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Recombinant perlucin derivatives influence the
hucleation of calcium carbonatef

Eva Weber,? Ingrid M. Weiss,?® Helmut Colfen® and Matthias Kellermeier*®

Proteins are known to play various key roles in the formation of complex inorganic solids during natural
biomineralisation processes. However, in most cases our understanding of the actual underlying mecha-
nisms is rather limited. One interesting example is perlucin, a protein involved in the formation of nacre,
where it is believed to promote the crystallisation of calcium carbonate. In the present work, we have used
potentiometric titration assays to systematically investigate the influence of recombinant GFP-labeled
perlucin derivatives on the early stages of CaCOs formation. Our results indicate that different parts of the
protein can impact nucleation in distinct ways and act in either a retarding or promoting fashion. The most
important finding is that full-length GFP-perlucin changes the nature of the initially precipitated phase and
seems to favour the direct formation of crystalline polymorphs over nucleation of ACC and subsequent
phase transformation, as observed in reference experiments without protein. This confirms the supposed
role of perlucin in nacre biomineralisation and may rely on specific interactions between the protein and
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Introduction

Strategies of how organisms control the mineralisation of
inorganic matter throughout their tissues are a subject of
continuous interest and debate."” Recently, proteomic studies
revealed certain “toolkits of biomineralisation”, such as
macromolecules isolated from the nacreous and prismatic
layers of Pinctada species® or from the skeletal organic matrix
of the stony coral Stylophora.* These approaches clearly dem-
onstrate the importance of a concerted interplay between
multiple organic constituents in biomineralisation processes
and it remains an open question which minimal require-
ments are needed in order to achieve controlled crystallisation
in such environments.

Regarding the complexity of these systems, it is evident
that distinct roles of individual macromolecules and func-
tional protein domains have to be evaluated in simplified
experiments first. Standardised and highly sensitive
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the crystal lattice of the emerging mineral phase.

mineralisation assays with biochemically well characterised
proteins offer a unique approach to gain fundamental insight
into the function of proteins and their influence on different
species occutring in the course of the process.>® For calcium
carbonate (one of the most important biominerals), potentio-
metric titrations have proven to be a powerful technique to
monitor in particular the very early stages of crystallisation’
and to classify additives with respect to their various possible
effects.® This methodology has been successfully applied to
examine the influence of single amino acids,’ artificial
peptides,'® carbohydrates,"* as well as synthetic polymers."?
However, similar comprehensive studies on actual bio-
mineralisation proteins are rare.’*'®

Against this background we decided to study the role of
perlucin during the early stages of CaCO; formation. Perlucin
is a native protein produced by various mollusc species with
different shell types and can be extracted for example from
the mother-of-pearl layer of Haliotis laevigata."**° The
C-terminal sequences of perlucin vary in the length of
the repetitive elements, containing up to nine times
“SLHANLQQRD” in a 240 amino acid precursor protein.>*
Both native® and recombinant perlucin®*® were shown to
affect the crystallisation of calcium carbonate in previous
in vitro assays and hence this protein is an interesting candi-
date for further in-depth studies of CaCO; nucleation and
early growth behaviour. In view of the fact that perlucin has
C-type lectin properties, various types of carbohydrates includ-
ing chitin derivatives are likely candidates for mediating
responsive perlucin interactions in vivo.
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It is known that recombinant perlucin tends to be insolu-
ble and needs to be purified via denaturation/renaturation
processes,”” or modified for its native purification.>**® The
highly soluble green fluorescent protein (GFP) turned out to
drastically increase the solubility of perlucin when expressed
as a fusion protein (GFP-perlucin), thereby facilitating its ac-
cessibility for downstream analysis. With respect to calcium
carbonate formation, GFP was found to act as an inhibitor
while the influence of the perlucin part in the resulting
chimeric fusion protein has not been addressed in detail so
far.*® Therefore, we have purified individual proteins by size-
exclusion chromatography (SEC) and then investigated their
effect on the formation of calcium carbonate in a controlled
titration experiment at constant pH.

Results and discussion

GFP and the fusion protein GFP-perlucin were extracted from
E. coli, purified and characterised biochemically as described
in previous studies (see the ESIf for experimental de-
tails).>>*® In SEC, GFP-perlucin elutes in three distinct peak
fractions (see Fig. S1 and S2 in the ESI{): fraction 1 (P1) con-
tains predominantly the full-length protein, along with small
amounts of a truncated version of the protein (see the Sup-
plementary discussion in the ESI for more information on
the sequence of the used proteins). The latter species repre-
sents the main component found in peak fractions 2 and 3
(P2 and P3). Therefore, P2 and P3 were combined in one
sample (P2-3). The as-obtained full-length GFP-perlucin (P1),
truncated GFP-perlucin (P2-3), and GFP alone were subse-
quently transferred into 10 mM NaHCO;/Na,CO; buffer at pH
9.00 and an effective individual protein concentration of 0.01
mg mL . It is worth noting that GFP-perlucin tends to ag-
glomerate and adsorb on surfaces, leading to a greater or
lesser uncertainty regarding the final concentration in the re-
action beaker.

In order to induce CaCOj; precipitation, dilute calcium
chloride solution was titrated continuously into the protein-
containing carbonate buffer until nucleation occurred and
crystals were formed. During CaCl, addition, the pH of the
buffer was kept constant at 9.00 by automated counter-
titration of NaOH, while the free concentration of calcium
ions was monitored by an ion-selective electrode (ISE).” This
gave time-dependent profiles as those shown in Fig. 1, rep-
resented either as detected free molar amounts of Ca**
(ngec(Ca®), Fig. 1a) or the corresponding concentration
products of free calcium and carbonate ions (cgee(Ca’")
“Cree(CO5”7), Fig. 1b). In general, the amount of free Ca®" first
increases linearly upon CacCl, addition, however at a rate that
is distinctly lower than expected based on the known dosed
volumes (indicated as dashed grey line in Fig. 1a). The differ-
ence between added and detected calcium is due to binding
of Ca®" in ion pairs and/or larger ion clusters during the pre-
nucleation stage, as described in detail elsewhere.”?* At
some critical point, the calcium concentration reaches a max-
imum and nucleation of a second phase takes place. In the
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Fig. 1 Results of pH-constant titration experiments in 10 mM
NaHCO3/Na,CO3 buffer (pH 9.00) containing 0.01 mg mL™* of GFP
(red), P1 (blue), or P2-3 (green), as compared to the reference experi-
ment in the absence of any additives (black). For each protein, three in-
dependent measurements are shown. a) Time-dependent development
of the amount of free Ca®* traced upon continuous addition of 10 mM
CaCl, into the buffer at a rate of 0.01 mL min™. The dashed grey line
represents the dosed amount. b) Corresponding free ion products, cal-
culated under the assumption that Ca®* and CO32” bind in equimolar
ratios in both the pre- and post-nucleation stage (which is confirmed
in all cases by the volumes of NaOH required to keep the pH of the
buffer constant).

0 10000

following, the amount of free Ca>* decreases as the nucleated
particles grow (and/or transform) and eventually levels off at
a plateau, where the corresponding ion product indicates the
solubility of the formed crystalline or amorphous phase.”

Additives can affect the progression of the titration pro-
files in various ways, as already shown in a number of previ-
ous studies.”'® Here we focus on three distinct aspects: i)
the equilibrium of ion association prior to nucleation (as
reflected in the slope of the curve during the pre-nucleation
stage); ii) the effect on the nucleation process itself (given
by the position of the maximum); and iii) the nature of the
solid phase present in the early post-nucleation regime
(characterised by the solubility product mentioned above).
The influence of the three studied proteins is summarised as
bar plots in Fig. 2 and 3.

Regarding the formation of ion pairs and clusters in solu-
tion before nucleation (Fig. 2a), all three proteins seem to

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Effect of the studied proteins on a) the pre-nucleation slope
(given by the averaged ratio of the free and dosed amounts of Ca®*
before nucleation) and b) the time of nucleation (as determined from
the maximum of the curves shown in Fig. 1a), both compared to the
reference experiment without added protein (black). Values represent
averages of at least three independent repetitions with corresponding
standard deviations.

have a slight destabilising impact since more free Ca>* ions
are detected in equilibrium with the bound ones relative to
the reference experiment without added proteins. However,
the observed effects are generally small compared to other
additives'" and statistically significant only for the full-length
GFP-perlucin fusion protein (P1).

By contrast, much more pronounced influence is seen
with respect to the time of nucleation (Fig. 2b), where all
three proteins show distinct inhibiting power. Compared to
the reference, nucleation is delayed by factors of 1.76, 2.84
and 4.34 in the presence of P1, GFP and P2-3, respectively.
The fact that GFP inhibits CaCO; formation from solution is
in line with previous observations.>® On the other hand, the
behaviour of the two fusion proteins is interesting, especially
when considering that both carry a GFP residue as well. For
the full-length protein P1, we find that the inhibitory effect of
GFP is partly reversed, i.e. nucleation occurs earlier than with
GFP alone. This suggests that some domains in the protein
promote nucleation of calcium carbonate and thus compete
with the delaying influence of GFP (and other domains). In
turn, the truncated protein variant P2-3 shows very strong in-
hibition of nucleation, indicating that the structural domains
removed upon truncation were those that actually activated

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Influence of the proteins on the solubility of the initially
precipitated phase. a) Bar plots of the average free ion products
observed directly after nucleation (as determined from the plateaus
reached subsequent to the sharp decrease of Cee(Ca*)-Cree(CO3s%) in
Fig. 1b). b) Zoom into the early postnucleation stage, evidencing
differences in solubility induced by the distinct proteins (color code as
in Fig. 1). Dashed lines indicate solubility products reported for an ACC
phase with proto-calcitic short-range order,?® as well as for the two
anhydrous crystalline polymorphs vaterite and calcite in their bulk
form.>! Note that the relatively large error bar for GFP in (a) is due to
the fact that the free ion product still changes after nucleation (as indi-
cated by the red arrow), thus leading to a larger variation of values at
the time when the experiment was stopped (ca. 35000 s).
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the phase separation process, whereas the remaining do-
mains are inhibiting and cooperate with the GFP part to in-
duce the strongest effect observed in this series (see also the
Supplementary discussion in the ESIT). These findings high-
light that different domains in a protein can have fundamen-
tally different impact on mineralisation, with the balance of
competing and cooperating effects determining the net result.

Further interesting observations were made in the early
post-nucleation stage (Fig. 3), where information on the na-
ture of the formed phase can be inferred from the free ion
products. In the reference experiment without any proteins,
the nucleated particles have an apparent solubility of ca. 3.1
x 107 M?, which corresponds well with values reported for
amorphous calcium carbonate (ACC) with calcitic short-range
order in the literature.>® The presence of GFP does not affect
the average solubility product measured directly after nucle-
ation (Fig. 3a), i.e. ACC is likely to be the initially formed

CrysttngComm, 2016, 18, 8439-8444 | 8441
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phase also in this case; however, the continued decrease in
the free ion product observed between about 25000 and
35000 s (marked by red arrow in Fig. 3b) indicates the com-
pleted transformation of ACC into less soluble (and hence
more stable) polymorphs; such effects were not observed for
the reference over similar timescales (i.e. there was no mea-
surable further decrease in the free ion product over a period
of at least 10000 s after the initial steep drop due to nucle-
ation). This might imply that GFP accelerates the transforma-
tion process (relative to the reference without added pro-
teins), or in other words, that it lowers the kinetic stability of
ACC particles.

For the two fusion proteins, remarkably different behav-
iour can be discerned. Here, the free ion products detected
after nucleation drop immediately to levels that are signifi-
cantly lower than those expected for ACC in such experi-
ments, namely 2.3 x 10°® and 2.7 x 10°® M? for P1 and P2-3,
respectively (cf. Fig. 3). This means either that a phase more
stable than ACC is directly nucleated, or that ACC is ex-
tremely short-lived under these conditions and transforms
rapidly into that more stable phase. Notably, the measured
apparent solubilities are still considerably higher than litera-
ture values for crystalline polymorphs like vaterite (1.2 x 107®
M?) or calcite (0.3 x 10~ M?),>* the main products usually
obtained from precipitation experiments at room tempera-
ture. However, X-ray diffraction (XRD) patterns of particles
isolated at the end of the titration experiments clearly evi-
dence that the only crystalline phase present in all samples
at this stage is calcite (see Fig. S3 in the ESIY).

The controversial fact that higher apparent solubilities are
detected in solution can have different reasons. First, it is
well known that the amount of dissolved ions is determined
by the most soluble phase occurring in the system and thus,
mixtures of (X-ray amorphous) ACC and calcite will give the
solubility of ACC as long as it exists in significant amounts.”
This is the case for the reference experiment without pro-
teins, where scanning electron microscopy (SEM) images of
the isolated solids (Fig. 4a) show micron-sized rhombohedral
calcite crystals (black arrow) next to less defined networks of
ACC nanoparticles (white arrow). By contrast, only well-
developed calcite crystals (with different sizes) could be ob-
served in the presence of all three proteins (Fig. 4b-d; note
that the particles were extracted after the second decrease of
the free ion product in the case of GFP). A second possible
explanation for the higher apparent solubility of the crystals
formed under the influence of the proteins relies on the size
dependence of the thermodynamic stability of mineral
phases like calcite:** as particles become smaller, the larger
surface-to-volume ratio decreases their overall stability (with
calcite eventually being less stable than ACC for example)*
and hence increases solubility relative to values reported for
the corresponding bulk phases in the literature.*’ However,
the SEM images in Fig. 4 and additional TEM analyses (see
Fig. S4 in the ESI{) strongly suggest that the crystals formed
in the protein-containing experiments are much too large for
such effects to become relevant. Finally, incorporation and/or
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Fig. 4 SEM images of particles obtained from titration experiments a)
in the absence of proteins, and in the presence of 0.01 mg mL™ of b)
GFP, c) P1, and d) P2-3. Scale bars are 10 um. Note that the particles
were isolated at the time where the profiles of the free ion products in
Fig. 3b stop (i.e. after about 10 000 s for the reference experiment and
ca. 35000 s for the protein-containing samples). In this way, the mor-
phologies and phases observed by SEM are directly comparable to the
apparent solubilities measured at the time of isolation.

occlusion of organic species into the crystal structure®® can
lead to a significant increase in solubility due to lattice dis-
tortions and consequent strains. This has been shown for
single amino acids”** and is likely to apply for the three pres-
ent proteins in a similar manner, as already demonstrated in
a previous study;>® such effects rationalise why relatively high
solubility products are measured for both GFP alone and the
two fusion proteins (Fig. 3) despite the obvious presence of
large calcite crystals in the absence of significant amounts of
ACC (Fig. 4). The strong interaction of the proteins with cal-
cite also becomes manifest in the final morphologies of the
crystals, which display distorted shapes as well as rounded
edges and corners (instead of the usually observed sharp
boundaries). This indicates (specific) adsorption of the pro-
teins onto growing calcite faces, as confirmed by fluorescence
microscopy imaging (see Fig. S5 in the ESI{) and reported
previously for a number of other additives.”**™* In some
cases, these effects are prominent and lead to elongation of
the rhombohedra along their c-axis (highlighted by red ar-
rows in Fig. 4b-d).

Concerning the early post-nucleation stage, our results
thus show that both the full-length and the truncated GFP-
perlucin fusion proteins promote the formation of crystalline
calcite (see also Fig. S4 in the ESIt), while GFP alone has a
weaker effect and seems to mainly accelerate the ACC-to-
calcite transformation. Although the full-length protein P1
leads to less soluble phases than the truncated variant P2-3,
we cannot unambiguously argue which domain is responsi-
ble for the activating impact (see the Supplementary discus-
sion in the ESIf). In any case, the observations made for

This journal is © The Royal Society of Chemistry 2016
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these perlucin derivatives are fundamentally distinct from
the results of related studies on different CaCO; bio-
mineralisation proteins such as SM50 (from the larval sea ur-
chin spicule)’® or AP7 (from mollusk shell nacre).'> Apart
from certain effects on ion association equilibria and greater
or lesser nucleation inhibition, these proteins were found to
either not modify the nature (and stability) of the formed
CaCO, phase® or to increase the apparent solubility prod-
uct,”® possibly by stabilising liquid-like states analogous to
the  well-known polymer-induced liquid precursors
(PILP).**™*! In another recent work,'® the N-terminal part of
the framework matrix protein n16 from the pearl oyster
Pinctada fucata was indeed proposed to favour the direct nu-
cleation of vaterite over ACC formation; however, vaterite is
not an integral component of the final biomineral and there
was also no incorporation of protein into the crystals
detected (as the measured solubility products were virtually
identical with that of pure vaterite). In turn, the influence of
perlucin derivatives on CaCO; crystallisation observed in the
present experiments and in previous work® is commensurate
with the supposed role of the native protein in nacre bio-
mineralisation. Although we can only speculate about the
particular mechanisms by which the proteins manage to fa-
vour the formation of crystalline CaCO; polymorphs over
amorphous phases, they may do so by providing a structure
that matches the respective crystal lattice, thus facilitating
(templated) nucleation and allowing for specific protein-
mineral interactions during growth (in line with the notion
of protein incorporation into the inorganic structure).*?
Thereby, the degree of intrinsic disorder of individual protein
domains may play a major role in directing their particular
mode of action in the biomineralisation process.*’

Conclusions

In this work, we have investigated the effect of recombinant
perlucin derivatives on the crystallisation of calcium carbon-
ate by using a potentiometric titration assay that permits de-
tailed insights into pre- and early post-nucleation phenomena
as well as the nucleation process itself. The collected data
provide strong evidence that GFP-perlucin fusion proteins
have an overall inhibiting influence on CaCO; nucleation
and, most importantly, that they direct polymorph selection
in favour of crystalline calcite, into which the proteins incor-
porate to a certain extent. Comparative experiments with full-
length and truncated variants have furthermore shown that
different domains in the protein can have distinct and some-
times opposing effects, so that the net impact is a balance of
synergistic and competitive processes. Even though the used
proteins were derivatives with an additional GFP moiety
(which itself was found to interfere with nucleation and early
growth), the observed in vitro behaviour helps to rationalise
the role of perlucin in actual biomineralisation environ-
ments. Fine-tuning of nucleation kinetics and relative stabili-
ties of different mineral phases at the onset of precipitation
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might be a viable mechanism for controlling crystallisation
processes in vivo.

While simplified model systems and well-defined
crystallisation assays like those employed here can already
substantially improve our understanding of the complex
world of biomineralisation, it is obvious that further system-
atic studies are required to identify the individual contribu-
tion of different protein properties such as solubility, amino
acid composition or conformation. In this context, artificial
peptides and recombinant proteins may prove their value in
the future for the design of potential “biomineralisation
toolkits” enabling a greater level of control over mineral for-
mation. In the end, the lessons learned from such studies
may be applied to conceive advanced strategies for crystal en-
gineering and material synthesis in general.
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