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The molecular-level understanding and rationalization of
nature’s clues on how to produce complex, organized
structures such as bone, teeth, and seashells at ambient
temperature and in aqueous environments has resulted in the
design and synthesis of novel materials.'"?! The properties of
the crystals such as size, shape, stability, polymorph selectivity,
and crystallographic orientation are controlled by biomacro-
molecules, which are classified as “framework macromole-
cules” and “control macromolecules”. The complexities of
the natural biomineralization process have resulted in
research efforts being focused on “tailor-made” low-molec-
ular-weight compounds and macromolecular additives for
structure—function investigations by in vitro mineralization
experiments.[!! So far, research efforts have been focused on
auxiliary oligopeptides to probe the role of functional motifs
in the kinetics, habit modifications, and polymorph selectivity
during the crystal growth process.>!

The structure—function sequence analysis of eggshell-
specific proteins revealed that the presence of multiplets of
charged amino acid residues and characteristic self-aggrega-
tion in solution influence the formation of biominerals.”* We
anticipate that the design and testing of peptides with
multiplets of charged residues could mimic the functions of
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such proteins during in vitro experiments.*! Thus, to inves-
tigate the role of self-assembly and multiplets of charged
amino acids in calcium carbonate mineralization, we designed
a series of peptides (Table 1) and studied their structure—
activity relationships. The first two groups (I, II) of peptides
have an ordered arrangement of doublets of charged residues
which resembles the primary structure of avian eggshell
matrix proteins (a full sequence comparison is given in the
Supporting Information).””’ The significant structural differ-
ences between the peptides involve replacing the arginine
residue with lysine—a basic flexible residue with a primary
amino group and hydrophobic side chain—and the incorpo-
ration of a proline residue in the middle of the peptides in
group II. The proline residue is expected to limit the
conformational flexibility,’® and organisms use such domains
to form three-dimensional supramolecular structures of
proteins.”*® Among the three peptides in group III,
K,E,W,D,G-17 and K,AE,AW,AD,P-23 have an ordered
arrangement of doublets of charged residues. How-
ever, the incorporation of one glycine residue in the
former and six alanine residues in the latter peptide is
expected to disrupt the ordered, stable secondary struc-
ture of the peptides and impart flexibility to the peptide
backbone. The peptide (KE),(WD),-16, with alternate acidic
and basic residues, is designed as a control peptide for
confirming the perceived critical role of multiplets of charged
residues.

To understand the role of these designed peptides in
calcite growth and habit modification, we carried out in vitro
mineralization of calcium carbonate by slow diffusion of CO,
and NH; gas to the peptide dissolved in CaCl, solution
(7.5 mm)."" The first two groups of peptides showed signifi-
cant influence on the calcite crystal morphology and aggre-
gation as compared with the group III peptides (compare
images 2-5 with images 6-8 in Figure 1 and Supporting
Information).

The CaCOs; crystals formed in presence of group I and II
peptides showed—similarly to those formed in the presence
of ansocalcin®—concentration-dependent changes in crystal
morphology (Figure 1 and Supporting Information). Poly-
crystalline aggregates of calcite crystals were formed as the
concentration was increased to 2 mgmL ™', and the size of the
crystal aggregates obtained with K,E,W,D,-16 (~41 um) and
K,E,W,D,P-17 (&35 um) was almost double that of crystals
obtained with R,E,W,D,-16 (~20 um) and R,E,W,D,P-17
(~21 um). The observed superstructures are composed of
smaller rudimentary calcite crystals assembled into spherical
structures. The crystal lattice was further characterized by X-
ray diffraction studies. In addition, the nucleation density
(that is, the number of crystals per unit area) also increased
with an increase in the peptide concentration. Group III
peptides did not show significant influence on the calcite
crystal nucleation, growth, or morphology. This finding
indicates that not only the primary structural characteristics
but also control of the spatial disposition of the functional
sites on the peptide is important for the nucleation of crystal
aggregates. Thus, the designed peptides R,E,W,D,-16,
R,E,W,D.,P-17, K,E,W,D,-16, and K,E,W,D,P-17
(2mgmL™", ~0.8 um) induce the nucleation and formation
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Table 1: Details of the amino acid sequences and structure—activity relationships of the model peptides.
Group Model peptide Primary structure Results
Secondary structure Activity in crystal growth

| R,E,W,D,-16 (1) RREEWWDDRREEWWDD B sheet polycrystalline calcite aggregate formation
K,E,W,D,-16 (111) KKEEWWDDKKEEWWDD B sheet

1 R,E;W,D,P-17 (11) RREEWWDDPRREEWWDD B sheet with turn
K,E,W,D,P-17 (IV) KKEEWWDDPKKEEWWDD P sheet with turn

1 K,E,W,D,G-17 (V) KKEEWWDDGKKEEWWDD unordered no influence on calcite growth or habit modification
K,AE,AW,AD,P-23 (VI) KKAEEAWWADDPKKAEEAWWADD
(KE),(WD),-16 (VII) KEKEWDWDKEKEWDWD

ansocalin RiE,W,D-16 R,EW.DLP-1T K EW,D-16 toward decreasing the conformational flexibility and enhanc-

)
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KE,W,DLP-17  KLE,W,D,GHT

Figure 1. Crystal habit modification in the presence of the protein
ansocalcin (500 ugmL™") and designed peptides (2 mgmL™'). The
scale bars represent 50 um. Magnified images are given in the insets.

of polycrystalline calcite crystal aggregates similar to the
parent protein ansocalcin.

For a detailed investigation of the structure-activity
relationship, we investigated the self-assembly of the peptides
in solution by dynamic light scattering (DLS), tryptophan
fluorescence, circular dichroism (CD), NMR spectroscopy,
and molecular modeling studies. The DLS and fluorescence
analysis showed a concentration-dependent aggregation of
group I and II peptides in CaCl, solution (Figure 2). The
observed hydrodynamic radii of the group I peptides ((Ry) =
3.3 and 4.1 nm) are smaller than those of the corresponding
proline-incorporated group II peptides ((Ry)=6.4 and
8.1 nm). However, a fourfold reduction in the size of the
aggregate was observed when proline in K,E,W,D,P-17 (IV,
8.1 nm) was replaced with glycine in K,E,W,D,G-17 (V,
2.2 nm). These results highlight the expected role of proline
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Figure 2. A) Mean hydrodynamic radius ((Ry)) and diffusion coefficient
((D)) of synthetic peptides I-VII. The y axis represents the (R,) in
nanometers or (D)x 107" in cm?s™". B) Intensity (F,.,,) versus concen-
tration profile of fluorescence emission of synthetic peptides I (o), Il
(m), 1l (A), IV (@), V (%), VI (4), and VII (x) in CaCl, solution

(7.5 mm).
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ing the oligomerization of peptides into large aggregates. The
observed particle sizes for the group III peptides K,AE,-
AW,AD,P-23 (VL 2.2 nm) and (KE),(WD),-16 (VII, 1.8 nm)
were low. Interestingly, alterations of the peptide sequences
result in the enhancement of the mean diffusion coefficient
((D), Figure 2). In addition, the observed mean diffusion
coefficient for the group I and II peptides is almost compa-
rable to that of monomeric forms of ansocalcin and lithosta-
thine.®'"

The study of the microenvironment around the trypto-
phan residues gives an insight into the self-aggregation
tendency of the peptides. All the peptides showed distinct
emission characteristics (see Supporting Information) and
changes in intensity of the emission maximum with change in
peptide concentration. The lysine-incorporated peptides
K,E,W,D,-16 and K,E,W,D,P-17 showed weaker emission
intensities than the peptides R,E,W,D,-16 and R,E,W,D,P-
17. Notably, the intensity increased linearly with concentra-
tion up to 0.25 mgmL ', followed by an approximately 85 %
decrease in intensity for groupsl and II peptides at a
concentration of 2 mgmL~'. This result might be a conse-
quence of the quenching of the tryptophan fluorescence by
the polar functional groups (CO,H), which are brought into
close proximity through aggregation of the peptide mole-
cules.™” However, in the case of the group III peptides, the
emission intensity increased linearly with concentration up to
1 mgmL~' followed by a small intensity drop at 2 mgmL™".

The CD spectra of the peptides were recorded in a
concentration range of 0.05 to 2 mgmL™" at 25°C in CaCl,
solution (Figure 3 and Supporting Information). It is clear
that the secondary structure of the peptides R,E,W,D,-16 and
K,E,W,D,-16 in solution is an extended f-sheet conformation

REW,D,- 16 K;E,W,D, 16

R,E,W,D,P-17

\‘" AW

K,E,W,D,P-17

200 220 240 200 220 240 200 220 240 200 220 240
A/nm —» A/nm — Alnm —= A/nm —»

Figure 3. Circular dichroism spectra of group | and Il peptides in CaCl,
(7.5 mm) at various concentrations: 1) 50 uygmL™", 2) 100 ugmL™",

3) 250 pgmL~", 4) 500 pgmL™", 5) 1 mgmL™', and 6) 2 mgmL™". The
instrument settings used were: scan range, 190 to 260 nm; scan rate,
50 nmmin~'; sensitivity, 10 millidegrees; response time, 1.
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at high peptide concentrations (2 mgmL ™). However, the
incorporation of the proline in the middle of the sequences
(R,E,W,D,P-17 and K,E,W,D,P-17) disrupts the extended f3-
sheet structure. The CD spectra showed the appearance of an
amide n—m* negative-transition band at 225 and 227 nm for
the peptides, which corresponds to a p-turn conformation.!"
The replacement of proline with glycine in K,E,W,D,G-17
resulted in an unordered structure with turns (negative
minimum at 201 and 223 nm)."¥ Similarly, the CD spectra
of the peptides K,AE,AW,AD,P-23 (negative minimum at
199 and 224 nm) and (KE),(WD),-16 (negative minimum at
199 nm and a weak positive maximum at 216 nm) also
indicated unordered structures in solution.

The results obtained from CD spectrometry are supported
by data from NMR experiments. The 1D NMR spectra of
R,E,W,D,-16 and K,E,W,D,-16 showed a significant peak
broadening (Figure 4A) as a result of the formation of an
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Figure 4. A) 1D pulsed-field gradient "H NMR spectra of the NH re-
gion of the model peptides; 300 K, in 90% H,0/10% D,O, pH 3.0.
Proton chemical shifts are referenced from internal [2,2,3,3-D,JTSP. B)-
E) Conformational ensembles and surface structures obtained from
molecular dynamics simulations of the peptides R,E,W,D,P-17 (B,C)
and K,E;W,D,P-17 (D, E).

extended fB-sheet conformation in solution. In contrast, the
1D NMR spectra of the peptides R,E,W,D,P-17 and
K,E,W,D,P-17 showed sharp NH peaks within the range of
Ad=1.3 ppm, which indicates an ordered structure in solu-
tion. The NMR spectrum of K,E,W,D,G-17 showed a strong
overlap of amide protons, thus indicating an unordered
structure. Similarly, the peptides (KE),(WD),-16 and
K,AE,AW,AD,P-23 also showed an extensive chemical
shift overlap, which indicated an unordered structure in
solution. The calculated proton chemical shift difference
measured with TSP references (TSP = 3-(trimethylsilyl)pro-
pionate) showed deviation from the random coil values for
the R,E,W,D,P-17 and K,E,W,D,P-17 peptides (see Sup-
porting Information).!™”
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The calculated ¢ values for residues E4-D7 and R/K10-
D17 in the group II peptides are greater than random coil
values by 0.1 ppm, which indicates that both peptides adopt a
similar nonextended conformation with a turn structure for
the backbone. The calculated ratio of d(i,i+1):dxn(i,i+1) is
greater than 1.4, which suggests an ordered peptide con-
formation. A long-range NOE cross-relaxation transfer (d-
(i,i4+2)) was observed between the residues P9/R11 and E12/
W14 for R,E,W,D,P-17 and D8/K10, P9/K11, and E12/W14
for K,E,W,D,P-17 (see Supporting Information). However,
in the case of the glycine-containing peptide (K,E,W,D,G-
17), no dyn(i,i+1) NOE connectivities were observed. Thus,
from the above observations we conclude that the peptides
R,E,W,D,P-17 and K,E,W,D,P-17 adopt a nonextended
structure with a turn or kink on the backbone.

By using the available NMR restraints, the conformations
of the peptides were calculated with the help of molecular-
dynamics-simulated annealing/minimization experiments to
determine a plausible lowest-energy conformational ensem-
ble (ten structures) that fits the target NMR data set. The
conformers with the fewest NOE violations were used to
represent the structure. Figures 4 B,D show the backbones of
ten overlapped, energy-minimized structures of the peptides
R,E,W,D,P-17 and K,E,W,D,P-17, whereas the surface
structures (Figure 4 C,E) represent the distribution of func-
tional groups. Analysis of the ¢,y distribution obtained for
the ten conformational ensembles revealed that the dihedral
pairs near proline consistently centered within the ¢,y regions
associated with a turn structure in polypeptides. Comparison
of the dihedral angles shows a type II turn structure near P9-
R10 residues of the peptide R,E,W,D,P-17 and a type I turn
structure in the region of P9-R10 and E12 to EI13 of
K,E,W,D,P-17.

The observations from the CD and NMR spectra and
molecular modeling studies are well-correlated and consis-
tent. The peptides R,E,W,D,P-17 and K,E,W,D,P-17 exhibit
a -sheet-type structure with a turn near the proline residue.
Such an unfolded conformation would minimize the electro-
static side-chain charge repulsion, orient the charged residues
(D, E, R, and K), and make them accessible for complexation
with calcium ions in solution.

The observed extensive overlap of the NMR signals in the
amide region of group III peptides indicates the presence of
an unordered open structure with rapid conformational
exchanges. In addition, the low hydrodynamic radius ((Ry))
and high value of the mean diffusion coefficient ((D))
obtained from the DLS experiments also corroborate the
findings from the CD and NMR studies. Moreover, the
fluorescence studies revealed the absence of concentration-
dependent self-assembly of group III peptides in solution.
The results from conformational studies of the peptides are
consistent with the observed mineralization behavior in
solution. Thus, in the nonaggregated form, the random
movement of the peptides resulted in a nonspecific inter-
action with the CaCOj; crystals, thereby inducing pits and
truncation of the calcite crystal surfaces.

In conclusion, seven peptides were designed and fully
characterized to mimic the function of the goose eggshell
matrix protein, ansocalcin. The ordered arrangement of
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doublets of charged residues and the self-assembling charac-
teristics of the group I and II peptides generated a functional-
group-segregated surface which facilitates the nucleation,
growth, and aggregation of calcium carbonate crystal nuclei
to form polycrystalline calcite crystal aggregates. The group
III peptides showed an unordered structure in solution and no
activity toward mineralization. This finding is supported by
evidence from DLS, NMR, CD, and fluorescence spectros-
copy investigations.
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