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H I G H L I G H T S
� CAVI was the salivary protein with high affinity for hydroxyapatite in two mice strains with different caries susceptibility.
� CAVI of the two strains showed differences in molecular weight, amino acids and genes, glyco-chain modification and enzyme activity.
� Differences in CAVI activity might contribute to caries susceptibility.
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A B S T R A C T

Caries sensitivity varies between the two strains of inbred mice, BALB/cA has high sensitivity and C3H/HeN has
low sensitivity. One potential reason seems to be a difference in pellicle-forming saliva protein composition. Here,
we performed a proteomic analysis in order to identify differences of hydroxyapatite (HAP) adsorbed saliva
proteins between these two mouse strains. HAP column chromatography revealed twice the quantity of high-
affinity saliva proteins in C3H/HeN compared to BALB/cA. One- and two-dimensional electrophoresis showed
2 bands/spots with deviating migration. They were identified as murine carbonic anhydrase VI (CAVI) by peptide
mass fingerprinting and confirmed with western blotting using a specific polyclonal antibody. Total RNA from the
salivary glands of both mouse strains, PCR amplification of cDNA with a CAVI specific primer, and sequence
analysis revealed one different base in codon 96, resulting in one different amino acid. Glyco-chains of CAVI
deviate in one N-glycan, confirmed by mass analysis. CAVI activity was estimated from distinct circular dichroism
spectra of the molecules and found higher in C3H/HeN mice. In summary, the CAVI composition of BALB/cA and
C3H/HeN differs in one amino acid and a glyco-chain modification. Further, saliva from caries resistant C3H/HeN
mice displayed higher CAVI activity and also overall hydroxyapatite adsorption, suggesting a relationship with
caries susceptibility.
1. Introduction

Maintaining healthy teeth plays an important role in maintaining a
lifetime in good health, and it is said that losing teeth at older age implies
the risk of dementia and being confined to bed. It has been reported that
40–50% of tooth loss in Japan is caused by dental caries [1]. The majority
of 12-year-old children in developed countries has up to 1.2 teeth
affected by caries (DMFT; decayed, missing and filled teeth) [2]. In Japan
the ratio is 0.9, below the average and prevalence of dental caries is only
37.8%. However, with age, DMFT and dental caries incidence rise [3],
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and at the age of 40, the caries prevalence increases to 99% and DMFT to
16.5 [1]. Dental caries is the collapse of a tooth preceded by deminer-
alization of the tooth's hard tissue by acid-producing cariogenic bacteria
metabolizing sugar. Dental caries is caused bymicrobial factors (presence
of caries causing bacteria), host factors (tooth quality and saliva resis-
tance) and environmental factors (frequency of carbohydrate intake) [4].
However, the sugar intake in Japan is more than 30% lower than in
Europe and the United States [5]. Ninety six percent of the people
conduct daily tooth brushing to remove plaque, containing cariogenic
bacteria, and about 40% brush their teeth twice a day or more [1]. As
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mentioned above, despite the progress of general countermeasures and
oral care implementation to eliminate dental caries, the caries prevalence
rate has not decreased for a long time in Japan. The reason might be
missing oral hygiene measures, based on the understanding of each in-
dividual's accurate caries susceptibility. Dental caries damages the inor-
ganic part of the tooth, and not only causes pain and eating disorders, but
also serves as a reservoir for various kinds of microorganisms including
cariogenic bacteria, potentially resulting in aspiration pneumonia in the
elderly or inflammation of pulp and mucous membrane. Furthermore,
bacteria entering the blood flow can also cause cardiovascular diseases
such as infective endocarditis and arteriosclerosis [6]. Therefore, dental
caries not only causes oral problems in children, but also harms the
health of the whole body in adults, especially elderly people. Once dental
caries evolves, it is known that the surrounding teeth of the repaired
tooth also develop secondary caries with high probability [7]. Therefore
caries should be prevented in the first place. At present, general caries
susceptibility assessment is carried out by measuring saliva pH or saliva
buffering capacity, and evaluating the number of cariogenic bacteria, but
no evaluation standard for the degree of each contributing factor exists
[8, 9]. Especially, individual differences regarding saliva function, except
for the general buffering capacity are not understood. Saliva contains
inorganic salts and various proteins, however the function of many
proteins has not been clarified yet.

The enamel on the tooth surface is composed of 99% calcium phos-
phate called hydroxyapatite (HAP); saliva proteins adsorbed on its
outmost layer bear an important role as a protective film called pellicle
[10, 11], however the constituent proteins and details of their function
are only partly understood. Regarding bacterial adhesion to the tooth
surface [10], pellicle proteins might act as an intermediate between the
HAP calcium ions and bacteria, but most details are still unknown [12].
To find the pellicle proteins, able to suppress dental caries by
not-providing adhesion to bacteria and to clarify individual differences
would make it possible to establish an oral hygiene program reflecting
the individual caries risk and to lower caries prevalence. Animal exper-
iments using two normal breeding inbred mice strains have revealed that
caries susceptibility is higher in BALB/cA than in C3H/HeN [13, 14].
Since these studies showed that the tooth surface adhesion rate of
caries-causing bacteria correlated with the caries incidence, it is expected
that there are differences in the pellicle proteins that are receptors for
oral bacterial adhesion. However, there are only few reports regarding
comparative analysis of pellicle proteins in these mouse strains. Taka-
hashi et al. showed in vitro that the salivary protein of BALB/cAwas more
likely to adhere and aggregate cariogenic bacteria than C3H/HeN, and
the electrophoresis pattern of whole salivary protein from both strains
had a slight different molecular weight around 40–45 kDa. They found
that different major bands existed, but did not attain protein identifica-
tion [13]. To analyze these differences in detail, in this study, proteomic
analysis of hydroxyapatite (HAP) adsorbed salivary proteins was per-
formed to identify the involved caries inhibiting proteins.

2. Materials and methods

The protocol was approved by the Animal Experiment Committee of
Tsurumi University, School of Dental Medicine (approval number:
30A060). Animal welfare was fully conducted in accordance with the
research guidelines of the Animal Experimental Committee.

2.1. Saliva sampling from mice

Whole saliva was collected from two strains of 8-week-old male
conventional mice, BALB/cA and C3H/HeN. After purchase, the mice
were only raised for acclimatization and were not used for other studies
prior to the start of the study. These mice were bred in an environment
with free access to tap water and regular feed CE2 (CLEA Japan, Inc.
Tokyo, Japan), which is a GLP-compliant, standard rodent diet consisting
mainly of vegetable protein (soybean meal) with a proper balance of
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animal protein. The environmental temperature was 23 � 1 �C and the
humidity was 55%.

Nine mice of each strain were stimulated with 0.5 ml of a mixture of
0.5 mg/ml pilocarpine sulphate and 0.5 ml of 2 mg/ml isoproterenol per
mouse and saliva was collected by aspiration with a sterile micropipette
tip for 5 min after drug stimulation. This sampling was performed by one
researcher, and the order of animal sampling was random each time. The
collected saliva was stored at -80 �C until analysis.

2.2. HAP-HPLC

Whole saliva samples were fractionated using a Hydroxyapatite-HPLC
column (HAP-HPLC). 50 mL of a 10% hydroxyapatite particle suspension
in a filling holder were poured into an empty column (Shodex® empty
column, Showa Denko KK, Tokyo, Japan) at 1 mL/min for 50 min before
use. The column had an inner diameter of 3 mm and a length of 10 cm
and 1 mL of whole saliva was applied in 1 min. Elution of HAP-HPLC
adsorbed proteins was carried out with a potassium phosphate buffer
solution (pH 6.6) at a flow rate of 1 ml/min, stepwise with holding for 20
min at 50, 70, 100, 150, 200 and 400 mM for HAP affinity screening and
high affinity fraction separation or with a linear gradient from 50 to 400
mM for sample preparation for ELISA analysis. Each eluted fraction was
subjected to desalting treatment and kept as a sample for analysis.

2.3. Desalting treatment

Each eluted fraction was subject to centrifugal concentration (3,500
rpm for 2 hrs at 4 �C) using an ultrafiltration membrane (Amicon
Ultra—15, MerckMillipore) with a molecular weight cutoff of 10,000 Da,
followed by reconstituting the concentrated sample with 1 mL of pure
water to desalt.

2.4. SDS-PAGE

Proteins from nine mice of each strain were separated by 12% SDS
polyacrylamide gel electrophoresis using the Laemmli system with a gel
size of 7.5 cm � 7.5 cm and a constant current of 20 mA/sheet, followed
by CBB (Coomassie Brilliant Blue) stain which was carried out with
EzStainAQua® (ATTO Corporation, Tokyo Japan), and silver stain which
was performed with Silver strain plus ® kit (BioRad, Hercules, CA, USA)
according to the manufacturers' instruction. Glycoproteins were stained
using Pro-Q Emerald 488 Glycoprotein Gel and Bio Stain Kit P21875
(Invitrogen; Life Technologies Japan Ltd., Tokyo, Japan), according to
the manufacturers' instruction. Shortly after performing SDS-PAGE and
fixation with 50% methanol and 10% acetic acid, the washed gel was
oxidized with 3% acetic acid and periodic acid and then stained with Pro-
Q® Emerald 488 Staining Solution for 2 h s. Detection was performed
with Amersham Typhoon Biomolecular Imager (GE Healthcare Bio-
Sciences Corp., Marlborough, USA) at Ex/Em; 510 nm/520 nm. Phos-
phorylated proteins were stained using Pro-Q Diamond Phosphoprotein
Gel Stain (Invitrogen; Life Technologies Japan Ltd., Tokyo, Japan) also
according to the manufacturers’ instruction as follows. The fixed and
washed gel was incubated with Pro-Q® Diamond staining solution in a
dark place for 15min and de-stained in a solution of 20% acetonitrile and
50 mM sodium acetate at pH 4.0 for 1hr. Detection was carried out with
the same Typhoon Imager (GE Healthcare Bio-Sciences Corp., Marl-
borough, USA) at Ex/Em: 555 nm/580 nm. The total amount of protein of
the eluted HAP-HPLC fractions of each strain were adjusted to a constant
level. The fractions of BALB/cA were labeled with Amersham CyDye
DIGE Fluor Cy3 minimal dye (GE Healthcare, Tokyo, Japan), and that of
C3H/HeN were labeled with Amersham CyDye DIGE Fluor Cy5 minimal
dye (GE Healthcare, Tokyo, Japan). An equal amount of each was mixed
and two-dimensional gel electrophoresis performed. The first dimension
was isoelectric focusing with a gradient from PI 3 to PI 10 using 7 cm
Immobiline™Dry Strip gel strips, containing an immobilized pH gradient
(IPG), pH 3–11 were immersed in the sample mixed with a hydrolysis
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buffer [8 M urea, 4% CHAPS, 2% IPG buffer (carrier ampholytes), 40 mM
DTT] at 20 �C for 10 h. The following 6-step condition was applied at 20
�C. Step 1: stepwise at 300V for 40min, Step 2: gradient at 1000V, 20min,
Step 3: gradient at 5000V, 48min, Step 4: stepwise at 5000V for 72min,
Step 5: stepwise at 300V for 40min, Step 6: stepwise at 100V for 240min.
The IPG strip was removed and the second-dimension electrophoresis
was performed with the Laemmli system and a constant current of
20mA/sheet using a 12.5% PA gel sized 7.5 cm � 7.5 cm. The proteins
were visualized by fluorescence detection with Cy 3 at 580 nm and Cy 5
at 670 nm, using Amersham Typhoon Biomolecular Imager (GE Health-
care Bio-Sciences Corp., Marlborough, USA).

2.5. Peptide mass fingerprinting by MALDI-TOF MS analysis

The spots excised from the 2D-PAGE (gel) were subjected to S-pyri-
dine-ethylation treatment, digested with trypsin (overnight at 37 �C),
and desalted with ZipTip C18 (Millipore). The eluted sample was applied
directly onto the matrix of the MALDI plate, and after being air-dried,
mass spectrometry was performed under the following conditions.

Equipment used: AXIMA-CFR MALDI-TOFMS device, extraction
voltage: 20kv, flight mode: Reflectron, detection ion: Positive, matrix:
α-cyano-4-hydroxycinnamic acid (CHCA).

Identification was performed byMascot database search usingMascot
Server (Matrix Science K.K., Tokyo Japan, https://www.matrixscience
.com/search_form_select.html).

2.6. Production of polyclonal antibody

Invitrogen (Life Technologies Japan Ltd., Tokyo, Japan) was commis-
sioned with peptide design and synthesis, KLH conjugation, and immuni-
zation for antibody production. Two 15 amino-acid-residue sequences
(CKEYGTYENAKDQKN and CIQNGYRSTQPNNHR) from the amino acid
sequence database (advanced-BLAST search; https://blast.ncbi.nlm.nih.
gov/Blast.cgi?PROGRAM¼blastp&amp;PAGE_TYPE¼BlastSearch&amp;L
INK_LOC¼blasthome) of the identified protein are considered highly
antigenic. 30 mg (of these peptides) were synthesized by the Fmoc
immobilization method. Residues KLH (7 mg for immunization) and GGG
(3 mg for ELISA) were conjugated to above peptide to make it a carrier.
Two rabbits (JW, SPF) were immunized with the carrier-attached synthetic
peptide, and ELISAwas performedwith rabbit serum collected after 7 days
using BALB/cA, C3H/HeN mouse saliva protein as antigen. The antibody
titer of the polyclonal antibodies was purified with affinity column chro-
matography (heparin sephacryl) and the antibody titer increase confirmed.

2.7. Glyco-chain analysis and western blotting

The HAP-HPLC elution fractions were treated with deglycosylation
enzymes (PNGase F, Neuraminidase and O-Glycosidase) of the Enzymatic
Protein Deglycosylation Kit (Sigma-Aldrich, Tokyo, Japan) followed by
Western blotting. After separating the sample by 12.5% SDS-PAGE, a
semi-dry blotting device (WSE-4045HorizeBLOT 4M, ATTO CORPORA-
TION, Tokyo, Japan) was used with a polyvinylidene difluoride (PVDF)
membrane (Immobilon®-P PVDF Membrane, Millipore® Merck Japan,
Tokyo, Japan) for Western blotting. On the anode side, a filter soaked
with 0.3M Tris, 5% Methanol and 25mM Tris, 5% Methanol was placed
and on top of it, membrane and gel. On the cathode side, a filter paper
soaked with 25mM Tris, 40mM 6-Aminohexanoic acid and 5% Methanol
was placed, sandwiched between electrode plates and charged with a
constant current of 100 mA for 1 h for transfer. For detection, ECL Plus,
anti-rabbit HRP labeled secondary antibody kit (GE Healthcare, Tokyo,
Japan) was used.

2.8. Analysis of glyco-chains by MALDI-TOF MS

N-glycans were cleaved from the proteins of the HAP-HPLC elution
fractions by PNGase F and sialic acid was removed by sialidase treatment.
3

Glyco-chains for analysis were prepared and used as samples for MS
analysis. The samples were mixed with a matrix (2,5-DHB) and analyzed
by MALDI-TOF/MS (Reflex VI; Bruker Japan KK, Yokohama, Japan). The
m/z value obtained by MS was checked with a software tool for deter-
mining glycosylation compositions from mass spectrometric data (Gly-
coMod, http://www.expasy.ch/tools/glycomod/). The carbohydrate
chain was predicted by searching within 0.5 Da.

2.9. Determination of the protein quantity by ELISA

The protein from the linear gradient elution fraction of HAP-HPLC
was quantified and immobilized on the ELISA plate Invitrogen Nunc
MaxiSorp ™

flat-bottom (Thermo Fisher Scientific KK., Tokyo, Japan) to
react with the polyclonal antibody. Thereafter, an anti-rabbit HRP-
labeled secondary antibody was used, and the level of coloration of the
chromogenic substrate ABTS was measured (OD: 405 nm) for
quantification.

2.10. Genetic analysis

The parotid and submaxillary glands of each mouse were excised,
homogenized on ice, and total RNA was extracted using High pure RNA
Isolation Kit (Roche Diagnostics Corporation, Indianapolis, USA). The
extracted RNA was subjected to reverse transcription reaction using Su-
perScript II Rnase H-Reverse Transcriptase (Thermo Fisher Scientific KK,
Tokyo, Japan) and random hexamer primer (Thermo Fisher Scientific
KK, Tokyo, Japan) to synthesize cDNA. Mouse CAVI-specific primer sets
33F (50-GCCCTGGTGAGCGTGGTGTC-30), 974R (50-CCGGCTCCAA
AAGTGCCGGT-30), 667F (50-ACCCAGGCTCGCTCACCACA-30), 1280R
(50-TTCGGCGCTGGGGGTCAAAC-30) were used to perform PCR with
HotStarTaq Master Mix Kit (Qiagen KK, Tokyo, Japan) according to the
manufacturer's instructions to amplify 1247 bp including the coding re-
gion from codon 3 (nt 33) to the final codon of the gene. Reaction con-
ditions were as following: denaturation at 95 �C for 15 min, then 40
cycles at 94 �C for 30 s, 60 �C for 60 s and 72 �C for 90 s, and the final
extension reaction at 72 �C for 10min. For the sequence analysis, 10 μL of
the PCR product was used for agarose electrophoresis to confirm the
amplification of the DNA fragment, followed by purification using High
Pure PCR Product Purification Kit (Roche Diagnostics Corporation,
Indianapolis, USA). The sequencing was performed using ABI Prism
BigDye Terminator V 3.1 cycle sequencing kit (Applied Biosystems,
Foster, CA, USA) according to the manufacturer's instruction and the
sequence was read with an automatic sequencer (3730X DNA Analyzer;
Applied Biosystems, Foster, CA, USA).

2.11. Far-UV circular dichroism spectroscopy

Far-UV circular dichroism (CD) measurements were performed on the
spectropolarimeter J-720 W (Japan Spectroscopic Co., Ltd.; Tokyo,
Japan) using a 1-mm path-length quartz cuvette. The CD spectra of the
C6 and B6 fractions in deionized solutions at 0.1 mg/ml concentration
were measured at 25 �C. The CD spectra of the samples were corrected by
subtracting the spectra of the deionized water.

2.12. Measurement of buffering capacity

The measurement was carried out according to the method of Erik R.
Swenson et al [4]. 10 μL (1 mg/mL) of each desalted HAP-HPLC elution
fraction and the de-glycosylated fraction were added to 500 μL of 10 mM
NaHCO3, saturated with CO2, and the buffering capacity was measured as
pH change with an electrode.

2.13. Statistical analysis

The data obtained were statistically analyzed using IBN SPSS Statis-
tics version 19 (IBM, Armonk, NY, USA). Using a Wilcoxon signed-rank
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test, we analyzed data of molecular weight bands obtained in a poly-
acrylamide gel of electrophoresis. In other tests, the data of each sample
compared with the amount of HAP-high affinity proteins or buffering
capacity level within Balb/cA and C3H/HeN was analyzed by Mann-
Whitney U test. The significance was set as p < 0.05.

3. Results

3.1. HAP-HPLC

Whole saliva was eluted stepwise by HAP-HPLC chromatography
(Fig. 1a, b). The proportion of strongly adsorbed proteins on HAP (as
Figure 1. HAP-HPLC and SDS-PAGE staining. Stepwise elution of saliva proteins fo
protein quantity and separated by 12% SDS-PAGE. All proteins and glycoproteins
respectively, and each original photograph was shown in the supplementary file.

4

shown in Table 1) was 1.44% (B5; 0.61%, B6; 0.82%) of total adsorbed
proteins for BALB/cA, whereas for C3H/HeN it was more than twice with
3.25% (C 5; 1.02%, C 6; 2.23%) (as in Table1). We repeated HAP-HPLC
separation five times independently, and it was revealed that the pro-
portion of HAP adsorbed proteins with the highest affinity was signifi-
cantly (Mann-Whitney U-test, p < 0.01) higher in caries resistant C3H/
HeN compared to the caries susceptible BALB/cA mice.

3.2. Analysis by SDS-PAGE

As shown in Figure 1c, there was a difference in the migration of
bands around the molecular weight of 40 kDa for the results of silver-
r BALB/cA (a) and C3H/HeN (b). Each fraction of HAP-HPLC was adjusted in
were visualized by c) silver, d) glycoprotein and e) phosphorylation staining,



Table 1. The protein ratio of each affinity fraction.

Fraction No. Protein w/v ％ HAP Affinity Protein Subtotal％

BALB/cA

Non-adsorbed 71.55 no 71.55

B-1 15.21 low 19.54

B-2 4.32

B-3 4.82 medium 7.47

B-4 2.64

B-5 0.61 high 1.44

B-6 0.82

total protein 10.3 mg/ml

C3H/HeN

Non-adsorbed 70.55 no 70.55

C-1 8.98 low 18.73

C-2 9.75

C-3 4.90 medium 7.47

C-4 2.56

C-5 1.02 high 3.25

C-6 2.23

total protein 11.0 mg/ml
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stained strongly adsorbed fractions B5, C5, B6, C6 on HAP. C3H/HeN
showed less migration than BALB/cA. In the electrophoresis pattern of six
gels, the molecular weight corresponding to the migration of the bands of
both strains was calculated from the migration of the standard, and
revealed that the band of Balb/cA was 40.8 � 1.06 kDa and that of C3H/
HeN was 41.9 � 0.97 kDa, resulting in a significant difference (Wilcoxon
signed rank test, p< 0.05). As a result of glyco-chain staining with Pro-Q
Emerald, glycosylated proteins were observed in moderate and strong
HAP-adsorption fractions for both BALB/cA and C3H/HeN. In Figure 1d
5

the lanes B5, C5, B6, and C6 showed a difference in the migration of
proteins near 40 kDa similar to silver staining (Figure 1c). Phosphory-
lated proteins detected by Pro-Q Diamond in both BALB/cA and C3H/
HeNwere observed in weakly andmoderately adsorbed fractions to HAP,
but not in the strongly adsorbed proteins B5, C5, B6 and C6 (Figure 1e).
These results indicate that the salivary proteins of major interest in
BALB/cA and C3H/HeN strongly adsorbed to HAP and are present in a
band near the molecular weight of 40 kDa. Higher molecular mass of the
protein band in C3H/HeN compared to BALB/cA, is due to glyco-chains.

In order to see the difference between B6 and C6, different labels were
applied and equal amounts were run on the same gel of 2D-PAGE
(Figure 2a). B6 was observed as a green and C6 as a red spot, and the
result revealed a lower pI and a lower molecular weight for B6 than C6.
3.3. Peptide mass fingerprinting by MALDI-TOF MS analysis

After separating fractions B5, B6, C5 and C6 by 2D-PAGE followed by
CBB staining, a spot was observed near pI 4.0–5.0, at approximately the
same position as the spot observed by glyco-chain staining with Pro-Q
Emerald (data not shown). Therefore, these spots of fractions B6 and
C6 were cut out and MALDI-TOF MS analysis was performed.

As a result of MASCOT analysis from the obtained mass distribution
chart (Figure 2b), the eluted fractions B6, C6 of BALB/cA and C3H/HeN
respectively showed an almost identical peptide peak pattern, and all 4
fractions showed the mouse carbonic anhydrase (CAVI) with a score of
85 or more, expected value 2.5-e5 or less, peptide matching score 10 or
more and sequence coverage rate over 45% against CAVI.
3.4. Confirmation of CAVI in saliva (western blotting)

Part of the amino acid sequence of the mouse CAVI protein published
in a database was synthesized for use as an antigen and a rabbit
Figure 2. Qualitative and quantitative analysis of
HAP-high affinity fractions. a) Differential 2D-PAGE.
HAP-HPLC fractions eluted at 400 mM in both
mouse strains were chemically labeled with Cy5 (red;
C3H/HeN) and Cy3 (green; BALB/cA) fluorescent dye
and separated by 2D-PAGE in equivalent gels. b) PMF
analysis of each spot (MALDI-TOF/MS). BALB/cA is
shown as green line and C3H/HeN as red line. c)
Western blot analysis using HAP-HPLC fractions and
polyclonal antibody. The original photograph was
shown in the supplementary file. d) CAVI concentra-
tion of HAP-HPLC linear gradient fractions deter-
mined by ELISA.
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polyclonal antibody was prepared. The results of western blotting using
the prepared polyclonal antibody are shown in Figure 2c. The CAVI band
was confirmed in all saliva HAP-HPLC elution fractions B5, B6 of BALB/
cA, and C5, C6 of C3H/HeN (Figure 2c). It shows that the CAVI of C3H/
HeN has a somewhat higher molecular weight than BALB/cA.
3.5. Determination of CAVI quantity in HAP-HPLC fractions using ELISA

Figure 2d shows the quantitative results of HAP-HPLC linear gradient
fractionation by ELISA. A difference in retention time and concentration
of CAVI between BALB/cA and C3H/HeN was confirmed. The retention
time of C3H/HeNwas longer indicating a strong adsorption, and the HAP
adsorbed quantity was also high.
3.6. Analysis of glyco-chain modification (western blotting and MALDI
TOF/MS analysis)

The HAP-HPLC elution fractions B6 and C6 of BALB/cA and C3H/
HeN respectively were treated with the deglycosylation enzymes
PNGase-F, Neuraminidase and O-Glycosidase, followed by SDS-PAGE
and Western blotting (Figure 3a). When the three enzymes were mixed
and the proteins digested, the migration speed of B6 and C6 proteins
increased, bands around 40 kDa shifted to 35 kDa and 30 kDa respec-
tively, and the 30 kDa band became stronger. Digestion with PNGaseF
only gave two bands at 35 kDa and 30 kDa, with a stronger band at 35
kDa. When digestion was performed only with Neuraminidase, a shift in
molecular weight could not be confirmed. Digestion with O-Glycosidase
only showed a molecular weight decrease to 36.5 kDa and ca. 36 KDa
while maintaining the molecular weight difference between B6 and C6 of
the HAP-HPLC eluted fractions. Therefore, the results of analyzing the
glyco-chains by MALDI TOF/MS (Figure 3b) show N-type glyco-chains of
different structure. For BALB/cA at least five kinds with lower molecular
weight, and for C3H/HeN three kinds with higher molecular weight were
identified.
Figure 3. Glycosylation modification analysis of high affinity fractions. a) Western b
in the supplementary file. The eluted fractions of B6 and C6 were treated with the de-
b) Glycan analysis with MALDI-TOF MS.
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3.7. Sequence analysis of cDNA

The synthesized cDNA from the RNA of each mouse salivary glands
was amplified with a CAVI specific primer followed by sequencing
(Figure 4). Comparing the results with the database, C3H/HeN had an
adenine at position 836 replaced by cytosine, and the amino acid
changed from Gln to Pro. Regarding the BALB/cA sequence thymine at
position 109 was replaced by cytosine, cytosine at position 281 was
replaced by adenine and adenine at 836 was replaced by cytosine. The
amino acid sequence remained unchanged at 109, however at 281 Leu
was replaced by Ile and at 836 Gln was replaced by Pro. As a result of
comparison with the CAVI gene database, it was confirmed that CAVIs of
C3H/HeN and BALB/cA are polymorphic due to SNPs at positions 109,
281 and 836 (https://www.ncbi.nlm.nih.gov/gene?cmd¼Retrieve&a
mp;dopt¼Graphics&amp;list_uids¼12353).

3.8. CD spectrum analysis

For conformational analysis, we measured far-UV CD spectra of B6
and C6 (Figure 5). The CD spectra of C6 and B6 were very similar within
experimental errors. However the CD spectrum intensity of C6 was lower
at 200 nm and higher at 210–240 nm than that of B6. Further, the CD
spectrum of B6 showed a small negative peak at 222 nm. These results
show that the conformations of B6 and C6 are very similar, but not
identical.

3.9. Measurement of buffering capacity

Figure 6 shows the buffering capacity of the HAP-HPLC elution
fractions. Regarding C6 of C3H/HeN, the initial pH increased to pH 7.69
in 10min, whereas for B6 of BALB/cA, the initial pH increased to pH 7.13
in about 10 min, but no further pH increase was observed afterwards
(Figure 6a).

The glyco-chains of fractions C6 and B6 were enzymatically cleaved
and the buffering capacity was measured. As a result, the activity value of
lot analysis using de-glycosylation enzymes. The original photograph was shown
glycosylation enzymes, and analyzed by western-blot with a polyclonal antibody.
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Figure 4. Comparison of DNA sequences and coded amino acids of CA6 for two mouse strains. Nucleotide sequence data reported are available in the DBJ/EMBL/
GenBank databases under the accession numbers AB911240-AB911241.

Figure 5. Far-UV CD spectra of B6 and C6. Spectra of B6 (red solid line) and C6
(black broken line) measured at 25 �C.

Figure 6. pH buffering capacity. a) Measurement of pH buffering capacity by
the modified kinetic method of Maren et al. using 10 mM NaHCO3 saturated
with CO2. ▴; B6, x; B6 after de-glycosylation, ◆; C6, ■; C6 after de-
glycosylation. b) Comparison of changes in pH value. The pH value at 10 min
was compared between both proteins as well as before and after de-
glycosylation.
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C6 decreased to 39.7% (Figure 6b). Even with cut off glyco-chains, C6
showed a higher activity value than B6 (Figure 6a).

4. Discussion

BALB/cA is known as a caries-sensitive mouse and C3H/HeN is
known as a caries-resistant mouse, but the reason has not been clarified.
It was hypothesized that clarifying this difference could lead to factors
determining the susceptibility of human caries. We predicted that pellicle
proteins attached to enamel were one of the factors behind the differ-
ence, and we succeeded in finding a difference in this study. If this dif-
ference can be applied to monitor human caries susceptibility, it will lead
to an evaluation of caries resistance of the host, which is lacking in
7



K. Ohshima et al. Heliyon 8 (2022) e10077
current caries risk diagnosis. This will lead to the realization of new and
more accurate diagnosis and preventive measures can be expected.

Dental pellicles form by adsorption of more than 100 kinds of saliva
proteins and peptides to the enamel surface layer and play an important
role in protection and remineralization of enamel [15]. According to
previous studies, histatins, statherin and acidic proline-rich proteins
(PRPs) firmly attach to the hydroxyapatite of enamel and seem to play a
central role as pellicle proteins among salivary proteins [16, 17]. Hista-
tins are basic peptides with a broad antimicrobial [18] spectrum and are
thought to suppress dental caries-related bacteria [19], but epidemio-
logic investigations are mixed with some indicating a relationship with
caries and some not [20, 21]. Statherin is a small protein (5.4kDa) acting
on remineralization of enamel and is known to reduce adhesion of
Streptococcus mutans to enamel [21]. Epidemiological investigations of
statherin also show mixed results regarding the involvement of caries
[20, 21, 22]. Acidic PRPs serve as a source of calcium in saliva [23], so
they seem important for remineralization. However, Protein Antigen C
(Pac), an adhesin of Streptococcus mutans [36], uses PRPs as initial re-
ceptor [12, 24, 25] and there are reports that acidic PRPs correlate with
the incidence of early childhood caries [26]. Therefore, when consid-
ering caries risk and prevention methods based on host specific pellicle
protein composition, the significance of the candidates has not been
clarified and has not been put into practical use. In order to find new
candidates, this study used an in vitro model of saliva proteins adsorbed
by HAP.

We considered that the pellicle-forming protein, which has the
strongest adsorption property to HAP, could be one of the candidates for
affecting the onset of caries. The purpose of this study was to compare
pellicle-forming salivary proteins of two mouse groups with different
caries susceptibility in vitro and identify their candidates.

The ultimate goal is to identify the factors that affect human caries,
but analysis by comparing humans with environmental and genetic fac-
tors aligned is not possible. Therefore, as a first step, we used an exper-
imental animal that can do just that as a model. In many studies related to
human life phenomena, first of all a method is adopted in which quan-
titative and qualitative significance is evaluated in vitro, then verified
with experimental animals, which are model organisms, and finally
confirmed in humans, which is considered appropriate from an ethical
point of view.

On the other hand, in some cases, epidemiological studies in humans
have been conducted from the beginning without in vitro or animal ex-
periments. The reason is the possibility of discovering something that has
not been found as a candidate in an in vitro experiment. This approach
might be suitable for studying diseases that are affected by multiple
factors, such as dental caries. However, because the background of the
subjects cannot be aligned, the required sample size becomes large, the
number of survey items is exhaustive and the research scale enormous.
And it frequently happens that a sufficient scale cannot be secured, and a
significant difference cannot be obtained [37, 38]. Tautman et al. re-
ported that there were significant differences between groups with
different caries susceptibility regarding a large number of candidate
proteins, but due to the small sample size, large-scale studies will be
necessary in future to obtain clear differences [39].

Here, we attempted to identify caries inhibitory proteins by a prote-
ome analysis of tightly adhering pellicle proteins with high molecular
weight. As a result of our examination in twomouse strains with different
caries susceptibility (higher for BALB/cA and lower for C3H/HeN), we
found a protein with high HAP-affinity and properties differing between
the two strains and identified it as CAVI. CAVI, existing in secretion fluid,
is a member of the carbonic anhydrase family, which matches the CAVI
annotation result as glycosylated but non-phosphorylated protein. CAVI
catalyzes the reaction of hydrogen ions produced by bacteria in the oral
cavity with bicarbonate ions to produce water and carbon dioxide in
order to neutralize acids [27]. It is also present in human saliva, adhering
to the tooth surface [28]. In a study of pellicle constituent proteins over
time, it has been reported that CAVI exists as a pellicle constituent
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protein from the initial stage over a long period of time [29, 30, 31].
Meanwhile, epidemiologic investigations indicate that salivary CAVI
levels and DMFT are inversely correlated in humans [31]. It is considered
that CAVI is present on enamel in a stable manner from the early stage of
pellicle formation and participates in the prevention of dental caries by
buffering the pH and protecting the enamel. Thus, it is also known that
some pellicle proteins like acidic PRPs while protecting the tooth surface,
at the same time become targets as anchors for early attachment bacteria
[10]. When an agglutination test of S. mutans was carried out using CAVI
fractions of two mouse strains, an aggregation effect could not be
observed (data not shown). However careful consideration is necessary
due to the possibility that the ligand is hidden inside the protein and not
exposed to the receptor, as it is the case for acidic PRPs and statherin.
However, since there have been no reports of CAVI as a ligand, it can be
said that there is no evidence of being actively involved in the coloni-
zation of S. mutans. Therefore, since CAVI does not act as a ligand
involved in bacterial adhesion on the tooth surface, it also does not
promote fixation of S. mutans, and is considered not to inhibit a caries
suppression effect. It has been clarified that CAVI has an effect on bi-
carbonate buffering capacity [27], but comparison of CAVI enzyme ac-
tivity between mouse strains has not been reported yet. Therefore here,
comparison of enzyme activity per constant saliva volume between the
two mouse strains showed that C3H/HeN had a higher activity than
BALB/cA (Figure 6). From these results, it can be predicted, that in a state
adsorbed to enamel as a pellicle protein CAVI of C3H/HeN is both more
abundant and has higher enzyme activity than BALB/cA. Therefore, even
when the pH in plaque declines, it is possible that due to the enzymatic
activity of CAVI on the surface of HAP, the pH is buffered and does not
drop to the critical enamel demineralizing pH. Hence the development of
caries is suppressed; this effect might be higher in C3H/HeN than in
BALB/cA. Considering the data on the caries suppression effect of CAVI
in humans [31], it is possible that the enzyme activity plays a more
important role rather than the abundance of CAVI. These findings suggest
that the difference in caries sensitivity of BALB/cA and C3H/HeNmay be
based on the activity difference of the strongly absorbed CAVI on HAP.
The activity gap might stem from differences in CAVI protein structure.
We analyzed the primary structure and higher order structure of CAVI
proteins of both mice strains, predicting that the qualitative differences
also produce differences in activity. To analyze the primary structure the
nucleotide sequence for the amino acid coding region was compared to
the database and revealed three SNPs. Among them, the polymorphism at
nucleotide position 283 resulted in the primary structure change Leu-Ile
of the CAVI protein. Therefore, different higher order structures might be
possible.

In fact, the results of CD spectral analysis showed similarity, but not
complete identity (Figure 5). Since the protein conformation is also
affected by posttranslational modification, phosphorylation and modifi-
cation patterns of the glyco-chains were compared. The CAVI protein was
rarely phosphorylated, but the analysis pattern of glyco-chains was
different.

Some examples that modifications of glyco-chains affect the activity
of enzymatic proteins have been reported so far [32, 33, 34, 35]. When
the glyco-chains of CAVI protein from bothmice strains were cleaved and
the enzyme activities compared, the activity decreased for both strains,
however with a difference in the attenuation rate. Therefore, in addition
to the change of the primary structure, it is possible that the difference in
glycosylation modification also influences a change of the higher order
structure, and it is likely that the CAVI enzyme activity also differs. Since
this study is the result of a mouse model, it is of course necessary to verify
it in humans in future. Additionally, the enzyme activity as carbonic
anhydrase was detected in the identified protein CAVI, but since this is
only a detection system in liquid, it is necessary to establish a system to
detect the activity in the solid phase of the pellicle [40].

Further research is needed as to whether CAVI is related to a sup-
pression effect of human caries as a pellicle protein and whether it is
useful for caries risk diagnosis and prevention strategy.
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5. Conclusions

CAVI is a HAP-high-affinity mouse saliva protein, which shows dif-
ferences in glyco-chain modification between two mice strains. We found
a CAVI coding gene polymorphism in two bases causing one amino acid
difference. In addition, differences in CAVI three-dimensional structure
and function of pH buffering were also shown. In other words, the pellicle
protein, expressing CAVI, which adheres more firmly to enamel and ex-
erts a high buffering action in C3H/HeN compared to BALB/cA, might
exhibit caries resistance. Therefore, a possible involvement of CAVI in
caries prevention was suggested.

In our study, the difference in the structure and modification of CAVI,
reflected in the difference in buffer function could not be clarified.
Another limitation is, that saliva samples separated by HAP-HPLC were
concentrated with a molecular weight cut of 10,000 Da; therefore smaller
molecules should be analyzed with other methods.

It is a future task to verify whether the difference in the structure and
modification of CAVI really affects caries susceptibility. Furthermore,
clinical research in humans will be necessary in future to verify whether
CAVI is an influential factor even in humans, which is the original
purpose.
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