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Abstract
integrity. Cornulin (CRNN) that contains S100 EF-hand Ca*-binding motif is a stress protein highly expressed in the human esophageal

A novel type of stress proteins has been identified in mammals to defend environmental stresses and maintain tissue

squamous epithelial cells. It is downregulated in esophageal squamous cell carcinoma and functions as a modifier of deoxycholic acid
(DCA) mediated cell injury. The S100 domain may be central to the function of CRNN. To further characterize the S100 domain of
CRNN, the S100 domain in Escherichia coli, was cloned, expressed, purified and demonstrated that it was properly folded and suitable
for biochemical and biophysical studies. More importantly, by nuclear magnetic resonance, gel-filtration, analytical ultracentrifugation,
electrospray ionization-mass spectrometry, and Cross-linking analyses, a Ca*-dependent multimeric property of S100 domain was
identified. Furthermore, in response to DCA and ethanol challenge, the multimers have stronger protective effects on cells than dimers
do. These data indicate that the S100 domain is a key domain in CRNN, which functions as a survival factor through multimerization.

This work helps to further understand the feature of S100 domain and its association with cell injury.
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Environmental agents can influence tissue
integrity, disease development, and related cancer
development rate . The cells of human esophageal
squamous epithelium are under relatively unique
environmental stresses including bacterial infestation,
viruses, thermal stresses, and oxidizing chemicals that
contribute to tissue damage and initiate diseases®™. A
novel type of stress proteins has been identified in
mammals that can defend these environmental stresses
and maintain tissue integrity®.

Cornulin (CRNN) was originally cloned from
normal esophagus and named Clone 1 open reading
frame 10 (also known as squamous epithelial-induced
stress protein of 53 ku (SEP53)). CRNN gene is located
on chromosome 1g21 and encodes a 495 amino acids
protein® . It is one of the stress proteins that is highly
expressed in esophageal squamous epithelial cells and

is characterized by the presence of EF-hand Ca*-binding

motif at its N-terminus®”. CRNN is a member of the
S100 protein family, which is down-regulated in
esophageal
Decrease of CRNN expression may result in the

squamous cell carcinoma tissues ¥,

abnormal response of esophageal epithelium to
environmental stimulation, which possibly leads to
cancer®. Therefore, this protein presumably plays an
important role in maintaining the barrier function in
squamous epithelium in response to injury and
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functions as a tumor suppressor ", CRNN is also
involved in heat shock and ethanol response and is
expected to protect epithelium from damage® ', In
addition, it can function as a survival factor in
attenuation of deoxycholic acid (DCA) mediated cell
injury™. The N-terminal Ca*-binding S100 domain is
highly conserved and plays a key role in above
functions. Deletion of the S100 domain in CRNN
neutralizes its protective effects and permits Ca*
elevation in cells after DCA exposure!',

In this study, in order to further characterize the
S100 domain of CRNN, we successfully cloned,
expressed, purified apo human S100 domain in
Escherichia coli(E.coli), and investigated its biophysical
and biochemical features. Our data show that the
purified S100 domain possesses a Ca*-dependent
multimeric property and the multimers increase cell
survival activity after DCA and ethanol injury. This
work helps us to further understand the feature of S100
domain in CRNN.

1 Materials and methods

1.1 Materials and reagents

Restriction enzymes, pfu polymerase and T4
DNA ligase were purchased from TaKaRa (Dalian,
China). The CellTiter 96® AQueous One Solution
Reagent and isopropyl B-D-1-thiogalactopyranoside
(IPTG) were from Promega (USA). Ni*-nitriloacetic
acid resin and Sephacryl S-75 high resolution resin
were obtained from Amersham Pharmacia Biotech
(USA). BS? crosslinkers were purchased from Thermo
Scitific (USA). The expression vector pET-15b and
E. coli strains BL21 (DE3), Rosetta (DE3), BL21
(DE3) pLysS were purchased from Novagen (USA).
1.2 Construction of bacterial expression vector
for recombinant S100 domain

Two primers, 5 CGGGATCCATGCCTCAGT-
TACTGC 3’ and 5" GGAATTCCATATGAGACTCT-
TGAGA 3’ , were used to amplify the sequence
encoding S100 domain using CRNN cDNA as
template. The PCR product was inserted into the
pET-15b vector by restriction enzyme sites BamH [
and Nde 1 . The resulting vector was verified by
restriction digestion and sequencing from both ends of
the inserted segment.
1.3 Expression of S100 domain in E. coli

The recombinant S100 domain was transformed
into E. coli BL21 (DE3), Rosetta (DE3) and BL21

(DE3) pLysS strains, respectively. Cells were cultured
at 37°C overnight in 20 ml Luria-Bertani (LB) medium
containing 100 mg/L ampicillin, then transferred to 1 L
of fresh LB medium and incubated at 37°C until the
Ao reached 0.6 ~0.8. IPTG was added to a final
concentration of 0.5 mmol/L and continuously cultured
at 37°C for 4 h. The expression of the protein was
examined as follows. 1 ml of cells was collected
by centrifugation and the pellet was resuspended in
50 wl ddH,O, mixed with 10 wl 6xSDS loading buffer
(0.35 mol/L Tris, pH 6.8, 10.28% SDS, 36% glycerol,
5% B-mercaptoethanol, 0.12% bromphenol blue)
and denatured at 98 °C for 10 min. The samples were
centrifuged at 14 000 r/min for 10 min. The supernatant
was analyzed by 15% SDS-PAGE and stained by
Coomassie brilliant blue R-250.
1.4 Purification of S100 domain protein

For large-scale protein purification, 2 L of culture
was prepared and centrifuged at 5 000 r/min for
10 min. Cells were suspended in the binding buffer
(20 mmol/L.  Hepes, pH 7.5, 500 mmol/L NacCl,
5 mmol/L imidazole) and ultrasonicated (on for 5 s, off
for 10 s; 99 cycles). The lysate was centrifuged at
18 000 r/min for 30 min; the supernatant was filtered
through a 0.22 pm filter and subsequently loaded onto
a Ni* charged HiTrap Chelating HP column attached
to an AKTA-fast protein liquid chromatography(FPLC)
system. The protein was eluted by 6 bed volumes in a
linear gradient of 5 ~500 mmol/L imidazole. The
protein peak was harvested in 200 mmol/L imidazole.
To further purify the protein, the concentrated elution
was applied onto a gel-filtration Hi-load Superdex-75
column equilibrated with a high salt buffer containing
10 mmo/L Hepes, pH 7.5, 500 mmol/L NaCl, and
5 mmol/L EDTA to prevent ionic interactions. The
peak fractions from the elution were pooled and
concentrated in an Amicon Ultra centrifugal filter
device, and finally dialyzed against application buffer.
All purification procedures described here were
performed at 4°C . The purified proteins were analyzed
on 15% SDS-PAGE. The protein concentration was
determined by Bradford dye assay using BSA protein
standards. All further characterization was carried out
in the presence of 5 mmol/L EDTA to retain it in apo
form. Binding of Ca* to apo protein was achieved by
dialysis against 20 mmol/L Hepes, pH 7.5, 150 mmol/L
NaCl, 2 mmol/L CaCl,.
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1.5 Nuclear magnetic resonance spectroscopy

For nuclear magnetic resonance (NMR)
experiments, the uniformly “N-labeled protein was
obtained by expressing the recombinant protein in
M9-minimal medium containing "NH,CI as the sole
nitrogen source. The labeled protein was purified as
described above. The purity of the protein was
examined by SDS-PAGE to ensure a single band.
1 mmol/L of unlabeled and uniformly "“N-labeled apo
and Ca’-bound S100 domain samples were prepared
in 10% D,0. Samples were degassed by vacuum and
nitrogen flushing shortly before each set of experiments.
The NMR experiments were performed at 25 C on
Bruker Avance 600 MHz spectrometers equipped with
four RF channels and triple-resonance probes with
pulsed-field gradients. 2-dimethyl-2-silapentanesulfonic
was used as the internal chemical shift reference.
All NMR data were
program NMRPipe and analyzed using the program
NMRView!? 5,
1.6 Analytical ultracentrifugation analysis

The purified apo and Ca*-bound S100
analyzed by
(AUC). The
centrifuged at 14 000 r/min for 10 min to remove

processed using the

domain samples were analytical

ultracentrifugation samples were
potential aggregates formed during freezing, and then
subjected to a Beckman Optima XIL- [ analytical
ultracentrifuge. The detection was carried out by
means of an UV-visible absorbance detection system.
Experiments were conducted at 20°C using an AnTi50
eight-hole rotor and epon-charcoal standard double
sector centerpieces. Absorbance scans were taken at
the appropriate
velocity of apo and Ca*-bound S100 domain was

wavelength. The sedimentation
performed at 40 000 r/min using 400 pl samples. The
data were determined using programs of SEDFIT and
SEDNTERP! ™,
1.7 Electrospray ionization-mass spectrometry
analysis

Molecular mass was determined by Electrospray
ionization-mass spectrometry (ESI-MS). The purified
Ca*-bound protein samples were exchanged into 10%
acetonitrile with 0.1% formic acid using a 10 ku
MWCO spin concentrator. The data were processed by
Masslynx mass spectrometry software.
1.8 BS® cross-linking analysis

The BS® was dissolved in water and then

added into the purified apo and Ca*-bound protein
(0.5 mmol/L) to a final concentration of 1 mmol/L.
The reaction mixture was incubated on ice for 2 h. The
reaction was quenched by adding 1 mol/L Tris-HCl
(pH 7.5) to a final concentration of 20 ~ 50 mmol/L
and incubated at room temperature for 15 min. The
samples were then analyzed by 15% SDS-PAGE and
stained by Coomassie brilliant blue R-250.
1.9 Cell culture and assay for cell viability

HEK 293T cells were grown in IMDM medium
(Gibco) containing 10% (v/v) fetal calf serum
(Hyclone) at 37 C in 5% CO,. Cells were seeded in
96-well culture plates (5x10° cells in 0.1 ml IMDM/
well) and grown for 48 h in IMDM supplemented with
10% fetal calf serum. Cells viability was quantified by
absorbance at 490 nm using a CellTiter 96® AQueous
One Solution Reagent after incubation cells with
500 pmol/L DCA, or 0.5% ~ 2% ethanol and S100
domain species for 20 h. The protect effect of S100
domain species on cells was also examined under
DCA +ethanol-induced condition for 16 h. All data are
expressed as x + s. Statistical analysis was performed
using one-way analysis of variance, followed by
Student's ¢-test.

2 Results and discussion

2.1 S100 domain is conserved among human
S100 family proteins

Comparison of S100 domain in CRNN with other
human S100 family proteins revealed that this domain
is conserved. S100 domain has 44% ~ 51% identity
with trichohyalin, hornerin, filaggrin, and repetin,
whereas it shares 30%~ 35% identity with other S100
proteins. As shown in Figure 1, some amino acids are
strictly conserved or highly similar among the S100
proteins, these residues participate in binding Ca*" or
maintaining structural stability in known structures of
S100 proteins!®*. Therefore, we could deduce that the
conserved residues in S100 domain of CRNN, such as
Tyrl8, Leu28, Glu32, Lys34, Glu40, Leu6l, Asp62
and Glu73, play the same roles. More importantly,
Phel5, Phe71 and Phe74/Tyr74 are highly conserved
throughout the S100 proteins, which form a central
hydrophobic core together with several other residues.
The three conserved residues that are substituted for
polar residues would have drastic effects on the
structural stability of S100 proteins!?!.,
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Fig. 1 Sequence alignment of S100 domain in CRNN with known human S100 family proteins
Residues are colored according to the degree of substitution at each position: dark gray, highly similar; light gray, less similar; white, not conserved.

2.2 Expression and purification of S100 domain
We designed primers to amplify the nucleotide
sequence encoding for the N-terminal residues of
CRNN, harbouring the S100 domain. The C-terminus
primer corresponding to a hydrophilic area of CRNN
was selected in order to obtain soluble recombinant
protein. The DNA fragment encoding S100 domain of
CRNN was cloned into expression vector pET-15b and
confirmed by restriction enzyme digestion and DNA
sequencing. The protein expression of S100 domain
was examined in E. coli BL21 (DE3), Rosetta (DE3)
and BL21 (DE3) pLysS strains, respectively. Cells
were collected and analyzed by SDS-PAGE. The
his-tagged recombinant protein (122 residues) with the
predicted molecular mass was highly expressed in
Rosetta (DE3) after IPTG induction (Figure 2a).
Analysis of the sequence coding for S100 domain
revealed a number of rare codons. The E. coli Rosetta
(DE3) can provide the lacking tRNAs corresponding to

these E. coli rare codons?. Therefore, using this strain
as expression host significantly
expression yield of S100 domain compared with other
strains tested.

improved the

(2)

Fig. 2 Expression and purification of S100 domain
(a) Comparison of S100 domain expression level in different E. coli host
strains. /: BL21 (DE3); 2: BL21 (DE3) pLysS; 3: Rosetta (DE3); M.
protein molecular mass markers. (b) Purification of recombinant S100
domain. M: Protein molecular mass markers; /: The protein after Ni**
affinity column purification; 2: The protein after S-75 gel-filtration
column purification.
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After two-step purification by Ni** affinity
chromatography and S-75 gel-filtration chromatography,
the recombinant protein was purified to near
homogenous (Figure 2b). The final yield of apo protein
is 10 mg/L. The purified protein was stable after
storage at 4°C for one month.

2.3 Conformational changes occur in S100 domain
upon Ca* binding

Analysis of the dispersion of NMR resonance
signals
One-dimensional 'H NMR spectra of apo S100 domain

is a good indicator of folded protein.

exhibited characterization of a well-folded protein
featuring good resonance dispersions in the regions of
the methyl protons, a-protons, and amide protons (data
not shown). Two-dimensional 'H-"N HSQC spectra
showed a good dispersion of backbone amides,
indicating that this protein is correctly folded(Figure 3a).
Moreover, we examined the effects of Ca* on S100
domain by employing NMR-based assays. Indeed,
significant chemical shift changes were observed in the
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Fig. 3 2D 'H-"N HSQC NMR spectra of S100 domain
(a) 2D 'H-"N HSQC NMR spectrum used uniformly "N labeled apo
S100 domain. (b) Comparison of 2D 'H-"N HSQC NMR spectra of apo
and Ca*-bound S100 domain. Spectrum of uniformly N labeled apo
and Ca*-bound S100 domain is presented in gray and black,
respectively.

'H-"N HSQC spectrum of the Ca*-bound form
compared with that of the apo protein (Figure 3b). The
NMR data show that S100 domain could bind Ca*" and
conformational changes occur upon Ca** binding.

2.4 S100 domain is multimerized in the presence
of Ca*

Most of S100 proteins have a strong tendency to
dimerize, but some of them could multimerize®?”. To
explore whether the S100 domain has multimeric
property, the concentrated apo and Ca?-bound S100
domain were loaded onto S-75 gel-filtration column
and eluted with the buffer containing 20 mmol/L Hepes,
pH 7.5, 150 mmol/L NaCl with 5 mmol/L EDTA or
2 mmol/L CaCl,. The results suggest that the apo S100
domain is mainly present as dimers. However, a
significant improvement in the multimerization state of
the Ca*-bound form was observed compared with the
apo form. In the presence of Ca*, about 35% of the
protein was found as multimers and 65% as dimers
(data not shown). This indicates that multimerization
of S100 domain is affected by the presence of Ca*.

AUC is
auto-association processes of proteins in solution, thus

a technique used to characterize

reflecting their native states. Determination of

sedimentation velocity can provide information
concerning the protein's molecular mass. We therefore
compared the molecular mass of the apo and
Ca*-bound S100 domain

sedimentation coefficients. The results demonstrate

according to their

that S100 domain is mostly dimerized without Ca*
(Figure 4a) and can form multimers in the presence of
Ca* (Figure 4b).

ESI-MS analysis was performed to further
confirm the multimerization of Ca*-bound S100
domain. The samples were prepared and subjected to
ESI-MS analysis as described in Materials and
methods. The data show that Ca*-bound S100 domain
exists in three forms, dimers (28 397.744 u), trimers
(42 460.778 u) and tetramers(56 614.371 u)(Figure 4c).

Addition of a crosslinker to the protein is used to
test the direct self association. We found that
Ca*-bound S100 domain was partially multimerized
(Figure 4d, lane 2). However, apo S100 domain had no
multimerization, only dimers were observed(Figure 4d,
lane 3). The presence of monomers under denaturing
conditions indicated an incomplete cross-linking
reaction. These results also corroborate that Ca*
appears to induce formation of multimers.
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Fig. 4 S100 domain is multimerized in the presence of Ca*
(a, b) AUC studies of apo (a) and Ca*-bound (b) S100 domain. (¢) ESI-MS analysis of Ca*-bound S100 domain. (d) Cross-linking analysis of S100
domain. }: Protein molecular mass markers; 7: Control; 2: Purified Ca*-bound S100 domain; 3: Purified apo S100 domain.

S100 proteins are characterized by the presence of
two Ca*-binding motifs of the EF-hand type
interconnected by a hinge region. In each Ca*-binding
motif, a Ca’-binding loop is flanked by a-helices,
resulting in a helix-loop-helix arrangement . At
present there is no information about the structure of
S100 domain in CRNN, but we deduced that it might
share a similar structure with other S100 proteins due
to the high sequence similarity. Our data presented
here show that the S100 domain has a Ca*-dependent
multimeric property and multimer formation is more
favored when Ca*-binding motif is occupied. In
combination with some previous reports on the
Ca*-induced conformational changes of S100 proteins
that have been well characterized by NMR and X-ray

s 162" we therefore speculate

crystallographic studie
that dimeric S100 domain undergoes a significant
conformational changes upon Ca*" binding and these
conformational changes alter the structure sufficiently
to allow it to further form noncovalent multimers.
2.5 Multimeric S100 domain attenuates
and ethanol-induced cell injury

According to previous reports,

DCA

DCA i1s a

significant constituent of gastric fluid and can
stimulate DNA damage, cell injury, and mediate
increases in intracellular free Ca* as well. It is often
used as a model damaging agent!'), CRNN functions as
a survival factor after DCA-induced cell injury and
deletion of S100 domain neutralizes the protective
effects!', Some S100 proteins show biological activity
in vitro and can directly affect cells®. To determine
the role of S100 domain multimerization in cellular
functions, treated 293T with
concentration (100 mg/L) of dimers and multimers of
S100 domain isolated from gel-filtration chromatography
under normal or DCA-induced stressed conditions.
Cells were treated with 500 wmol/L DCA and 100 mg/L
S100 domain species for 20 h, and then the cell
viability was examined. In the presence of DCA up to
a concentration of 500 wmol/L, a significant decrease
of cell viability was obtained in 293T cells as
expected. Compared to the cells only treated with
DCA, addition of dimers or multimers in DCA-treated
cells showed an obvious increase of cell viability, but
the effect of multimers was much stronger than dimers
While under

we cells same

(Figure 5a). normal physiological
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condition, accession of exogenous dimeric or alone at up to 2% (v/v) does not affect viability in cells

multimeric form of the protein showed no visible
protection on cell proliferation (Figure 5b). In
addition, ethanol exposure is an often occurred stress
for epithelial cells, we therefore examined the
protective effects of S100 domain species under
ethanol-induced and ethanol+DCA-induced conditions,
respectively. Our results showed that ethanol may be

an associated risk factor for tissue injure, however, it

for 20 h(Figure 5¢). On the other hand, the combined
action of ethanol with 500 wmol/L DCA is more toxic
than DCA alone for 16 h, and multimers reduced the
toxic effect than dimers (Figure 5d). Taken together,
these data further suggest that CRNN is a cellular
stress-response protein, and the multimerization state
of S100 domain strongly affects its function.

@ ®) < I I I
S $.100
2 1
< sk < 60
B 60 % =
=+ 1 [ - 3
3 0 i = 20
© Control 500 pmol/L 500 umol/L 500 wmol/L © 0
ontro pmo wmo pmo : :
DCA DCA+dimers DCA+multimers Control Multimers Dimers
(©) )
100
° X
g 100 S 80F T s
= 80 Z 60 M
) )
'§ 60 'E 40 i AAa,
= 40 =
O 20 o 20

0% 0.5% 1% 2%
Ethanol(%, v/v)

0% 1% 2%
500 wmol/L DCA with ethanol(%, v/v)

Fig. 5 Effects of multimers and dimers of S100 domain on cell viability under normal or stressed conditions
(a) S100 multimers can attenuate DCA-induced cell injury. Cells without or with multimers and dimers were treated with 500 wmol/L DCA for 20 h
(n=4). Cells without any treatment were used as a control. *P < 0.001 ps. 500 wmol/L DCA, **P < 0.001 ps. 500 pmol/L DCA +dimers. (b) Effect of
S100 dimers and multimers on cell viability after 20 h without DCA treatment (n=4). The control was the same as above.(c) Cells without (as a control)
or with multimers and dimers were treated with increasing concentrations of ethanol for 20 h (n=4). [O: Dimers; M : Multimers; [J: Control. (d)
Cells without (as a control) or with multimers and dimers were treated with combination of 500 pwmol/L DCA and increasing concentrations of ethanol
for 16 h (n=4). *P < 0.001 ps. control, 4P < 0.003, 44P < (0.001 or 444p < 0.004 ys. dimers. All data were reported as x + s. P values were determined

by Student's ¢ test. [J: Multimers; Il : Dimers; []J: Control.

The noncovalent multimers of S100 proteins are
found to play a major role in extracellular and
intracellular functions. For example, it is shown
that only multimeric S100A4 has neurite sprouting
activity ™. The Ca*-induced S100A8/A9 tetramer
promotes the formation of microtubules and the
Ca*-induced S100A12 hexamer may interact with
RAGE % ¥ Because DCA can induce release of
intracellular Ca®" and cell injury™” and multimerization
of CRNN S100 domain is Ca*-dependent (Figure 4),
the highly conserved S100 domain may sense cellular
Ca* perturbation and subsequently form multimers to
further protect cells from injury.

In conclusion, we cloned, expressed, purified and
preliminarily characterized human S100 domain of
CRNN. We identified the multimerization of the S100

domain in response to the changes of Ca* and found
that it was able to attenuate DCA and ethanol induced
injury. To further understand the mechanism of this
effect would be an interested topic to be ascertained,
which will help us to unravel the physiological
function of CRNN.
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