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Silicatein is an enzyme that mineralizes environmental precursors to patterned nanomaterials and is found
naturally orchestrating the complex and beautiful exoskeletons of marine sponges. To harness this activity
for nanomaterial biomanufacturing, enzyme solubility and stability have been widely studied. We address the
enzyme'’s solubility challenge via protein fusion tags: enhanced green fluorescent protein (eGFP), monomeric
superfolder GFP (msGFP2), and trigger factor (TF). All three silicatein fusion proteins form oligomers to
varying degrees, that are partially modulated by disulfide bridges. Biomineralization activity was assessed with
silica and nanoceria, showing comparable yields for eGFP-silicatein and TF-silicatein, as well as identical
composition of mineralized products regardless of disulfide bridge reduction, shown via XRD char-
acterization of silicatein's nanocrystalline product. This implies that solubility has only minor effects on
silicatein activity and that continued improvement in this area is currently inessential. Furthermore, these

Received 29th September 2022,
Accepted 14th December 2022

DOI: 10.1039/d2ma00938b
results suggest that silicatein biomineralization activity is inherent to the enzyme itself. Thus, future studies
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Introduction

Nanomaterials are increasingly studied and used in nearly
every sector, ranging from medicine to renewable energy and
catalysis. Accordingly, the need for a sustainable and inexpen-
sive source of nanomaterials is paramount. Biomineralization
is a green, natural process that is becoming a promising
strategy for the production of nanoparticles via synthetic
biology." This biological approach for the synthesis of inor-
ganic nanoparticles leverages biomineralization protein activity
at mild temperatures and with green solvents, in contrast to the
high temperatures and toxic reagents required to perform
traditional chemical synthesis techniques.>® Furthermore, the
mild reaction conditions required for biomineralization are
considerably more cost-effective than current nanomaterial
synthesis.*

Silicatein is a biomineralization protein originally identified
as a key player in the generation of the silica exoskeleton in
marine sponges.” The particular role of silicatein has been
uniquely classified as ‘“direct” biomineralization protein,
encompassing both the initiation and subsequent patterning of
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should be aimed at understanding silicatein’s kinetic mechanisms.

mineralization.®” Practically, this concept is manifested as the
production of mineralized, crystalline nanoparticles.® Previous
studies have illustrated a purported evolutionary relaxation of
substrate specificity for silicatein, which has been shown to
mineralize titanium, gallium, barium,’ ceria, zirconia,” and
other metals.®'® This substrate flexibility effectively broadens
the scope of nanomaterials that can be made via silicatein
biomineralization, widening the variety of nanoparticles that
can be made with this green approach.

Despite the many attractive attributes of silicatein, the
potential to harness its biomineralization capabilities remains
limited, as a result of conflicting theories and reports surround-
ing the mechanism of action. Due to sequence homology with
cathepsin L,>"'™*? a catalytic triad mechanism involving S26,
H165, and N185 is most commonly proposed, despite being
recently disputed in the work of Povarova, et al. (2018), who
argue in favor of a biotemplating mechanism."® The variety of
conflicting results are likely due to poor enzyme/substrate
solubility.">® Wild-type silicatein has extremely low solubility,
with recent work reporting maximum production of 8 nmol L™*
cell culture in optimal buffer conditions."®

To address this challenge, and facilitate a reactor-based
nanoparticle synthesis process, the field has focused on identi-
fying a soluble version of silicatein. Studies by Dakhili, et al.
(2017) and Oguri, et al. (2021) explore the addition of several
different solubility tags to silicatein, highlighting minor solu-
bility improvements with the addition of Trigger Factor and
ProS2, respectively.’>'” These studies note that cleavage of the
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solubility tag results in massive aggregation and precipitation
of wild-type silicatein.’”'® In their recent work, Oguri, et al.
suggest enzyme aggregation may not be inherently detrimental
to activity, referencing previous work by Murr and Morse that
utilizes hydropathy modelling to highlight silicatein’s natural
propensity for aggregation leading to the complex superstruc-
tures found in vivo.'® In fact, some biomineralization processes
are mediated entirely by protein aggregation, often called
amyloid-like aggregation. Nacre protein PFMG1 is an example,
where-in calcium biomineralization is dependent on protein
aggregation.'” In these cases, aggregation ultimately results in
phase separation, leading to focused crystalline nucleation and
growth.'® Although protein aggregation is key for biominerali-
zation in many cases - thus far, silicatein biomineralization has
been shown to be catalytic and independent of protein
aggregation.”''™*® Furthermore, for materials synthesis a solu-
ble silicatein would be instrumental for use with a simple
reactor system.

To date, TF-silicatein is the most soluble silicatein fusion,
and can be produced at approximately 1 pmol L™ of cell
culture, approximately 100x more than the wild-type.'® In this
work, we examine the role of protein fusion partners, oligomer-
ization, and disulfide bridges with respect to biomineralization
activity by comparison of our own eGFP-silicatein, msGFP2-
silicatein, and the widely used TF-silicatein, each based on
silicatein from P. ficiformis. Furthermore, we perform biomi-
neralization assays with ceria ammonium nitrate alongside the
more commonly used tetraethyl-ortho-silicate and show that
use of the water-soluble precursor ceria ammonium nitrate is
comparable to the native substrate. With this in mind, ceria
biomineralization may be valuable for further studies examin-
ing protein structure and function.

Results and discussion
Protein fusion partner

eGFP was chosen as a fusion partner for recombinant silicatein
in order to enhance solubility and to provide a visible repre-
sentation of protein in solution, as shown previously for other
difficult-to-solubilize proteins.'®?® eGFP-silicatein expression
and purification did not result in anticipated 52 kDa band in
purified fraction, but with an intense 26 kDa band, as shown in
Fig. 1. This 26 kDa band was sent to University of Virginia’s
Biomolecular Analysis Facility for analysis via ESI MS/MS.
30 E coli proteins were identified from unique peptide
sequences present, six of which were chaperone proteins
known to be associated with complex protein folding
(Table S1, ESIt). Protein mass, sequence coverage, and unique
properties were used to identify the 26 kDa band as E coli
chaperone DnaK. Additional induced overexpression of DnaK
led to increased band intensity on an SDS PAGE gel, supporting
this identification (Fig. S1A, ESIT). DnaK is a ‘“holdase” chaper-
one that is known to prevent the formation of protein
aggregates.”'>* Expression of unstable proteins can lead to
overexpression of DnaK due to instability or disruption of
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Fig. 1 SDS-PAGE for purified silicatein fusions. (2) eGFP-silicatein (52 kDa)
and (3) TF-silicatein (75 kDa). eGFP-silicatein sample exhibits a
prominent band at approximately 26 kDa, identified by mass spectrometry
as chaperone DnaK binding domain.

folding equilibrium.>* The overexpression of DnaK here
suggests that eGFP-silicatein is a very unstable protein with
significant, prolonged hydrophobic regions. Additional
induced overexpression of DnaK did not result in further
improvement of eGFP-silicatein expression (Fig. S1B and C,
ESIT). Furthermore, it is likely the high levels of DnaK resulted
in quenching of eGFP fluorescence, which is consistent with
previous observations by Martinez-Alonso, et al.>

An engineered monomeric GFP (msGFP2)*® was also
selected as a fusion partner for silicatein, and subsequently
accompanied by endogenous overexpression and fluore-
scence quenching of DnaK. No significant expression or
solubility differences were observed between eGFP-silicatein
(230 nmol L") and msGFP2-silicatein (720 nmol L")
TF-silicatein expression was consistent with previous
reports,'® with yields of approximately 1 umol protein per liter
culture (Fig. 1 and Table S2 ESIY).

Oligomerization

On native PAGE, eGFP-silicatein and msGFP2-silicatein each
appear to form a high molecular weight complex greater than
150 kDa, whereas TF-silicatein is at the anticipated MW of
75 kDa (Fig. 2). Although TF-silicatein displays a variety of
breakdown products in Fig. 2, the 75 kDa band was identified
from MW shown in Fig. 1 (Fig. 1, lane 3). Lane 1 in Fig. 3 shows
a typical example of eGFP-silicatein solution on native PAGE,
with several bands evident after Coomassie staining (10 kDa,
26 kDa, 70 kDa). However, it should be noted that since these
proteins were not denatured prior to gel electrophoresis, they
travel according to their folded, compact structure at a different
apparent molecular weight rather than denatured where they
would migrate according to their true molecular weight. To
identify protein biomineralization activity, eGFP-silicatein in
native PAGE was incubated in 2 mM ceria ammonium nitrate
for 12 hours, then imaged at 460 nm, which is consistent with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Silver-stained Native PAGE gel shows in vitro protein interactions for purified protein samples. Red arrows indicate primary band of interest in
each lane. (1) eGFP-silicatein, (2) msGFP2-silicatein, and (3) TF-silicatein under native conditions. The same gel is shown in color to allow for easier
viewing of the silicatein bands. (4) eGFP-silicatein reduced with BME and thiol-blocked, (5) msGFP2-silicatein reduced with BME and thiol-blocked, (6)
TF-silicatein reduced with BME and thiol-blocked. Yellow asterisks highlight the approximate locations of non-reduced protein bands, for easy reference.
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Fig. 3 Native PAGE for eGFP-silicatein, (1) stained with Coomassie blue,
(2) incubated in water bath, (3) incubated in CAN bath. Imaged at 460 nm
for ceria detection. Additional information regarding the processing of this
gel can be found in ESI,{Fig. 2.

optical activity of cerium.>”?® Signal under these conditions is
indicative of protein interaction with ceria, consistent with
biomineralization activity. This illustrates that catalytic
activity of eGFP-silicatein is associated with the 150 kDa band
(Fig. S3 and S2, ESIY), which interestingly does not appear via
Coomassie staining (Lane 1 Fig. 3). This suggests that eGFP-
silicatein forms a 150 kDa catalytically active oligomer that is
present in small amounts, but still contributes significant
catalytic activity. Notably, TF-silicatein did not show the same
activity on native PAGE (Fig. S3, ESIt). The occurrence of the
>150 kDa bands suggests eGFP-silicatein and msGFP2-
silicatein are forming oligomers in solution. eGFP is known

© 2022 The Author(s). Published by the Royal Society of Chemistry

to form multimers, however, oligomerization with msGFP2-
silicatein suggests that this behavior is silicatein-driven, rather
than GFP-driven. TF-silicatein appears at the expected molecu-
lar weight of 75 kDa, thus not oligomerizing. In the case of
TF-silicatein, the tendency for aggregation is diminished by
other forces, with one possibility being the notable steric
hindrance of TF as described by Ullers, et al and
Hoffmann, et al.>"*?

Disulfide bridges

Silicatein aggregation is credited to the large, exposed hydro-
phobic patches of the protein, with intermolecular disulfide
bridges providing a stabilizing effect.>**° Recombinant silica-
tein has four cysteine residues, two of which form a bridge with
each other (C34, C76), and an additional two that are available
to interact with other molecules (C43, C145), according to
previous work by Gorlich, et al. 2020%" (Fig. 4). Free cysteines
C43 and C145 may form intermolecular disulfide bridges
with other eGFP-silicatein molecules, or other nearby mole-
cules such as chaperone DnaK. Native PAGE shows that
for eGFP-silicatein and TF-silicatein, thiol reduction with
f3-mercaptoethanol and blocking with acrylamide resulted in
larger MW bands at approximately 250 and 150 kDa respec-
tively (Fig. 2). This suggests that without disulfide stabilization,
additional aggregation occurs, forming larger high molecular
weight complexes. For TF-silicatein, which did not display
oligomerization or aggregation behavior prior to reduction,
this suggests the intramolecular disulfide bridge between C34
and C76 plays a key role in stabilizing the monomer.

In contrast, msGFP2-silicatein appears at approximately
100 kDa when reduced (Fig. 2), approximately 50 kDa less than
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Fig. 4 Ribbon structure of silicatein (6ZQ3)*° with cysteine residues
highlighted in purple. Figure made with Pymol.

previously shown in native conditions. This suggests that in a
native state, free cysteines C43 and C145 likely facilitate inter-
molecular disulfide bridges with multiple msGFP2-silicatein
molecules. Nonetheless, reduced msGFP2-silicatein still
appears to be dimerizing (monomer MW 48 kDa), implying
that other intermolecular forces contribute to silicatein aggre-
gation behavior. This result also indicates that fusion partner
may have a limited impact on oligomerization and in some
instances is able to reduce silicatein aggregation.

Biomineralization activity

Although biomineralization was assessed with the commonly
used precursor TEOS, assays were also performed with water-
soluble precursor ceria ammonium nitrate to avoid any
confounding factors due to TEOS insolubility and auto-
hydrolysis.*> In a side-by-side comparison, eGFP-silicatein
and TF-silicatein display similar biomineralization activity with

View Article Online
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TEOS (Fig. 5). Notably, this reaction yields approximately 0.02%
recovery of silicon from precursor to product over a period of
24 hours, consistent with other works.'*>?° As by Curran et al.,
additional biomineralization assays were conducted with ceria
ammonium nitrate (CAN) to yield nanoscopic ceric oxide. These
experiments yielded visible precipitates after 24 hours, suggest-
ing greater conversion than with native substrate silica
(Table S3 and Fig. 4, ESIt). This result suggests that slow
kinetic activity of silicatein may be due to a lack of evolutionary
pressure, an abundance of available precursors, and minimal
needs for quick mineralization for silicatein within marine
sponges.

Nanoceria biomineralization products were assessed with
x-ray diffraction, and no significant differences were observed
between nanoceria made by eGFP-silicatein, msGFP2-silicatein,
and TF-silicatein (Fig. 5). Furthermore, no differences were
observed in nanoceria made by reduced eGFP-silicatein and
TF-silicatein (Fig. 5). Therefore, fusion partner, degree of oli-
gomerization, and disulfide bridges are irrelevant to the quality
of biomineralization product. This suggests that silicatein
activity is intrinsic to the protein itself, without strong influ-
ence from the immediate microenvironment in an oligomeric
or fused state. Furthermore, these results show that oligomer-
ization and aggregation of silicatein is not inherently
detrimental to enzyme activity, and suggests that current
eGFP-silicatein, msGFP2-silicatein, TF-silicatein, and others
are sufficiently soluble and stable for further studies.

Conclusions

Increasing the solubility of monomeric silicatein has been a
major focus in improving biomineralization in an effort to
enable greener, safer nanoparticle synthesis. In this work we
show that TF-silicatein can reliably be expressed and purified in
higher amounts (1 pmol L~') than eGFP-silicatien and
msGFP2-silicatein. Through investigation of protein structure
in native conditions, we show that eGFP-silicatein and msGFP2-
silicatein form oligomeric structures, and that silicatein fusion

Comparing Nanoceria Produced by Silicatein Fusions
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(A) Extent of biomineralization as measured by silicilic acid recovery after 24-hour biomineralization with eGFP-silicatein, TF-silicatein, or no

protein (shows TEOS autohydrolysis). N = 10, *p < 0.02, **p < 0.002. (B) X-ray diffraction spectra showing nanoceria produced by silicatein fusions and
chemically reduced silicatein fusions. Spectra are consistent with known ceric oxide, with peaks at 28, 33, 47, and 56°.
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proteins have comparable mineralization activity with com-
monly used precursor TEOS. Furthermore, we probe the role
of oligomerization in relation to enzyme activity, and show that
fusion proteins that are thiol reduced and blocked produce
nanoceria of the same crystalline quality as native oligomeric
proteins. Since biomineralization occurred regardless of oligo-
merization state, these findings support a catalytic mechanism.
Furthermore, these results imply that fusion protein, and thus
solubility, has only minimal effects on activity and highlight
that silicatein aggregation is not inherently detrimental to
biomineralization activity. Said differently, silicatein biominer-
alization is intrinsic to the enzyme, and thus fusions that seek
to influence solubility do not improve biomineralization;
rather, strategies focused on improving intrinsic activity
of silicatein are likely to improve overall biomineralization
activity. Therefore, for greener, safer nanoparticle synthesis
with silicatein future research should focus on intrinsic proper-
ties of the enzyme or strategic approaches that capitalize on
silicatein’s propensity for oligomerization.

Materials and methods
Recombinant protein expression in Escherichia coli

A codon-optimized DNA sequence for enhanced green fluores-
cent protein (eGFP) linked to truncated silicatein (from Curran,
et al.) was cloned into a pet28a+ plasmid for over-expression in
BL21 E. coli.” BL21 E.coli cells containing the cloned eGFP
silicatein pet28a + plasmid were grown in 300 mL Terrific Broth
until they reached an optical density of 0.6-0.8. Protein expres-
sion was induced with Isopropyl {3-D-1-thiogalactopyranoside
(IPTG) followed by incubation at 20 °C overnight.

Protein purification

Cells were recovered from solution via centrifugation at
3000 x g for 10 minutes and resuspended in lysis buffer
(5% v/v 99% glycerol, 36 mM Tris HCl, 20 mM Tris Base,
300 mM sodium chloride, 5 mM imidazole). This suspension
was then subject to microtip sonication using a Q500 QSonica
sonicator with alternating 20 second on/off cycles for one hour,
then transferred to centrifugation at 10 000 x g for 15 minutes.
The cell pellet was discarded, and the supernatant containing
protein was filtered with a 0.4 then 0.2 pm syringe filter.
Immobilized metal affinity chromatography with Chelating
Sepharose fast flow resin (ThermoFisher) and nickel chloride
was performed with various imidazole elutions. Purified pro-
tein was dialyzed with 10 000 MWCO snakeskin dialysis tubing
in deionized water. A280 protein concentrations were measured
with a NanoDrop 1000 spectrophotometer.

Native PAGE

An 8% Native PAGE resolving gel was loaded with Native Mark
Unstained Protein Standard ladder (ThermoFisher) followed by
protein samples (at least 50 pumol L™ Y). For oligomerization
experiments: gel was stained with FASTsilver (G Biosciences).
For biomineralization assay: the gel was run at 110 V for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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approximately 2 hours, then was cut into three separate pieces
and transferred into either a Coomassie blue staining solution,
0.1 M Tris buffer, or 2 mM ceria ammonium nitrate bath for
12 hours incubation. The Coomassie blue gel was imaged
colorimetrically, while buffer control and 2 mM CAN gels were
imaged at 460 nm excitation to detect nanoceria. All gels
were imaged using an Amersham Imager 680, exposure times
were adjusted as needed. Graphical explanation is shown in
ESL7

Thiol reduction and blocking

B-mercaptoethanol and acrylamide were added to 1 pm silica-
tein fusion protein to final concentrations of 10 mM and
20 mM, respectively. Solution was incubated for 1 hour at room
temperature, followed by dialysis (10 000 MWCO) overnight.

Biomineralization assays

Protein function was evaluated via combination of 2 pm
silicatein fusion protein, 2 mM precursor, 100 mM Tris, and
DI water. Protein concentrations were adjusted to be consistent
across runs using A280 measurements as described above in
‘protein purification’. Two controls of the biomineralization
assay were performed to properly evaluate silicatein function - 2 pm
silicatein fusion protein without precursor, as well as 2 mM
precursor without silicatein fusion protein. Solutions were placed
on an orbital mixer and incubated at room temperature for
24 hours. Nanoparticles were recovered via centrifugation at
21000 x g for 30 min in an Eppendorf 5424 centrifuge.

Silicomolybdate assay

Silica recovery was measured with the silicomolybdate assay
adapted from Povarova, et al. 2018 with extinction coefficient as
derived by Coradin, et al. 2004.>%3*

Nanoceria recovery

Biomineralization samples were centrifuged at 20000 x g for
30 minutes. The supernatant was discarded, and pellets were
washed with ethanol, then left to dry overnight. Precipitate
mass (mg) was measured with Mettler-Toledo XPR-56 micro-
analytical balance with anti-static capability.

X-ray diffractions

Nanoceria was characterized with a Bruker ApexII Duo diffract-
ometer with a Cu 1.54 angstrom source and at room-
temperature. Sample spectra were compared to standards listed
in the Inorganic Crystal Structure Database.
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