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Abstract

Dentin matrix protein 1 (DMP1) is present in the extracellular
matrix (ECM) of dentin and bone as processed NH,- and
COOH-terminal fragments, resulting from proteolytic cleav-
age at the NH, termini of 4 aspartic acid residues during rat
DMP1 processing. One cleavage site residue, Asp'®' (corre-
sponding to Asp'®” of mouse DMP1), and its flanking region
are highly conserved across species. We speculate that cleav-
age at the NH, terminus of Asp'” of mouse DMP1 represents
an initial, first-step scission in the whole cascade of proteo-
lytic processing. To test if Asp' is critical for initiating the
proteolytic processing of mouse DMP1, we substituted
Asp'” with Ala'”’ by mutating the corresponding nucleo-
tides of mouse cDNA that encode this amino acid residue.
This mutant DMP1 cDNA was cloned into a pcDNA3.1 vector.
Data from transfection experiments indicated that this sin-
gle substitution blocked the proteolytic processing of mouse
DMP1 in HEK-293 cells, indicating that cleavage at the NH,
terminus of Asp'? is essential for exposing other cleavage
sites for the conversion of DMP1 to its fragments. The NH,-
terminal fragment of DMP1 occurs as a proteoglycan form
(DMP1-PG) that contains a glycosaminoglycan (GAG) chain.

Previously, we showed that a GAG chain is linked to Ser’* in
rat DMP1 (Ser®® in mouse DMP1). To confirm that mouse
DMP1-PG possesses a single GAG chain attached to Ser®®, we
substituted Ser®® by Gly®. Data from transfection analysis
indicated that this substitution completely prevented for-
mation of the GAG-containing form, confirming that DMP1-
PG contains a single GAG chain attached to Ser®® in mouse

DMP1. Copyright © 2008 S. Karger AG, Basel

Introduction

Dentin matrix protein 1 (DMP1) was discovered by
cDNA cloning [George et al., 1993]. The distinctive fea-
ture of DMP1 is alarge number of acidic domains, a prop-
erty that implicates it is a possible participant in regulat-
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ing matrix mineralization. This purported biological
function is supported by the observations that MC3T3-
E1 cells overexpressing DMP1 demonstrate an earlier on-
set of mineralization and a significantly larger size of the
induced mineralized nodules compared to those of the
control cells [Narayanan et al,, 2001]. Findings from
DmpI-null mice strengthen the conclusion that DMP1
plays an important role in biomineralization [Ye et al.,
2004, 2005]. Recent studies also demonstrated the asso-
ciation between mutations in the DMPI gene and autoso-
mal recessive hypophosphatemic rickets, a novel human
disorder [Feng et al, 2006; Lorenz-Depiereux et al.,
2006].

DMP1 was originally postulated to be dentin specific,
but later its expression was observed in bone and non-
mineralized tissues [D’Souza et al., 1997; MacDougall et
al., 1998; Ogbureke et al., 2007]. The cDNA of DMP1 has
been cloned and sequenced in a number of species in-
cluding rat [George et al., 1993], mouse [MacDougall et
al., 1998], human [Hirst etal., 1997] and crocodilia [ Toyo-
sawa et al., 1999]. After translation, rat DMP1 is proteo-
lytically processed into an NH,-terminal (37-kDa) frag-
ment and a COOH-terminal (57-kDa) fragment at 4
bonds, Phe!73-Asp'”, Ser'80-Asp'8!, Ser’’’-Asp?'® and
GIn?2-Asp*?2, in the amino acid sequence [Qin et al.,
2003]. Amino acid sequence alignment of DMP1 shows
that residues in the region flanking Ser'®°-Asp'®! are
highly conserved across a very broad range of species, in-
dicating that the proteolytic cleavage at this site must be
related to an important biological function [Qin et al,,
2004].

More recently, our group discovered that, in addition
to the 37-kDa form, the NH,-terminal fragment of DMP1
also occurs as a proteoglycan, present in the extracellular
matrix (ECM) of bone and dentin [Qin et al., 2006]. The
proteoglycan variant, referred to as DMP1-PG, possesses
a glycosaminoglycan (GAG) chain that is made predom-
inantly of chondroitin-4-sulfate and is linked to the core
protein via Ser’* in rat DMP1.

The purpose of this investigation was to determine the
functional role of Asp"” of mouse DMP1 (corresponding
to Asp'! in rat DMPI) as a key cleavage site residue es-
sential for initiating the proteolytic processing events of
DMP1. We also analyzed whether Ser®® of mouse DMP1
(Ser’ in rat DMP1) is the only GAG chain attachment
site. In our study, the cleavage site residue Asp'” of mouse
DMP1 was substituted by Ala'®” (D197A substitution),
while the Ser® residue was substituted by Gly®* (S89G
substitution). Results from transfection experiments
demonstrated that D197A substitution prevented the pro-
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teolytic processing, while S89G substitution completely
prevented formation of the glycosaminoglycan form of
mouse DMP1.

Materials and Methods

Plasmid Construction

For generation of a DMP1 cDNA construct, we utilized a pBC-
KS+ construct carrying full-length mouse DMP1 ¢cDNA and a
pcDNA3.1 vector (Invitrogen, San Diego, Calif., USA). Mutagen-
esis was performed on the pBC-KS+ construct to create 3 types of
mutant DMP1 ¢DNA, using the QuikChange II Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, Calif., USA) following the
manufacturer’s protocol. For substitution of residues at cleavage
sites, Asp!®” and Asp?**in mouse DMP1 were substituted by Ala'®”
and Ala?**, respectively; these 2 substitutions were named D197A
and D234A, respectively. For the substitution of GAG chain at-
tachment residue, Ser®® was substituted by Gly®’ (designated S89G
substitution). These mutations were confirmed by restriction en-
zyme digestion and DNA sequencing. The mutant DMP1 cDNA
fragments were released by EcoRI digestion, and subcloned into
pcDNA3.1 vectors.

Cell Culture, Transient Transfection and Western

Immunoblotting

The human epithelial kidney 293 (HEK-293) cells were select-
ed for transient transfection, since these cells have a high transfec-
tion efficiency for mammalian expression vector, and in our pre-
liminary experiments, DMP1 was clearly detected when these
cells were used for transfection. The HEK-293 cells were grown in
Dulbecco’s modified Eagle’s medium (GIBCO-BRL/Invitrogen,
Carlsbad, Calif., USA) supplemented with 10% (v/v) fetal bovine
serum, 2 mM L-glutamine. The pcDNA3.1 constructs containing
DNA fragments coding for normal DMP1 as well as those for
D197A, D234A and S89G substitutions were transfected into
HEK-293 cells using the Lipofectamine 2000 (Invitrogen, Carls-
bad, Calif., USA) method. After 16-18 h of transfection, cells were
changed to conditioned medium, which was harvested at 72 h.
Lyophilized conditioned media from HEK-293 cells or samples
containing DMPI and its processed fragments purified by ion
exchange chromatography were separated on 4-20% Tris-glycine
SDS-PAGE gels (LifeGels). For isolation of DMP1 and its frag-
ments, the culture medium was loaded onto a Q-Sepharose col-
umn (Amersham Biosciences, Piscataway, N.J., USA) connected
to a fast protein liquid chromatography system. In this separation,
DMP1 and its processed fragments co-elute in early fractions,
while DMP1-PG elutes in late fractions.

Proteins separated on SDS-PAGE were visualized by Stains-
All staining and/or Western immunoblotting. The following 3
types of antibodies were used for chemiluminescent Western im-
munoblotting. (1) A polyclonal antibody generated by using pep-
tide AYNHKPIGDQDDNDC (residue 471-485 of mouse DMP1)
was used to detect the carboxyl terminus of DMPI; this antibody
(designated anti-DMP1-C-785) recognizes the 57-kDa fragment
as well as the full-length form of DMPI. (2) A polyclonal antibody
raised against peptide GLGPEEGQWGGPSKLDSDEDS (residue
101-121 of mouse DMP1) recognizes the amino terminus of
DMP1; this antibody (referred to as anti-DMP1-N-784) is immu-
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Fig. 1. Substitution of a single amino acid residue prevented cleav-
age of mouse DMPI. a Stains-All staining. Lane 1: conditioned
culture medium of cells transfected with pcDNA3.1 construct
carrying a mouse DMP1 cDNA that encodes DMP1 protein, in
which Asp!®’, an amino acid residue at a key cleavage site, was
substituted by Ala'” (note the absence of the lower molecular
weight, blue-stained band). Lane 2: pcDNA3.1 vector carrying
normal mouse DMP1 ¢cDNA (note the presence of low molecular
weight bands stained blue). Lane 3: empty pcDNA3.1 vector (with-
out DMP1 cDNA). The blue band at approximately 100-110 kDa
is full-length DMP1. Blue bands at approximately 57 and 37 kDa
are DMP1 fragments. Note that the 37-kDa fragment did not stain
as darkly as the 57-kDa fragment, which is most likely due to the
less acidic properties of the 37-kDa fragment. The purple band at

approximately 65 kDa represents BSA from the culture medium.
For each lane, 600 .l of lyophilized cell-conditional culture me-
dium was loaded onto SDS-PAGE gels. b Western immunoblot-
ting using polyclonal antibodies against COOH-terminal region
of DMPI1 (left 2 lanes, anti-DMP1-C-785) and NH,-terminal re-
gion of DMP1 (right 2 lanes, anti-DMP1-N-784). Lanes 1 and 3 are
the same sample (D197A) as in lane 1 of a; lanes 2 and 4 are the
same as in lane 2 of a (DMP1 without mutation). Note the absence
of the DMP1 fragments in the lanes with an amino acid substitu-
tion at the proposed cleavage site (lanes 1 and 3). For each lane,
300 pl of lyophilized cell-conditioned culture medium was load-
ed onto SDS-PAGE gels. Please note that DMP1-PG was hardly
recognized by the polyclonal antibody against the NH,-terminal
region of DMP1.

Fig. 2. D234A substitution did not block
DMP1 processing. For these experiments,
proteins (DMP1 and its processed frag-
ments) purified by ion exchange chroma-
tography were used. Note that DMP1-PG
was eluted in different chromatographic
fractions and thus was not included in
these samples. a About 6 pg of purified
protein was loaded onto each lane for
Stains-All staining. Note that the pattern
of protein bands is similar between the
D234A substitution (lane 1) and the nor-
mal control group (lane 2). b About 3 pg 38 kDa

of purified protein was loaded onto each |
lane for Western immunoblotting using 30kDa |
the antibody against the COOH-terminal
region of mouse DMP1 (anti-DMPI1-C-
785). Lane 1: D234A substitution; lane 2:
normal control group. Note the presence
of the DMP1 COOH-terminal fragment
(approximately 57 kDa) in both groups.
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Fig. 3. Substitution of Ser® in mouse DMP1 completely prevented
GAG glycosylation of DMP1. 300 .l of cell-conditioned culture
medium was loaded onto SDS-PAGE, and the proteins were visu-
alized by Western immunoblotting using a monoclonal antibody
against the NH,-terminal region of DMP1 (anti-DMP1-N-clone
9B6.3). This monoclonal antibody [Qin etal., 2006] shows a strong
reaction to DMP1-PG, but a weak reaction to the 37-kDa form.
Lane 1: conditioned culture medium from cells transfected with
the pcDNA3.1 construct carrying a mutant cDNA that encodes
mouse DMP], in which the GAG attachment residue, Ser®, was
substituted by Gly® (S89G). Lane 2: conditioned culture medium
from cells transfected with the pcDNA3.1 construct carrying
normal mouse DMP1 ¢cDNA. Note the absence of DMP1-PG in
lane 1 compared to the intact proteoglycan in lane 2 (arrow).

noreactive to the 37-kDa fragment and the full-length form of
DMP]I, but shows a relatively weak reaction to DMPI-PG. (3) A
monoclonal antibody (named anti-DMP1-N-clone 9B6.3) gener-
ated using the NH,-terminal fragment of DMP1 isolated from rat
long bone as the antigen is strongly reactive to DMPI-PG, but
shows a relatively weak reaction to the 37-kDa form; previously,
this monoclonal antibody was used to successfully isolate DMP1-
PG from bone [Qin et al., 2006]. All 3 antibodies were purified by
affinity columns.

Results

DI197A Substitution Blocked the Proteolytic Processing

of Mouse DMP1

Stains-All staining as well as Western immunoblot-
ting showed that the conditioned culture media of HEK-
293 cells transfected with the pcDNA3.1 construct carry-
ing either normal mouse DMP1 cDNA or mutant DMP1
contained significant amounts of DMP1 and/or its frag-
ments, whereas the media from cells transfected with
empty vector or with vector carrying the DMP1 ¢cDNA
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insert in the incorrect orientation did not contain any
DMP1 or its fragments.

For analysis of the product of the D197A substitution,
conditioned culture medium from cells transfected with
a construct carrying the D197A substitution as well as
that from the normal control were directly loaded onto
SDS-PAGE gels for Stains-All staining and Western im-
munoblotting. As shown in figure la, an approximately
100-kDa band (stained blue) representing full-length
DMP1 as well as the 57- and 37-kDa fragments were
clearly visible in the normal control, whereas in the D197A
substitution group, only full-length DMP1 was observed.
The findings indicate that the D197A substitution blocked
the conversion of DMP1 into N- and C-terminal frag-
ments. The result from Western immunoblotting (fig. 1b)
using the anti-DMP1-C-785 and anti-DMP1-N-784 poly-
clonal antibodies further confirmed the above findings.
It should be noted that in the normal control group, a sig-
nificant amount of uncleaved, full-length DMP1 was ob-
served. This is most likely due to overexpression of the
protein driven by the cytomegalovirus promoter in ex-
cess amounts that could not be cleaved by endogenous
protease.

D234A Substitution Did Not Block the DMPI

Processing

For analysis of the D234 A substitution, proteins from
the conditioned culture medium of cells transfected with
a construct carrying the D234A substitution as well as
from the normal control was first purified by ion ex-
change chromatography, and then fractions containing
DMP1 and its fragments, were loaded onto SDS-PAGE
gels for Stains-All staining and Western immunoblot-
ting. Both Stains-All staining (fig. 2a) and Western im-
munoblotting (fig. 2b) of the D234A substitution and
normal control groups showed essentially identical pro-
tein bands, indicating that the D234A substitution had
no effect on the proteolytic processing of DMP1.

S89G Substitution Prevented GAG Glycosylation of

DMPI

For analysis of the S89G substitution, conditioned cul-
ture medium from cells transfected with a construct car-
rying the S89G substitution as well as from the normal
control was directlyloaded onto SDS-PAGE gels for West-
ern immunoblotting. As shown in figure 3, Western im-
munoblotting using the anti-DMP1-N-clone 9B6.3 anti-
body demonstrated the presence of DMP1-PG, which ap-
peared as broad bands in the normal control, whereas
these high molecular weight bands were completely ab-
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sent in the S89G substitution group. This observation
confirmed that Ser® is the only site linking a single GAG
chain to the core protein.

Discussion

In the ECM of bone and dentin, 3 forms of DMP1 have
been identified: (1) the NH,-terminal fragment, (2) the
COOH-terminal fragment and (3) DMP1-PG. Based on a
number of observations, we have proposed that proteo-
lytic processing of DMP1 is one of the necessary steps in
the biomineralization of normal bones and teeth [Qin et
al., 2004]. We believe that these variants with distinct
biochemical features may play different roles in biomin-
eralization. In vitro mineralization studies have demon-
strated that the COOH-terminal fragment promotes
mineralization by acting as a nucleator for hydroxyapa-
tite formation [Tartaix et al., 2004, He et al., 2005; Gaj-
jeraman et al., 2007]. Information regarding the function
of DMP1-PG is lacking.

Our previous studies showed that all 4 cleavage sites
in DMPI occur at the NH, termini of aspartyl residues.
In this investigation we tested whether Asp'®” of mouse
DMP1 is a key cleavage site residue, essential for initiating
proteolytic processing of DMPI. Our findings showed
that substitution of Asp'”’ by Ala!®” blocked the proteo-
lytic cleavage of DMP1, whereas the substitution of an-
other cleavage site residue, Asp***, did not prevent pro-
teolytic processing of DMPI. These findings further
strengthened our theory that DMP1 processing is an ac-
tivation step. Based on these observations, we envision
that cleavage at the NH, terminus of Asp'®’ represents an
initial, first-step scission in the whole cascade of DMP1
processing. It is likely that conformational changes after
the initial cleavage at Asp"” expose other sites for the
proteinase(s) to exert its scission; that is, breaking of the
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