1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochemistry. Author manuscript; available in PMC 2023 June 22.

-, HHS Public Access
«

Published in final edited form as:
Biochemistry. 2022 December 20; 61(24): 2909-2921. doi:10.1021/acs.biochem.2c00522.

Residue-Specific Insights into the Intermolecular Protein—
Protein Interfaces Driving Amelogenin Self-Assembly in Solution

Garry W. Buchko,

Earth and Biological Sciences Directorate, Pacific Northwest National Laboratory, Richland,
Washington 99352, United States; School of Molecular Biosciences, Washington State University,
Pullman, Washington 99164, United States;

Sebastian T. Mergelsberg,
Physical and Computational Sciences Directorate, Pacific Northwest National Laboratory,
Richland, Washington 99352, United States;

Barbara J. Tarasevich,
Physical and Computational Sciences Directorate, Pacific Northwest National Laboratory,
Richland, Washington 99352, United States

Wendy J. Shaw
Physical and Computational Sciences Directorate, Pacific Northwest National Laboratory,
Richland, Washington 99352, United States;

Abstract

Amelogenin, the dominant organic component (>90%) in the early stages of amelogenesis,
orchestrates the mineralization of apatite crystals into enamel. The self-association properties

of amelogenin as a function of pH and protein concentration have been suggested to play a
central role in this process; however, the large molecular weight of the self-assembled quaternary
structures has largely prevented structural studies of the protein in solution under physiological
conditions using conventional approaches. Here, using perdeuterated murine amelogenin (0.25
mM, 5 mg/mL) and TROSY-based NMR experiments to improve spectral resolution, we assigned
the 1H-1°N spectra of murine amelogenin over a pH range (5.5 to 8.0) where amelogenin is
reported to exist as oligomers (pH <~6.8) and nanospheres (pH =~7.2). The disappearance or
intensity reduction of amide resonances in the 1H-15N HSQC spectra was interpreted to reflect
changes in dynamics (intermediate millisecond-to-microsecond motion) and/or heterogenous
interfaces of amide nuclei at protein—protein interfaces. The intermolecular interfaces were
concentrated toward the N-terminus of amelogenin (L3-G8, V19-G38, L46-Q49, and Q57-L70)
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at pH 6.6 (oligomers) and at pH 7.2 (nanospheres) including the entire N-terminus up to

Q76 and regions distributed through the central hydrophobic region (Q82-Q101, S125-Q139,
and F151-Q154). At all pH levels, the C-terminus appeared disordered, highly mobile, and

not involved in self-assembly, suggesting nanosphere structures with solvent-exposed C-termini.
These findings present unique, residue-specific insights into the intermolecular protein—protein
interfaces driving amelogenin quaternary structure formation and suggest that nanospheres in
solution predominantly contain disordered, solvent-exposed C-termini.
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INTRODUCTION

The hardest and most mineralized tissue in vertebrates is enamel, the 1-2 mm of material
deposited over the surface of dentin in the latter stages of tooth development.! Unable

to self-repair, enamel evolved to be extraordinarily resilient because it needs to survive a
lifetime of repeated masticatory and parafunctional activity within an oral cavity harboring
a dynamic microflora that includes over 700 species of bacteria.? The exceptional strength
and robust mechanical properties of enamel arise from the weaving of long and narrow
hydroxyapatite (HAP) crystals into a unique lattice architecture composed of closely packed
parallel arrays (enamel rods).3-6 The predominant matrix protein (>90%) present during
enamel formation is amelogenin,’-9 secreted in the first of three stages (secretory, transition,
and maturation) in the biomineralization process (amelogenesis).810 By the end of the third
stage, the enamel is largely devoid of amelogenin or any other type of organic matter, having
been progressively reabsorbed, assisted by digestion with the proteases enamelysin (matrix
metalloproteinase-20, MMP-20)1112 and kallikrein (KLK-4).13

While amelogenin’s central role in enamel formation is unquestionable, how this low
molecular weight protein (~20 kDa) controls HAP crystal growth at a molecular level is
still poorly understood.>6:14 The primary amino acid sequence of murine amelogenin is
compared to the porcine and human sequences in Figure 1A. An analysis of these and
other vertebrate tetrapod sequences illustrates a conserved distribution of hydrophilic and
hydrophobic regions that can be divided into three parts (Figure 1B): the N-terminal,
hydrophilic tyrosine-rich region (TRAP, red); the hydrophaobic central region heavily
populated with histidine, glutamine, and proline residues (HR, black); and the mineral
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binding C-terminal hydrophilic region (CTHR, blue).1® Variations in the length of
amelogenin among species is largely due to differences in the length of the central HR
region.1> On the other hand, the length of both termini is more uniform across species and
this feature, along with the conserved charged amino acid residues, indirectly suggests that
both ends of the protein play significant functional roles in mediating biomineralization.16

Changes in solution pH trigger the self-assembly of amelogenin into different quaternary
structures that are likely essential to function.16-19 Starting at low pH (<~3.5), amelogenin
is primarily monomeric.2921 As physiological pH levels are approached (pH ~6.8), it forms
oligomers of increasing size, maxing out at an average size of about eight monomers.22:23
At pH values greater than 7, nanospheres composed of 20 to 100 monomers form23-25

and, under the right conditions, nanosphere chains® and nanoribbons.26:27 Nanospheres
have been observed both in vivo!! and in vitro,28 and the consensus is that supramolecular
structures are responsible for the templating of enamel.11.29.30

Factors other than pH influence the equilibrium between the various amelogenin quaternary
states, including protein concentration, amelogenin degradation products, temperature, and
properties of the solution such as ionic strength and solutes.5:16:31 These conditions change
over the course of amelogenesis as HAP formation releases protons into solution and
amelogenin is progressively degraded into smaller and smaller fragments by proteases.
Mutations to amelogenin have also been observed to perturb its quaternary states.32:33
Amelogenesis imperfecta describes a group of hereditary conditions that affect the quantity
and quality of enamel.34:35 The majority of these genetic disorders are associated with

the amelogenin gene AMELX and include two separate missense mutations that result

in a single amino acid substitution, T211 or P40T.36 /n vitro circular dichroism32 and
NMR33 studies identified errant and altered self-assembly properties, respectively, for
full-length amelogenins containing these single amino acid substitutions, suggesting that
perturbations to the self-assembly properties of amelogenin may be the biophysical basis for
the phenotypes associated with these two AMELX mutations.

Given the importance of amelogenin self-assembly during amelogenesis, we previously
mapped the intermolecular interface of amelogenin oligomerization by first assigning

its 1H-15N HSQC spectrum under conditions where it was predominately monomeric

(low concentration, no salt, pH 2.8)20:37 and then followed perturbations to the 1H-1°N
HSQC spectrum under conditions that promoted self-assembly. With amelogenin, such
perturbations primarily took the form of intensity reductions, often beyond detection

limits, to the backbone amide resonances, making it possible to follow self-association

at the residue level. This is because the disappearance of amide resonances in 1H-1°N
HSQC spectra were interpreted to reflect changes in dynamics (intermediate millisecond-to-
microsecond motion) and/or multiple chemical environments (heterogenous interfaces) of
amide nuclei at protein—protein interfaces.20:33:38 Starting under conditions with no salt at
low pH (2.8), increasing concentrations of NaCl were observed to promote dimer formation
starting at a region near the N-terminus of murine amelogenin (T21-R31) that extended to a
larger region (Y12-151) near the N-terminus along with a region near the C-terminus (L141-
T171) at higher NaCl concentrations.20 However, pH 2.8 is far from physiological, and
therefore here, using perdeuterated3?40 amelogenin and TROSY-based NMR experiments*
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to improve spectral resolution, we assigned the 1H-1°N spectra of murine amelogenin over

a pH range (5.5 to 8.0) where amelogenin is reported to exist as oligomers (pH <6.8) and
nanospheres (pH =7.2).24 This allowed us to map the amelogenin-amelogenin interresidue
surfaces in these different large molecular weight quaternary structures. In addition,
perturbations to H-15N spectra were used to follow the self-assembly of amelogenin into
octamers as a function of increasing amelogenin concentration at a single pH value (5.5).
Finally, because histidine residues, with a pK; of 6.6 and distributed throughout the HR
region (magenta, Figure 1B), have been postulated to temper pH-driven oligomerization
transitions (at pH >6.6, the histidine side chain is neutral and more hydrophobic),2* a murine
amelogenin construct was prepared with eight out of the 13 histidine residues in the HR
region removed and 1H-1°N HSQC TROSY spectra collected as a function of pH to monitor
self-assembly.

METHODS

Full-length recombinant murine amelogenin (M179; P63278 UniProt; P2-D180; the N-
terminal methionine is removed in £, coli by methionine aminopeptidase®2) without an
affinity tag was expressed with either single- (2°N-) or triple- (2H-, 13C-, 15N-) labels using
minimal media and purified from E. colifollowing a previously described protocol using
2% acetic acid at 70 °C to lyse the cells.4344 Similarly, a murine amelogenin construct

with eight of the 14 histidine residues deleted (M179A8H; H58, H62, H67-H69, HI1,

H92, H99 deleted) was prepared using a synthetic oligonucleotide that was inserted in the
plexpress414 expression vector by ATUM (Newark, California). Nitrogen-15 labeled M179
was expressed using autoinduction protocols#® while 2H-, 13C-, and 15N-labeled M179

was expressed using isopropyl p-p-1- thiogalactopyranoside (IPTG) induction (described
below). The purity of the proteins used for all the experiments was greater than 95% as
determined by SDS-PAGE (Figure S1). Intact mass spectral analysis of unlabeled M179A8H
prepared using unlabeled media further confirmed the eight deletions in the construct with
the major deconvoluted monoisotopic peak having an /7/zequal to 19051.65 (expected
19051.77) (Figure S2). Most of the common chemicals were purchased from Research
Products International Corporation (Mount Prospect, Illinois) except glacial acetic acid and
HPLC-grade acetonitrile (Fisher Scientific, Hampton, New Hampshire).

Expression of Perdeuterated M179 and M179A8H.

A 1 mL, ~15% glycerol stock of £. coli containing an expression vector for M179 or
M179A8H, previously prepared from a single colony grown in LB media (100% H,0) and
stored at —80 °C, was thawed and added to 20 mL of minimal media (Miller) prepared in
99.8% D0 containing the following: 1°NH,CI (1 mg/mL, 99% enriched), p-[13Cg]glucose
(2.0 mg/mL; 99% enriched), NaCl (50 tg/mL), MgSOq4 (120 rg/mL), CaCl, (11 tg/mL),
FeCl3 (10 ng/mL), and ampicillin (100 wg/mL). Following ~8 h of growth (ODggq ~ 0.8),
the cells were spun down by mild centrifugation and resuspended into 100 mL of minimal
media of the same composition as the starter culture. After ~6 h of growth (ODggg ~ 0.6),
these cells were directly added to 750 mL of similarly prepared minimal media. Protein
expression was induced by the addition of IPTG (0.026 pg/mL) roughly 10 h later (ODggg
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~ 0.8). Approximately 12 h later, the cells were harvested by mild centrifugation and frozen
(=80 °C). All incubations were at 37 °C in a shaker operating at 200 rpm.

pH Titrations.

To prepare NMR samples at different pH values, a solution of 2H-, 13C-, and 1°N-labeled
M179 (~20 mg/mL) was prepared by gently shaking in purified water for 2 days. The
solution was filtered through a 0.2 4m microspin filter unit (Lida, Kenosha, Wisconsin)

and the concentration measured by UV absorption spectroscopy using a 280 nm extinction
coefficient of 25,400 M~ cm™1 (calculated). Through dilution with water, a final stock
solution (10 mg/mL) was made that was used to prepare the following five samples at
approximately 0.25 mM M179: (1) pH 2.8 in 2% deuterated acetic acid, (2) pH 5.4 in 25
mM sodium acetate, (3) pH 6.6 in 25 mM Tris—HCI, (4) pH 7.2 in 25 mM Tris—HCl, and (5)
8.0 in 25 mM Tris—HCI. For each sample above pH 3, 125 /1 of the stock M179 solution
and 125 g4 of buffer 1-2 pH units higher than the target pH and twice the salt concentration
were used. The pH was then adjusted to the final value with the addition of microliter
amounts of 0.1 M NaOH or 0.1 M HCI to the solution (vigorously vortexing the solutions
after each adjustment) and the solutions placed into 5 mm Shigemi deuterium-matched
NMR tubes that were parafilm sealed.

Two-dimensional H-1°N TROSY-HSQC spectra®! were recorded for each pH sample at

20 °C on four-channel Varian-600, —750, or —800 NMR spectrometers equipped with triple-
resonance probes and pulse field gradients. Three-dimensional TROSY-enhanced, HNCA,
HNCO, HNCACO, HNCACB, and HNCOCACB data (\arian Biopack pulse programs)
were collected to assign the IH-1°N TROSY-HSQC spectra at each pH point. From this
data, it was possible to extract side-chain 13Ca and 13C chemical shifts at each pH. A
tauCC value of 7 ms was used in the HNCACB experiments to optimize for the detection of
B-carbons. Using a mixing time of 90 ms, 3-D 1°N-edited NOESY spectra were collected at
20 °C on 15N-labeled M179 samples (0.25 mM) prepared at a pH of 5.5 and 7.8 as described
above. The proton and nitrogen chemical shifts in all the TROSY 1H-15N HSQC spectra
were referenced against their non-TROSY 1H-1°N HSQC spectrum.

Following the same protocol described for triple-labeled M179, five 2H-, 13C-, and 15N-
labeled M179A8H samples (~0.25 mM) were prepared at similar pH values (2.8, 5.5, 6.5,
7.2, 8.0) and an *H-15N TROSY-HSQC spectrum recorded.

Concentration Titration.

A 0.5 mM 1°N-labeled M179 sample was prepared in 25 mM sodium acetate buffer at pH
5.5. An 1H-15N HSQC spectrum was collected (20 °C) at this concentration and after a
series of dilutions in the same buffer at M179 concentrations of 0.25, 0.125, and 0.05 mM.
There was no need for pH adjustment after preparing the 0.5 mM sample using the 25 mM
sodium acetate, pH 5.5 buffer.
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RESULTS AND DISCUSSION

Defining the Species Represented by the 1H-1°N HSQC Spectra.

Figure 2 compares the 1H-1°N TROSY HSQC spectra for 2H-, 13C-, and 1°N-labeled

M179 at approximately the same protein concentration, ~0.25 mM, over a range of pH
values. Across this pH range, amelogenin monomers (pH ~ 3) self-assemble into oligomers
(pH 5.5-6.8) and then nanospheres (pH >7.2) with precipitation observed in between

at approximately pH 6.8. Prominent features of the 1H-15N HSQC spectra support this
progression in size as a function of increasing pH. First, and most noticeable, is the
decrease in the number of amide cross peaks in the spectra as the pH of the solution

is increased. Relative to the 1H-15N HSQC spectrum in 2% acetic acid where 0.25 mM
amelogenin is primarily monomeric and cross peaks are observed for each non-proline
amide residue (Figure 3), there are 7, 42, 80, and 97 fewer amide cross peaks at pH 5.4, 6.6,
7.2, and 8.0, respectively. Previous NMR studies employed to follow the self-assembly of
amelogenin at the residue level equated such disappearances to intermediate dynamics (ms—
18) and/or heterogenicity at intermolecular interfaces.20-33 Such an interpretation here would
be consistent with the formation of larger self-assembled units with increasing pH. Second,
amide resonances whose intensities do not disappear as the pH is increased generally
become broader. An increase in resonance linewidths is typically observed with an increase
in molecular weight due to slower isotropic tumbling.48 Third, there is no increase in the
chemical shift dispersion of the visible amide proton and nitrogen resonances over this pH
range, indicating that there is no significant change in secondary structure as the pH is
increased; these regions of amelogenin that remain observable are just as disordered as those
regions observed at pH 2.8.

Before discussing the NMR data from pH and concentration titrations in detail, it is
necessary to first explain what species the 1H-1°N HSQC spectra are sampling because

the TH-1°N HSQC spectrum depends on the dynamic equilibrium between all the species in
solution and the molecular weight of these species.

If the self-association properties of murine amelogenin are similar to porcine amelogenin,
at the 0.25 mM (5 mg/mL) concentration used for our pH titration study, previous
dynamic light scattering-based studies suggest that the average M179 oligomer should
contain between 3 and 15 monomers at pH 5.4 with the average containing eight.24 In
addition, the 5 mg/mL used here is above the reported 4 mg/mL plateau above which no
changes in the dynamic radius or the polydispersity of the samples was observed.24 At pH
7.2 and above, nanospheres containing 20-100 monomers (depending on the conditions)
predominate.>11:22:23 The M179 octamers have a molecular weight of over 160 kDa while
nanosphere molecular weights range from 400 to 2000 kDa, species that should all result in
broad spectral linewidths. Such broad linewidths in the 1H-1°N HSQC spectra of M179 are
observed at pH =7.2 and at pH 6.6, but not at pH 5.4 (Figure 2). At pH 5.4, the linewidths
are only marginally broader than at pH 2.8, with the H-1N HSQC spectrum at pH 5.4
looking more like a 20 kDa protein than a 160 kDa protein. Relative to the 1H-1°N HSQC
spectrum at pH 2.8, only seven amide cross peaks were missing in the spectrum at pH 5.4
(Figure 4). Also note that it was not necessary to increase the NMR data collection time
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to acquire 1H-15N HSQC with the same signal to noise as the pH was increased, all the
spectra in Figure 2 were collected using similar parameters, suggesting that the 1H-15N
HSQC spectra are capturing the major species in solution.

There is evidence, over a wide pH range and above a critical concentration, that
monomeric amelogenin species are in dynamic equilibrium between oligomers and nano-
spheres.6:24.2847 For example, a size exclusion study with murine amelogenin at a
concentration of 0.2 mM (4 mg/mL) at pH 8 showed two major bands of roughly

equal intensity corresponding to an excluded peak (hanospheres) and included peak
(monomers).28 Assuming this monomer—oligomer/nanosphere equilibrium, there are three
possible scenarios for the NMR observations depending on the timescale of the exchange
between state A (monomers) and state B (oligomers or nanospheres): slow exchange—unique
chemical shifts observed for state A and B nuclei; intermediate exchange—no chemical
shifts observed for states A and B nuclei because they all broaden out beyond detection;
fast exchange—the average chemical shift observed for state A and B nuclei.*® While

the situation for amelogenin is more complicated than a two-state system because state B
contains a range of monomers (3 to 15 reported at pH 5.5), it is possible to identify the
timescale of the exchange observed in the amelogenin *H-1°N HSQC spectra. The slow
exchange scenario is eliminated because (1) a large number of new (unassignable) cross
peaks were not observed in the 1H-1°N HSQC spectra as the pH was increased (the total
number of cross peaks decreased as the pH was increased) and (2) it was not necessary to
increase the NMR data acquisition time to obtain spectra with similar signal to noise as
the pH was increased (the cross peaks for the larger molecular weight complexes would
be much broader than the monomer and perhaps not even visible above the noise). The
intermediate exchange scenario is eliminated because signals were observed in the spectra.
This leaves the fast exchange scenario (Kp of 100 mM and larger) to account for the spectra
in Figure 2, the average chemical shift for the monomeric and self-associated species in
solution.

After establishing that the 1H-1N HSQC spectra in Figure 2 likely represent the average
amide chemical shifts for the monomeric and self-assembled species, it is possible to
identify which species dominates the equilibrium by the linewidths of amide resonances. As
mentioned, relative to the M179 H-1°N HSQC spectrum at pH 2.8, the linewidths are only
marginally broader and only seven resonances appear to be missing in the 1H-1°N HSQC
spectrum at pH 5.4, suggesting that the monomeric species dominates the equilibrium at
this pH. At pH values of 6.6 and greater, the linewidths are considerably broader and

fewer cross peaks are progressively observed as the pH is increased, suggesting that the
observed 1H-15N HSQC spectra are more representative of the larger species. Note that

the scattering intensity in DLS measurements depends on the sixth power of the diameter,
and at concentrations of 5 mg/mL, detection of the smaller species is likely beyond the
dynamic range limits of the instruments even if the smaller species is the dominant species
in solution.4®
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M179 pH Titration.

Despite the poor chemical shift dispersion of the amelogenin amide resonances in both the
1H- and 1®N-dimensions in the 1H-1°N HSQC spectrum at pH 2.8, 143 out of the 146
expected amide cross peaks (the recombinant protein contained a 12-residue metal-affinity
tag) were previously assigned with the assistance of residue-specific 1°N-labeled amino

acid samples.3” The 21.6 kDa protein (including the N-terminal tag) was predominately
monomeric (~1 mM, 20 mg/mL) in solution at this pH, a feature that assisted chemical shift
assignments.2137 In general, chemical shift assignments become progressively more difficult
as the molecular weight of a protein increases due to unfavorable relaxation mechanisms
that broaden spectral resonances and restrict magnetization in three-dimensional NMR
experiments.®0 These issues can be countered to some extent through the use of TROSY-
based NMR experiments#! and deuteration of the non-exchangeable protons.3950 Using
these two techniques and an amelogenin construct containing no N-terminal “scar”
residues,*3 it was possible to assign most of the observable M179 amide resonances at

all five pH levels. Such assignments are illustrated for M179 at pH 2.8 and 7.2 in Figure 3.
At pH 2.8, the amide cross-peak assignments were complete and included the unambiguous
assignment of L3 and L15 based on NMR data for a M179 construct containing a proline

to cysteine substitution at P2 (data not shown). At pH 7.2, the assignments were incomplete
with seven amide cross peaks, circled orange, unassigned. Moreover, two cross peaks were
assigned to S152, A170, and T171 suggesting that part of the C-terminal region may exist in
two different conformational states.

Figure 4 summarizes the amide resonances whose intensity change marginally (dark circles),
change significantly (gray-filled circles), or completely disappear (open circles) in the
1H-15N HSQC spectra shown in Figure 2. Amide cross peaks were not identified for 7,

43, 60, and 73 residues at pH 5.4, 6.6, 7.2, and 8.0, respectively, and are among the 3, 13,

8, and 5 unassigned cross peaks (orange circles) at these respective pH values (although

a few may also be duplicate peaks for assigned residues as illustrated for three residues

at pH 7.2 in Figure 3). At pH 5.4, amide intensity perturbations (significant reduction or
complete disappearance) were largely confined to three short regions, L23-S28, H67-H69,
and H92-S93; however, this spectrum is likely mostly representative of the monomeric state.
At pH 6.6, these regions expanded in length, V19-G38, Q57-L70, and H91-Q101, and
included two additional regions, L3-G8 and L46-Q49. After the transition into nanospheres
at pH >7.2, amide cross peaks disappeared for the entire N-terminus up to V73, along with
most residues between Q82-Q101, S125-Q139, and F151-Q154. Increasing the pH to 8.0
resulted in a further expansion of the regions with missing amide resonances to include
most of L3-N103, Q124-Q139, and L150-L156. Note that the increase in missing amide
resonances from pH 7.2 to 8.0 may not reflect structural changes but instead result from
NMR unfavorable exchange rates with solvent water at the higher pH.

The 13Ca and 13C g chemical shifts are sensitive to their secondary structure
environment.51:52 For M179 at pH 2.8, these chemical shifts are near random coil values
with perhaps a slight propensity in the direction characteristic of B-strand structure.20:21
For M179 at pH 6.6 and 7.2, there was little change in the 13Ca and 13C2 values for

the 92 and 55 tractable amide resonances, respectively, relative to pH 2.8 indicating that
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~70% (92/135, oligomers) and ~40% (55/135; nano-spheres) of the protein still remained
largely unfolded/unstructured during these transitions. Note that while the analysis of the
13Ca and 13C chemical shifts for the “NMR visible” part of the M179 1H-15N HSQC
spectra indicates these regions of the protein remain largely unstructured, we cannot make
any conclusions regarding the structure for the “NMR invisible” regions. Structural insights
into these “NMR invisible” regions may be made using optical spectroscopy, such as
circular dichroism (CD) or Fourier transform infrared (FTIR) spectroscopy. Previous CD
spectroscopy studies showed no significant concomitant increase in porcine amelogenin
folding as measured by the [@],q0:[®]220 ratios; however, these studies were conducted at
lower (~0.01 mM; 0.25 mg/mL) protein concentrations than the studies reported here.24
Circular dichroism wavelength spectra at pH 5.8 (oligomers) from 0.01 to 0.08 mM with
porcine amelogenin did suggest an increase in B-strand structure as the concentration of the
protein was increased.1® Analysis of FTIR data collected on porcine amelogenin at 0.5 mM
(10 mg/mL) as a function of pH showed the protein in an unfolded disordered state at pH
3.0 with significant fractions of random coil, g-turn, and polyproline Il (PPII) secondary
structure elements. As the pH was increased to pH 7.2, the amount of random coil structure
decreased and intramolecular B-sheet and PPII secondary structure elements increased.53
Our analysis of the 13Ca and 13C/ chemical shifts for the “NMR visible” data show that
these regions remained largely random coil at all pH levels. Moreover, the “NMR visible”
data decreased for M179 as the pH was increased (fewer amide cross peaks were present

in the 1H-15N HSQC spectra) in agreement with the FTIR data that also suggested less
random coil elements as the pH was increased. Hence, the intra-molecular g-sheet and PPII
secondary structure identified by optical spectroscopy must be in regions of amelogenin for
which amide chemical shifts disappear as a function of increasing pH—tegions attributed to
intermolecular interfaces. Such an increase in ordered structure upon interacting with their
target, in this case itself, is also one of the characteristic features of intrinsically disordered
proteins.>

M179 Concentration Titration.

Figure 5 summarizes the perturbations to the 1H-15N HSQC spectrum of M179 as a function
of protein concentration (0.05 to 0.5 mM) at pH 5.5. For porcine amelogenin at this pH,

a previous DLS study showed that this concentration change (1 to 10 mg/mL) resulted in

a transition from trimers (1 mg/mL) to octamers (10 mg/mL).24 Given the high sequence
similarity between murine and porcine amelogenin (Figure 1A), it is expected that murine
amelogenin should behave similarly. Note that our NMR experiments were performed with
non-deuterated, 1°N-labeled M179 so that the results could be compared to earlier data
studying the effect of NaCl on non-deuterated M179.20

The first thing to note is that for deuterated M179, amide resonances could not be assigned
for only seven resonances at a 0.25 mM concentration at pH 5.4. On the other hand, for
non-deuterated M179 at essentially the same pH (5.5), amide resonances could not be
observed for 24 residues, clearly illustrating the advantage of using deuterated amelogenin to
better follow perturbations to the *H-15N HSQC spectrum of M179 due to self-association.
As the concentration of amelogenin was increased from 0.05 to 0.13 mM (1 to 2.5 mg/mL),
all the amide cross peaks could still be followed despite a reported transition from trimers to

Biochemistry. Author manuscript; available in PMC 2023 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buchko et al.

Page 10

tetramers over this concentration range for porcine amelogenin.24 At a 0.25 mM (5 mg/mL)
concentration, porcine amelogenin was reported to form octamers and retain octamers at

0.5 mM (10 mg/mL). Our concentration study shows amide cross peaks disappearing (16
new) and decreasing in intensity (15) at the 0.25 mM (5 mg/mL) concentration. This trend
continued at the 0.50 mM (10 mg/mL) concentration with further increases in the number
of disappearing amide cross peaks (32 new total) and reduced intensity cross peaks (17).
Furthermore, there was also a broadening of most of the amide cross peaks as the M179
concentration was increased from 0.13 to 0.50 mM. Together, all these observations are
consistent with an increase in molecular weight of the complex due to self-association as
the concentration was increased. While previous DLS data report that the average size of the
complex reaches a plateau at a size of eight monomers at 0.25 mM (5 mg/mL), the NMR
data presented here suggests that the population of large molecular weight species continues
to increase with increasing concentrations above 0.25 mM because the amide cross peaks
become broader and additional cross peaks disappear in the 1H-1"N HSQC spectrum at 0.50
mM (10 mg/mL).

As the concentration of amelogenin increases, amide cross peaks disappear or decrease in
intensity starting with a region toward the N-terminal of the protein and later a region toward
the C-terminal. Ata 0.5 mM concentration of M179, this corresponds to approximately
G8-S55 and L156-A170. A concentration effect was previously observed for M179 in 2%
acetic acid (pH 2.8) over the concentration range of 0.1 to 1.8 mM; however, chemical

shift perturbations were only observed in the 1H-1°N HSQC spectra and these were largest
at a region near the N-terminus (113-E40).33 Figure 6 summarizes the chemical shift
perturbation studies conducted here as a function of pH and M179 concentration (Conc)
along with an earlier study with increasing concentrations of salt (NaCl). The patterns for
the concentration and NaCl titrations are similar and may be due to a “salting-out” effect

of NaCl on amelogenin.®® On the other hand, the patterns for the pH titration are different
from the concentration and NaCl titrations, suggesting that different factors, at least at pH
values under 6.6, are driving the self-association. Amide cross peaks disappear or decrease
in intensity starting with regions more toward the N-terminal as the pH is increased to 6.6
and expands to include the entire N-terminal region and larger swaths of the HR region

as the pH is increased to 8.0. It has been proposed that the 14 histidine residues in M179
(13 in the HR region, Figure 1) are physically responsible for the pH-driven self-assembly
properties of amelogenin.2456 At low pH, the histidine residues are protonated and charged.
As the pH approaches physiological values of around 7, the histidine side chain loses the
proton,>6 becoming neutral and hydrophobic, allowing hydrophobic interactions to drive
nanosphere formation. The pH titration supports this hypothesis as the amide cross peaks for
12 out of the 13 histidine residues in the HR region disappear at pH 6.6 and all disappear

at pH 7.2 and 8.0, suggesting these residues are at protein—protein interfaces. To further
explore the influence of the histidine residues on the pH-dependent self-assembly properties
of amelogenin, we prepared a construct with eight out of the 13 histidines in the HR region
removed (Figure 1A) and conducted a pH titration with a perdeuterated sample.
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M179A8H pH Titration.

The M179A8H 1H-15N HSQC spectrum is consistent with the deletion of the targeted eight
histidine residues in the primary amino acid sequence of M179, and the similarities to

the M179 1H-15N HSQC spectrum suggest these deletions do not dramatically alter the
structural properties of the construct (Figure S3) (e.g., M179A8H is still an intrinsically
disordered protein under acidic conditions). Figure 7 illustrates the 1H-1°N HSQC TROSY
spectra collected for M179A8H (0.25 mM) using perdeuterated samples at similar pH values
as collected for M179. There are 30, 69, 65, and 96 fewer amide cross peaks in the
M179A8H 1H-15N HSQC spectrum at pH 5.5, 6.6, 7.2, and 8.0, respectively, in comparison
to the 7, 42, 80, and 97 that disappeared over this pH range for M179 (Figure 2). The
spectra for M179A8H changes more significantly between pH 2.8 and 6.6 than it did for
M179, with more amide cross peaks disappearing over this pH range. This observation
suggests that M179A8H has a greater tendency to self-assemble at the lower pH levels than
M179, which may be predicted due to the removal of eight histidine residues that would be
positively charged in M179 under these conditions. Between pH 6.6 and 7.2, there is little
change in the number of cross peaks that disappear for M179A8H (a few return), which
contrasts with M179 where almost double the number of cross peaks disappeared. This
observation suggests small changes in the quaternary structure of M179A8H over this pH
transition range, which also may be predicted due to the eight fewer histidine residues in
M179A8H that lose their proton and become more hydrophobic (neutral) in M179. In the
transition to pH 8.0, the spectra for M179A8H and M179 are most similar with both spectra
losing over 90 cross peaks. As suggested earlier for M179, the increase in missing amide
resonances from pH 7.2 to 8.0 may not reflect structural changes but instead result from
NMR unfavorable exchange rates with solvent water at the higher pH.

In summary, the pattern of disappearing amide resonances for M179A8H as a function of pH
can be interpreted in terms of the protonation state of histidine residues over this pH range.
Although the spectral linewidths for M179A8H are generally broader at pH 7.2 than at 6.6,
suggesting a larger molecular weight species at the higher pH, the spectra at the two pH
values are otherwise similar with little change in the number of cross peaks that disappear.
Given that the isoelectric point of M179A8H (6.0) is lower than M179 (6.5), it may be that
M179A8H has already largely transitioned into a nanosphere quaternary state at pH 6.6.
Indeed, the M179 1H-15N HSQC spectrum at pH 7.2 (Figure 2) looks most similar to the
M179A8H 1H-15N HSQC spectrum at pH 6.6 (Figure 7). Note that previous DLS studies
for M179A8H and M179 at pH 8, a condition where amelogenin forms nanospheres, showed
that M179A8H formed nanospheres with diameters that were over twice the size of M179,
47 versus 22 nm.57 If the M179A8H nanospheres observed at pH 7.2, and possibly at 6.6,
are also of the same size as observed at pH 8 (there is little change in the size of M179
nanospheres between pH 7.2 and 8),16 then it appears that the dynamic/exposed regions of
M179A8H is similar to those observed in M179 (the 1H-15N HSQC spectra are generally
similar for both proteins at the higher pH values) despite a nanosphere diameter that is twice
as large.
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Amelogenin’s N-Terminal—The Main Attraction.

The acquisition of *H-15N HSQC spectra over a range of protein concentrations is a set of
NMR experiments routinely performed to assess concentration-dependent self-association or
transient aggregation. Many proteins self-associate at high protein concentrations, and the
results of the concentration-dependent experiments reported here for M179 at pH 5.5 further
corroborate amelogenin’s self-assembly properties. Moreover, by tracking the concentration-
dependent disappearance and intensity reduction of individual amide resonances due to
intermediate dynamics (ms—zs) and/or heterogenicity at protein—protein interfaces,20:33.38

it is possible to map the self-association to specific regions on the protein. For M179, self-
association as a function of protein concentration first starts at a region near the N-terminus
and then a small region near the C-terminus: G8-S55 and L156-A170. This pattern is similar
to previous observations with M179 at pH 2.8 as a function of increasing NaCl concentration
(Figure 6),20 suggesting that the NaCl “salts-out” M179, influencing it to self-associate in a
pattern similar to that observed at high protein concentrations.

The N-terminal region of amelogenin has been identified as playing an essential role in
amelogenesis,>8 and our pH titration study (summarized in Figures 4 and 6) provides further
biophysical evidence for this role. At pH 5.4, the 1H-15N HSQC spectra for M179 are likely
more representative of the monomeric species in solution than the oligomeric species, and
therefore, little can be learned about the protein—protein interface. However, at pH 6.6 and
above, the increased amide line widths and disappearance or intensity reduction of cross
peaks suggests that the *H-15N HSQC spectra are more representative of the oligomeric (pH
6.6) or nanosphere (pH >7.2) state, and hence, the disappearance and intensity reduction

of amide resonances provide a potential map of the protein—protein interfaces in these
quaternary structures. At pH 6.6, the disappearing and intensity-reduced resonances suggest
that self-association is confined to intermittent locations in the TRAP region of the protein
(L3-G8 and V19-G38) and the N-terminal end of the HR region (L46-Q49, Q57-L70, and
H91-Q101). Upon transition into nanospheres at pH =7.2, amide cross peaks disappeared
for the entire TRAP region and extended to V73 in the HR region together with most
residues between Q82-Q101, S125-Q139, and F151-Q154. Increasing the pH to 8.0 resulted
in a further expansion of the regions with missing amide resonances to include the entire N-
terminal of the protein up to N103 and two patches, Q124-Q139 and L150-L156, in the HR
region. Hence, the pH titration study suggests that N-terminal protein—protein interactions
dominate in both the oligomeric (pH 6.6) and nanospheric (pH =7.2) states, as observed

in both the concentration and NaCl titration studies, although it is likely the mechanism
responsible is different (change in the number of water molecules available to interact with
the protein®® versus change in the protein’s protonation state).

Amelogenin’s C-Terminal—Nanospheres with Solvent Exposed and Disordered C-Termini.

While the pH titration results at pH >7.2 suggest that amelogenin’s N-terminal plays a
role in nanosphere assembly, the entire CTHR region and the C-terminus of the HR
region do not appear to be at a protein—protein interface. Indeed, if the major species
represented by the resonances in the 1H-15N HSQC spectra of M179 at these pH values
is the nanosphere, the presence of resonances at all is likely because they represent a
region with local dynamics much different from the core of the 400 kDa plus nanosphere
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structure. This C-terminal region is disordered, as corroborated by 13Ca and 13C/ chemical
shifts characteristic of a random coil for the “NMR visible” amides. Nanospheres (and
oligomers) with surface-exposed C-termini are supported by porcine amelogenin single
tryptophan fluorescence studies (constructs with only a single tryptophan, W25, W45,

or W161) showing the N-terminal tryptophans (W25 and W45) were buried while the
C-terminal tryptophan (W161) was solvent exposed.24 These NMR observations are at odds
with a cryoelectron microscopy (cryo-EM) study of murine amelogenin self-assembly where
hollow dodecamer ring structures were observed that then aggregate in a heterogenous
manner to form nanospheres, as illustrated in Figure 8.22 The dodecamers are believed

to form by the prior assembly of dimers stabilized by anti-parallel interactions between
C-termini. If the 1H-15N HSQC spectra at pH >7.2 represent nanospheres, it should be
possible to verify such a structure by the observation of inter-residue 1H-H NOEs using
NMR spectroscopy. Such NOESs were not detected in three-dimensional 1°N-edited NOESY
data collected on a protonated sample at pH 7.8 or 5.5 (data not shown).

There are many possible explanations for why the cryo-EM nanospheres were not observed
in the NMR data. Perhaps foremost, the self-association properties of amelogenin are
sensitive to the protein concentration and the cryo-EM data was collected on ~0.005 mM
samples (0.1 mg/mL) while the NMR data was collected at a 50-fold higher concentration
(0.25 mM, 5 mg/L). Higher concentrations of amelogenin may favor NMR nanosphere
formation. Furthermore, regardless of the concentration of the cryo-EM nanospheres,
stabilization of the dimer units by C-terminal interactions would also likely make this
region of the protein “NMR invisible” due to intermediate dynamics (ms—.s) and/or
heterogenicity at this protein—protein interface. Consequently, cryo-EM nanospheres are
likely not NMR visible. Note that in this nanosphere co-existence scenario, the population
of NMR nanospheres is much greater than the cryo-EM nanospheres because there was no
detectable loss in the signal intensity at the higher pH values (e.g., it was not necessary

to collect more transients to achieve the same signal-to-noise ratio observed at lower pH
values). Alternatively, after the dodecamers associate with form nanospheres, perhaps the
C-termini dis-assemble to become dynamic and disordered? Another possible explanation
is that the cryo-EM nanospheres were obtained by placing the solutions on TEM meshed
grids. Perhaps a solid surface is necessary to initiate dimer assembly that leads to dodecamer
formation? Indirect support for a solid surface requirement is a set of solid-state NMR
experiments conducted in our laboratory. Using M179 with specific 13C- and 15N-labeled
residues (arginine and threonine) mineralized on a HAP surface, we were able to detect
intermolecular interactions using solid-state NMR spectroscopy that could be understood in
terms of an anti-parallel C-terminal structure defined in the cryo-EM structure.>® Moreover,
in vitro atomic force microscopy (AFM) studies show that the quaternary structure of
amelogenin changes upon interacting with a surface, transitioning from nanospheres in
solution to oligomers adsorbed onto HAP surfaces.69-63 perhaps the oligomers observed in
the AFM studies may be the cryo-EM dodecamers; however, these oligomers were reported
to have a larger average size (~25 monomers). Another possibility is the use of “4 mM PBS”
to prepare the cryo-EM samples?2 while our buffers, along with those of Bromley et al.,24
used 25 mM Tris at pH values >7. The self-assembly properties of amelogenin are known to
be sensitive to solution conditions, and indeed, nanospheres are not observed if calcium and

Biochemistry. Author manuscript; available in PMC 2023 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buchko et al.

Page 14

phosphate ions (e.g., mineralization) are present in solution from the start, only oligomers of
a size similar to the cryo-EM dodecamers.22:64.65

Our previous solid-state NMR experiments with mineralized (dodecamer/oligomer) and
non-mineralized (nanosphere) M179 containing 13C- and 1°N-labeled lysine residues (K24,
K173, and K175) at pH >7.2 suggested differences in dynamics and structure between the
two samples at these three sites with the former spectra consistent with dodecamers (Figure
8) and the latter spectra more consistent with NMR instead of cryo-EM nanospheres.56 It
was possible to collect interpretable NMR data for the mineralized sample at 37 °C, while
on the other hand, it was necessary to cool the non-mineralized sample to —35 °C to see
interpretable data, and even at this temperature, significant dynamics and limited structure
were detected. These observations not only suggest that the nanospheres are not bundles of
dodecamers because the solid-state NMR spectra for the mineralized and non-mineralized
samples should be similar but also that the nanospheres are more heterogenous/dynamic than
the species present in the mineralized sample.

Some nanosphere models place amelogenin’s hydrophilic CTHR region on the outside of
these complexes, solvent-exposed, to guide calcium phosphate crystallization into HAP.
23,24 Solvent exposure of the C-terminus would also facilitate proteolytic degradation

of amelogenin by metal-loproteinase-20 (MMP20),12 a protein shown to be essential for
proper enamel formation in MMP20 knockout mice®7-68 and associated with amelogenesis
imperfecta.8970 Various studies show that MMP20, under conditions favorable for
amelogenin nanosphere formation, more rapidly attack sites near the C-terminus than the
N-terminus.**71 While the C-termini are proposed to sit on the outside of the dodecamer
double barrels in the cryo-EM nanosphere model, these termini are predicted to form an
intermolecular interface and, as such, may be resistant to proteolysis.

Refined Models for Amelogenin Self-Assembly.

At pH 6.6, previous DLS and single tryptophan fluorescence studies led to a proposed model
for pH 6.6 oligomers that contained an average of eight monomers where the N-termini
were all buried and the C-termini were all surface exposed.2* Our NMR data shows that the
N-terminal TRAP region is only partially buried in these oligomers, with the region between
G8 and E18 dynamic and disordered. Hence, as modeled in Figure 9, we suggest instead
that amelogenin oligomers at pH <~6.8 are composed of a dense, heterogenous core with

a diameter of approximately 8 nm with long, dynamic, and disordered C-termini extending
from this core from N103-D180. Because DLS measurements extract diameter information
by measuring the diffusion of particles,*° particles with dynamic surfaces will diffuse more
rapidly than particles with rigid surfaces and effectively appear to have smaller diameters.
At pH >~7.2, the core size enlarges to accommodate more monomers and now contains

the complete N-terminal region out to Q76 and additional short regions in the HR domain
(Figure 6). In these NMR nanospheres, the continuous C-terminal dynamic and disordered
region is largely the same as observed at pH 6.6 aside for two clusters (S125-Q139 and
F151-Q154) between N103 and D180 (note that eight resonances were unassignable in the
1H-15N HSQC spectrum at pH 7.2 and these could be residues within these two clusters).
Little is known about how the monomers pack in the core region in both the oligomers and
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nanospheres except that optical studies show an increase in the S-sheet and PPII secondary
structure, suggesting that individual monomers may be extended.

We stress that the amelogenin “oligomers” observed at pH <~6.8 characterized by DLS,2
single tryptophan fluorescence,?* and our NMR studies are different than the “oligomers”
observed at pH >~7.2 characterized by cryo-EM studies?2:72 (summarized in Figure 8). The
oligomers at pH <~6.8 contain an average of eight monomers while the oligomers at pH
>~7.2 contain an average of 12 monomers and exist as bundles of dimers. Moreover, the

pH >~7.2 oligomers are short-lived, quickly assembling into larger nanosphere structures
(unless calcium and phosphate ions are present) while the pH <~6.8 oligomers are stable and
do not form nanospheres. Nanospheres only exist above pH ~ 7.2 and, once formed, become
unstable in the presence of calcium and phosphate ions.®> Our NMR data does not support a
dodecamer-based nanosphere model as a dominant species in solution (Figure 8).

Precipitates are observed in transitioning between approximately pH 6.8 to 7.2 around the
isoelectric point of amelogenin (Figure 2).%8 It is not known if the quaternary structures
observed on either side of this “pH fence” have any influence on each other, but all in
vitro experiments involve taking recombinant amelogenin from low pH to high pH across
the pH fence. /n vivo, the pH change, at least initially, is in the opposite direction. Could
this play a role in the quaternary structure adopted by amelogenin? Regardless, pH appears
to be important as it is tightly regulated during the secretory stage in ameloblasts, starting
on the high pH side of this fence at approximately pH 7.2. As HAP crystals form, protons
are released, and this results in local oscillations of the pH between near neutral and acidic
values during the maturation stage.”3 Some studies record a crossing of the pH fence during
this stage, with pH values as low as 5.8-6.0 reported.’*

CONCLUSIONS

We have shown here that it is possible to gather information on the nature of amelogenin
quaternary structures in solution using solution-state NMR spectroscopy. This is noteworthy
given that the size of the average amelogenin oligomer at pH <6.8 (octamers) is ~160 kDa
and the smallest nanospheres at pH >7.2 is ~400 kDa. Based on our best interpretations,

we are led to conclude that both pH- and concentration-dependent self-assemblies are
initiated by protein—protein interactions toward the N-terminus of the protein, though the
details of those interaction interfaces appear to vary as a function of self-assembly stimulus.
At all pH values, cross-peak resonances for the CTHR region can be assigned in the
1H-15N HSQC spectra, suggesting that the C-terminal CTHR region is solvent-exposed, is
dynamic, and does not occupy a protein—protein interface in the major soluble complexes.
This information enabled us to refine previously proposed quaternary structure models for
amelogenin self-assembly in the absence of calcium and phosphate ions as summarized

in Figure 9. While these solution-state NMR experiments provided additional details
regarding the nature of the amelogenin quaternary structures in solution, it only probed

the dynamic and disordered NMR-visible parts of these structures. The next challenging
step is to determine the molecular details for the structure of the NMR-invisible parts of
these quaternary structures as these regions must contain the secondary structure elements
suggested by various types of optical spectroscopy. Such solid-state experiments will not
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only assist in the generation of better models for amelogenin oligomer and nanosphere
self-assembly but also advance our understanding of the mechanism used by amelogenin to
control the growth of enamel at the molecular level.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(A) Primary amino acid sequences of murine, porcine, and human amelogenin. The

amelogenin primary amino acid sequence is highly conserved across species with the
variations usually observed in the length of the hydrophobic region. The pS at position 16

is a phosphoserine observed in native protein. While S16 is phosphorylated in amelogenins
isolated from natural sources, it is not phosphorylated in proteins generated recombinantly
in Escherichia coli. The histidine residues are highlighted in magenta with arrows indicating
the site of the eight histidine residues deleted in the M179A8H construct. (B) Cartoon
representation of the three regions present in amelogenin: N-terminal tyrosine-rich region
(TRAP; red), hydrophobic region (HR; black), and C-terminal hydrophilic region (CTHR;

blue).
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Figure2.

The 1H-15N TROSY-HSQC spectrum for triple labeled (H-, 13C-, and 1°N-) M179 at four
different pH values. Spectra were collected on ~0.25 mM samples, at 20 °C, with a 1H
resonance frequency of 750 or 800 MHz. Aside from small differences in the gradients due
to the different magnetic field strengths, the basic spectral parameters for all the spectra
were identical (sw(*H) = 6600 Hz, sw1(°N) = 1500 Hz, nt = 16, ni = 128, np = 2048). All
the samples were in 25 mM Tris except the pH 5.4 sample, which was in 25 mM sodium
acetate. Amide resonances circled red could not be unambiguously assigned. Note that the
width of the IH dimension in all the spectra is less than 1 ppm and any chemical shift
changes as a function of pH were small.
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Figure 3.

The assigned 1H-15N TROSY-HSQC spectrum of M179 (~0.25 mM) at pH 2.8 and 7.2
collected at 20 °C with a 1H resonance frequency of 600 or 800 MHz, respectively. Not
shown are the downfield tryptophan ring amides (three at pH 2.8 and one at pH 7.2) and the
Y26 amide at pH 2.8. The inset in the pH 2.8 spectrum is an expansion of a congested region
in the middle of the spectrum. In the spectrum at pH 7.2, significant cross peaks that could
not be unambiguously assigned are circled orange. Two sets of cross peaks, labeled (1) and
(2), were observed for S152, A170, and T171 in the pH 7.2 spectrum.
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A summary of the general regions of amide intensity perturbations observed in the 1H-15N
HSQC spectra of M179 as a function of pH (2.5 to 8.0) and increasing concentrations of
M179 (Conc) and NaCl (NaCl).20 The three regions in the primary amino acid sequence

of amelogenin is shown in a linear cartoon representation: N-terminal tyrosine-rich region
(TRAP; red), hydrophobic region (HR; black), and C-terminal hydrophilic region (CTHR;
blue). Regions of more than two consecutive amide residues where the intensity of the signal
disappears or changes significantly in intensity in the TH-15N HSQC spectra are colored
white.
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Figure7.
The 1H-15N TROSY-HSQC spectrum for 1°N-labeled M179A8H at five different pH values.

Spectra were collected on ~0.25 mM samples, at 20 °C, with an *H resonance frequency of
600 MHz. The basic spectral parameters for all the spectra were identical (sw(*H) = 6600
Hz, sw1(1°N) = 1500 Hz, nt = 16, ni = 128, np = 2048). All the samples were in 25 mM Tris
solution except the pH 5.5 (25 mM sodium acetate) and pH 2.8 (2% acetic acid) samples.

Biochemistry. Author manuscript; available in PMC 2023 June 22.

chemical shift (ppm)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Buchko et al. Page 28

po30my
i» C-termini —
belt
Cryo-EM dimer Cryo-EM dodecamer
Cryo-EM nanosphere
Figure 8.

Cryo-EM-based model for the self-assembly of M179 into higher-order quaternary
structures in PBS solution at pH 8.22 Upon stimulation by an increase in pH, amelogenin
transitions from a disordered into a more ordered state, which triggers the self-assembly

of dimer subunits. These dimers (green ovals), held together by anti-parallel interactions
postulated to be electrostatic in nature between a foot-like extension at opposing C-termini
(CTHR region, blue ovals), are the building blocks for higher-order quaternary structures.
Six of these dimers assemble to form a dodecamer, a double-ring barrel-like structure that is
hollow in the middle with all 12 C-termini aligned to form a “belt” in the equatorial plane.
The resolution of the cryo-EM structures does not allow identification of the location of the
N-termini (TRAP region, red rectangle); however, experiments with solution nanospheres
suggest the N-termini are buried. These dodecamers are postulated to assemble into
nanospheres resembling a hockey puck if assemblage is confined to one plane. The magenta
dashed circle represents the DLS measured diameter (22 nm) reported for nanospheres in 25
mM Tris buffer.24
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Figure.

Crude, solution NMR-based, modified model for the self-assembly of M179 into higher
order quaternary structures in Tris buffer as a function of increasing pH at a concentration
of ~0.25 mM. Upon stimulation by an increase in pH, amelogenin self-associates into larger
complexes in a process likely driven by an increase in hydrophobic interactions. At low

pH, especially in dilute solution, M179 is an extended (~20 nm), intrinsically disordered
protein.21 At pH 6.6 interactions between regions toward the N-terminal, half of the protein
forms a core with a diameter of ~8 nm (dashed circle) with most of the C-terminus from
N103 to D180 dynamic and disordered around this core. At pH >~7.2, the size of the core
increases to a diameter of ~22 nm (dashed circle) and includes the entire N-terminus up to
Q76 and the majority of the adjacent region up to Q101. Much of the region from N103 to
D180 also remains dynamic and disordered at pH 7.2 aside from a couple of clusters (S125-
Q139 and F151-Q154). The oligomer and nanosphere models are drawn approximating

the C-terminus from N103 outward outside the core (dashed circle), but note that clusters
within this region, especially in the nanospheres, may either fold back toward the core or
self-associate outside the core. While optical methods suggest that the core region in both
oligomers and nanospheres contains more elements of S-sheet and PP1I secondary structure,
there is no evidence that the inter- and intramolecular structures in the core are homogenous.
The TRAP and CTHR regions of amelogenin are colored red and blue, respectively.
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