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Abstract
Cryogenic transmission electron microscopy (cryo-EM) was
used to explore the self-assembly of recombinant murine
amelogenin (rM179) in vitro. Our cryo-EM data showed that
amelogenin self-assembly is a strongly pH-dependent pro-
cess. At pH 4.4 the main fraction of the protein exists in a
monomeric form, although some peculiar structures con-
sisting of chains of monomers were also observed. At pH 5.8
large nanospheres comprising ring-like structures ~50 nm
in diameter were the most abundant particle class. Similarly,
at pH 8.0 amelogenins self-assembled into ring-like oligo-
mers of different sizes, which subsequently assembled into
nanospheres 15-20 nm in diameter. Furthermore, at pH 7.2,
which is close to a physiological pH, branched chains of
nanospheres were observed. Our results show that amelo-
genin assembly is a multistep hierarchical process and pro-
vides new insight into the control of enamel mineralization.
Copyright © 2011 S. Karger AG, Basel
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Introduction

Mature dental enamel is the most highly mineralized
mammalian tissue, and it possesses outstanding mechan-
ical properties which are to a large extent determined by
its structural organization. Amelogenin, comprising more
than 90% of the extracellular organic matrix of forming
enamel, plays an essential role in regulating the growth
and organization of enamel crystal during enamel forma-
tion [Gibson et al., 2001; Margolis et al., 2006; Pugach et
al., 2010]. In vitro, amelogenin has been shown to self-as-
semble, forming nanospheres of 15-20 nm in diameter
similar to those formed in vivo [Fincham et al., 1994; Mo-
radian-Oldak et al., 1994; Fincham et al., 1995]. These
nanospheres have been intensively characterized, for ex-
ample, by dynamic light scattering (DLS) [Uskokovic et
al., 2010; Fincham et al., 1998; Wiedemann-Bidlack et al.,
2007], atomic force microscopy [Moradian-Oldak et al.,
2000], transmission electron microscope (TEM) [Duetal.,
2005; Wiedemann-Bidlack et al., 2007], small angle X-ray
scattering [Aichmayer et al., 2005], and nuclear magnetic
resonance [Buchko et al., 2010; Delak et al., 2009].

It is well established that pH is the major factor reg-
ulating amelogenin assembly [Moradian-Oldak et al,,
1998; Wiedemann-Bidlack et al., 2007]. Specifically, it has
been shown that amelogenin is soluble at low pH values
(below 4) and it assembles into nanospheres and chains
of nanospheres at pH values above 5.8. In vitro mineral-
ization experiments indicate that amelogenin controls
mineral formation and structural organization [Beniash
et al., 2005; Kwak et al., 2009; Deshpande et al., 2010].

Cryo-EM  cryogenic transmission electron microscopy
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Despite numerous studies, the underlying molecular
mechanisms of amelogenin assembly are not well under-
stood [Margolis et al., 2006]. Understanding these mech-
anisms is crucial for the development of new therapies
and materials for hard tissue repair and regeneration.

One of the major challenges in studies of protein self-
assembly is that, although these processes occur in an
aqueous environment, their characterization often re-
quires dehydration which can lead to prominent struc-
tural changes. To overcome this problem, we used cryo-
genic transmission electron microscopy (cryo-EM) of vit-
rified hydrated samples to study recombinant murine
amelogenin (rM179) at different pH values. Cryo-EM is
ideal for this application since it allows us to perform
studies of assembling proteins in their native hydrated
state and minimizes dehydration artifacts.

Materials and Methods

Full-length recombinant mouse amelogenin, i.e. rM179, was
produced in bacteria Escherichia coli and purified as previously de-
scribed [Simmer et al., 1994]. Protein stock solution was prepared
by dissolution of lyophilized rM179 in distilled water at a concen-
tration of 10 mg/ml. The pH was adjusted to 3.5 using HCl and the
solution was kept for at least 24 h at 4°C prior to the experiments
to ensure complete dissolution of the protein. rM179 assembly was
assessed at 4 pH values, i.e. 4.4, 5.8,7.2, and 8.0. For experiments at
pH values of 4.4 and 5.8, protein stock solution was mixed with
distilled deionized water to yield a final concentration of 0.125 mg/
ml, whereas for pH values of 7.2 and 8.0 protein stock solution was
added to 4 mM PBS on ice to the final protein concentration of 0.1
mg/ml. Although the difference in ionic strength between PBS and
DDW can influence the self-assembly process, our recently pub-
lished study on the effects of ionic strength on amelogenin assem-
bly indicated that it has only a minor affect on amelogenin self-
assembly [Wiedemann-Bidlack et al., 2011]. TEM grids coated with
lacey carbon (400 mesh; EMS) were placed on top of small, 20-pl
droplets of the protein solutions and incubated for 1, 5, 10, or 30
min at room temperature in a humidity chamber. The grids were
then blotted and immediately plunge frozen into ethane slush
cooled by liquid nitrogen using a Vitrobot automated plunge freez-
er (Gatan). The frozen grids were cold transferred to an FEI Tecnai
F20 TEM with a field emission gun operating at a 200-kV acceler-
ating voltage. The areas of the vitrified ice in the holes of carbon
film with an average thickness of 1,000 A were chosen for the anal-
ysis. Data were recorded using a Gatan 4,000 X 4,000 charge-cou-
pled device camera. Images were taken in low-dose mode at 20 e/
A2 to minimize radiation damage to the samples at a nominal mag-
nification of 50,000. To enhance the image contrast, under-focuses
in the range of 1-3 pm were used to record the images. The cali-
brated magnification was 70,093 resulting in a pixel size of 2.14 A.

Results and Discussion

After 1 min in the reaction at pH 8, a number of differ-
ent structures were observed (fig. 1a). There were slightly
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Fig. 1. Cryo-EM micrographs of rM179 self-assembly at pH 8.0 at
1 min (a), 5 min (b), and 10 min (c) and close-up images of the
particle classes observed: monomer (d), oligomer (e-i), nano-
sphere (j, k, I). Arrowheads point to individual oligomers.

elongated particles less than 3 nm across which we inter-
preted as amelogenin monomers (fig. 1d). Several dimers
were also observed at this stage (fig. le). In addition, there
were larger ring-like structures of different diameters
ranging from 3 to 10 nm which were interpreted as amelo-
genin oligomers with a different number of protein mol-
ecules (fig. 1f-i). Since the TEM micrographs are 2-D pro-
jections of 3-D objects, these observations provide only
limited structural information, and additional studies are
needed to determine the exact structures of monomers
and oligomers. After 5 min of incubation, larger oligo-
mers comprised the major fraction, while smaller parti-
cles were still quite numerous (fig. 1b). At this time larger
aggregates of a roughly spherical shape with an average
diameter of 15-20 nm began to appear. We identified
these large particles as amelogenin nanospheres, based on
their shape and size, consistent with published data. At 10
min of incubation, the majority of the protein particles
were nanospheres (fig. 1c). Our studies further reveal that
these nanospheres are not homogeneous but possess an
internal structure. It appears that these particles are made
of a number of oligomeric rings (fig. 1j-1).

In contrast, when amelogenin was incubated at pH 7.2,
an interconnected network made of nanosphere chains
was observed after only 5 min of incubation (fig. 2). As
shown in figure 2b and ¢, nanospheres forming this net-
work have an internal structure similar to that observed
at pH 8.0, with apparent ring-like oligomers inside the
nanospheres.

We also conducted self-assembly experiments at a low
pH of 4.4 (fig. 3). To our surprise in addition to monomers
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Fig. 2. a Full-length rM179 assembly at pH 7.2 for 5 min showing
an interconnected network of nanosphere chains. b, ¢ Close-up
images of nanospheres in the network. Note that the nanospheres
are comprised of ring-like structures (arrows).

of amelogenin (fig. 3b), partially aligned pearl necklace-
like chains of monomers were observed (fig. 3c—e). No
intermediate particles were present at this pH. At pH 5.8,
however, rM179 assembled into large aggregates with di-
ameters in the range of 20-70 nm (fig. 4a). Interestingly,
at this pH oligomeric rings appear similar to those ob-
served in the self-assembly experiments conducted at pH
8.0 as shown in figure 4b and c.

The use of cryo-EM allowed us to make a number of
important observations which further our understand-
ing of amelogenin assembly as well as basic mechanisms
of enamel formation. In particular, we provide new in-
sights into the earliest stages of the amelogenin assembly
process. The results of our experiments at pH 8.0 demon-
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Fig. 3. Full-length rM179 assembly at pH 4.4 for 5 min (a) and
close-up images of monomers or aggregated monomers (b-e).

strate that amelogenin assembly is a multistep process
which occurs via the formation of ring-like oligomers
that further assemble to form nanospheres. The resulting
nanospheres therefore have an evident internal structure
consisting of the oligomers. The presence of intermediate
structures in amelogenin assembly has been previously
proposed by several researchers [Fincham et al., 1998; Du
et al., 2005; Brookes et al., 2006], and our results provide
adirect conformation of these hypotheses. Recent studies
of amelogenin adsorption onto mineral surfaces and self-
assembled monlolayers also indicate that the nanospheres
break down into smaller oligomeric particles which inter-
act with the surfaces [Tarasevich et al., 2009], suggesting
that these oligomeric subunits might play important roles
in the protein-mineral interactions during enamel for-
mation. Interestingly, we observed a number of different
classes of ring-like oligomers with diameters ranging
from 3 to 10 nm, suggesting that the rings include differ-
ent numbers of amelogenin molecules. At this point we
can only surmise that these variations are related to the
fact that amelogenin in solution is an intrinsically disor-
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Fig. 4. Full-length rM179 assembly at pH 5.8 for 5 min (a) and
close-up images of large aggregates of nanospheres comprising
oligomers (b, c); arrows point to the oligomeric structures in the
nanospheres and one individual oligomer in c.

dered protein [Delak et al., 2009] and is likely to be less
conformationally rigid during assembly than proteins
with well-defined structures. Additional studies will be
needed to clarify the question of variability in amelo-
genin oligomeric structures.

The results of our studies of amelogenin assemblies at
pH 7.2 revealed that amelogenin nanospheres form an ex-
tended network of branched chains of nanospheres. These
results are in agreement with earlier studies [Du et al.,
2005; Wiedemann-Bidlack et al., 2007]. At the same time
our data indicates that the nanospheres in the chains are
structurally similar to those observed at pH 8.0 as they are
also composed of ring-like oligomeric structures. These
observations suggest that the process of self-assembly at
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pH 7.2 is similar to the stepwise assembly process ob-
served at pH 8.0. This is an important observation since
pH 7.2 is in the physiological range at the sites of initial
enamel deposition [Lacruz et al.,, 2010], and hence such
structural organization of amelogenin assemblies can
closely resemble the situation in forming enamel in vivo.

The self-assembly experiments at pH 5.8 revealed that
the major particle class at this pH is large spherical ag-
gregates. Particles of similar size were reported in earlier
studies of amelogenin assembly by DLS at similar pH and
temperature [Petta et al., 2006]. Importantly, these nano-
spheres had an internal structure similar to that observed
at pH values of 8.0 and 7.2; namely, they consisted of ring-
like substructures. Overall, our results suggest that the
major mode of amelogenin nanosphere assembly in a
wide range of pH (5.8-8.0) is the stepwise hierarchical as-
sembly via intermediate oligomeric structures. This ob-
servation has a number of important implications for our
understanding of the function of amelogenin in forming
enamel. For example, the modular organization of ame-
logenin nanospheres might facilitate structural changes
in the enamel organic matrix and amelogenin interac-
tions with forming mineral.

Interestingly, at pH 4.4 in addition to monomers we ob-
served elongated protein aggregates up to 100 nm long con-
sisting of aligned chains of monomeric particles. This re-
sult was quite unexpected since the current paradigm sug-
gests that at this pH amelogenin is highly soluble and exists
in a monomeric form or forms aggregates consisting of
only a handful of molecules [Moradian-Oldak et al., 1994,
1998]. However, recently a DLS study from the group of
Moradian-Oldak [2000] revealed the presence of larger-
size aggregates, with Ry, in the range of 50-80 nm, when
analyzed using a spherical particle model [Petta et al,,
2006]. Our ability to conduct direct structural observation
in cryo-EM allowed us to determine that these aggregates
have an entirely different organization compared to amelo-
genin nanospheres. This observation suggests that the
mechanisms of amelogenin assembly at low pH might dif-
fer from those at high pH. One possibility is that at pH 4.4,
which is far removed from the amelogenin isoelectric
point, the nature of protein-protein interactions involved
in protein assembly may differ. In particular, the side
chains of acidic amino acids can be largely protonated. The
C-terminal telopeptide of amelogenin has a high concen-
tration of acidicamino acids. Lack of this telopeptide causes
major changes as has been shown in studies of knockout
and transgenic animal models [Paine et al., 2000; Pugach
etal.,2010]. It hasbeen also shown that the C-terminal telo-
peptide plays an essential role in amelogenin self-assembly
and its regulation of mineral formation and organization
in vitro [Wiedemann-Bidlack et al., 2007]. Furthermore, it
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has been proposed that C-terminal telopeptides bind each
other via electrostatic interactions between negatively and
positively charged amino acids [Fukae et al., 2007]. It is
therefore feasible that protonation of acidic amino acids of
the C-terminal telopeptide will influence the mode of pro-
tein-protein interactions and amelogenin self-assembly.

In conclusion, our cryo-EM data indicate that both the
kinetics and the mode of amelogenin self-assembly are
strongly pH dependant. Specifically, our data suggest that
in a wide range of pH (5.8-8.0) amelogenin assembly is a
stepwise process which occurs through the formation of
oligomeric ring-like particles that assemble into nano-
spheres. Our study revealed that at pH 4.4 amelogenin
assembles into chains of monomers organized into elon-

gated bundles, suggesting that the mechanism of the as-
sembly at this pH is different from the self-assembly at
higher pH values. These results provide new insights into
the structural organization of amelogenin supramolecu-
lar assemblies and the mechanisms of their formation,
and they have important implications for our under-
standing of the basic mechanisms of enamel formation.
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