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ABBREVIATIONS

rPFMGI1 = recombinant Pinctada fucata mantle gene 1; rPFMG2 = recombinant Pinctada fucata mantle
gene 2; QCM-D = quartz crystal microbalance with dissipation monitoring; PNC = prenucleation cluster;
ACC = amorphous calcium carbonate; FIB = focused ion beam sectioning. FSC-A = forward scattered
component; SSC-A = side scattered component; aCHCA = a-cyano-4-hydroxycinnamic acid ; SA =
sinapinic acid; TEV = 27 kDa catalytic domain of the Nuclear Inclusion “a” (Nla) protein encoded by
the tobacco etch virus; Trx = thioredoxin; AP7 = aragonite protein 7 of the nacre layer of the Pacific red
abalone, Haliotis rufescens.



ABSTRACT

In the nacre or aragonitic layer of the oyster pearl there exists a 12-member proteome which regulates
both the early stages of nucleation and nano-to-mesoscale assembly of nacre tablets and calcitic crystals
from mineral nanoparticle precursors. Several approaches have been developed to understand protein-
associated mechanisms of pearl nacre formation, yet we still lack insight into how protein ensembles or
proteomes manage nucleation and crystal growth. To provide additional insights we have created a
proportionally-defined combinatorial model consisting of two pearl nacre-associated proteins, PFMGI
and PFMG?2 (shell oyster pearl nacre, P. fucata) whose individual in vitro mineralization functionalities
are distinct from one another. Using SEM, AFM, Ca(Il) potentiometric titrations and QCM-D
quantitative analyses, we find that at 1:1 molar ratios, rPFMG2 and rPFMG1 co-aggregate in specific
molecular ratios to form hybrid hydrogels that affect both the early and later stages of in vitro calcium
carbonate nucleation. Within these hybrid hydrogels rPFMG2 plays a role in defining protein co-
aggregation and hydrogel dimension, whereas rPFMG1 defines participation in non-classical nucleation
processes, and both proteins exhibit synergy with regard to surface and subsurface modifications to
existing crystals. The interactions between both proteins is enhanced by Ca(Il) ions and may involve
Ca(Il)-induced conformational events within the EF-hand rPFMGI1 protein, as well as putative
interactions between the EF-hand domain of rPFMG1 and the calponin-like domain of rPFMG?2. Thus,
the pearl-associated PFMG1 and PFMG2 proteins interact and exhibit mineralization functionalities in

specific ways, which may be relevant for pearl formation.

Keywords:  Pearl oyster, pearl, nacre, biomineralization, PFMG2, PFMGI, amorphous calcium

carbonate, pre-nucleation clusters, QCM-D, AFM, mini-proteome, EF-hand, calponin-like



INTRODUCTION

The formation of the nacre pearl in marine invertebrates represents an on-demand production of
mineralization in response to an irritant or parasite threat to the mantle organ. Pearl is a composite of
nanograin calcium carbonate aragonite (nacre) and the protein-based organic matrix known as
conchiolin.! In some cases, there is an admixture of another calcium carbonate polymorph, calcite.! As
a composite, the pearl is tougher than pure aragonite and the layered nature of the structure contributes
to the luster and strength of the pearl.>® At the molecular level the pearl formation process is complex
and requires the coordination of extracellular mineralization events with the synthesis and assembly of a
molecular protein framework.”'* The result is a highly ordered biomaterial with mesoscale bulk
properties (fracture resistance, color, lustrous appearance) that originate from nanoscale components and

their individual properties.?®

Although this nano-to-mesoscale aragonite assembly process in the pearl is not well understood,
studies have shown that protein families or proteomes play an important role in biomineralization and

k.%2% 1t is known that individual nacre-

nano-to-mesoscale assembly of shell nacre in the mollus
associated proteins possess the capabilities of nanoparticle assembly and modifications that coincide with
in situ features that are important for the formation of mesocrystal aragonite tablets.?!~** In the case of
the Japanese pearl oyster (Pinctada fucata), the pearl formation process is mediated by a 12-member
proteome known as PFMG (Pinctada Fucata Mantle Gene), which also play a role in mollusk shell
formation.'>"!” One of these proteins, PFMG1,'*!>17 has been the subject of in vitro investigations that
explored the mineralization and protein aggregation processes that are relevant to pearl formation.?!

Other members, such as PFMG4, have been found to be enhancers of cell response and differentiation,!

and it is known that PFMG2, PFMG6, and PFMGS are highly expressed or up-regulated at various



developmental stages of shell formation.>?> However, these studies have only focused on the function of
individual proteins and have ignored the basic fact that protein “collectives” must be involved in
managing the pearl biomineralization process. Thus if we are to derive a better understanding of the pearl
biomineralization process and nano-to-mesoscale assembly, we need to study the function of PFMG

proteins in combination relative to each individual protein.

PFMGI
| 10 20 30 40 50 60 70 80
LKPEIGR GGDWKIYHEEINRWRKKRS EKQGKGENEMEILNPCDLMSY DSNKDGVVTH EDIKHIFDNE
8l 90 100 110 e
KL AEVEESE] KDFKSR
PFMG2
I 10 20 30 40 50 60 70
HAVQ CLEWIGRK HEQLKNENANNAKLANAIQ PG PPTMAFKQME
71 80 90 100 110 120 130 140
LIGQFAEFCK KMGLDNELFQ TVDLYESQNMSARSIZYMER KL GEL
141 150 160 170

[[eX®] CTNKG ANQSGMNIGK YTSYCR

Figure 1 Primary amino acid sequences of Pinctada fucata pearl-associated PFMG1 (UniProt accession number Q3YL59)
and PFMG2 (GenBank accession number AAZ76256.1) proteins, with membrane leader sequences deleted. Predicted
intrinsically disordered (DISOPRED, IUP algorithms, gray) and amyloid-like cross-beta strand aggregation (AGGRESCAN,
ZIBBER DB algorithms, black highlighting) sequences are shown. For PFMGI, putative EF-hand domain is located at D61-
E102. For PFMQG2, putative calponin domain is located at A1-G159.

Recently, a pair of unrelated nacre proteins, AP7 (Haliotis rufescens, Pacific red abalone shell
nacre protein) and PFMGI1 (Pinctada fucata) were investigated in defined molar ratios to better
understand if the combination of two unrelated nacre proteins from different proteomes affects in vitro
functionalities.”’ Surprisingly, this study revealed that both proteins in a 1:1 molar ratio exhibit
synergistic mineralization activities and specific aggregation affinities under defined conditions.?® Thus,
a 1:1 molar mixture represents an interesting reference point for future combinatorial studies. We now

take this concept one step further and under identical experimental conditions investigate two members



of the P. fucata PFMG proteome, PFMG1'3!1>1721 and PFMG2,!>% both individually and in a 1:1 molar
mixture. The choice of PFMG1 and PFMG?2 for these combinatorial experiments was founded on the
fact that PFMG1 contains an EF-hand Ca(II) binding domain,'**! and, PFMG2 contains an calponin-like
domain that interacts with EF-hand domains in the presence of Ca(I).!>!¢ Thus, putative interactions
were suspected. As described in this report, we generated recombinant forms of PFMG1 (rPFMG1) and
PFMG2 (rPFMG?2) and studied each individual protein and a 1:1 molar mixture in parallel mineralization
and aggregation experiments. What we found is quite intriguing: both proteins combine in specific
molecular ratios to form hybrid supramolecular hydrogels® that synergistically modify the surfaces and
create intracrystalline nanoporosities within calcite crystals. However, with regard to early events in non-

classical nucleation,3-3

no synergistic effects are observed for these hybrid hydrogels and rfPFMG1
functionality predominates instead, with minimal participation from rPFMG2. Similarly, rPFMG2
appears to limit the overall dimensions and internal structure of the hybrid protein hydrogel particles and
films in the presence and absence of Ca(Il), and the interaction between rPFMG1 and rPFM@G?2 increases
in the presence of Ca(Il). Bioinformatics modeling reveals the basis for this observed interaction: both
proteins contain folded domains that are interactive (PFMG1, pseudo-EF hand calmodulin-like domain;
PFMG@G?2, calponin-like domain), particularly in the presence of Ca(II). We conclude that within hybrid
hydrogels rPFMG2 plays a role in defining interprotein complexation and hydrogel formation, whereas
rPFMGI1 defines participation in non-classical nucleation processes, and both proteins cooperate in

surface and subsurface modification to existing crystals. These complex and unique relationships may

play an important role in pearl nacre formation.



EXPERIMENTAL PROCEDURES

Sample preparation. The expression, preparation and purification of recombinant PFMG1 (rPFMGI,

MW = 13608 Da) was performed as described previously (Figure S2, Supporting Information).?!*° For
the expression of recombinant PFMG2 (rPFMG?2), we followed a cloning and expression protocol similar
to that reported for rPFMG1%!"* and this was performed by GenScript USA (Piscataway, NJ, USA;
http://www.genscript.com/) using their proprietary OptimumGene system and recombinant expression
systems. The synthetic DNA was created from the complete PFMG2 sequence (GenBank accession
number AAZ76256.1) minus the membrane leader sequence (residues 1-20)(Figure S1, Supporting
Information). To this DNA sequence a hybrid thioredoxin (Trx)-poly-(His)s tag - TEV protease cleavage
site sequence was incorporated at the N-terminus.?%?” Upon cleavage with TEV and removal of the
solubility tag, this creates a protein that is 171 AA in length, with G1 as the first residue (remnant from
TEV protease site) and F171 as the C-terminal residue (Figure S1, Supporting Information). This hybrid
sequence was subcloned into expression vector E4. The recombinant plasmid was transiently transfected
into 100 mL suspension of HEK 293 cell culture, which were then grown in 10 L serum-free media,
collected and lysed at day 5 post-transfection. Cell pellets were resuspended in phosphate buffered saline
(PBS) and sonicated for 2 minutes to reduce solution viscosity. The solution was then centrifuged and
the target protein was captured from the cell lysate using HiTrap chelating Ni HP column and eluted with

200 mM imidazole buffer.

Following Ni elution, Trx-poly-(His)s tag removal was accomplished via TEV digestion and

subsequent affinity capture of the TEV enzyme and removal of the Trx-His¢ fragment using HiTrap



chelating Ni HP column. The protein was then subjected to ultrafiltration using Amicon Ultra 10 kDa
MWCO (Millipore Corporation, USA) ultrafilters to remove any additional impurities. The final protein
purity was determined to be 93% (4%-20% gradient SDS-PAGE/Coomassie Blue staining, reducing
conditions Figure S3, Supporting Information), with a yield of 15 mg of protein per 10 L of culture
medium. Using a Bruker Daltonics MALDI-TOF and a-cyano-4-hydroxycinnamic acid (o CHCA) we
determined the apparent MW of this purified material to be 18867.6 Da using (Figure S3, Supporting
Information), which is close to the hypothetical MW of 18869.6 Da. Purified protein stock aliquots were
stored in 50 mM Tris-HCI/10% v/v glycerol (pH 8.0) at -80 °C until needed. For subsequent
experimentation, rPFMG1 and rPFMG2 samples were created by exchanging and concentrating
appropriate volumes of stock solution into unbuffered deionized distilled water (UDDW) or other

appropriate buffers using Amicon Ultra 0.5, 3 kDa MWCO.

MALDI-TOF MS analysis of individual and yPFMGI, rPFMG2 mixtures. For TPFMQG2 and the 1:1

rPFMGI : rPFMG2 mixture, 5 pL of each protein stock solution (20 pM) were mixed with an equal
volume of a-CHCA matrix solution (10 mg/mL, ThermoFisher Scientific, USA), to create a 10 uL
sample. In the case of the lPFMG1 sample, 5 pL of protein solution was mixed with 5 uL of sinapinic
acid (SA, 10 mg/mL).2! 1.5 pL of the each protein+matrix sample was placed in a clean ground stainless
steel target, and allowed to dry at room temperature. Once dried, the rPFMG2 and 1:1 fPFMG1:rPFMG2
samples were covered with 1.5 uL of the aCHCA matrix and the rPFMGI samples was covered with 1.5
puL of the SA matrix and the drying process was repeated. Measurements were calibrated with Sigma
Aldrich Standards insulin (5,730 Da) and aldolase (39,212 Da). Samples were analyzed using a Linear
Mode method in a range of 10-95 kDa, 1.00 m/Z resolution, with 500 shots/sec, using a Bruker

UltrafleXtreme MALDI-TOF/TOF instrument.?!?® Calibration of spectra was made using a Cubic



Enhanced method. Data acquisition performed using the software FlexControl 3.0 (Bruker Daltonics,

USA) and data processed with FlexAnalysis 3.0 (Bruker Daltonics, USA) and mMass 5.5.0.

In vitro micro-mineralization assays. Calcite-specific mineralization microassays were conducted by

mixing equal volumes of 20 mM CaCl>*2H>0 (pH 5.5) and 20 mM NaHCO3/ Na>xCOs bufter (pH 9.75
in Milli-Q Type I ultrapure water 0.22 um filtered) to a final volume of 500 pL in sealed polypropylene
tubes and incubating at room temperature for 1 hr.?>?° The final pH of the reaction mixture was measured
and found to be approximately 8.0 - 8.2.22% Individual aliquots of tPFMG2 and rPFMG1 stock solutions
were added to the calcium solution prior to the beginning of the reaction, with final assay concentrations
of each protein to be 20 uM. In addition to individual protein-containing assays, we also created a

scenario involving a 1:1 mole stoichiometry mixture (i.e., 20 uM rPFMGI1 : 20 pM rPFMG2).

Mineral and protein deposits formed during the assay were captured on 5 x 5 mm Si wafer chips
(Ted Pella, Inc.) that were placed at the bottoms of the vials. Upon completion of the mineralization assay
period, the Si wafers were rinsed thoroughly with calcium carbonate saturated methanol and dried
overnight at room temperature prior to analysis.?>*’ Imaging of the Si wafers extracted from the
mineralization assays was performed using a Merlin (Carl Zeiss) field emission SEM (FESEM) using
either an Everhart-Thornley type secondary electron detector (SE2) at an accelerating voltage of 3 kV
and a probe current of 100 pA. Prior to analysis, samples were coated with iridium (4nm layer) using a
Cressington 208HR sputter coater with thickness controller. X-ray microanalysis of the iridium coated
Si wafers was performed using an Oxford Instruments EDS with integrated INCA software attached to
the Merlin FESEM. To perform the analysis, samples were lowered to a working distance of 8.5 mm and
the acceleration voltage and probe current were increased to 5-7 kV and 1 nA, respectively. Areas of

interests were scanned for 400 seconds each and the data exported using the same software.



Focused ion beam sectioning of crystals. Using a Zeiss Auriga Small Dual-Beam FIB-SEM, imaging of

internal crystal morphology was performed on crystals retrieved from 1:1 rPFMGI : rPFMG?2 assays.
For these analyses all samples were first coated with 4 nm iridium prior to SEM imaging, then coated
with 50 nm of Au prior to performing FIB.?2242%2 A 30 kV 120 pA gallium ion beam was oriented
perpendicular to the sample by tilting the sample stage to 54° and utilized to mill 15 nm serial cross-
sections. SEM images of cross-sectioned surfaces were then obtained using a 2.0 kV 600 pA electron
beam and a secondary electron detector at a working distance of 5.0 mm. Images of surfaces containing
electron beam damage were created for comparison to images of undamaged surfaces but were not used
for the purposes of discussion in this publication. Images were taken shortly after cross sectioning to

limit the exposure of the uncoated surfaces to the electron beam.?>242%2

Calcium potentiometric titrations. The quantitative potentiometric titration assay is based on in-situ

Ca(I)-ion-selective potentiometric measurements at constant pH levels.>*3® A computer-controlled
automatic titration instrument manufactured by Metrohm is utilized for the experiments. The setup
includes two Titrando devices (Titrando 809 1 and Titando 809 2) controlling three dosing devices (800
Dosino) for dosing CaCl, (10 mM), NaOH (10 mM) and HCI (10 mM), respectively. Calcium potential
and pH values are monitored by utilizing one Ca(Il)-ion-selective electrode (Metrohm No. 6.0508.110)
and one pH-electrode (Metrohm No. 6.0256.100), respectively. During a titration experiment, CaClz (10
mM) is continually titrated into carbonate buffer (10 mM) at a constant rate of 20 pl / min and the pH is
kept constant at pH 8.5 by automatic counter-titration of NaOH and HCI. Here, HCI titration is required
for balancing the out-diffusion of CO», which becomes significant below pH 9.00. In the presence of 50
nM and 500 nM rPFMG proteins and 1:1 molar mixture (Table S2, S3, Supporting Information), the

potentiometric titrations are performed in 20 mL and 7 mL carbonate buffer at pH 8.5, respectively. As
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the pre-nucleation slopes and nucleation times depend on the volume, the quantitative data can only be

compared to corresponding reference experiments.>-3

Imaging and flow cytometry of individual and hybrid hydrogel particles. For detection of mesoscale

protein hydrogel particles, 5 pL of a 10 uM solution of either rPFMGI1, rPFMG2, or 1:1
rPFMG1:rPFMG2 in 10 mM HEPES, pH 8.0 was placed on a clean glass slide and imaged using bright
field microscopy (100x lens, Nikon DS-U3 Light Microscope).*° For flow cytometry, final concentrations
of 10 uM rPFMG1, rPFMG2, and 1:1 rPFMG1:rPFMG?2 in 10 mM HEPES pH 8.0 and 10 mM HEPES
/ 10 mM CaCly, pH 8.0, 150 pL final volume, were created and tested using a BD LSRFortessa multi-
parameter cell analyzer (BD Biosciences, USA).*° Each solution was tested in a continuous flow rate of
25 pL/min using four laser excitation lines: 405nm, 488nm, 561nm, and 640nm to register two light-
scattering parameters (FSC-A and SSC-A) and the number of events for each sample. Data was collected
using the BD FACS DiVa (BD Biosciences, USA) software designed for the instrument. Files were later

processed using FlowJo software (TreeStar, OR, USA).>

AFM imaging of protein hydrogels We investigated the morphological and quantitative characteristics
of rPFMGI1, rPFMG2, and 1:1 rPFMG1:rPFMG2 protein assemblies and nanoparticles captured onto
mica substrates.?!?22%272% The apo or Ca(1Il) free forms were imaged in 10 mM HEPES buffer (pH 8.0)
at a protein concentration of 20 uM for both rPFMG1 and rPFGM?2 individually and as a 1:1 molar ratio.
In addition, we also imaged these samples in 10 mM HEPES, 10 mM CaCl,, pH 8.0, to mimic conditions
similar to those found in our mineralization assays.?!*>?%?72% AFM experiments were conducted in the
temperature range of 27-31 °C using the MFP-3D-BIO AFM instrument operating in tapping mode in a
buffer solution. Olympus BL-AC40TS-C2 rectangular-shaped, gold-reflex coated silicon-nitride tips
with a spring constant of approximately 0.09 N/m with a resonance frequency of 110 kHz were used to

achieve the best image quality were used for imaging. All samples were aliquoted onto a freshly stripped
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surface of mica (0.9 mm thick, Ted Pella, Inc.) and incubated for a period of 20 min at ambient
temperature prior to measurement.?!?>2627-2% Gwyddion software was implemented for image processing,
noise filtering, and analysis, including the calculation of Rg, i.e., the surface roughness of the imaging

surface.2 1,22,26,27,29

OCM-D Interaction Studies. Quartz crystal microbalance with dissipation monitoring (QCM-D)

experiments were performed using a Q-sense E4 system from Biolin Scientific.?’ Gold-coated AT-cut
quartz sensors were used (QSX 301, Biolin Scientific), for which the fundamental frequency was 4.95
MHz + 50 kHz. The sensors were initially subjected to a 10 min cleaning step in an UV—ozone cleaner,
with the active side facing upward. The sensors were then placed successively in solutions of Hellmanex
III (2%) and ultrapure Milli-Q water (twice) and sonicated in each bath for 10 min, with the active side
facing upward in all instances. The sensors were then dried with N> gas and replaced in the UV—ozone
cleaner for 30 min. Finally, the sensors were left to soak in 100% ethanol for approximately 30 min and
dried with N, before installation in the flow modules.?’ The QCM-D flow chambers were flushed with
ultrapure Milli-Q water before each measurement (for 60-80 min), until a stable baseline was established
(< 0.5 Hz shift over 10 min). The flow module temperature was maintained at 16 °C throughout, and the
flow rate was kept constant at 20 uL/min. The sensor surfaces were then functionalized with poly(L-
lysine) by incubation with a 0.01% aqueous solution of poly(L-lysine) until the surface was saturated
(around 20—30 min). The poly(L-lysine) acts as a biocompatible support for nonspecific immobilization
of proteins. Next, we introduced a 2.5 uM PFMG?2 solution in HEPES buffer (pH 8, 10 mM) into the
QCM-D flow chambers for approximately 45 min. This was followed by the introduction of a 2.5 uM
solution of PFMGI dissolved either in HEPES buffer or in a 10 mM CaCl: solution in HEPES buffer
(pH 8, 10 mM) again for approximately 45 min. Here, we expect that pre-aggregation of the flow-

introduced protein occurs in the presence of Ca(Il) prior to interactions with the adsorbed protein. All
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QCM-D experiments were run in duplicate and found to be reproducible (Figures S5, S6, Supporting

Information).

Bioinformatics. To determine the location of disordered sequence regions®’ within the PFMG1 and

PFMG2 sequences, we employed the DISOPRED3* and IUP_PRED?° prediction algorithms using
default parameters. Subsequently, we utilized AGGRESCAN* and ZIPPER DB*' with default
parameters to globally identify putative cross-beta strand sequence regions which exhibit association
propensities (Figure 1). To determine a hypothetical global structure of PFMG1 and PFMG2, we utilized
the DISOclust (v1.1) - IntFOLD?2 integrated protein structure and function prediction server (University
of Reading, UK, using default parameters), which provides tertiary structure prediction/3D sequence

homology modeling of protein sequences that contain folded and unfolded sequence elements.*?

RESULTS

rPFMGI and rPFMG2 jointly form unique nanotextured orthogonally arranged calcite crystals

featuring intracrystalline nanochambers. As in our first nacre protein pair study,?’ we initiated our study

of rPFMGI and rPFMG2 with an examination of the individual and combined effects of these proteins
on in vitro calcium carbonate crystal growth (60 min duration). Based upon previous combinatorial
studies, it was recognized that the most interesting results were obtained using a 1:1 molar ratio of the
two proteins,” and thus this ratio became the main focus of the present study. As shown in Figure 2, the
1:1 combination of the two proteins led to surface and directional effects on calcite crystal growth that
reflect the simultaneous participation of both proteins (Figure 2). Note that these results do not reflect
the definitive functionalities of either protein, which can only be ascertained using in situ studies.
Individually, we note that rPFMG1 induces the formation of highly nanotextured crystals or crystal

clusters, whereas rPFMG2 promotes new directional growth with evidence of nanotexturing at the
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Figure 2. SEM images of Si-wafer collected calcite crystals generated in the presence of rPFMGI, rPFMG2, 1:1
rPFMG1:rPFMG2 and protein-deficient control assays (control).

junction of crystal surfaces. When both proteins are present at a 1:1 molar ratio, we observe the formation
of orthogonally arranged calcite crystals (as verified by microRaman spectroscopy, Figure S4,
Supporting Information) that feature nanotextured surfaces (Figure 2), i.e., the nucleation and crystal
growth processes now simultaneously incorporates the individual functional properties of both rPFMG1
and rPFMG2, similar to what we have reported in previous combinatorial nacre protein mineralization

studies.?’

Figure 3. SEM images of FIB-sectioned calcite crystals. (A) Typical protein-deficient assay calcite crystal (60 minutes
assay time), which features minimal porosities. (B,C,D) Representative sequential sections of calcite crystals generated in
assays containing 1:1 rPFMGI1 : rPFMG2 (20 uM each), where one can clearly denote multiple subsurface void or pore
regions (arrows).
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The 1:1 scenario generated very interesting results, and given that the nanotextured surfaces of the
crystals might entrap protein aggregates or hydrogels and incorporate these within the mineral

overgrowth phase, 224282

we focused on these crystals for subsequent subsurface analysis. Using FIB-
SEM we sectioned these crystals and discovered the presence of intracrystalline nanoporosities (Figure
3). The majority of these nanoporosities appear to be peripherally located within these hybrid crystals,
indicating that the potential mechanism for intracrystalline nanoporosity formation in this scenario
involved the initial deposition of both protein phases onto exposed crystal surfaces, followed by mineral
overgrowth and entrapment of these phases within the nucleating crystals.?2-2#2%2% This same mechanism
of intracrystalline nanoporosity formation has also been observed in nacre protein crystal growth studies
in vitro??24282% and will be discussed in more detail later on. Thus, with regard to later stages of crystal
growth, rPFMG1 and rPFMG2 functionalities are both manifested and exhibit overlap, leading to
changes in crystal morphology, the creation of nanotextured surfaces, and the introduction of

intracrystalline nanoporosities.

The effect of rPFMG1 + rPFMG2 on non-classical nucleation. Our focus now shifts to earlier in vitro

mineralization events which involve the formation of pre-nucleation clusters (PNCs) and their
transformation into amorphous calcium carbonate (ACC) , i.e., the non-classical nucleation scheme.?3-3
It has been established that nacre proteins modulate the early events in the non-classical nucleation
pathway of calcium carbonates.?>?>?7?? For this reason, the effects of PFMG1 and rPFMG2 on CaCO3
nucleation were investigated utilizing a quantitative potentiometric titration assay, which is based on in-
situ Ca(Il)-ion-selective potentiometric measurements at constant pH levels (Figure 4; Tables S2, S3,
Supporting Information).*®> During the pre-nucleation regime, differences between detected and added

Ca”" ions evidence the binding of calcium ions indicating the formation of CaCOj3 pre-nucleation clusters

(PNCs).* The slope of the pre-nucleation gradient is a measure for the stability of the PNCs, and the
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timeline for their formation denotes their kinetics.*>*> As shown in Figure 4A, in the presence of
rPFMG1, there is significantly flatter pre-nucleation gradient in comparison with the reference titration
curve at pH 8.5, showing that tPFMGI1 increases the thermodynamic stability of PNCs at a protein
concentration of 500 nM. In contrast, rPFMG2 does not significantly affect the stability of PNCs. Most
importantly, the change of pre-nucleation gradient in the 1:1 protein mixture sample is similar to that in
rPFMG1 sample, suggesting that there is no synergistic effect of rPFMG1 and rPFMG2 on PNC stability.
Rather, rPFMG1 activity predominates. In the presence of rPFMG1, rPFMG2 and 1:1 protein mixtures,
nucleation of a solid, which becomes apparent by the drop in free calcium (Figure 4A) and ion product
(Figure 4B), is delayed, corresponding to a retarding factor of 1.36, 1.27 and 1.43, respectively, relative
to the reference experiment (Tables S2, S3, Supporting Information). This result indicates that the 1:1
rPFMG1 : tPFMG2 mixture at best induces a slightly longer nucleation delay.*® The solubility of initially
precipitated phase (i.e., the threshold of the constant ion product after nucleation) for the individual
rPFMG proteins or 1:1 protein mixtures are lower than reference scenario, suggesting that both rPFMGl,
rPFMG2, and the 1:1 protein mixture promote the formation of less soluble calcium carbonate phases
(Figure 4B; note that at 50 nM protein concentrations no significant effects are observed on PNCs
stability, nucleation time or solubility of initially precipitated phase, Table S3, Supporting Information).
In summary, rPFMGI stabilizes PNCs, while rPFMG2 does not show any significant influence on
thermodynamic stability of the PNCs. Individually, both proteins slightly inhibit the nucleation of ACC,
whereas the initially formed phases are thermodynamically more stable (i.e., less soluble) than in the
reference experiments. Thus, unlike the results observed for existing crystals at later stages of the
nucleation process (Figures 2,3), the effects generated by the 1:1 protein mixtures on the early stages of
nucleation show no synergistic tendencies like that we reported for AP7 - tPFMG1,% and are similar to

those of rPFMG1 alone, indicating that within rPFMG1+rPFMG2 complexes it is the rPFMG1 protein
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that largely manipulates the nucleation process, with minimal contributions from rPFMG?2. This indicates
that the surface modifications induced by the proteins on the crystals (Figure 2) indeed mostly develop
during crystal growth rather than nucleation.

rPFMGI + rPFMG2 assembly and hydrogelation processes are modulated by rPFMG2. As noted in

previous individual?'*>?73% and combinatorial®’ nacre protein studies, these proteins are strong

aggregators and will form hydrogels at pH 8, with the strongest aggregation propensity observed when
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Figure 4. The development of (A) free Ca (II) ion concentration and (B) calcium carbonate ion product in potentiometric
titrations in the absence and presence of 500 nM rPFMG proteins, as indicated, in 10 mM carbonate buffer at pH 8.5 as a
function of time. In each plot the reference curve refers to experiments conducted in the absence of protein. Experiments were
performed in duplicate (not shown), and the reproducibility was good (see Tables S2,S3). In (A), the gray bar shown at the
maximum of the reference curve illustrates the average nucleation time (center) + the maximum deviation observed in 4
individual reference experiments.

Ca(Il) is present. This is certainly true for PFMG1 as documented in published studies,?!*’ and, as shown
in Figure S3, Supporting Information, MALDI-TOF-MS studies confirm that rPFMG2 is a strong
aggregator with the unique capability of forming stable multimers® under the low pH conditions of the
matrix mixture (i.e., dimer, trimer, tetramer, etc.), something which rPFMGI does not exhibit (Figure
S2). Thus, given that both protein sequences are aggregation-prone (Figure 1), with one being capable
of multimeric complexation, the question arises as to how these traits manifest themselves when both

proteins are present in a 1:1 molar ratio.
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The answer to this question becomes evident when we examine this 1:1 mixture using MALDI-
TOF-MS (Figure 5) and compare these findings to those obtained for the individual proteins (Figures S2,
S3, Supporting Information). Here, we see the formation of detectable multimers;® however, the m/Z
values do not correspond to those generated by rPFMG2 or tPFMG1 alone. Based upon the known m/Z
values for both proteins (rPFMG1 = 13608 Da; rPFMG2 = 18867.6 Da), it appears that these multimers

are in fact heterocomplexes that approximately correspond to rPFMG2 : rPFMGI1

rPFMGI [M + H]+
: observed (Da)  theoretical (Da)
: rPFMGI 13608.2
[ JFPFMG2 [M + H]
b pmesiantl PFMG2 188649
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Figure 5. MALDI-TOF-MS spectra of 1:1 molar ratio rPFMG1:rPFMG2 20 pM sample in 0-CHCA matrix. Assignment
of adduct peaks, observed and theoretical protein ratios are provided in the figure.

ratios of 2:2, 4:3, and 6:4, £ 500-1500 Da. Thus, we have uncovered an interesting phenomenon: co-
aggregation occurs between rPFMG1 and rPFMG2, with a defined complexation or aggregation ratio in
which rPFMG2 predominates. Three things should be noted. First, MALDI-TOF-MS is qualitative and
cannot discern protein-protein affinities, and thus at this stage we cannot comment on the binding
strengths that each protein might manifests for its partner. Second, note that there may be the potential
for even higher-ordered rPFMG2:rPFMG1 complexes that for various reasons cannot be detected by
MALDI-TOF.?® Finally, we note that matrix conditions are low pH or acidic, and thus the interactions

between rPFMG1 and rPFMG2 may be fostered by charge neutralization of protein Asp, Glu carboxylate
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residues. We will return to this topic later when we explore the effects of Ca(Il) on rPFMG1 — rPFMG2

binding (see below).

We continued our investigations into the 1:1 tPFMG1:rPFMG2 aggregation process using light
microscopy in combination with flow cytometry (Figure 6).*° Here, we observe that individual rPFMG 1
and rPFMG2 samples form translucent mesoscale hydrogel particles at pH 8, with evidence of internal

porosities or void regions (Figure 6, top panel). Hydrogelation is a common phenomenon for
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Figure 6. (TOP PANEL) Light microscopy images of nacre protein hydrogels, 10 mM HEPES, pH 8.0. Scalebars = 10
pm.(MIDDLE PANEL) Flow cytometry 2-D density plots of FSC as a function of SSC, Ca(Il)-free, 10 mM HEPES, pH 8.0
(BOTTOM PANEL) Flow cytometry 2-D density plots of FSC as a function of SSC, 10 mM CaCl,, 10 mM HEPES, pH 8.0
Forward scattered light (FSC, x-axis) determines particle size distributions; and side-scattered light (SSC, y-axis) measures
refracted and reflected light that occurs at any interface within the particles where there is a change in refractive index (RI)
that results from variations in particle granularity or internal structure.

21.22.25-27.29.30 and thus these two pearl-associated

several nacre- and sea urchin spicule-specific proteins,
proteins apparently share this common trait. When present in a 1:1 molar ratio, we note that the resultant

rPFMG1:rPFMG2 hydrogels are similar in appearance with regard to morphology and dimension of the

hydrogels generated by the individual proteins (Figure 6, top panel), i.e., we do not note any particle
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enlargement or other detectable changes. Using flow cytometry experiments, which allow us to move
beyond simple light microscopic visualization and determine the particle size distributions (FSC-A,
forward scattered component, x-axis) versus particle granularity or internal complexity (SSC-A, side-
scattered component, y-axis) of the particles,*® we found similar results (Figure 6, middle and lower
panels). Here, at pH 8 in the absence of Ca(Il) we see that there are differences in particle size
distributions and internal complexities or structure for each protein. When we examine the 1:1 molar
ratio sample under these conditions, we note that the FSC-A and SSC-A parameters have contributions
from the individual proteins (Figure 6, middle panel) and this verifies that the 1:1 mixture generates
hybrid hydrogel particles. These findings are also observed when Ca(lIl) is present: First, we note that
the FSC-A and SSC-A parameters for tPFMG1 and rPFMG2 hydrogels are different, and, the 1:1
rPFMGI1:rPFMG2 sample appears to share parameters that are similar to both rPFMG1 and rPFMG2
(middle panel, Figure 6). Second, we note that the introduction of Ca(II) leads to a significant change in
the internal complexity or structure of the hydrogel particles individually formed by rPFMGI1 and
rPFMG?2, and the 1:1 fPFMG1:rPFMG2 sample appears to demonstrate granularity traits shared by both
proteins (bottom panel). Thus, individually rPFMG1 and rPFMG2 are Ca(Il)-responsive hydrogelators
and the 1:1 rPFMG1 and rPFMG2 mixture contains hybrid hydrogel particles at pH 8 in the presence and

absence of Ca(II).

To examine the hydrogelation process on surfaces, we next studied the individual pearl proteins
and their 1:1 mixture on freshly cleaved mica surfaces under different conditions using AFM tapping
mode microscopy (Figure 7).212%25-27:2 Here, we use AFM to determine the ultimate size ranges of the
protein hydrogel particles that cannot be determined by methods such as MALDI-TOF-MS. What we
find here is further evidence that supports both our MALDI-TOF-MS (Figure 5) and flow cytometry

(Figure 6) datasets, namely, that fPFMG1 and rPFMG2 co-aggregate and form hybrid particles. If we
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examine the first scenario [pH 8.0, no Ca(II)], it is clear that each individual protein forms particles and
films on mica surfaces (Figure 7A). We note that the particle diameters for rPFMGI are 1.5x greater
than those of rPFMG2, whereas the particle heights are very similar for both proteins. Conversely, the
film thicknesses of rPFMG2 are 5-10% greater than those of rPFMGI (Figure 7B). Under these same
conditions the particle dimensions and film thicknesses for the 1:1 rPFMG1 : rPFMG2 sample are smaller
(by a factor of 2-3) than those of either IPFMG1 or rPFMG2 individually. This would suggest that when

rPFMG2 combines with rPFMG1 (Figure 5) the overall dimensions and film thicknesses of the hybrid

PFMG+2
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Figure 7. (A) Tapping mode AFM amplitude images of rPFMGI, rPFMG2, and 1:1 rPFMG1:rPFMG?2 proteins samples in
either 10 mM HEPES, pH 8.0, or 10 mM HEPES / 10 mM CacCl,, pH 8.0. (B) Histogram plots of AFM-determined protein

particle diameters, heights, and Rq (surface roughness)
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particles are attenuated (Figure 7B). When we consider the second scenario [pH 8.0 with Ca(Il)], we
note increases in particle sizes and film thicknesses, with rPFMG2 > rPFMGI1 in terms of particle
diameters and film thicknesses (by 35%) and rPFMG2 ~ rPFMGI1 in terms of particle heights. However,
the 1:1 rPFMGI : rfPFMG2 sample still exhibits attenuation with regard to particle diameters and film
thicknesses (Figure 7B) relative to the data obtained for the individual proteins in the presence of Ca(Il).
In summary, we find that rPFMG1 and rPFMG?2 co-aggregate and form hydrogel particles and films on
mica surfaces at pH 8.0 in the presence and absence of Ca(Il), with evidence of dimensional attenuation,
which we postulate is the result of rPFMG2-driven specific molecular combinations of each protein

(Figure 5).

OCM-D studies of pearl protein adsorption reveal interesting molecular relationship between rPFMG1

and rPFMG2. From the foregoing, it appears that tPFMG1 and rPFMG2 form hybrid aggregates (Figure
5) or hydrogels (Figures 6,7), i.e., there are intermolecular interactions taking place between both nacre
proteins under low ionic strength and mineralization conditions. To probe for these interactions we
initiated a QCM-D study similar to the one utilized in earlier nacre combinatorial studies,”’ i.e., we started
with one protein immobilized on the surface (rPFMG2) of an Au-coated QCM-D sensor placed in a flow
module and introduced the second protein (rPFMG1) over time.?** As we acknowledged in our earlier
studies, this approach cannot fully replicate the 1:1 proportionality scenario we employed in our other
experiments (Figures 2-7)*° since we are immobilizing one protein onto the sensor first then introducing

the second protein, rather than mixing them together in a predetermined ratio. Thus, we are merely

measuring the interaction of the free protein component with the immobilized protein component.

The QCM-D experiments were conducted under two conditions: 10 mM HEPES, pH 8.0, and 10
mM HEPES / 10 mM CaCly, pH 8.0, to mimic mineralization conditions without interference from ACC

or calcite precipitation (Figure 8A,B). Note that in the latter instance Ca(Il) ions will promote
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aggregation of either protein (Figures 6,7) and thus pre-aggregation of the flow-introduced protein

component will occur prior to interaction with the surface-adsorbed protein component.?>** In these
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Figure 8. QCM-D experiments of immobilized rPFMG2 exposed to 2.5 uM rPFMG1 under the following conditions: (A)
rPFMGI in 10 mM HEPES, pH 8.0; (B) rPFMGI1 in 10 mM HEPES, 10 mM CaCl,, pH 8.0. Plots show the 3rd harmonic
frequency (F3) and dissipation (D3) observed under each scenario. The time-dependent introduction of rPFMG1 alone or
rPFMG1+Ca(Il) and HEPES washing solutions are noted on the plots by arrows and extended dashed lines. These
experiments were duplicated (See Supporting Information, Figures S5, S6) and found to be reproducible.
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studies, poly(L-lysine)-coated Au QCM-D sensors were utilized to provide a biocompatible surface for
initial rPFMG2 protein adsorption [note that both tPFMG1 and rPFMG2 contain Asp, Glu residues,
Figure 1, and thus should be electrostatically compatible with poly(L-lysine) coatings]. In each of the
following scenarios we created a layer of adsorbed rPFMG2 protein on poly(L-lysine) using a 2.5 uM
protein solution. In the first scenario we introduce rPFMG1 protein (2.5 pM) in buffered media (arrow)
to this immobilized rPFMG?2 layer. As we see in Figure 8A, in the absence of Ca(Il) we observe a standard
Langmuir isotherm upon association of rPFMG]1 to surface immobilized rPFMG2. When returning to
running buffer alone (HEPES, 2™ arrow) we see a significant level of rPEMG1 dissociation from the
rPFMGQG?2 layer. The dissipation (which reflects viscoelasticity) also increases dramatically (following the
same exponential behavior) before again dropping sharply upon washing in HEPES. These results were
found to be reproducible (Figure S5, Supporting Information) and indicate that both proteins non-

covalently interact with one another.

In the second scenario, 2.5uM rPFMGI1 in a Ca(ll) HEPES buffer is introduced to the
immobilized rPFMG?2 layer (Figure 8B, 1* arrow). Here, the presence of Ca(Il) leads to more protein
mass deposited compared to the HEPES-only scenario (Figure 8A), i.e. there is greater binding between
rPFMGI1 and rPFMG2 with Ca(Il) ion present. This effect is repeatable (Figure S6, Supporting
Information) and does not follow the standard Langmuir isotherm (see Figure 8A). Note also that in the
presence of Ca(Il) the binding kinetics are much slower - over the time scale of the experiment we do
not reach the point where the rPFMG2 surface becomes saturated (blue frequency curve, Figure 8B). We
also do not see the same large shift in dissipation as we did in the absence of Ca(II). With the introduction
of HEPES buffer alone (2" arrow) we flush the Ca(II) out of the flowcell and note the dissociation of
rPFMG1 from the rPFMG2 layer (Figure 8B), similar to what we saw in the absence of Ca(Il) (Figure

8A). Recall that under low pH or conditions of Asp, Glu carboxylate charge neutralization, we observed
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complexation and specific binding ratios between these two proteins (Figure 5). From these results, our
interpretations are as follows: a) at pH 8.0 rPFMG1 and rPFMG2 largely interact and the rPFMGI1 just
builds up on top of the rPFMG2 layer leading to a rapid and large increase in mass and a highly
viscoelastic layer (Figure 8A). b) However, Ca(Il) ions mediate the interactions between the two proteins
(Figure 8B) leading to a much slower increase in mass and a more rigid rPFMG1 adlayer. Upon rinsing,
the Ca(Il) ions dissociate quickly so the rPFMG2 adsorbed layer now resembles that seen without the
Ca(II) (i.e. highly viscoelastic - hence the peak in Figure 8B) after which the rPFMG1 desorbs. Given
that rPFMG1 contains a Ca(Il)-responsive pseudo-EF hand domain,?! it is plausible that this change in
adsorption kinetics is due to conformational changes occurring in rPFMG1, which, in turn, may affect
how rPFMGI self-aggregates and/or interacts with rPFMG2. Alternatively, based upon our MALDI-
TOF-MS findings (Figure 5), charge screening or neutralization of protein Asp, Glu carboxylate groups

[either by H+ or Ca(II)] may also be the driving force for lPFMG1 — rPFMQG2 interactions.

The molecular basis for rPFMG1 —rPFMG?2 interactions. Based upon the foregoing, we now understand

that rPFMG1 and rPFMGQG?2 are specifically interactive (Figures 5, 8) in the presence of Ca(Il). Using
predictive folding bioinformatics (DISOclust INTFOLD),** we generated putative structures of both
proteins to allow us to visualize each structure and determine regions which may allow PFMG1 - PFMG2
to interact. As shown in Figures 1 and 9, both proteins possess a combination of intrinsically disordered
regions and folded domains. Specifically, PFMGI has a significant disordered N-terminal region and a
disordered A90-D116 region hat overlaps with the pseudo-EF-hand helical domain located at D61-E102
(C-terminal). This EF-hand domain exhibits homology (~50%) to the crystal structures of Troponin C
(4tncA2)* and Calmodulin-like domain protein kinase isoform 3 (3kheB2)**(confidence P value = 3.139

E-3; global model quality score = 0.5452). Interestingly, PFMG2 possesses short regions of intrinsic
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disorder at the C-terminus (list residues) and a folded helical-loop domain (A1-G159) that exhibits

homology (~51%) with the crystal structures of the calponin domain of the Ras GTPase activating-
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Figure 9. Multiple views of DISOclust IntFOLD2* predicted 3D modeling predicted structure of PFMG1 and PFMG2

proteins in ribbon representation (backbone only). The EF-Hand and calponin-like domains are encircled and domain

boundary amino acids are identified. Color designations of backbone regions: red = anionic; blue = cationic; green = polar;
white = hydrophobic.

like proteins 1p2xA (yeast)*® and 3i6xA (human)*’(confidence P value = 4.256 E-4; global model quality
score = 0.7368). This domain is notable for its dimerization interactions with the EF-hand domain of

Ca(II)-bound calmodulin.*®*" Thus, this explains why rPFMG2, with an alpha-helical calponin-like
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domain, interacts with the pseudo-EF hand rPFMG1 (Figure 5, 8), particularly when Ca(II) is present
(Figure 8). Moreover, the presence of unstable intrinsically disordered regions, coupled with
aggregation-prone amyloid-like domains (Figure 1), may also enhance the interactiveness of rPFMG1
and rPFMG2 and promote the formation of higher-ordered protein complexes (Figure 5, Figure S3,
Supporting Information) leading to the creation of hydrogel particles (Figures 6,7), as noted for other

disordered, aggregation-prone nacre proteins.?!-?%23-27:29

DISCUSSION

This report follows up from our initial 2-nacre protein study with different proteomic origins:
AP7 (intracrystalline, Pacific Red Abalone Haliotis rufescens) and rtPFMGI (pearl-associated, Japanese

).2% These unrelated proteins exhibited an unusual, unexpected synergistic

pearl oyster Pinctada fucata
effect at 1:1 molar ratio on both the early and later stages of calcium carbonate nucleation as well as the
aggregation/hydrogelation process. In our present study, we focus on a different pair, PFMG1 and
PFMG?2, which are co-members of the same pearl PFMG proteome in P. fucata.'%!131516 Here, we
assessed how each individual protein and the 1:1 molar ratio affect calcium carbonate nucleation (Figures
2-4) and protein hydrogelation (Figures 5-8). To some extent the results obtained in the present study
mirror those obtained in the 1:1 AP7 : rPFMGI study,” namely, that the 1:1 rPFMG1 : rPFMG2 sample
exhibit synergistic effects on later stages of calcium carbonate crystal growth (Figure 2) where we note
overlapping morphological (rPFMG1) and directional growth (rPFMG2) changes in calcite. Further, we
note that in both studies the 1:1 protein mixtures also create intracrystalline nanoporosities within these

).29

surface-modified crystals (Figure 3).”” Presumably, both the surface and subsurface modifications to

these crystals are due to the deposition and mineral engulfment of hybrid hydrogel particles created by
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the protein mixtures (Figures 6,7), and the dimensions of these hydrogels are Ca(Il)-dependent, as we
noted in earlier 1:1 AP7 : rPFMG1 studies.”’

However, other aspects of the 1:1 rPFMG1 : rPFMG2 nucleation and aggregation processes are
quite different from those reported for 1:1 AP7 : tPFMG1, and our data suggests that there exists a special
molecular and functional relationship between the pearl proteomic rPFMG1 and rPFMG2 members.
Within the 1:1 rfPFMG1 : rPFMG2 mixture we detected co-aggregates that possessed specific molecular
combinations (rPFMG2 : rPFMGI1 = 2:2; 4:3, and 6:4)(Figure 5). These combinations follow the
relationship rPFMG2 > rPFMGI. Since rPFMG2 is capable of defined multimeric assembly (Figure
S3) but rPFMGT is not (Figure S2), we conclude that rPFMG2 incorporates rPFMG1 molecules into
multimeric co-assemblies. This finding is echoed in the formation of hydrogels generated by the 1:1
rPFMGI1 : rPFMG2 mixture, where the hydrogel particles do not increase in overall dimension as we
witnessed in the 1:1 AP7 : rPFMGI1 study. Rather, there appears to be a limitation imposed by rPFMG2
upon hybrid hydrogel particle and film dimensions (Figures 6,7) in the presence and absence of Ca(Il).
Functionally, although these hybrid PFMG complexes exhibit synergistic effects on the later stages of
nucleation (Figures 2,3) they do not exhibit synergism during the earlier stages of nucleation that involve
PNC and ACC formation (Figure 4; Supporting Information, Tables S2, S3). Rather, it appears that
within the 1 : 1 rPFMGI1 : tPFMG2 complexes it is the rPFMGI1 protein that largely manipulates the non-
classical nucleation process, with rPFMG2 offering minimal contributions. Thus, unlike the highly
cooperative relationship between AP7 and rPFMG1,%° rPEMG1 and rPFMG?2 are functionally synergistic

only within a specific scenario and the co-aggregation and hydrogelation processes are specific in scope.

Our studies also provide information regarding the non-covalent interactions between rPFMG1
and rPFMG2 (Figure 8). We know that rPFMG2 contains a calponin-like folded domain*®* that is

interactive with EF-hand domains, such as the type found in rPFMG1,2# (Figure 9). At this point in
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time we do not know which residue-specific docking interactions occur between these two proteins.
However, we do have clues as to what types of amino acid residues may be involved in rPFMG1 —
rPFMG?2 binding. For example, under low pH conditions, which would foster Asp and Glu sidechain
carboxylate charge neutralization, specific complexation ratios of rPFMG1 and rPFMG2 form (Figure
2). Further, in the absence of Ca(Il) at pH 8.0, both proteins interact with one another, but are easily
displaced with simple washing techniques (Figure 8 A). We conclude that the non-covalent interactions
between both proteins can change based upon solution conditions and may involve Asp, Glu residues.
This becomes even more evident once we introduce Ca(Il) (Figure 8B), where we find that Ca(lIl)
mediates the intermolecular interactions between rPFMGI1 and rPFMG2 and intensifies the binding of
these two proteins but slows the overall binding kinetics. Under these conditions a number of potential
scenarios may explain this binding effect, such as non-specific Ca(Il) induced charge neutralization of
protein Asp, Glu carboxylate groups or Ca(Il) coordination at Asp, Glu residues with concomitant protein
conformational change (i.e. the EF hand domain of rPFMG1 binding to the calponin domain of rPFMG2,
Figure 9).***7 Additional studies will be required to firmly establish the non-covalent interactions,
specific domain associations, and affinities that drive rPFMG1 — rPFMG2 interactions and define

complexation ratios.

This now leads us to some interesting hypotheses regarding the in vitro relationship between
rPFMG1 and rPFMG?2, and potentially provide insights into the P. fucata PFMG proteome itself. We
believe that the specific co-aggregation of rPFMG2 with rPFMGI1 (Figure 5) regulates the dimensions
(Figures 6,7) and internal structure (Figure 6) of the hybrid hydrogels, with fPFMG2 acting as a
“gatekeeper” of overall hydrogelation. These intermolecular interactions would be intensified in the
presence of Ca(Il)(Figures 6-8), and would involve a Ca(Il)-induced conformational event in the pseudo-

EF hand domain of the rPFMG1 protein (Figure 8)*! and subsequent interaction with the calponin-like
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domain of rPFMG2.4%47 With regard to the early stages of non-classical nucleation, given the functional
activity relationship rPFMG2 < rPFMGI1 (Figure 4; Tables S2, S3, Supporting Information), the
hydrogelator “gatekeeper” rPFMG2 contributes minimally to this process, with rPFMG1 functional
activities being largely manifested in the hybrid complexes. But, this is not the case for later stages of
the nucleation process (Figures 2,3), where the functional activities of both proteins appear relatively
balanced and as a result both proteins within the hybrid hydrogels synergistically modify both the surface
and the subsurface regions of calcite crystals. Thus, we must conclude that by combining two proteins
with different functionalities in a specific molecular ratio in vitro, the resulting hydrogels are restricted
in size and internal structure and selectively manifest certain functional characteristics (individual or
synergistic) during different timepoints (early, Figure 4; late, Figures 2,3) in the mineralization process.
Although we do not know the true molecular ratio or temporal expression of PFMGI and PFGM2
expressed in situ within the pearl oyster,!!"1>!>17 from our experiments we can infer that if both proteins
were co-expressed simultaneously or co-exist at a common timepoint during pearl formation, then
PFMG1, PFMG2, and potentially other PFMG proteins would complex together in specific ratios to form
a hybrid hydrogel phase (Figures 4,6,7). In turn, this hybrid hydrogel phase could selectively regulate
the early (Figure 5) and later (Figure 2) stages of calcite and aragonite nucleation leading up to the
formation of the composite pearl that possesses internal nanoporosities or protein hydrogel inclusions
(Figure 3) that modulate the fracture resistance, strength, and appearance of the pearl itself. We intend
to follow up on these hypotheses with further experimentation involving different members of the PFMG

family using high throughput methodologies.
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