffer containing protease and phosphatase
inhibitors. The procedures for immunoprecipitation assays
were essentially performed as previously described.? Pri-
mary antibodies used were as follows: mouse anti-V5 (Invitro-
gen) and mouse anti-DDK (Origene).
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