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Amelogenins, which are major matrix constituents in the developing tooth, play a regu-
latory role in the process of enamel crystal formation. Porcine amelogenin with 173 amino
acid residues is rich in proline, glutamine, leucine, and histidine. We utilized the small-
angle X-ray scattering (SAXS) technique to examine the solution structure of porcine
amelogenin. Samples used were two porcine amelogenins with apparent molecular weights
of 20 kDa (amino acids 1 to 148) and 13 kDa (amino acids 46 to 148) on SDS-PAGE. Prior to
SAXS measurements, the protein samples were dissolved in 2% (v/v) acetic acid to give a
concentration range up to 10 mg/ml. Comparison between Rg (the overall radius of
gyration) and Rc (the cross-sectional radius of gyration) revealed that the 20 kDa amelo-
genin exists in this solution as asymmetric particles with a length of about 15 nm,
presumably corresponding of dimers. Based on these experimental data and computer-
aided molecular modeling studies, we propose that the 20 kDa amelogenin adopts an
elongated bundle structure which mainly consists of extended structures similar to
polyproline II and/or B-strand, interspersed with g-turn or loop.

Key words: elongated structure, modeling, porcine amelogenin, small-angle X-ray scatter-

ing.

Enamel of erupted teeth is the hardest tissue in the body.
However, the forming enamel is soft in texture, being rich
in organic matter and water. The amelogenins, i.e., major
constituents of the extracellular matrix in forming enamel,
account for over 90% of the total proteins secreted by the
ameloblasts during developmental stages (1). The amino
acid sequences of the molecules from a number of mam-
malian species including pig have been determined (2-13).
The analyses showed high coritents of proline, glutamine,
leucine, and histidine, and the presence of repeated se-
quences of -Pro-Xaa-Pro- or -Pro-Xaa-Xaa-Pro- (where
Xaa is any amino acid) in the central domain of the proteins.
Thus, the amelogenins have hydrophobic properties.

To date, many approaches using X-ray diffraction and
'H-NMR have completely failed to determine the secon-
dary or tertiary structure of amelogenins [for a review of
amelogenin structure, see Fincham et al. (14)]. Based on
studies using circular dichroism (CD), Fourier-transform
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infrared (FTIR) spectroscopy, and Raman spectroscopy, it
was predicted that bovine amelogenin adopts G-sheet
structures and S-turns (15-18). A recent CD study using
porcine amelogenin and its fragments suggested that the
structure of the whole protein consists of three discrete
folding units (15). However, the folding pattern and terti-
ary structure of the amelogenins are still unknown.

In the present study, we used the small-angle X-ray
scattering (SAXS) technique to explore the size and shape
of amelogenin molecules in aqueous solution. The use of
synchrotron orbital radiation as an intense X-ray source
enabled us to collect experimental data within a reasonable
time and without appreciable smearing effects. On the basis
of the SAXS data obtained, and the results of computer-
aided molecular modeling, a new structural model for
porcine amelogenins is proposed.

MATERIALS AND METHODS

Sample Preparation—The secreted porcine amelogenin,
which migrates to the position corresponding to 25 kDa on
SDS-PAGE, consists of 173 amino acid residues (2). Its
amino acid sequence is shown in Fig. 1. Shortly after
secretion, this intact amelogenin is degraded enzymatical-
ly, giving rise to fragments which migrate to 20, 13, and 5
kDa on SDS-PAGE (19, 20). The 20kDa fragment is
sparingly soluble in neutral solutions and becomes a major
component of the extracellular matrix during the matura-
tion of enamel tissue (21). In contrast, the 13 kDa fragment
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N~terminal region

1 15
MPLPPHPGHPGY I NFSYEVLTPLKWYQNMIRHPYTSYGYEPMGGW
PPPRPPPPPD tettiitt

Central region

46 91
LHHQI IPVVSQQTPQSHALQPHHHIPMVPAQQPGIPQQPMMPLPGQ
DDPPPPPPPPDPPPPPPPDPPPPPPPPPPPRDPPPPPDPAPPPPT L LT

148
HSWTP IQHHQPNLPLPAQQPFQPQPYQPQPHQPLQPQSPPMHP 1QPLLPQPPLPPMFS
PPPPPPPPPPPPPPPPPPPDDPPPPPPPPPDPDPPPPPPPPPPDPPRPPPPPPPPPDP

C-terminal region

149 173
MQSLLPDLPLEAWPATDKTKREEVD

Fig. 1. Amino acid sequence of porcine amelogenin reported
by Yamakoshi et al. (2) and the secondary structure of its 20
kDa fragment (with amino acids 1 to 148) proposed here for
modeling. The polyproline II elements are indicated below the
sequence with the letter “p”; B-strand are indicated with the symbol

«_»

,” and B-turn or loop with the letter “t.”

is soluble and is concentrated in the fluid phase in vivo (21).
The porcine amelogenin samples (20 and 13 kDa) that were
used in the current work were well characterized by SDS-
gel and Western blots using anti-porcine 20 kDa amelo-
genin, and by determination of their amino acid composi-
tion and partial sequences at both the N- and C-termini
(19-23). The 20 kDa amelogenin comprises 148 amino acid
residues and has the sequences Met-Pro-Leu- at the N-
terminus and -Phe-Ser at the C-terminus (21). The 13 kDa
fragment has Leu-His- and -Phe-Ser sequences at its N-
and C-termini, corresponding to Leu46 to Ser148 (21).
This preparation procedure was originally developed by
Fukae et al. (19). Using porcine amelogenin samples
collected by means of the same procedures, this group of
investigators biochemically determined the whole amino
acid sequence of 20 and 25 kDa porcine amelogenins (2).
From studies using the purified 25 kDa porcine amelogenin
as substrate, it was also verified that the protease isolated
from secretory porcine enamel cleaves the amelogenin at
specific sites, yielding the 20 and 13 kDa moieties (24).
Although there remains controversy regarding phosphor-
ylation of Ser16 of porcine amelogenins (25, 37), we have
no positive evidence for phosphorylation in the 20 kDa
amelogenin. SAXS measurement was done for these 20
and 13 kDa amelogenin fragments.

Small-Angle X-Ray Scattering—The measurements
were performed using synchrotron orbital radiation with an
instrument for SAXS installed at station BL-10C of the
Photon Factory, Tsukuba. The X-ray beam line was equip-
ped with a toroidal focusing mirror and a double crystal
monochromator. The monochromatization was achieved by
using silicon (111) reflection. The X-ray wavelength of
0.1488 nm was selected. Data were recorded using a
one-dimensional position-sensitive proportional detector
with a delay line readout. Corrections for the slit-smearing
effect were not made, because quasi-type optics were used.
The details of the optics and instrument were given
elsewhere (26).

Prior to SAXS measurements, weighed amounts of the
protein sample were dissolved in 2% (v/v) acetic acid and
kept on ice. Under these conditions, the 20 and 13 kDa
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amelogenins were soluble enough to yield a maximum
concentration of 10 mg/ml.

The sample solution was placed in a quartz cell of 70u1in
volume, and the temperature was kept at 5.0+0.1°C by
circulating water through the sample holder. The scale of
the reciprocal parameter, @, being equal to (4zsing)/A,
was calibrated by observation of the peaks from dried
chicken collagen, where 26 is the scattering angle and A is
the X-ray wavelength. Scattering data for Guinier plots
were collected for 600 or 1,200s at individual sample
concentrations, since irradiation of the fragments for
periods up to 1,200 s produced no change in the scattering
profiles. The data were analyzed using a PC-9801RA
personal computer (NEC).

Previous low-angle laser light scattering analysis showed
that the 20 kDa amelogenin exists in a monomeric form at
pH 5.3 and 25°C (15). The SAXS measurements were done
in 2% (v/v) acetic acid (<pH 5.3) and 5°C. The possibility
that the 20 kDa amelogenin exists in oligomeric form in this
solution will be discussed later.

Scattering Data Analysis—Data analyses were done by
Guinier methods. At small @ values, analyses of the
scattering curves by the Guinier equation give the overall
radius of gyration Rg (27):

In I=In I,— Q*Rg?/3 (1)

Here I, is the scattered intensity at the reciprocal parame-
ter @=0 (at zero angle) and I is the scattered intensity at
the reciprocal parameter, . The range of @? (nm~?) used
for the Guinier plots was from the minima to 0.23, in which
the minima of §? were selected at various protein concen-
trations because of interparticle interference effects.

If one of the particle dimensions is much larger than the
other two dimensions, the radius of gyration of the cross-
section Rc is obtained in a larger @ range than that used in
the Rg analyses (28):

In IQ=1n (IQ),— Q*Rc*/2 @)

The cross-sectional analyses can be carried out for particles
in which the ratio of the longest dimension to the other two
dimensions is as low as 2:1, although at this limit the region
of the scattering curve amenable to this analysis is re-
stricted (27). Actually, the range of @ (nm~?) available for
construction of the cross-sectional Guinier plots was from
0.39 to 3.6.

Computer-Aided Molecular Modeling—We attempted to
construct a structural model of 20 kDa amelogenin having
148 amino acid residues on the basis of the Rg and Rc
determined by the SAXS analyses as well as by taking into
account the CD and FTIR spectral results obtained by other
researchers (15-18). Computer-aided modeling was car-
ried out using a Silicon Graphics interactive graphics
system (INDIGO?) with programs MMS (29) and SYBYL-
6.3 (30). Energy minimization using the program running
as part of SYBYL6.3 was also carried out to eliminate van
der Waals clashes among all atomic positions. In order to
validate the predicted structure of the 20 kDa amelogenin,
the overall radius of gyration, Rg, was calculated by using
the atomic coordinates obtained from the energy-mini-
mized structure model according to the equation:

Rg*=23z,R*/2}z2; (3)

where z; is the atomic number for atom i and R; is its
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distance from the centroid of the atomic distribution in the
molecule.

RESULTS

Small-Angle X-Ray Scattering—Figure 2 shows Guinier
plots (i.e., In I vs. @%) for the 20 kDa fragment at protein
concentrations ranging from 1.0 to 7.8 mg/ml in 2% (v/v)
acetic acid. At lower concentrations, scattering X-ray

Ini(Q@)

00 0.1 02 03 04 05
@Z(nm-2)
Fig. 2. Guinier plots for the observed small angle scattering
for 20 kDa fragment of porcine amelogenin at various protein
concentrations. Scattering curves in 2% (v/v) acetic acid. 1, 1.0 mg/
ml; 2, 1.5 mg/ml; 3, 2.0 mg/ml; 4, 3.0 mg/ml; 5, 4.5 mg/ml; 6, 6.5
mg/ml; 7, 7.8 mg/ml.

Rg(nm)
[N]
T
_D_._
-

1 L 1 - 1 J
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concentration (mg/mt)

o

Fig. 3. Protein concentration dependence of the overall radius
of gyration, R,, for two fragments of porcine amelogenin in 2%
(v/v) acetic acid. O, 20 kDa fragment; Z, 13 kDa fragment.
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intensities increased linearly in a low range of @°. Rg at
certain protein concentrations can be calculated from the
slope of this linear portion. However, at protein concentra-
tions higher than 3.0 mg/ml, scattering X-ray intensities
rapidly decreased at very small angles. This decrease in
intensities is known to arise from interparticle interference
effects and to become marked with increasing protein
concentration (27). Such behavior could be prominent for
particles adopting very asymmetric shapes at relatively
low protein concentration (31). Figure 3 shows the overall
radii of gyration, Rgs, calculated from the slope values, as
a function of protein concentration. All resulting plots were
linear in the concentration range from 1 to 4 mg/ml. Thus,
we estimated the Rg value at zero concentration by extra-
polation of the data obtained in the concentration range of
1.0 through 4.5 mg/ml. Finally, the obtained value of Eg at
zero concentration was 4.36 +0.10 nm (Table I).

The same approach was applied to the 13 kDa fragment.
The estimation of Rg at zero concentration was not feasible
for this fragment sample, because much weaker scattering
intensities were obtained at protein concentrations lower

TABLE 1. Structural parameters of 20 and 13 kDa fragments of
porcine amelogenin obtained by small angle X-ray scattering in
2% (v/v) acetic acid. * L and d are the length and diameter in a rod-
like cylinder, respectively, and a and b are the semi-axes of a prolate
ellipsoid, which approximate the asymmetric molecule.

20 kDa fragment

13 kDa fragment

Rg (om) 4.36+0.10 -
Re (nm) 0.72+0.20 0.54+0.20
L* (nm) 14.9+0.40 —
d* (nm) 2.04+0.57 1.63+£0.57
a* (nm) 9.53+0.22 —
b* (nm) 1.01+0.28 0.76+0.28
S
e, S
-0 RN
R
CNL L
"\;TSN:
TN
1 1 1 1 )
0 1 2 3 4 5
aZ(nm2)

Fig. 4. Cross-sectional plots of the observed small angle
scattering for 20 kDa fragment of porcine amelogenin at protein
concentrations. Scattering curves in 2% (v/v) acetic acid. 1, 3.0 mg/
ml; 2, 4.5 mg/ml; 3, 6.5 mg/ml; 4, 7.8 mg/ml.
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than 4 mg/ml. Nevertheless, the Rgs at higher concentra-
tions ranging from 6 to 10 mg/ml (in which interparticle
interference effects appeared) were comparable with those
obtained from the 20 kDa fragment in the corresponding
concentration range.

Cross-sectional Guinier plots (i.e., In IQ vs. @?) used for
determination of Rcs (the radii of the cross-sectional
factor) are shown in Fig. 4 and the Rcs as a function of
protein concentrations in Fig. 5. Scattering X-ray inten-
sities were weaker and displayed greater deviation from
the linear slopes. Despite such ambiguity, plots of Rc vs.
protein concentration yielded linear relationships for both
the 20 and 13 kDa fragments. The Rc of the 13kDa
fragment was smaller than that of the 20 kDa fragment, as
shown in Table I.

Comparison of the observed Rg and Rc values clearly
indicates that particles of the 20 kDa fragment are asym-
metric in 2% (v/v) acetic acid. If the asymmetric particles
are approximated by a rod-like cylinder or a prolate
ellipsoid, knowledge of Rg and Rc gives the length L and
diameter d of the rod-like cylinder and the semi-axes (a
and b) of the prolate ellipsoid from the following equations
(27).

a

N-term N-term

C-term

C-term

B J
N-term

Vol. 123, No. 1, 1998

153
Rod-like cylinder L?=12(Rg?— Rc?) (4a)
d*=8Rc? (4b)
Prolate ellipsoid a?=5(Rg?— Rc?) (5a)
b*=2Rc? (5b)

From Egs. 4b and 5b, d=2b. Structural parameters (L, d,
a, and b) calculated according to these equations are shown
in Table I.

Model—Previous CD studies of the 20 kDa fragment of
porcine amelogenin showed a large negative peak at 203 nm
at pH 5.3 (15), which is in agreement with the result for
bovine amelogenin at pH 1.6 (16). The same peak was
observed for the proline-rich sequence from the repeating
unit of a giant secretory protein from Chironomus tentans
(32). Such a spectral feature may be explained by the
presence of polyproline II helix and 8-turns (32). The FTIR
spectra of bovine amelogenin also suggest the presence of
polyproline II; it is possible to assign the observed amide I
band at 1,636 cm™* to not only S8-sheet but also polyproline
II (33). The amino acid sequence 1 to 10 is very rich in Pro
(5 out of 10) and thus is reasonably assumed to adopt
polyproline II structure. Also, the CD spectrum of the 45
amino acid residues at the N-terminal region showed a
weak minimum around 215 nm, typical of #-strand confor-
mation (15). Thus, we initially predicted the distribution of

15
10
E \#%—w
c
~
[« 4
05 |- ¢ ¢
o.o 1 . - 1 i 1 J

0O 2 4 6 8 10 12

concentration(mg/ml)

Fig. 5. Protein concentration dependence of the radius of
gyration of the cross section factor, Re, for two fragments of

porcine amelogenin in 2% (v/v) acetic acid. O, 20 kDa fragment,;
Z, 13 kDa fragment.

Fig. 6. Ribbon representation of
the modeled structure for 20 kDa
fragment of porcine amelogenin
(43). The elongated model is charac-
terized by a bundle structure. (a) The
>~ model viewed along the long axis; (b)
N-term the model viewed perpendicular to the
long axis.
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secondary structures in the target 20 kDa fragment as
illustrated in Fig. 1. The pitches of S-strand and polypro-
line II are 0.35 and 0.29 nm, respectively (34). If the whole
protein of the 20 kDa fragment adopts such secondary
structures, the Rg of this very asymmetric rod-like
molecule would correspond to 12.3-14.9 nm, but this would
be three times larger than the X-ray experimental Rg value
observed for the 20 kDa fragment. This consideration leads
to the idea that the 20 kDa fragment is probably folded two
times. In this connection, we paid attention to two charac-
teristic sequences which are completely conserved within
amelogenins from various species; one is rich in glycine at
amino acids 38 to 45 (Gly-Tyr-Glu-Pro-Met-Gly-Gly-Trp),
and the other is Pro-Gly at amino acids 89 to 90 (Fig. 1).
The former seems to favor loop structure in proteins (36)
and the latter strongly favors 5-turn, especially type Il turn
(35). Using these preferences as a basis to construct a
plausible tertiary structure of the 20 kDa fragment of
porcine amelogenin, we started computer-aided structural
modeling with the following parameters. The dihedral
angles that define polyproline II are ¢ = —60°, ¥ = + 140",
while the angles that define 8-strand are ¢ = —119°, ¢ =
+120° (34). The Pro residues at amino acids 22 and 33 have
¢ =—60°, Y=+120", because the permitted ¢ angle is
only ¢ = —60+15". The dihedral angles of the remaining
amino acids 38 to 45 and amino acids 88 to 91 were
examined using some examples described by Efimov (36).
Subsequently slight adjustments and energy minimization
were made to optimize van der Waals contacts. All dihedral
angles of the optimized structure were in allowed regions of
the Ramachandran map (34).

The modeling results indicate that the predicted struc-
ture is characterized by an elongated bundle structure, as
illustrated in Fig. 6, which may be regarded as a rod-like
cylinder rather than a prolate ellipsoid. The predicted
bundle structure consists of three parts of -strand and/or
polyproline II, interspersed with S-turn or loop. The
predicted structure forms hydrophobic cores which might
contribute to the structural stability; the first core consists
of Leu3, Met85, Leu88, Met94, and Met95, the second
core, Ile13, Phel5, Tyrl7, 1le70, Val73, and Leul06, and
the third core, Tyr34, Tyr37, and Ile50.

The atomic coordinates of the 20 kDa amelogenin model
are available from the authors.

DISCUSSION

Elongated Bundle Structure—1t has been well document-
ed that amelogenin conformation is sensitive to variations
in temperature, protein concentration, solution pH and
ionic strength. The present SAXS studies indicated that the
Rg values of the 20 kDa fragment linearly decrease with
increasing protein concentration in the concentration range
of 1 to 4mg/ml (Fig. 3). This behavior is generally
observed for many proteins in solution (27). We consider
that no substantial change occurred in protein conformation
within the concentration range studied, or, if it did, its
magnitude was too small to have a major effect on the size
and shape of the 20 kDa sample in solution.

The present SAXS studies provided evidence that parti-
cles of the 20 kDa fragment are highly asymmetric in 2%
(v/v) acetic acid at 5°C. This conclusion is consistent with
the well-known SDS-PAGE and molecular sieve data,

N. Matsushima et al.

showing that amelogenins do not behave like a globular
protein in solution (37). The partial specific volume () of
amelogenin protein was reported to be 0.74 ml/g (30), so
that the radius of gyration (Rg) for 20 kDa amelogenin in
globular form is predicted to be 1.4 nm which is much
smaller than the X-ray experimental values, as expected.
This simple calculation also supports the bundle structure
of the 20 kDa fragment. On the basis of the atomic coordi-
nates of the proposed bundle structure, we calculated the
Rg of the 20 kDa fragment according to Eq. 3. The cal-
culated value of Rg (=4.32 nm) was compatible with the
X-ray experimental Rg (=4.36 nm).

It is of interest to note that several proteins having a
series of tandem repeats adopt unique protein folds, as
described here for amelogenin. SAXS analysis indicated
that @ -zeins can be approximated by a nonglobular, prism-
like shape (38). High-molecular-weight glutenin was ob-
served to have a rod-like structure consisting of a novel
supersecondary structure called polyproline, S8-turn helix
(31). X-ray crystal structure analysis showed that porcine
ribonuclease inhibitor containing leucine-rich repeats takes
a nonglobular, horseshoe shape (39). In the case of repeats
of -Pro-Xaa-Pro- or -Pro-Xaa-Xaa-Pro- in the amelogenin,
polyproline II structure was tentatively assigned. This
structural components might contribute to the formation of
the elongated bundle structure, but not the triple helix seen
in collagen, which is characterized by tandem repeats of
Gly-Xaa-Xaa.

Aggregation Properties—The aggregation properties of
amelogenin are dependent on protein concentration, tem-
perature, etc. (40-42). Recently dynamic light scattering,
transmission electron and atomic force microscopy studies
showed that the murine amelogenin with 179 amino acids
forms a monodispersed aggregate structure with hydro-
dynamic radii ranging from 15 to 19 nm, at pH 7.8-8.0,
ionic length 0.02-0.05 M, and protein concentration 0.5-2
mg/ml (41, 42). On the other hand, low-angle laser light
scattering analysis showed that the 20 kDa amelogenin
exists in a monomeric form at pH 5.3 and 25°C (15). The
solution of 2% (v/v) acetic acid used here gives a value close
to pH 5.3, rather than pH 7.8-8.0. In order to clarify
whether the amelogenin molecules exist as a monomer or
oligomers, we calculated the molecular weight (M,) of the
20 kDa fragment in 2% (v/v) acetic acid at 5°C studied here
according to the equation:

M.=(NaV)/ v (6)

where Na is Avogadro’s number, V the volume of a
molecule, and v.=0.74 ml/g (37). We assumed that the
amelogenin molecules have a rod-like cylinder [V = z(d/
2)?L] or a prolate ellipsoid [V =(47n/3)ab?] shape. The
values of d, L, a, and b were obtained from the Rg and Re
values as described above. The results showed that in either
case the calculated M, for the 20 kDa amelogenin is about
two times larger than the value for the monomeric mole-
cule. Thus the protein may exist as a dimer at most in 2%
(v/v) acetic acid. This does not rule out the possibility that
some or most of the protein molecules exist in a monomeric
form in the acetic solution because Rc or d/b values are less
reliable than the Rg or L/a values. One also may suppose
that there is an equilibrium between the monomer and
dimer, so that the Guinier analysis gives the z-averaged Rg
and Rc (44).
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Concerning the presumed formation of dimers, it is
feasible that a pair of the elongated monomers face each
other parallel to their long axes. A stacking of the mono-
mers aligning parallel to the long axis leads to dimerization.
An important consideration is that the Rg value may not be
affected substantially by the dimerization, because the
length L of a rod-like cylinder or the longest dimension a of
a prolate ellipsoid contributes predominantly to Rg accord-
ing to Eqgs. 4a and 5a. In fact, the Rg value predicted on the
basis of the proposed dimer model is only 3 to 4% larger
than that the Rg (=4.32 nm) calculated from the monomer
model, indicating that the X-ray experimental Rg (=4.36
nm) is comparable to the calculated values irrespective of
monomer or dimer structure.

Different aggregation behavior in various solutions and
conditions has been observed for hydrophobic «-zeins and
high-molecular-weight wheat glutenin, as well as amelo-
genin (31, 38). We think that such a property is a funda-
mental feature of hydrophobic proteins. The relevance of
the elongated bundle structure of 20 kDa amelogenin
obtained at 5°C and pH around 5 to the in vivo situation
might be questioned. However, it is possible to imagine
that, under different conditions, amelogenins retaining the
characteristic elongated structure may lead to larger spher-
ic aggregates as observed by Moradian-Oldak et al. (41)
and Fincham et al. (42).

CONCLUSION

The SAXS studies indicated that the 20 kDa fragment of
porcine amelogenins has an asymmetric shape with a length
of about 15 nm in 2% (v/v) acetic acid at 5°C. We propose
that amelogenin adopts an elongated bundle structure,
which mainly consists of extended structures similar to
polyproline IT and/or §8-strand, interspersed with 8-turn or
loop. The predicted structure appears to have a unique
protein fold, which is different from the collagen triple helix
or four-a-helix bundle. We would like to emphasize that
the combination of computer-aided molecular modeling
with small-angle X-ray scattering provides a useful method
to examine the solution structure of molecules.

We are grateful to Mrs. H. Takezawa of Yamagata University for
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Prof. K. Kobayashi and other members of the Photon Factory for their
help in the scattering experiments at the Photon Factory. We also
thank H. Konno for her help in preparing the manuscript.
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