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genins in solution or the proteins bound on HAP, which was 
confirmed by amelogenin oligopeptide assays. It was con-
cluded that prolines at the amelogenin C terminus are es-
sential for the initial processing of amelogenin and amelo-
genin-mineral interactions.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 Amelogenin, the predominant matrix protein in de-
veloping dental enamel, has been considered essential for 
proper enamel formation [Moradian-Oldak, 2001]. Am-
elogenin self-assembles into nanospheres that serve as a 
scaffold for the oriented elongation of enamel crystals. As 
enamel matures, amelogenin proteins are progressively 
processed by proteinases, including matrix metallopro-
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 Abstract 

 Amelogenins, the chief proteins in enamel matrix, undergo 
progressive degradation by matrix metalloproteinase-20 
(MMP-20) to facilitate crystal growth. Proline is the most 
abundant residue in amelogenin and is located upstream to 
all MMP-20 cleavage sites in the amelogenin sequence. Pro 41  
is critical for amelogenin N-terminal processing, while the 
role of prolines at the amelogenin C terminus have not been 
determined. This study sought to elucidate the effect of the 
C-terminal prolines on apatite binding and MMP-20 hydroly-
sis. To compare apatite affinity, recombinant full-length hu-
man amelogenin (rh174) and mutated variants (P156T and 
P164T) were incubated with hydroxyapatite (HAP), and the 
unbound proteins were quantified by the Bradford assay. 
rh174 and mutants, as well as 3 oligopeptides, including 
wild-type peptide and peptides containing 2 mutations, 
were incubated with MMP-20 both in solution and on HAP. 
The digested products were analyzed by SDS-PAGE, reverse-
phase high-performance liquid chromatography and mass 
spectrometry. Mutated amelogenins displayed a significant-
ly lower affinity to HAP than the wild type (P156T  !  P164T  !  
rH174). The proline mutation at amino acid location 164 sig-
nificantly reduced the initial hydrolysis of either the amelo-
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Abbreviations used in this paper

HAP hydroxyapatite
MALDI-TOF matrix-assisted laser desorption/ionization 

time of flight
MMP-20 matrix metalloproteinase-20
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel 

electrophoresis
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teinase-20 (MMP-20) in the secretory stage of develop-
ment and kallikrein 4 in maturation stage, allowing the 
crystals to grow in thickness.

  Proteolysis experiments demonstrate that amelogenin 
is processed by MMP-20 predominantly at its N and C 
termini [Moradian-Oldak et al., 2001]. It is of interest to 
note that prolines are found adjacent and upstream to all 
identified MMP-20 cleavage sites in the amelogenin se-
quence [Ryu et al., 1999]. Proline is the only cyclic amino 
acid with a pyrrolidine ring that restricts the conforma-
tional range of adjacent residues. The regularly spaced 
prolines are presumably important in maintaining the 
extended chain conformation of proteins. The unique 
distribution and structural properties of prolines prompt-
ed us to investigate their potential functions in amelo-
genin. Pro 41  is located upstream of the W 44 /L cutting site 
of MMP-20. The substitution of this proline with threo-
nine, reported in a type of hypomineralized X-linked 
amelogenesis imperfecta, has been shown to inhibit am-
elogenin N-terminal processing by MMP-20 [Li et al., 
2003].

  The C-terminal end of amelogenin was verified to af-
fect the protein self-assembly and apatite binding proper-
ties [Moradian-Oldak et al., 2002a]. The proline residues 
in amelogenin C terminus are highly conserved across 
many species, implying their functional importance. 
However, there has been no experimental evidence to 
substantiate it. By selectively mutating the C-terminal 
prolines of amelogenin, this study sought to understand 
if these proline residues contribute to maintain the prop-
erties of amelogenin C terminus.

  Material and Methods 

 Preparations of Recombinant Human Amelogenin (rh174), 
Recombinant Human MMP-20 and Hydroxyapatite 
 Recombinant human amelogenin (rh174) and recombinant 

human MMP-20 (rhMMP-20) were expressed and purified by the 
methods described in our previous publications [Li et al., 2003]. 
Two amelogenin mutants (P156T and P164T) containing proline-
to-threonine mutations at location 156 and 164, respectively, were 
generated with a QuickChange Site-Directed Mutagenesis kit 
(Stratagene, La Jolla, Calif., USA). Synthesized hydroxyapatite 
(HAP) [Mayer et al., 1997] was selected by sequential filtering 
through 30- and 60- � m meshes for experiments. The surface area 
of HAP was measured to be 80.8957 m 2 /g by the Brunauer-Em-
mett-Teller method (Micromeritics Analytical Services, Nor-
cross, Ga., USA).

  Role of Amelogenin C-Terminal Prolines in Apatite Binding 
 Two micrograms of amelogenin or mutants (P156T and P164T) 

were incubated with 1  � g HAP in 20 m M  Tris/HCl (pH 7.5) for

1 h with constant shaking. After centrifugation at 5,000 rpm for 
5 min, the unbound proteins remaining in the supernatant were 
estimated by the Bradford assay (Bio-Rad, Hercules, Calif., USA).
The amount of protein adsorbed (PA) per square meter of HAP 
crystals was calculated by the following equation, where V is the 
volume of the solution, W is the weight of the adsorbent HAP, C i  
is the initial protein concentration and C f  is the final protein con-
centration:

  PA = [(C i  – C f )  !  V]/(80.8957 m 2 /g  !  W).

  The Role of C-Terminal Prolines in the Initial Cleavage of 
Amelogenin by MMP-20 
 Equal amounts of amelogenin wild type and mutants were di-

gested with MMP-20 at an enzyme-to-substrate ratio of 1/200 in 
reaction buffer at 37   °   C. After 0, 1, 2 and 6 h of digestion, each re-
action was terminated by rapid freezing on dry ice/ethanol bath. 
The samples were then analyzed by SDS-PAGE and MALDI-TOF 
mass spectrometry. SDS-PAGE gels were scanned and the amount 
of substrate at each time point was quantified using NIH Image 
1.22 (National Institutes of Health, Bethesda, Md., USA). The ra-
tio of substrate at time t to substrate at time zero (S t /S 0 ) was esti-
mated to determine the hydrolysis rate.

  To compare digestion of HAP-bound proteins, 0.4  � g of wild-
type or mutant amelogenin were incubated with 1  � g HAP. The 
protein amount used was less than the saturated binding level of 
each protein ( fig. 1 ) to ensure the same amount of protein bound 
on HAP. The bound and unbound proteins were separated by cen-
trifugation and quantified by Bradford protein assay. The bound 
wild-type and mutated amelogenins were digested by MMP-20 at 
an enzyme-to-substrate ratio of 1/200. The digested samples were 
separated by 12% SDS-PAGE. The ratio of S t /S 0  was determined 
using the method described above.

  Roles of Proline in Amelogenin C-Terminal Processing by 
Amelogenin Oligopeptide Assay 
 Three peptides were synthesized at GenScript Corporation 

(Piscataway, N.J., USA). The peptide  PP  (ML P DLTLEAW P STD) 
covers the sequence of rh174 from residue 154 to 168. Peptides  TP  
(ML  T  DLTLEAW P STD) and  PT  (ML P DLTLEAW  T  STD) contain 
proline-to-threonine mutations at corresponding residues 156 
and 164, respectively. Equal amounts of peptide were incubated 
with rhMMP-20 at a 1:   200 (w/w) enzyme-to-substrate ratio at 
37   °   C. After 30 min, proteolysis was terminated by addition of an 
equal volume of 0.1% trifluoroacetic acid. The digested peptide 
samples were analyzed by reverse-phase high-performance liquid 
chromatography on a C18 column (Varian, Lake Forest, Calif., 
USA). The decrease in the peak area of each peptide after hydro-
lysis was compared with the peak area of the corresponding con-
trol sample (incubation without enzyme). The degree of hydroly-
sis (DH) was calculated by using the following formula.

peak area of remaining substrate after hydrolysisDH % 100 100
peak area of control substrate

    Statistical analysis was performed with two-way ANOVA, us-
ing Softmax software 4.7.1 (Molecular Devices, Sunnyvale, Calif., 
USA).
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  Results 

 Effects of Amelogenin C-Terminal Prolines on
Protein Binding Affinity 
 To determine the influence of prolines on amelogenin 

binding capacity, we compared the amounts of wild-type 
and mutated amelogenins (per square meter) adsorbed to 
HAP. The saturated binding amounts of mutated amelo-
genins were remarkably lower than the wild-type protein 
[P156T (632  8  9.3)  !  P164T (720  8  10.8)  !  wild type (870 
 8  9.6)] ( fig. 1 ). Statistical analysis revealed significant 
differences among the groups (p  !  0.001).

  Effects of C-Terminal Prolines on Initial Processing by 
MMP-20  
 The initial cleavage of amelogenin by MMP-20 oc-

curred at P 164 /S within the C terminus, releasing the last 
11 amino acids teleopeptide (1307.7 Da; data not shown). 
The MMP-20 hydrolysis of amelogenin wild type and 
mutants (P156T and P164T) were evaluated both in solu-
tion and on HAP. As indicated in a time course analysis 
by SDS-PAGE ( fig. 2 ), the P164T amelogenin was hydro-
lyzed at a dramatically slower rate both in solution and 
on HAP (p  !  0.05), displaying a higher S t /S 0  ratio at each 
time point of hydrolysis, but the cleavage of P156T amelo-
genin had no significant difference when compared to 
rh174.

  The studies using 3 oligopeptides further confirmed 
these results. As shown in  figure 3 , the peptides PP and 

TP were cleaved by the enzyme at approximately similar 
speed (DH was 48.5 8 1.8 and 47.8  8  1.6%, respectively). 
In marked contrast, peptide PT was hydrolyzed at a sig-
nificantly slower rate with a DH value of 36.9  8  1.3%
(p  !  0.001).

  Discussion 

 A variety of studies suggest that the C-terminal tail of 
amelogenin plays important functions in enamel biomin-
eralization [Moradian-Oldak et al., 2002a]. Though both 
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  Fig. 1.  Different affinities of mutated and wild-type amelogenins 
for hydroxyapatite. Wild-type amelogenin (rh174) or mutants 
(P156T or P164T) were mixed with HAP with constant shaking. 
Both P156T and P164T amelogenin mutants have significantly 
reduced protein-absorbed amount per square meter of HAP, com-
pared to the wild-type controls.  *  p  !  0.001. 

  Fig. 2.  Comparative hydrolysis of wild-type and mutated amelo-
genins in solution or on HAP. Hydrolyzed wild-type amelogenin 
(rh174) and 2 mutants (P156T and P164T) were analyzed by SDS-
PAGE and the protein bands were quantified using the NIH Im-
age software. The digestion rates of the proteins, either in solution 
( a ) or bound on HAP ( b ), were compared by the ratio of substrate 
at time t to substrate at time zero (S t /S 0 ). Both in solution and on 
HAP, the P164T amelogenin mutant had a much higher S t /S 0  ratio 
than the wild-type and P156T amelogenins. 
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N- and C-terminal domains of amelogenin are accessible 
to proteolytic actions [Moradian-Oldak et al., 2002b], the 
time-dependent mass-spectrometric analysis revealed 
that the proteolysis of amelogenin by MMP-20 was initi-
ated at the P 164 /S site in the C-terminal region [unpubl. 
data]. This processing event released the hydrophilic C-
terminal telopeptide and simultaneously created a ‘23K’ 
product. The truncated 23K amelogenin is one of the 
most predominant proteolytic amelogenin components, 
comprising 11% of the enamel protein matrix. Using re-
combinant proteins and synthetic peptides, the present 
study demonstrated that this processing event was regu-
lated by these C-terminal proline residues. However, the 

influence of proline seems to vary between different loca-
tions. Proline residues 156 and 164 of human amelogenin 
correspond to positions 9 and 1 upstream to the cleavage 
site P 164 /S, respectively. The proteolytic cleavage at P 164 /S 
was only impeded by the replacement of proline with 
threonine at position-1. The presence of proline at posi-
tion 1 (Pro 164 ) may hold the downstream sequence in a 
more ‘turn-like’ structure which provides a close en-
zyme-substrate fit with less entropic cost [Truckses et al., 
1996]. Pro 164  may also serve as a docking site for MMP-20, 
because residue 1 relative to the cleavage site has been 
proposed to be part of the recognition site for the process-
ing enzyme [Perlman and Halvorson, 1983]. Pro 164  sub-
stantially influences the MMP20 processing efficiency of 
amelogenin at its C-terminal end, while Pro 156  may be too 
far away to affect the cleavage at P 164 /S. This observation, 
along with the abundance of prolines near the MMP-20 
cleavage sites, suggests that proline is a critical amino 
acid in MMP-20 hydrolysis of amelogenin. The binding 
capacity of the C terminus was associated with the pro-
tein conformation. In the present study, substitution of 
proline with threonine at position 156 or 164 displayed a 
significantly lower affinity to HAP, suggesting that these 
2 C-terminal prolines are important for optimal adsorp-
tion of amelogenin protein to HAP. The prolines appear 
to be essential conformational determinants that alter the 
accessibility of amelogenin C terminus to apatite, which 
is related to the growth of apatite crystals and enamel de-
velopment.
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  Fig. 3.  Comparative peptide digestion by MMP-20. The degree of 
hydrolysis of the peptides PP, TP and PT was determined by mea-
suring the changes in substrate peak area in high-performance 
liquid chromatography, showing that peptide PT was digested 
significantly more slowly than the other 2 peptides.  *  p  !  0.001.             
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