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Abstract
Amelogenin, the major extracellular matrix protein of developing tooth enamel is intrinsically
disordered. Through its interaction with other proteins and mineral, amelogenin assists enamel
biomineralization by controlling the formation of highly organized enamel crystal arrays. We used
circular dichroism (CD), dynamic light scattering (DLS), fluorescence and NMR spectroscopy to
investigate the folding propensity of recombinant porcine amelogenin rP172 following its
interaction with SDS, at levels above critical micelle concentration. The rP172-SDS complex
formation was confirmed by DLS, while an increase in the structure moiety of rP172 was noted
through CD and fluorescence experiments. Fluorescence quenching analyses performed on several
rP172 mutants where all but one Trp was replaced by Tyr at different sequence regions confirmed
that the interaction of amelogenin with SDS micelles occurs via the N-terminal region close to
Trp25 where helical segments can be detected by NMR. NMR spectroscopy and structural
refinement calculations using CS-Rosetta modelling confirm that the highly conserved N-terminal
domain is prone to form helical structure when bound to SDS micelles. Our findings reported here
reveal interactions leading to significant changes in the secondary structure of rP172 upon
treatment with SDS. These interactions may reflect the physiological relevance of the flexible
nature of amelogenin and its sequence specific helical propensity that might enable it to
structurally adapt with charged and potential targets such as cell surface, mineral, and other
proteins during enamel biomineralization.
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Introduction
Amelogenin, the major extracellular matrix protein present in the developing tooth enamel
of all mammals, has been shown to be intrinsically disordered1,2. This protein, along with
several other dental proteins, is produced by ameloblasts and carried by secretory vesicles to
the mineralization site to assist enamel biomineralization via controlling the formation of
highly organized enamel crystal arrays3,4. The expression and secretion of amelogenin has
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been proven to be essential for the formation of normal enamel5. Due to the presence of
several proline and other disorder-promoting residues (E, K, R, G, Q, S, and A) in its
sequence, amelogenin has a highly flexible backbone6,7. It is noteworthy that the amino acid
sequences of the N and C terminal regions of amelogenins from various mammals are highly
conserved, being unchanged for several million years8. Studies have further shown that
either mutation or deletion of these conserved sequences lead to the formation of ill-defined
enamel crystals9. Investigators have postulated that the supramolecular structure formed by
the self assembly of amelogenin is important for the biomineralization and formation of
enamel10–12. Its flexible nature and tendency to aggregate have made determination of the
structure of amelogenin highly challenging12–16. The flexible structure is believed, however,
to be important in the ability of amelogenin to adapt itself to various potential targets it
interacts with during enamel formation1,2.

Structural analysis through solution NMR has revealed that in aqueous conditions a
recombinant form of porcine amelogenin named rP172 is devoid of any global secondary
structure but also confirmed the presence of several short structured regions2 (PPII, β-strand,
turn/loop and helix). It also revealed that the N-terminal domain (the tyrosine-rich
amelogenin polypeptide, or TRAP) is unfolded and the C-terminal domain is randomly
coiled. Through CD and NMR measurements the PPII content in rP172 has been estimated
to be between 20–37%2,6 and the presence of equilibrium between the disordered and PPII
conformations was also identified6. The structure-function relationships of amelogenin have
been addressed by investigators through the characterization of its different stable or meta-
stable conformations under different experimental conditions17–19. Characterization of
rP172 in the helix promoting organic solvent TFE suggested that the conformations at N-
and C-termini are likely to interact with potential targets as they showed high helical
propensity. In contrast, the Pro- and Gly-rich middle segment was resistant to induced
folding, suggesting a different function20. We have further postulated the possibility that the
transition of amelogenin's structure from disordered to order might facilitate its binding to
enamel matrix targets1,21–24.

Our goal in the present study was to provide more insight into the folding propensities and
behaviour of amelogenin by analyzing its intrinsically disordered behaviour in strong
detergents like sodium dodecyl sulfate (SDS). SDS molecules have the ability to mimic
biological cell membranes by forming amphiphilic micelles when present above critical
micelle concentration (CMC)25–28. SDS has been used for denaturing folded proteins and
peptides for gel electrophoresis analysis. In case of naturally unfolded or intrinsically
disordered proteins (amelogenin in this case), ordered structures can be promoted by the
presence of SDS, further highlighting regions that have high potential to undergo structural
changes following their interactions with the target25,26,28.

In this study, we used circular dichroism (CD), dynamic light scattering (DLS), fluorescence
and NMR spectroscopy to investigate the folding propensity of recombinant porcine
amelogenin rP172 following its interaction with SDS, at levels above critical micelle
concentration. We have recently reported that significant structural changes occur in the
structure-stabilizing solvent TFE17. Here, rP172-SDS complex formation was first observed
through DLS, while an increase in the structure moiety of rP172 was clearly noted through
CD and fluorescence experiments. Further the fluorescence quenching analyses performed
on several rP172 mutants confirmed that the N-terminal region has increased interactions
with SDS micelles. Finally, NMR spectroscopy and structural refinement calculations and
CS-Rosetta modelling confirm that the highly conserved N-terminal domain is prone to form
helical structure when bound to SDS micelles. Our findings reported here reveal interactions
leading to significant changes in the secondary structure of rP172 upon treatment with SDS
that may reflect the physiological relevance of the amelogenin sequence.
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Results and discussion
Formation of rP172-SDS complexes

The interactions between rP172 and SDS micelles were analyzed by comparing the
hydrodynamic radii (RH) of rP172 monomers and micelles with those of their complexes by
Dynamic Light Scattering. Under both pH conditions (3.5 and 8), SDS micelles [above
critical micellar concentration (CMC)] have a uniform radius averaging 2.2 nm. The
monomers of rP172 formed at pH 3.5 possess an average RH of 1.72±0.16 nm (Fig. 1a). The
increase in the hydrodynamic radii (from 2.19±0.33 to 4.72±0.22 nm) when 75 µM rP172
was mixed with 100 mM SDS micelles provides direct evidence for their close interaction of
amelogenin and SDS although we are unable to accurately predict the shape and the
stoichiometry of SDS-rP172 complexes. Under basic pH (8.0), due to the formation of
amelogenin nanospheres, the average hydrodynamic radius of the particles was 14.56
nm11,14 while following the addition of SDS the nanospheres disassembled to particles with
an average radius of 6.3±0.87 nm (Fig. 1a). It should be noted that this homogenous radius
for the micelles could be unambiguously measured only when the solution had a specific
ionic strength that stabilized the negatively charged head group of SDS molecules. Fig. 1a
shows the average radius of SDS micelles measured in the presence of 150 mM NaCl. The
similar charge-charge stabilization seen when 75 µM rP172 was added to 10mM SDS
confirms the interaction between the protein and the detergent (Fig. 1a).

Using NMR spectroscopy, we confirm that SDS micelles associate with rP172 and introduce
changes in protein backbone dynamics. Fig. 1b, an overlay comparison of 1H, 15N HSQC
spectra obtained for aqueous (AQ-) and 100 mM SDS (100-) DCN-rP172 samples at pH 3.8,
reveals that significant changes occur to the amelogenin protein above the CMC of SDS as
evidenced by significant shift and attenuation in the 1H, 15N resonances seen in the spectrum
of 100-DCN-rP172. Relative to the AQ-DCN-rP172 sample where only the E40, Q126, and
H132 resonances are unassigned, the 100-DCN-rP172 sample possesses significantly
fewer 1H, 15N HSQC peaks (Fig. 1b). We were unable to assign 24 residues (i.e., P4 - H6;
T21; I30 - H32; P41; L46 - Q56; P74 - Q77; P81 - Q83; P107 - Q115; P119 - Q120; P133 -
Q135; and P141; representing 14% of the total sequence) due to either signal overlap or
peaks attenuation (Fig. 1b, 2 and Fig. S1 in the supporting material). Selective loss or
broadening of NMR signals was also observed in aggregation studies involving various
proteins in buffer, salt environments, or alcohols16,17. Thus, the attenuation of cross peaks
reflects that these residues are undergoing conformational exchange in the intermediate time
scale. Furthermore, we also observed 17 additional cross peaks (shown in red) in the 1H, 15N
HSQC spectra of 100-DCN-rP172 sample that we could not directly assign (Fig.S1in the
supporting material). These additional peaks could arise from either the very slow cis-trans
isomerization of the proline residues or from conformational exchange in the slow time scale
in the presence of SDS micelles. In contrast we observed only four conformational exchange
peaks (V54, A63, W161, T164) in the AQ-DCN-rP172 sample. We believe that this
alteration in protein conformational exchange occurs in response to a number of factors,
including SDS micelle-peptide backbone interactions and dynamics.

SDS promotes conformational changes in rP172
After learning that rP172 binds to SDS our focus turned towards finding out how strongly or
deeply the protein embeds within the micelle and the potential influence of SDS in
promoting organized structure in rP172 under different pH conditions. It is well known that
rP172 exists as monomers at pH 3.5, oligomers at pH 5.0 and as nanospheres at pH 8.014.
The experiments presented in this study were carried out at pHs 3.5 and 8.0 to analyse what
happens when monomers or nanospheres of rP172 interact with negatively charged SDS
molecules.
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At pH 3.5, rP172 monomers showed a maximum fluorescence emission (λmax) at 347 nm,
whereas in the presence of 100 mM SDS micelles the λmax blue-shifted to 332 nm (Fig. 3a).
This result confirmed that there is a change in the local hydrophobic environment around
any or all of the three tryptophan residues present in rP172 in the presence of SDS. At pH
8.0 the λmax of rP172 nanospheres, originally at 336 nm, only shifted slightly, to 335 nm, in
the presence of SDS (Fig. 3c). Due to the very similar emission maxima at pH 8.0 we
initially thought the tryptophan residues were in similar hydrophobic environments in the
presence or absence of SDS micelles. This view changed, however, when we did
fluorescence quenching studies. Through collision mechanisms, acrylamide (quencher) can
quench the fluorescence signal of tryptophan (fluorophore), and the extent of this quenching
depends on the exposure/accessibility of the tryptophan residues. Fig. S2 shows the results
of fluorescence quenching studies performed to compare the solvent accessibility of
tryptophan residues in the absence and presence of SDS micelles. The slopes of the Stern-
Volmer plots obtained from equation 1 are directly proportional to the accessibility of the
tryptophan to acrylamide. The results show that at pH 3.5 (Fig. 3b) the tryptophan residues
were less accessible in presence of SDS micelles than in their absence, and this is due to the
interaction of tryptophan with the hydrophobic core of the micelles. However, the slopes
obtained from Stern-Volmer plots29 (Fig. 3d) confirm that tryptophan residues are more
accessible in the presence of SDS micelles at pH 8.0. The low accessibility of rP172
tryptophan residues at pH 8.0 in the absence of SDS is attributable to the fact that the protein
is assembled into nanospheres at pH 8.0. The increase in accessibility that occurs under
these conditions when SDS is added thus indicates that the SDS micelles can disassemble
the nanospheres and reorganize them.

The secondary structure of rP172 in presence of SDS micelles can be more clearly revealed
by studying the influence of micelles on the backbone structure of rP172. We find that SDS
micelles increased the helicity of rP172, which is otherwise identified as an intrinsically
disordered protein containing regions of PPII and short helices2,6. The CD spectrum of free
rP172 when recorded at pH 3.5 had a negative minimum at 201 nm with no strong signal
above 205 nm (Fig. 4a). We titrated a 10 µM solution of rP172 at pH 3.5 with SDS well
below its CMC30 As the concentration of the titrate increase from 10 to 100 µM SDS, there
was a steady decrease in the intensity of negative signal value at 201 (owing to minor
structural change) until complete disappearance of the entire signal was seen at SDS
concentrations of 150 µM and 300 µM (Fig. 4a). At a concentration of 500 µM the
monomeric SDS molecules are able to induce and stabilize helical conformation in rP172
proving that the interaction is merely initiated through electrostatic interactions as the same
phenomenon is not seen at pH 8.0 where rP172 is already assembled and has low overall
positive charge. On the other hand similar stabilization is seen on 10mM of SDS when 75
µM of rP172 was added (Fig. 1a). In the presence of SDS (at any concentration above its
CMC) the protein adopted helical-like structure as shown by the appearance of two negative
peaks at 208 and 220 nm, and one positive peak at 190 nm (Fig. 4b and 4d). At pH 3.5 all
the histidine residues of rP172 are protonated and attract the negative head groups of SDS
molecules by a charge-charge interaction leading to charge neutralization-induced
precipitation of rP172. This phenomenon did not happen at pH 8.0 since rP172 already
exists as nanospheres at that pH, resulting in a considerable decrease in the protein’s overall
positive charge (Fig. 4c). In contrast, when SDS concentrations were increased above the
CMC, the CD profiles at both pH 3.5 and 8 were very similar showing the strong interaction
of micellar SDS with the amphipathic and highly flexible rP172 (Fig. 4b and 4d). Thus
above the CMC (from 10 mM – 100 mM), SDS micelles induce similar helical folding in
rP172 under both pH conditions.

The regions within rP172 having SDS-induced helical folding propensity were identified
using NMR spectroscopy (Fig. 5; Fig. S1). We compared the secondary structure

Chandrababu et al. Page 4

Biopolymers. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



probabilities for observable 100-DCN-rP172 sequence regions (Fig. S1) alongside AQ-
DCN-rP172, using the SSP scoring system for IDP proteins (Fig. 5). A SSP score of +1 or
−1 at a given residue reflects fully formed alpha-helix or beta-strand, respectively, while a
score of 0.5 indicates that 50% of the conformers in the disordered state ensemble are helical
at that position31. As shown in Fig. 5, AQ-DCN-rP172 does not feature any fully formed
helical or beta strand as evidenced by SSP scores. However, if we examine the (+) or (−)
SSP trend, we observe that a greater probability of forming α-helix exists within the N-
terminus (Y17 – R31, Y34 – L46), in limited regions of the central domain (F147 – L152),
and in the C-terminus (D165 – R169). Conversely, there is some propensity to form β-strand
is the following regions: P10 – I13 (N-terminus), Q49 – P114, P121 – P142 (central domain)
and P154 – E159 (C-terminus). When we compare these structural probabilities with those
obtained for 100-DCN-rP172, we observe that SDS micelles induce overall higher SSP
scoring (0.5 to 1.0), indicating that more stable secondary structures are forming. Moreover,
it is clear that SDS micelles induce a beta structure-to-alpha helical conversion throughout
the rP172 sequence, with the highest alpha helical probabilities observed for the P7 – Y39
(N-terminal) and P145 – V172 (C-terminal) regions. There are some other regions in the
central domain that also show some helical propensity: Q60 – Q65 and Q91 – H99. These
results are similar to those reported for rP172 in 70% v/v 2,2,2-trifluoroethanol (TFE) at pH
3.817. Hence, our SSP calculations indicate that the rP172 molecule possesses residual beta
strand structures under monomeric conditions, and it is the terminal regions which transform
into a predominantly helical structure in the presence of SDS micelles. We note that recent
studies with the Leucine-Rich Amelogenin Polypeptide (LRAP) also document
conformational folding from a disordered state into a helical state when this polypeptide
adsorbs onto hydroxyapatite32. This suggests that the terminal regions of amelogenin exhibit
similar folding propensities to a wide range of targets.

In order to understand SDS-induced structural perturbations, we generated ensembles of
structures for rP172 N- and C-terminal fragments (Fig. 6) and for the full length protein
molecule (residues 2–173, Fig. 7) in the presence of 100 mM SDS using CS-ROSETTA, the
chemical shift-based structure calculation program33. For each set, 10–40 lowest energy
structures were selected whose Φ/Ψ angles were present in the most favoured region of the
Ramachandran plot, and the lowest energy structure was then extracted for visual
comparison. Fig. 6A shows the contact plot averaged over 20 lowest energy structures
generated using CS-ROSETTA. This plot represents the average fraction of structures that
have a pair of residues that are in contact. A pair of residues is in contact when their ‘all
atoms’ are within 0.6 Å of each other. The residues that have contact distance below 0.3 Å
are shown in black, above 0.6 Å as white and between 0.3 – 0.6 Å are shown in various
shades of gray. It is clear from the plot that full length rP172 structures lacks tertiary fold
but show regions that may have secondary structures as evident by strong contact seen
within residues 22 – 32, 45 – 56 and 142 – 160. Further inspection of the full-length rP172
structures and fragments revealed that the N-terminal L20 – H32 region forms a helix (Fig.
6b and Fig. 7), with a backbone rmsd of 0.42 Å for the 18 member ensemble. Helical
regions were also noted for the N-terminal 45 – 56 sequence (Fig. 6c); however, note that
this region lacked chemical shift data due to intermediate time-scale conformational
exchange broadening and thus the structural elements seen in these models are solely based
upon homology. Surprisingly, the C-terminal region, which had nearly complete
assignments, showed no consistent structural features except for helical structure in the 141–
151 sequence regions (Fig.6d and Fig. 7). Note that the full-length rP172- SDS model
represents L20 – H32, P41 – Q60, and M131 – D173 within the context of the other
unstructured regions of the protein. Due to the lack of quantitative NMR data (i.e., NOE's),
we cannot ascertain the global folding state (i.e., condensed or extended conformation) of
the full-length rP172 at this time. Thus, we caution that the full-length rP172-SDS model
(Fig. 7) is highly qualitative, lacks tertiary information, and thus will be subject to
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reinterpretation at a later date pending additional NMR studies. As a side note, we also
generated a full-length CS- aqueous rP172 model using CS-ROSETTA and reported
chemical shift data (data not shown)2. Here, residues 22 – 30 also exhibited some tendency
to form a helix but was less consistent (~ 40% of the structures, backbone rmsd ~ 0.35 Å).
This suggests that these residues are in equilibrium between the disordered and structured
conformation in aqueous solution and the equilibrium is shifted towards the formation of
more structured conformation (i.e., helix) in presence of SDS micelles.

Identification of interacting segments of amelogenin using Trp mutants
After careful analyses of overall binding and the secondary structural changes in SDS-bound
rP172 we further sought to identify the motifs within the amelogenin protein that interact
with SDS micelles. This will uncover the location of the sequence which has the propensity
to coil into helix and thus be the primary region for binding potential targets. To achieve this
goal, we studied four different rP172 mutants each of which had only a single remaining
tryptophan, with its other tryptophan residues mutated to Tyrosine (Fig. 2, refer to Table 1).
The CD spectra of all four mutants were compared with the wild type rP172 in order to
ensure that there was no major structural change in their free forms (Fig. S3). The blue shift
in λmax (Fig. S4) shown by every mutant when treated with the SDS micelles revealed a
noticeable change in the local hydrophobic environments of the remaining tryptophans.
When bound to SDS, the mutants rP172(W25) and rP172(W45) showed either considerable
decrease or increase in their respective emission intensities compared to rP172(W112) and
rP172(W161), suggesting that interactions with the N-terminus of rP172 could be more
significant than interactions with the middle segment or the C-terminus (Fig. S4). The
quantitative measurement of the extent of binding of each mutant to the micelle was
analyzed by measuring the accessibility using acrylamide as the fluorescence quencher.
Based on the Net or Normalized Accessibility Factor (NAF) (Fig.8a), the residue W25 was
found to be most deeply buried in the hydrophobic core of SDS micelle. From the structural
models we know that residue W25 is located within the helical L20-H32 segment (Fig. 6b).
Upon closer examination it is quite clear that there are distinct polar and non-polar surfaces
featured on this helical segment. Hypothetically, it is likely that the hydrophobic surface of
this helix interacts with the hydrophobic core of the SDS micelle through hydrophobic-
hydrophobic interactions and makes the residue W25 less accessible. Thus through these
results we could certainly conclude that the N-terminal region’s W25 is buried in the
hydrophobic core of micelles and we propose a schematic representation (Fig. 8b) of the
rP172-SDS complex. This model explains how the hydrophobic side chains of Y24 and
W25 would interact with the interior of SDS aliphatic chains with the positively charged
K20, R31 and H32 residues interacting with the negative head groups outside the micelle.
As the quenching studies did not show significant interaction between the C-terminus with
SDS micelles, the helix formation between P145 to V172 could be a due to the allosteric
influence of N-terminal interaction.

During the process of biomineralization amelogenin interacts with several potential charged
substrates, including the ameloblasts plasma membrane phospholipids, proteins, and
hydroxyapatite. Through our previous in-situ AFM studies34 we showed that, at pH 8.0,
amelogenin nanospheres disassembled to form a uniform layer of monomers on the
negatively charged surface of mica (may be by interacting with the positively charged
surface of the helix). Such interactions may also be relevant while in contact with liposomes
of secretory vesicles during the secretion of amelogenin or while interacting with the
charged faces of HAP during biomineralization. Under the same pH condition, amelogenin
oligomerized on the positively charged surface of 3-aminopropyltriethoxysilane (APS) mica,
which may well be relevant to amelogenin's potential interaction with positively charged
surfaces of HAP34. Amelogenin nanosphere disassembly following their adsorption onto
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fluoroapatite and other organic surfaces has been also demonstrated35,36. These observations
all together show that the dynamics of amelogenin’s assembly and oligomerization can be
influenced by the surface charge of its substrates. Studies have further shown that either
mutation or deletion of these conserved sequences lead to misfolding37,38 and the formation
of ill-defined enamel crystals9. These point mutations that lead to amelogenesis imperfecta
(a series of inherited diseases of enamel malformation) are actually located at the N-terminal
region very close to W25 and W45 (T21I and P41T in the case of human amelogenin)
emphasizing the significance of our current finding. In this manuscript we have shown that
the influence of negatively charged detergents can promote ordered structures in specific
regions that are highly conserved in amelogenin and that can bind to specific targets. Thus
this finding supports a possible functional role for the flexibility of amelogenin's structure
and the importance of N-terminal region in the in vivo context.

Conclusions
We demonstrate that amelogenin forms complexes with SDS at two different pH conditions
(3.5 and 8.0), and at above its CMC (SDS=100mM) exhibiting similar secondary structural
behaviour. We used four different independent spectroscopy techniques to show that
amelogenin binds to SDS via the N-terminal domain close to W25 where a helical segment
can be formed following amelogenin-SDS interaction. Our study supports the notion that
intrinsically disordered proteins are functionally important in biomineralization in vivo and
they attain stable structures (e.g., α helix) upon binding with prospective targets, such as
amphipathic assemblies (SDS micelles) or mineral phases19,32. Our findings further suggest
that the amelogenin N terminal segment may be important in interacting with the
membranous regions of secretory ameloblast cells as well as secretory vesicles.

Materials and methods
Protein expression and purification

All recombinant proteins including wild-type rP172, isotopically labelled, and mutant
amelogenins (Table 1) used in this study were produced in E. coli DE3 codon plus RP cells
as described elsewhere39. Briefly, the expressed protein was specifically precipitated by
20% ammonium sulfate solution and dissolved in 0.1% 2,2,2-trifluroacetic acid. This acidic
solution was loaded on a reverse phase C4 column (10 × 250 mm, 5 µm) mounted on a
Varian (Palo Alto, CA) prostar high performance liquid chromatography system and eluted
using a linear gradient of 60% acetonitrile at a flow rate of 1.5 mL/min−1.

Isotopically labelled rp172 for NMR spectroscopy—Uniformly triple labelled
recombinant rP172 [U-2H, 13C, 15N] (hereafter referred to as DCN-rP172) was produced via
recombinant bacterial over expression in the presence of 15NH4Cl, 13C-Glucose, and 100%
D2O (Cambridge Isotope Laboratories, Andover, MA). The extent of triple labelling was
verified to be 98.9% using ESI-ms TOF (Mass = 21777.0 Da). These labelled and unlabelled
rP172 lack the N-terminal methionine and the phosphate in the Serine at the 16th position
when compared to their wild type analogues.

Trp mutant rP172 for fluorescence spectroscopy—Three double mutants;
rP172(W45Y,W161Y), rP172(W25Y,W161Y) and rP172(W25Y,W45Y); were produced
using Quick Change® mutagenesis (Agilent Technologies, Inc.) as described elsewhere14. A
new mutant, rP172 [(W25Y, W45Y, W161Y), (F112W)] was made in a similar manner in
order to introduce a tryptophan residue at the middle region of rP172. These tryptophan
mutants will be referred to hereafter in the text as rP172(W25), rP172(W45), rP172(W112)
and rP172(W161) (Table 1), the parentheses showing the position of the single tryptophan
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present in the sequence. All mutants were expressed and purified employing a similar
protocol to that used for rP172.

Protein sample preparations
For CD, DLS and Fluorescence experiments the protein stock solutions were prepared by
dissolving 3 mg of lyophilized rP172 (or the mutant) in 1 mL of de-ionized water and left
overnight at 4 °C on a rocker. The clear solution thus obtained was centrifuged at 10000 rpm
for 10 min and only 95% of the supernatant at the top was withdrawn to avoid insoluble
protein. The exact concentration was determined using a NanoDrop ND-1000
spectrophotometer (NanoDrop Products, Wilmington, DE). The extinction coefficients (ε)
were determined experimentally using classical methods40 to be rP172: ε =17144,
rP172(W25): ε =13947, rP172(W45): ε =12997, rP172(W112): ε =16830, rP172(W161): ε
=10876.3 Liters.mol−1.cm−1. Two different buffer solutions, 25 mM Sodium acetate at pH
3.5, and 25 mM Tris pH 8.0, were prepared and used to dilute the protein stock to a final
concentration of 10 µM. Stock solutions of 200 mM SDS (Sigma Aldrich) were made in the
above mentioned two buffers and used as needed. All SDS titration experiments were
performed by preparing individual samples with specific ratios in order to avoid any
complicacies that might occur while increasing SDS concentration when bound to protein28.

For NMR experiments, lyophilized DCN-rP172 was used to create three different samples,
each 75 µM in 300 µL volume. The first, designated as AQ-rP172, was created by dissolving
an appropriate amount of lyophilized DCN-rP172 in Milli-Q pure un-buffered deionized
distilled water [90% v/v UDDW / 10% v/v D2O (99.99 atom % D, Cambridge Isotope
Laboratories, Lowell, MA)]. This sample is identical to the one utilized in earlier studies of
the monomeric low pH form of rP172 and gives rise to a 15N - 1H HSQC spectrum that
exactly matches the earlier sample2. The other two samples, designated as 50-DCN-rP172
and 100-DCN-rP172, utilized DCN-rP172, UDDW, and an appropriate amount of sodium
dodecyl sulfate- d25 (SDS) (98% atom D, Cambridge Isotope Labs, Lowell, MA) to make a
50 mM and a 100 mM SDS / 75 µM DCN-rP172 sample. For all NMR samples, after mixing
of components, the pH was adjusted to 3.8. Sample pH was monitored periodically between
experiments and it was found that the sample pH remained stable near 4. Samples were
placed in 5 mm symmetrical D2O-matched Shigemi NMR microtubes (Shigemi, Inc, Alison
Park, PA). No visible aggregation/degradation was evident, as verified by periodic recording
of 15N - 1H HSQC experiments2.

Dynamic light scattering
The hydrodynamic radius (RH) of rP172 in the presence or absence of SDS was measured
using Wyatt Dyna pro Nanostar equipment and Dynamics 7 software. All experiments were
recorded at 22 °C under both pH conditions. The hydrodynamic radii calculated were
sphere-equivalent radii as the Rayleigh sphere model was used for the analyses41. For
measuring the radii of SDS micelles alone, 150 mM NaCl was added to avoid the heavy
background.

Circular dichroism spectroscopy
The far-UV CD spectra were acquired on a JASCO J-815 spectropolarimeter to obtain the
secondary structural properties of rP172 in the presence and absence of SDS. The
temperature was maintained at 22 °C for all the experiments and 200 µL samples were
placed in a 0.1 cm path length cuvette to record each spectrum. The concentrations of all
protein samples were maintained at 10 µM while SDS was taken at concentrations varying
from 10 µM to 100 mM. The wavelength scan was performed between 190 and 260 nm with
a resolution of 0.5 nm. An average of three independent scans of each sample, accumulated
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at a rate of 50 nm per minute, was analyzed using the in-built JASCO spectra-manager
analysis software, and the data are presented in the form of Mean residue molar ellipticity.

Fluorescence spectroscopy
The intrinsic tryptophan fluorescence emissions of all proteins were obtained from a PTI
QuantaMaster QM-4SE instrument (Photon Technology International, Birmingham, NJ) at
22 °C, with the excitation and emission slit widths set at 5 nm. The protein samples were
excited at 295 nm and their characteristic emissions were monitored by recording emission
spectra between 310 and 400 nm. An average of two scans was taken and analyzed using the
built in Felix32 software. The scatter contributions from SDS micelles were removed by
subtracting their blank spectrum from every measurement.

Tryptophan fluorescence quenching by acrylamide
The extent of tryptophan exposure/accessibility was quantitatively evaluated by quenching
its fluorescence with known amounts of acrylamide. Increasing concentrations of acrylamide
were added to protein samples in the presence of SDS, and the decrease in the λmax value
was measured. The extent of decrease was compared between the free protein and SDS
bound protein samples by plotting Stern-Volmer plots obtained with the following
equation29.

Eq. 1

Where F0 is the fluorescence intensity in the absence of quencher, F is the fluorescence
intensity in the presence of quencher, [Q] is the concentration of the quencher, and KSV is
the Stern–Volmer quenching constant. Further, the net or normalized accessibility factor
(NAF) was calculated from the ratios of KSV obtained from quenching of tryptophan
fluorescence in the presence and absence of SDS micelles.

NMR experiments
NMR data of rP172 in SDS was collected at 20°C using a 800 MHz spectrometer (Bruker)
equipped with 4-channel cryoprobe. The operating Larmor frequencies were 800.234 MHz
for proton, 201.255 MHz for carbon, and 81.096 MHz for nitrogen. The backbone
assignment of rP172-SDS was done using TROSY and HNCO/HN(CA)CO (512, 50 and 32
complex points with sweep widths of 12, 8 and 24 ppm in the 1H, 13C and 15N dimensions
respectively) and HN(CO)CACB/HNCACB experiments (512, 50 and 32 complex points
with sweep widths of 12, 65 and 24 ppm in the 1H, 13C and 15N dimensions respectively).
The HSQC (TROSY) (512 and 128 complex points with sweep widths of 12 and 24 ppm in
the 1H and 15N dimensions respectively) spectra were used to monitor if there is any
aggregation of the sample during the course of data collection by following the line width of
the peaks. No aggregation was observed during data collection. NMRPipe42 software was
used to process all data and NMRView43 was used for sequential assignments. The spectra
were referenced with respect to the temperature-corrected water resonance and 13C and 15N
chemical shifts were referenced on the basis of the 1H IUPAC guidelines using the unified
chemical shift scale. A TALOS file was generated with the
respective 13Cα, 13Cβ, 13CO, 15Nα, 1HN chemical shifts for further structure calculations.

Structure modelling of rP172 in the presence and absence of SDS with CS-Rosetta
CS-Rosetta calculations were done using the protocol given in the manual33,44. Briefly,
chemical shifts obtained after backbone assignment were used for both fragment selection
and re-scoring of the CS-Rosetta model. Fragment assembly was done using the regular
Rosetta Monte Carlo fragment assembly method45, and this was used to generate all-atom
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models. A total of 10,000 structures were generated for full-length rP172 by using backbone
chemical shifts obtained for rP172 under aqueous and 100 mM SDS conditions. The 1,000
lowest energy structures were selected and their all-atom energies were re-scored based
upon the predicted backbone chemical shifts. For both samples subsequent shorter
fragments, residues 1 – 60 and 131–173 were also used for the structure generation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Amelogenin-SDS interactions, (a)The mean hydrodynamic radius (RH) and standard
deviation as determined from Dynamic Light Scattering (DLS) studies showing differences
in the hydrodynamic radii of amelogenin-SDS complexes formed at pH’s 3.5 and 8.0 when
compared with their free forms. (b) 1H, 15N HSQC spectra of DCN-rP172 recorded at 800
MHz in the monomeric aqueous state (red) and in the presence of 100 mM SDS (green).
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Figure 2.
Primary amino acid sequence of recombinant porcine amelogenin (rP172). Residue M1 is
missing from the recombinant version. Regions denoted in red represent undetected NMR
resonances in the 100 DCN-rP172 1H, 15N HSQC spectra. Underlined regions denote the
highly conserved N-terminal or self-assembly A domain (purple), the PPII containing
central domain (black), and the charged hydrophillic C-terminal domain (orange). Arrows
indicate Trp (W) residues altered in the mutant proteins used, as described under methods
and listed in Table 1.

Chandrababu et al. Page 14

Biopolymers. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Tryptophan Fluorescence emissions of 10 mM wild-type rP172 (a and c) and the Stern-
Volmer plots of acrylamide quenching Trp fluorescence (b and d) in the presence (circles)
and in absence (squares) of SDS micelles when performed at pH 3.5 (left panel) and at pH
8.0 (right panel).
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Figure 4.
Circular dichroism spectra showing structural transitions in rP172 when titrated with SDS at
pH 3.5 (left panel) and pH 8.0 (right panel) below (a and c) and above (b and d) the critical
micelle concentrations of SDS. SDS, at a concentration of 500 M and at pH3.5, stabilizes the
alpha helical structure in rP172 likely through charge-charge interaction (a).
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Figure 5.
Secondary structure propensity scoring (SSP) for AQ-DCN-rP172 (bottom) and 100-DCN-
rP172 (100 mM SDS) (top). These plots document occurrence of beta strand (negative SSP)
and helix (positive SSP) structures in monomeric and SDS-induced rP172.
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Figure 6.
(a) Contact plot representing the average fraction of structures that have a pair of residues
that are in contact, averaged over 20 lowest energy structures of rP172 calculated using CS-
ROSETTA. The contact distance between ‘all’ atoms within a pair of residues is below 0.3Å
then it is shaded black and if above 0.6Å then shaded white. The contact distance between
0.3 to 0.6Å is shown in different shades of gray. Lower and upper insets show the expanded
view of the contact plot for residues between 10 – 60 and 130 – 173, respectively. CS-
ROSETTA – generated lowest energy backbone structure for sequence regions of P172 in
100 mM SDS. (b) L20 – H32; (c) P41 – Q60; (d) M131 – D173. Color scheme denotes side
chain classification: White = non-polar, Blue = cationic; Green = polar; Red = anionic.
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Figure 7.
Three views of the lowest energy CS-ROSETTA hypothetical model of rP172 in 100 mM
SDS. Color scheme denotes side chain classification: White = non-polar, Blue = cationic;
Green = polar; Red = anionic.
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Figure 8.
(a) Net or Normalized Accessibility Factor of the tryptophans present in the rP172 mutants
calculated from their respective Stern-Volmer constants. (b) Schematic representation of
rP172’s N-terminal segment showing the protein backbone interacting with the SDS head
groups (pink circles). The protein hydrophobic side chains buried in the aliphatic tail of the
SDS micellemodel (thin blue lines).
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Table 1

List of recombinant proteins and the nomenclature used to refer to them in the text.

S. No. Protein or its Mutant Referred in text as

1. Recombinant Porcine Amelogenin rP172

2. Triply labelled rP172[U-2H,13C,15N] DCN-rP172

3. rP172(W45Y, W161Y) rP172(W25)

4. rP172(W25Y, W161Y) rP172(W45)

5. rP172{(W25, 45, 161Y), (F112W)} rP172(W112)

6. rP172(W25Y, W45Y) rP172(W161)
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