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Abstract

Periostin is a matricellular protein that consists of several structural and functional domains, including EMILIN-like,
four internal repeat fasciclin1 (FAS1) domains, and a carboxyl-terminal variable domain. It is known that periostin

is associated with various fundamental biological processes and diseases, such as several types of cancer and chronic
inflammatory diseases. Despite its important roles, the biological function of each domain is poorly understood. In
this study, we expressed the fourth FAST (FAS1 IV) domain of human periostin, which was highly soluble and stable
enough for structural and functional studies. The three-dimensional structure of FAST IV was determined using 3D
NMR spectroscopy. The overall structure of FAST IV consists of six a-helices, one 3, helix, and eight B-strands. Two tri-
angular a-helical modules formed by three a-helices each are located on one side of the molecule, while the orthogo-
nal B-sheet sandwich module of FAST IV is located on the other side. The isolated FAST IV domain exhibited cell
invasion, migration, and adhesion activities for cancer cell lines comparable to those of the full FAST -1V domain. In
conclusion, we propose that the FAST IV domain is functionally active in human periostin and provides valuable infor-
mation for understanding the biological function of periostin.

Keywords Nuclear magnetic resonance, Periostin, Extracellular matrix, FAST domain, Solution structure

Introduction

Periostin is an extracellular matrix protein that was
originally identified in mesenchymal cells, such as osteo-
blasts, osteoblast-derived cells, and periodontal ligament
cells (Bruder et al. 1998; Dorafshan et al. 2022; Horiuchi
et al. 1999; Suzuki et al. 2004; Takeshita et al. 1993). Peri-
ostin has been found to be widely expressed in various
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tissues and organs, including the aorta, stomach, uterus,
periodontal ligaments, cardiac valves, and breast (Gillan
et al. 2002; Kruzynska-Frejtag et al. 2001; Tai et al. 2005).
Periostin has at least two major biological roles; one is
fibrillogenesis, which occurs in the matrix, and the other
is cell migration (Kudo 2011). Periostin is also involved
in many basic biological processes, including cell prolif-
eration, cell invasion, and angiogenesis, and may also be
involved in regulating a diverse set of cancer cell activities
that contribute to tumorigenesis, cancer progression, and
metastasis (Dorafshan et al. 2022; Li et al. 2015; Wang &
Ouyang 2012). In addition, periostin has also been shown
to be involved in chronic inflammatory diseases, such as
atopic dermatitis and asthma (Kou et al. 2014; Masuoka
et al. 2012; Parulekar et al. 2014). Periostin can activate
both the Akt/PKB and FAK-mediated signaling pathways
by interacting with integrins on cancer cells (Gillan et al.
2002; Mizejewski 1999; Varner and Cheresh 1996; Wang
et al. 2022). Activation of these signaling cascades pro-
motes cell survival, angiogenesis, invasion, metastasis,
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and the epithelial-mesenchymal transition (Lafrenie &
Yamada 1996; Morra and Moch 2011). High levels of
expression of periostin have been detected in many solid
tumors, and its expression correlates with tumor pro-
gression and cancer metastasis. Thus, in clinical practice,
periostin can be considered to be both a biomarker and a
therapeutic target allowing the detection and treatment
of cancers, as well as chronic inflammatory diseases.

The FAS1 domains in periostin show significant
homology to a protein named transforming growth fac-
tor B-induced protein (TGFpIp). This protein is associ-
ated with various corneal dystrophies and seems to play
a role in cell adhesion (Michaylira et al. 2010; Takeshita
et al. 1993; Ween et al. 2012). The FAS1 domains in peri-
ostin interact with several integrins on the cell surface
(Kim et al. 2002; Moody and Williamson 2013), which
are af heterodimeric receptors involved in cell-cell and
cell-ECM interactions, and are associated with cellular
attachment, migration, proliferation, survival, and differ-
entiation (Kudo et al. 2007).

Periostin is a 90-kDa protein composed of an amino-
terminal signal sequence, an EMILIN-like (EMI) domain,
four internal repeat fasciclinl (FAS1) domains, and a
carboxyl-terminal variable domain (Fig. 1A) (Bruder
et al. 1998; Horiuchi et al. 1999; Kudo 2011; Takeshita
et al. 1993). The EMI domain, which is rich in cysteine,
is involved in protein—protein interactions or protein
multimerization under non-reducing conditions (Doli-
ana et al. 2000). The four FAS1 domains are composed of
approximately 150 amino acids each and share about 25%
sequence identity (Litvin et al. 2005) and act as ligands
for the integrin receptors avp3 and avp5, which initiate
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crosstalk with receptor tyrosine kinases such as EGFR
and VEGF (Ghatak et al. 2014). The C-terminal vari-
able domain undergoes alternative splicing, resulting in
seven isoforms in humans that can be detected in vari-
ous cancers, such as pancreatic, colon, and breast cancer
(Bao et al. 2004; Baril et al. 2007; Grigoriadis et al. 2006;
Hoersch and Andrade-Navarro 2010; Shao et al. 2004; Tai
et al. 2005).

In this study, the FAS1 domains from human periostin
were cloned and their expression was evaluated in an E.
coli expression system. All the FAS1 domains were well
expressed; however, only the FAS1 IV domain was suit-
able for the structure determination (Yun et al. 2018,
2016). The CD study showed that the FAS1 domains
were composed of a mixture of a-helix and -sheets. The
three-dimensional structure of FAS1 IV was determined
by 3D NMR spectroscopy using °N- or 3C/1°N-labeled
FAS1 IV domain. In addition, we examined the biological
functions of the FAS1 domains using cell-based experi-
ments with cancer cells. These functional studies indi-
cated that the recombinant FAS1 IV domain can induce
adhesion, migration, and invasion of cancer cell lines.

Results

Expression and purification of FAS1 IV domain

To investigate the structure and function of FAS1
domains of human periostin, we previously cloned
various DNA constructs for FAS1 domains into an
expression vector (Fig. 1B) and expressed using E. coli
expression system (Yun et al. 2016). Among all four
FAS1 domains, only FAS1 IV domain was highly solu-
ble and showed a well-dispersed 2D 'H-'°N HSQC

492 4% 632

751 836
Variable domain je———

(D)

—a— FAS1IV
—&— FASTIV-YPAD

FASTIV ‘ M 'JM‘W

FAS1 IV - YPAD LA
"/
VR
WAL AN TV,

A A And [
W L AV R
WMVl WA

) J
MY

S— Xho1
T7 terminator

190 200 210 220
Wavelength (nm)

T T T T

230 240 250 260 10 9 7

8
"H (ppm)

Fig. 1 Domain structure of human periostin (A), expression vector for FAST domains (B), circular dichroism spectra (C), and 1D proton NMR spectra
of FAST IV domain (FAST IV and FAST IV-YPAD) (D). FAST IV-YPAD indicates that the YPAD sequence is attached to the C terminus of the FAST IV
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spectrum (Yun et al. 2018). In this study, we revealed
that the C-terminal YPAD sequence of the FAS1 IV
domain was critical for the structure determination.
With YPAD sequence, the FAS1 IV domain showed
the enhanced intensities in CD and NMR spectra, and
better peak dispersion in NMR spectrum, suggest-
ing more soluble and rigid conformation with YPAD
sequence at the C-terminal FAS1 IV domain (Fig. 1C,
D). Therefore, we overexpressed the FAS1 IV with the
C-terminal YPAD sequence for the structural and func-
tional studies. The FAS1 IV was initially purified using
a Ni-affinity chromatography, followed by dialysis, TEV
cleavage, and a second Ni-affinity chromatography.
The expression and purification steps were confirmed
by SDS-PAGE analysis (Supplementary Fig. S1A). Fur-
ther purification steps were performed using anion
exchange and gel filtration chromatography to obtain
highly pure FAS1 IV sample. The purity and molecular
weight of the purified FAS1 IV was analyzed using ESI-
LC-MS (Supplementary Fig. S1B and C).
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NMR structure determination of FAS1 IV

The FAS1 IV domain of human periostin comprises resi-
dues 496-632 with three additional residues (Gly-Ala-
Met) at the N terminus. All NMR spectra were recorded
at 288 K. The 'H-'>N HSQC spectrum revealed that
the FAS1 IV domain was well folded in the NMR buffer
based on the signal dispersion and homogenous intensity
of the resonances showing almost peaks (153 peaks out
of 156 theoretical peak number) (Supplementary Fig. S2).
All 3D NMR experiments were performed at 288 K using
Bruker Avance 700, 800, and 900 MHz spectrometers.
More than 98% backbone resonances (*H, N, '3Ca,
and *C’) of FAS1 IV were sequentially assigned using
3D NMR spectroscopy including HNCA, HNCOCA,
HNCACB, CBCACONH, and HNCO (Fig. 2), except for
the two N-terminal residues, Gly574, Asn605, Glu606,
and five prolines. Moreover, 93.2% of the observable side-
chain resonances were assigned. The secondary structure
constraints of the FAS1 IV domain were calculated using
TALOS-N program based on the backbone HN, N, CA,
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Fig. 2 Backbone sequential assignment process of FAST IV with CBCA(CO)NH and HNCACB spectra. CBCA(CO)NH spectrum indicates 2
peaks with i-1 (Ca, CB). HNCACB spectrum indicates 4 peaks with i-1 (Ca, CB) and i (Ca, CR). The peaks of own residue appear greater intensity

and the peaks of proceeding residue appear weaker intensity
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Table 1 NMR restraints and structural statistics for FAST IV

domain
NMR restraints
Nuclear Overhauser effect (NOE)-derived distance 2596
restraints
Intraresidue (i, /) 865
Sequential (i, i+ 1) 841
Medium-range (2 <|i—j|<4) 654
Long-range (Ji—j|=5) 236
Hydrogen bond restraints 54
Dihedral angle restraints 196
Structural statics (23 structures)
Violations
Number of distance restraints > 0.5 A
Number of dihedral angle restraints > 5°
Root-mean-square deviation (RMSD) from experiments
Distance (A) 0.050+0.004
Dihedral angle (°) 0.775+0.295
RMSD from idealized geometry
Bonds (A) 0.004 +0.000
Angles (°) 0.508+0.025
Impropers (°) 0.356+0.029
Ramachandran analysis (%) (all residues)
Most favored region 89
Allowed region
Disallowed region
Average pairwise RMSD (1&) (residues 7-132)
Backbone heavy atoms 0.99+0.19
All heavy atoms 1.68+0.22
(A)
4% a1 3, a2 a3 B1 a4 a5 ab
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CB, and C’ chemical shifts. The initial structures of FAS1
IV were calculated using CYANA and then the initial
structure was further refined using Xplor-NIH. The NMR
restraints and structural statistics for FAS1 IV are sum-
marized in Table 1. The structure of FAS1 IV domain was
deposited at RCSB databank (PDB ID 5WT7).

Structural description of FAS1 IV

The final 23 structures of FAS1 IV with the lowest energy
were selected from the 100 refined structures. The aver-
age pairwise RMSD values of backbone and heavy atoms
are 0.99+0.19 A and 1.68 +0.22 A, respectively (Table 1).
The overall structure of FAS1 IV exhibited a globular and
rigid fold except for both terminal regions and a short
loop between a4 and o5 helix (Fig. 3B). The secondary
structure of FAS1 IV is composed of six o-helices, one
3, helix, and eight B-strands: a-helices (a1, L499-Q505;
a2, S510-A518; a3, K522-T526; a4, N538-F541; o5,
S$546-1553; a6, K556-1563), one 3;, helix (K507-F509),
and eight PB-strands (f1, W531-P536; B2, T568-P569;
B3, N583-K586; P4, K592-V598; B5, T601-V604; f6,
L607-K608; p7, E611-S612; B8, G619-V624) (Fig. 3A,
C). Two triangular a-helical modules formed by three
a-helices each (al, a2, and a3; a4, a5, and a6, respec-
tively) are located in one side of the molecule (Fig. 3C,
D). The orthogonal B-sheet sandwich module of FAS1
IV is located at the other side of the molecule. The
B-sandwich module is composed of two f-sheets. One is
composed of three B-strands (p2-p1-B8-p7) in the core of
the structure, and the other is formed by three -strands
(B3-P4-B5-p6) exposed to solvent. The two [B-sheets are
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Fig. 3 Primary sequence and NMR solution structure of FAST IV domain of human periostin (PDB ID 5WT7). A Primary and secondary structure
of FAST IV domain. Line (B) and ribbon (C) structures of FAST domain. D Secondary structure topology of FAST IV domain. Secondary structures were

labeled and structural modules were indicated by dotted circles
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almost perpendicular to one another (Fig. 3D). The two
triangular a-helical modules are connected through the
B1 strand and then the orthogonal B-sandwich module is
connected through a relatively long loop between 2 and
3 strand.

Structure comparison of FAS1 domains

The crystal structure of human periostin construct con-
taining EMI and full FAS1 domains (FAS1 I to IV) was
reported (Liu et al. 2018). The full-length structure sug-
gested that periostin exists as a dimer in solution medi-
ated by EMI domain. Without EMI domain, the full FAS1
I to IV can exist as an independent and stable module.
The NMR solution structure of FAS1 IV determined in
this study is well superimposed with the crystal struc-
ture of human periostin FAS1 IV domain (Fig. 4A). The
overall secondary structures are well conserved with
small variations. For instance, the additional p-strand 6
and 7 between two orthogonal B-sheet sandwich mod-
ules were detected in the NMR structure. In addition, the
helix packing in the triangular a-helix module is not well
converged between NMR and X-ray structures of FAS1
IV domain (Fig. 4A). These structural differences prob-
ably result from the differences in solution and crystal
state of the samples or from the different construct of
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samples (FAS1 IV vs full FAS1-I to IV between NMR and
crystal structures). The crystal structure of TGFpIp EMI-
FAS1 I-IV has been reported (Garcia-Castellanos et al.
2017). The primary and tertiary structures of FAS1 IV
domains of periostin and TGFpIp are highly homologous
(sequence identity =37.5%) with subtle differences in the
length of secondary structures (Fig. 4B, C). The B-strand
6 and 7 between two orthogonal -sheet sandwich mod-
ules were slightly different and the helix orientation in
the triangular o-helix module is also little bit different
between periostin and TGFpIp.

Cell-based activity of FAS1 IV domain
Periostin has been known to promote cell survival, angio-
genesis, adhesion, proliferation, migration, and invasion
by interacting with the avf3 and avp5 integrins of sev-
eral cancer cell lines (Michaylira et al. 2010). Therefore,
we investigated the activities of the recombinant FAS1
domains on the metastatic potential for human colon
cancer HCT116 and breast cancer MCF7 cell lines using
in vitro cell-based experiments including adhesion,
migration, and invasion assays (Fig. 5 and Supplementary
Fig. S3).

The recombinant FAS1 IV domain efficiently enhanced
the adhesion of the colon cancer HCT116 cells in a
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Fig. 4 Structure comparison of FAST domains. A Superimposition of the NMR and X-ray (PDB ID 5YJH) structure of FAST domain of human periostin.
B Superimposition of the FAST domain of periostin and TGFIp (PDB ID 2LTB). C Sequence alignment of FAST domains of periostin and TGFfIp
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Fig. 5 Effects of the periostin FAST domains on adhesion and wound healing assay. Dose-dependent effects of adhesion (A), cell migration (B),
and cell invasion C of FAST domains were determined with HCT116 and MCF7 cells

dose-dependent manner up to 340% compared to the
bovine serum albumin (BSA) as a negative control, which
is almost 85% of that of full FAS1 I-IV domain (400%
compared to control) (Fig. 5A). These results imply that
the single FAS1 IV domain has a potential adhesion activ-
ity comparable to full FAS1 I-IV domain for HCT116
cells. In case of MCF7 cells, FAS1 domain induced cell
adhesion but not high induction as HCT116 cells (140
and 195% compared to control for FAS1 IV and FAS I-1V,
respectively). In addition, the cell migration and invasion
activities of HCT116 and MCF7 cells were also increased
by FAS1 IV or full FAS1 I-IV domains (Fig. 5B, C).

Discussion

The human periostin protein is composed of multiple
functional domains including four FAS1 domains that
play important roles in cell adhesion and tumor metas-
tasis by interacting with integrins. Despite their impor-
tant biological role, the functionally important site

of the periostin FAS1 domains has not been revealed
yet. Previously, we suggested that the single FAS1 IV
domain of human periostin is highly soluble and suit-
able for studying its structural and functional proper-
ties compared to other periostin FAS1 domains (Yun
et al. 2018, 2016). In this study, we determined the
NMR structure of FAS1 IV domain of human periostin
and reported a functional site on this domain. Among
four FAS1 domains, the FAS1 IV was most suitable for
NMR study, as it was the only domain that showed high
solubility and a well-dispersed 2D 'H->N HSQC spec-
trum. Interestingly, the C-terminal 4 residues (YPAD)
are critical for forming a stable conformation. Although
a stable conformation of the C-terminal YPAD was not
clearly defined due to insufficient NMR constraints in
this region, the determined ensemble structure con-
tained many conformers that support considerable
interaction of the YPAD with a hydrophobic surface
pocket in FAS1 IV (Supplementary Fig. S4). Therefore,
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it is plausible that the YPAD could enhance the overall
stability of the FAS1 IV structure in solution by inter-
fering with undesirable hydrophobic surface interac-
tions of the domain, even though the YPAD contacts
may occur transiently.

Several structures of FAS1 domains have been deter-
mined. The structure of the fourth FAS1 domain from
TGEFpIp has been solved using both NMR and X-ray crys-
tallography (Garcia-Castellanos et al. 2017; Underhaug
et al. 2013). Additionally, the NMR structure of Fdp (Fas-
ciclin I Domain Protein) from Rhodobacter sphaeroides,
and the crystal structure of FASI III-IV from Drosophila
melanogaster have been solved (Clout et al. 2003; Moody
& Williamson 2013). Furthermore, the structures of other
proteins with a homologous fold to the FAS1 domain
have been solved using NMR, including the Cup$S from
Thermosynechococcus elongatus and the MPB70 pro-
tein from Mycobacterium tuberculosis (Carr et al. 2003;
Korste et al. 2015). The structure of TGFBIp was also
determined by X-ray crystallography (PDB ID 5NV6),
including the structure of the EMI-like domain (CROPT,
Cysteine-Rich domain Of Periostin and TGFpIp) and four
FAS1 domains. The primary sequence of the EMI domain
of periostin shows high similarity to that of the CROPT
domain in TGFpIp, and the locations of all the cysteine
residues are conserved, suggesting that the structure
of the EMI domain in periostin is very similar to that in
TGFpIp.

The FAS1 domain has been found in many other pro-
teins across various living organisms, including bac-
teria, plants, animals, and humans. For example, the
bacterial immunogenic protein MPT70 contains one
FAS1 domain, and human TGFpIp and periostin con-
tain tandem repeats of four homologous FAS1 domains.
In particular, the integrin binding residues (YH and DI
sequences) in TGFEPIp are conserved in the sequence of
periostin FAS1 IV domain (Fig. 4C, dotted rectangles),
implying that the independent FAS1 IV domain of peri-
ostin is biologically important. To examine the func-
tions of the FAS1 IV domain, we performed cell-based
experiments, including cell adhesion, migration, and
invasion assays, using colon and breast cancer cell lines
(Fig. 5). The presence of the FAS1 IV domain effectively
increased the activity against both cell lines. The struc-
ture of human periostin, including the EMI and FAS1
I-IV domains, was solved by X-ray crystallography (Liu
et al. 2018). This paper reported that human periostin
predominantly exists as a dimer through homophilic
interactions between periostin domains. Although the
complex structure of periostin domains may be involved
in its fully functional activity, the single FAS1 IV domain
also showed effective activity comparable to the full FAS1
I-IV domain in vitro experiments.
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Conclusion

Periostin is an important protein associated with vari-
ous diseases, such as cancer metastasis and allergies.
However, the biological function of FAS1 domains
has remained unknown. In this study, we successfully
expressed and purified the stable and independent FAS1
IV domain of human periostin. Using 3D NMR spectros-
copy, we determined the tertiary structure of FAS1 IV,
which exhibited a well-folded tertiary structure with high
similarity to the full FAS1 I-IV domain, but with subtle
differences in local structure.

Notably, the FAS1 IV domain demonstrated cell migra-
tion, adhesion, and invasion activity against cancer
cell lines, which was comparable to the full FAS1 I-IV
domain. These findings strongly suggest that the FAS1 IV
domain holds significant potential as an important target
for studying the biological function and potential appli-
cations of human periostin in various contexts.

Materials and methods

Expression of FAS1 domains of periostin

Four DNA constructs encoding the FAS1 I, II, III, and
IV domains of human periostin (Fig. 1A) were cloned
into the pHIS2 vector using Ncol and Xhol restriction
enzymes (Fig. 1B). The expression vector contains an
N-terminal hexa-histidine tag, followed by a tobacco etch
virus (TEV) protease cleavage site. PCR amplification of
the DNA encoding the FAS1 domains was performed
using the polymerase chain reaction (PCR). The DNA
polymerase Pfu Plus and a PCR master mix was used to
amplify the PCR products using the following 30 tem-
perature cycles; denaturation at 94 °C for 30 s, followed
by annealing and extension. The resultant PCR products
were purified using a PCR product purification kit and
digested at 37 °C for 20 min and then analyzed by 1%
(w/v) agarose gel electrophoresis. The digested products
were purified using a gel extraction kit and treated with
T4 DNA ligase for ligation at room temperature for 1 h.
The ligated products were then transformed into compe-
tent DH5a cells.

The expression vectors containing the different recom-
binant constructs were confirmed by DNA sequenc-
ing and transformed separately into E. coli BL21 (DE3)
and cultured at 37 °C in 1 L LB media supplemented
with 100 pg/mL ampicillin. When the optical density
at 600 nm reached 0.6, the culture was moved from 37
to 15 °C, and FAS1 domain expression was induced for
20 h in the presence of 0.5 mM IPTG. For the stable iso-
tope labeling of FAS1 domain, the cell was cultured in
M9 minimal medium supplemented with >’NH,Cl or
15NH,Cl and *C-Glucose. The culture was harvested by
centrifugation at 4000 rpm at 4 °C for 30 min, and the
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pellet resuspended in lysis buffer comprised of 20 mM
imidazole, 20 mM [-mercaptoethanol, 0.5 M NaCl, and
20 mM Tris—HCI (pH 8.0) and disrupted by ultrasonica-
tion for 20 min with a pulse of 1 s using a 3-s gap between
pulses. The lysate was separated into pellet and superna-
tant by centrifugation at 25,000 g-force at 4 °C for 30 min.
All expressed proteins were analyzed using SDS-PAGE to
assess their expression and solubility.

Purification of FAS1 IV domain of periostin

The FAS1 IV domain of periostin was expressed and
purified as described previously (Yun et al. 2018). Briefly,
the supernatant of cell lysate was loaded onto the Ni-
NTA agarose column (5 mL), and then the column was
washed with 25 mL of lysis buffer (20 mM Tri-HCl (pH
8.0), 10 mM NaCl). The bound His-tagged FAS1 IV was
stepwise eluted with 50, 100, 150, 200, 250, and 300 mM
imidazole in lysis buffer. The eluted proteins were then
dialyzed in 20 mM Tri-HCI (pH 8.0), 10 mM NaCl, and
20 mM B-mercaptoethanol for 4 h at 4 “C. The dialyzed
proteins were treated with the TEV protease at 4 °C
for 16 h to remove the N-terminal His-tag. To further
purify the proteins, the cleaved proteins were subjected
to a second His-tag affinity chromatography step, and
the unbound proteins were then purified further using
a HiTrap Q anion exchange column with linear gradient
from 0 to 500 mM NacCl in buffer A containing 0.1 mM
PMSF and 1 mM EDTA. The final purification was per-
formed by gel filtration chromatography using a HiPrep
16/60 Sephacryl column (particle size: 47 pm) using
10 mM NaH,PO, (pH 7.0), 50 mM NacCl, 0.1 mM PMSE,
and 1 mM EDTA. The purified FAS1 IV domain was then
concentrated using an Amicon ultra-15 Ultracel-3 K
membrane.

LC-MS analysis

To determine the accurate molecular weight of the puri-
fied FAS1 IV domain, the protein was diluted to a final
protein concentration of 45 pM in 15% acetonitrile (with
0.05% TFA). The protein was then analyzed using ESI-
LC-MS (RP-HPLC, Shimadzu 10ADvp; API2000, AB
Sciex) using a preparative ACE5 C18-300 A (50 2.1 mm,
5 pum) column with a gradient from 5 to 95% acetoni-
trile for 15 min at a flow rate of 0.5 mL/min. The masses
of samples were obtained in positive ion mode at mass
ranges from 200 to 1800 m/z.

NMR spectroscopy

All NMR experiments were performed at 288 K using
Bruker Avance 700, 800, and 900 MHz spectrometers at
the Korea Basic Science Institute (KBSI). NMR samples
were prepared in10% D,0/90% H,O or 100% D,O con-
tainingl0 mM NaH,PO, (pH 7.0), 50 mM NaCl, 10 uM
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DSS, and 0.04% NaN,. Backbone resonance assignments
were obtained from 3D HNCA (Grzesiek and Bax 1992),
HN(CO)CA, HNCACB (Wittekind and Mueller 1993),
CBCA(CO)NH (Grzesiek & Bax 1992), and HNCO (Kay
et al. 1990). Sidechain resonance assignments were based
on 3D CCH-TOCSY, HCCH-COSY, and HCCH-TOCSY
(Bax et al. 1990). In addition, *H-*C HSQC (Palmer et al.
1991), '3C-NOESY-HSQC, N-TOCSY-HSQC, and
>’N-NOESY-HSQC (Marion et al. 1989; Zuiderweg and
Fesik 1989) were used for the sidechain assignment and
NOE restraints. All NMR spectra were processed and
analyzed using the programs NMRPipe (Delaglio et al.
1995) and NMRView] (Johnson and Blevins 1994).

Three-dimensional structure calculation

NOEs were automatically assigned by CYANA 2.1 (Gun-
tert 2004) during the initial structure calculation. The
backbone torsion angle restraints were obtained from
TALOS-N (Shen and Bax 2013) calculation. The CYANA
structures were refined by Xplor-NIH 3.8 (Schwieters
et al. 2003), supplemented with hydrogen bond restraints
for the o-helix and B-strand regions of FAS1 IV at a later
stage. After iterative refinement, incorrect and ambigu-
ous assignments were removed. Finally, 100 structures
were calculated in the final iteration, and the 23 lowest
energy structures were selected. The 23 NMR structures
of FAS1 IV have been deposited to Protein Data Bank
(accession code 5WT7). The final 23 structures were
analyzed, and figures were prepared using MOLMOL
(Koradi et al. 1996) and Pymol (Schrodinger 2015).

Refolding of FAS1 full domain

The expressed FAS1 full domain (FAS1 I-IV) went to
inclusion body inside E. coli cells. Therefore, we refolded
the FASI full domain from the inclusion body using rapid
dilution method. In brief, cells were harvested by cen-
trifugation and resuspended in 2XPBS (pH 7.4) contain-
ing 2 mM DTT and lysed by sonication. The inclusion
bodies were collected by centrifugation at 15,000 rpm at
4 °C for 30 min. The inclusion bodies were resuspended
in 8 M urea containing 0.5 M p-mercaptoethanol. The
resuspended inclusion bodies were then induced to re-
solubilize by diluting in refolding buffer [20 mM Tris
(pH 8.0), 0.5 M NaCl, 20 mM imidazole, and 20 mM
B-mercaptoethanol] and stirred for 24 h at 4 °C. After
centrifugation, the solubilized FAS1 full domain was
loaded onto an Ni-NTA column and the bound protein
was eluted with 0.3 M imidazole in refolding buffer. For
further purification, the eluted FAS1 full domain was
concentrated and loaded into a HiPrep 16/60 gel filtra-
tion column with 1xPBS (pH 7.4) buffer containing
0.5 mM DTT. The purified FAS1 full domain protein was



Yun et al. Journal of Analytical Science and Technology (2024) 15:39

concentrated using a 3000 MWCO Amicon Ultra centrif-
ugal filter device before use.

Mammalian cell culture

The MCF7 human breast cancer and HCT116 human
colon cancer cells were cultured and maintained at
37 °C in 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum supple-
mented with antibiotics. The cells were seeded at a den-
sity of 5x10° cells in 10 cm diameter culture dishes.
After 3 days, the cells were trypsinized and counted using
a hemocytometer. All cell-based experiments were per-
formed in triplicate, and controls were used to assess
non-specific binding.

Cell adhesion assay

Cell adhesion assay was performed in 96-well ELISA
plates coated at 4 °C overnight with all protein samples
at concentrations of 50, 100, 200, or 400 nM, respec-
tively. The plates were blocked by incubation with 2%
bovine serum albumin (BSA) for 1 h at 37 °C. The cells
were then trypsinized and resuspended in medium at a
density of 5% 10° cells/mL MCF7 or HCT116 cells. After
that, 0.1 mL of the prepared cell suspensions were added
to each well and incubated for 1 h at 37 °C. Non-adher-
ent cells were removed by gently rinsing three times with
0.2 mL PBS. Adherent cells were quantitated by deter-
mining the absorbance at 450 nm using EZ-CYTOX
(Dogenbio, Seoul, Republic of Korea) according to the
manufacturer’s instructions.

Cell migration assay

Flat-bottomed 96-well plates were coated with either
500 nM of FAS1 IV or FAS1 I-IV domain overnight at 4
°C. The coated plates were washed twice with 0.2 mL PBS,
after which 0.1 mL of cell suspension of MCF7 cells or
HCT116 cells (5% 10* cells/mL) were added to the pro-
tein coated plates for 24 h at 37 °C in an atmosphere of
5% CO,. The cell monolayers were gently and slowly
scratched with a 1-mL pipette tip across the center of
the wells. The wells were gently washed with medium
to remove the detached cells and a further 0.1 mL of
DMEM was added to each well. The plates were incu-
bated for a further 48 h at 37 °C in an atmosphere of 5%
CO,. Wound confluence was measured using images of
the cell wound by measuring the distance of the scratch
wound at baseline to the distance of the scratch wound
confluence at 100x magnification. The experiments were
repeated three times.

Cell invasion assay
Cell invasion assay was performed using Matrigel tran-
swell plates (8 uM; Corning Life Sciences, Corning, NY,

Page 9 of 11

USA) as an upper chamber and 24-well culture plates as
a lower chamber (Kim et al. 2019). After coating of the
upper chambers with 1 mg/mL of Matrigel for 2 h at
37 °C, HCT116 and MCF7 cells were added to the upper
chamber at a density of 2x10° cells/well. The lower
chambers were treated with 500 nM of FAS1 IV or FAS
I-1V followed by incubated for 18 h in HCT116 cells and
72 h in MCF7 cells at 37 °C. After removal of the non-
invaded cells using a cotton swab in the upper chamber,
the invaded cells into the lower chamber were fixed with
4% paraformaldehyde and stained with hematoxylin and
eosin.

Statistical analysis

For the statistical analyses of the data, P-values were cal-
culated using one-way or two-way analysis of variance
(ANOVA) and Student’s ¢ test. The results were consid-
ered statistically significant when P-values were <0.05.
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Additional file 1: Fig. S1. Expression and purification of FAS1 IV domain
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IV domain. Fig. S2. 1H-15N HSQC spectrum of the FAST IV domain of
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