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We investigated the silicification activity of hyperphosphorylated peptides in combination with long-chain
polyamines (LCPA). The bioinspired in vitro silicification experiments with peptides containing different
amounts of phosphorylated serines showed structure—activity dependence by altering the amount and
morphology of the silica precipitate. Our study provides an explanation for the considerable metabolic
role of diatoms in the synthesis of hyperphosphorylated poly-cationic peptides such as natSil-1A;. The
efficient late-stage phosphorylation of peptides yielded a synthetic heptaphosphopeptide whose silicifica-
tion properties resemble those of natSil-1A;. As opposed to this, unphosphorylated poly-cationic peptides
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or LCPA require concentrations above 1 mM for silicification. Hyperphosphorylated peptides showed a
linear dependence between the amount of dissolved peptides and the amount of precipitated silica in the
concentration range below 1 mM. Under mildly acidic conditions and short precipitation times, the con-

rsc.li/obc centration of the added LCPA determined the size of the silica spheres.
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Introduction

Diatoms are well known for the spectacular design of their
species-specific nano- to micro-patterned silica-based exoskele-
tons." Genetically controlled biomineralisation takes place in
the silica deposition vesicle (SDV) in a mildly acidic environ-
ment.”> Post-translational modification (PTM) results in enor-
mous structural microheterogeneity of insoluble organic
matrices which serve as scaffolds for biosilicification in the
SDV.>"® Biosilica of diatoms is a composite material containing
various organic compounds ranging from small soluble mole-
cules and proteins to macromolecular organic matrices, and
only some have been identified to date.>®

Silaffins are the first proteins isolated from the biosilica of
the marine diatom Cylindrotheca fusiformis.”®* These peptides
are rich in serine and lysine and have quite similar sequences
with a wide range of post-translational modifications.”® Twelve
out of 15 amino acids of the soluble peptide natSil-1A; show
post-translational modifications. The lysine residues are
methylated or alkylated with long-chain polyamines (LCPA) at
the e-amine position as well as hydroxylated and phosphorylated
at the d-position, and all seven serine residues of the peptide are
phosphorylated.®® This large number and diversity of PTM deter-
mines the unique bipolar poly-ionic character of natSil-1A,.°
However, natSil-1A; has become the role model peptide for
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in vitro silicification experiments due to its ability to precipitate
silica from a mildly acidic solution at pH 5.5>° (Fig. 1).

The investigation of biological systems is difficult due to
the complexity of the sample. Quantification of structure—
activity dependency requires the systematic stepwise introduc-
tion of individual PTM. The silicification properties of individ-
ual phosphopeptides may not correspond to the complex
metabolic process of biomineralisation in diatoms. However,
pushing the limits of in vitro silicification experiments to the
high dilution range contributes to the understanding of the
complementary behaviour of soluble cellular components
involved in the mineralisation process, in contrast to other
highly charged molecules such as the polyphosphate DNA and
its associated polycationic proteins which are not involved.

Numerous bioinspired in vitro silica precipitation studies
investigated the silicification properties of simplified synthetic
analogs such as synthetic poly-cationic peptides lacking any
PTM (R5 peptide),’®™* peptides with LCPA-modified lysines,"”
and mono-phosphopeptides,'" or of synthetic LCPA.'® The sili-
cification experiments with isolated natSil-1A or kinase re-
phosphorylated proteins'’ are the only experiments with
organic substrates bearing more than one covalently bound
phosphate. The phosphorylation of the serine residues and the
LCPA modifications have been proven to be essential for the
silicification activity of silaffins under mildly acidic
conditions.>”® A systematic stepwise variation in the number
of bound phosphate esters to identify a minimal amount of
phosphorylation has not been attempted yet. This is not only
due to the lack of efficient experimental procedures for hyper-
phosphorylation, but also because of the assumption that dis-
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Fig. 1 (A) The morphogenesis of the diatom shell occurs in the silica
deposition vesicle (SDV) during cell division. Dissolved silicic acid pre-
cipitates on a nanopatterned organic template in the presence of
soluble components such as long-chain polyamines (LCPA) and pep-
tides. (B) The poly-cationic phosphopeptide mixture natSil-1A was iso-
lated from Cylindrotheca fusiformis by Kréger et al. in 2002.8 (C)
Numerous cationic peptides (left) or synthetic LCPA (right) were investi-
gated for their silica precipitation activity in phosphate buffers or in the
presence of other polybasic counterions. (D) In this work, the influence
of the systematic increase of the degree of phosphorylation on the sili-
cification process is investigated.

solved phosphate serving as a tribasic counterion for the poly-
cationic organic substrate is sufficient for in vitro silica precipi-
tation. Bioinspired in vitro silicification experiments focused
on the amount and morphology of the obtained silica. For this
purpose, high peptide concentrations and pH values were
used to precipitate sufficient amounts of amorphous silica.

Results & discussion

We set out to synthesize natSil-1A; without PTM that we called
Silo1 and increased the degree of phosphorylation from one
(p1-Silo1) to seven phosphate groups (p7-Silo1) with the aim
of characterising the relevance of covalently bound phosphate.
In order to achieve this, it was necessary to analyse the precipi-
tation properties of unphosphorylated synthetic cationic pep-
tides. Bioinspired in vitro silica precipitation methods have
been carried out with synthetic silaffin peptides (R5) which
precipitate silica from a phosphate buffered solution at a

This journal is © The Royal Society of Chemistry 2020
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neutral pH value."®™ To investigate the influence of bound
phosphate groups, we needed to perform an in vitro precipi-
tation experiment without phosphate buffer and in a slightly
acidic environment. The original study with natSil-1A isolated
from Cylindrotheca fusiformis was performed in a 50 mM
sodium acetate buffer under mildly acidic conditions at pH
5.5, with pre-hydrolysed TMOS solution as a silicic acid
source.® In order to be able to compare our results with the
study by Kroger et al., we chose the same conditions as those
of Kroger’'s study for our bioinspired in vitro silicification
experiment. In addition to Sil01, we also investigated the R5
peptide, because it has been usually studied in phosphate
buffered solutions at neutral pH. The length distribution of
natural LCPA was mimicked by a synthetic oligomer, which
will be called LCPA in this study, synthesized according to
Perry and co-workers'® and is shown in Fig. 4. An average
chain length of 12 nitrogen atoms was calculated from the
integral ratio of the terminal and internal N-methyl groups
(ESIt). It proved to be crucial to stop the silica precipitation
after a defined time frame by the addition of 1.0 M HCI to
obtain reproducible results.

In a mildly acidic environment (pH 5.5) in the absence of
phosphate ions and LCPA, the poly-cationic peptides Sil01 and
R5 show no silica precipitation activity, in the investigated con-
centration range. Millimolar peptide concentrations are
necessary to precipitate silica in the presence of dissolved
LCPA in sodium acetate buffer in a relevant time frame of a
few minutes (Fig. 2). Isolated natSil-1A showed a linear depen-
dence between the natSil-1A concentration and the amount of
silica precipitate.® In contrast to the natural mixture natSil-1A,
comprising natSil-1A; and natSil-1A,, the lysine-rich peptides
Silo1 and R5 require a threshold concentration above 1.2 mM,
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Fig. 2 Silica precipitation activity of different mixtures of LCPA and
additives at pH 5.5 in a 50 mM sodium acetate buffer. The silica precipi-
tation took place in a time frame of 10 min and was stopped by the
addition of 1.0 M HCL. TMOS served as the source of silicic acid. Further
experimental details are described in the ESI.}
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below which no precipitated silica is observed (Fig. 2). The syn-
thetic LCPA of this study closely resembles the distribution of
chain lengths of the natural microheterogenic oligopropyle-
neamines in natSil-1A.

All three synthetic compounds, LCPA, Sil01 and R5, show a
quite similar dependence of concentration on precipitated
silica. As the concentration of the organic compound
increases, the amount of precipitated silica approaches the
maximum value. Fig. 2 also shows that a minimum threshold
concentration is required to induce the precipitation. The
lowest threshold concentration was observed for an equimolar
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Fig. 3 HSQC spectra (600 MHz, 300 K, DMSOge) of the synthetic pep-
tides. The blue boxes indicate the signals from the p-methylene groups
of the non-phosphorylated serines and the red boxes indicate the
B-methylene groups of the phosphorylated serines. The absence of
p-methylene signals in the blue box at p7-Sil0l indicates complete
phosphorylation. The structures of the peptides are shown in Scheme 1.
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mixture of LCPA and sodium hydrogen phosphate. An analo-
gous behaviour can be observed for an equimolar mixture of
LCPA and R5 peptides. However, due to the low number of
data points, an asymptotic extrapolation of these data points is
not reasonable.

Despite the routine incorporation of a single phosphoser-
ine, a reliable and high-yielding multi-milligram hyperpho-
sphorylation method together with a complete NMR spec-
troscopy analysis of the phosphopeptides has not been
described yet. Dehydroalanine formation and incomplete
phosphorylation are the drawbacks of synthetic phosphoser-
ines. The uncharged side products are separable by HPLC for a
monophosphopeptide but not for a heptaphosphopeptide,
with over 5000 possible elimination products plus the same
number of possible side products from phosphate ester hydro-
lysis. Just one percent of any side product would create an
inseparable mixture. A heptaphosphopeptide described by
Becker and co-workers was obtained in less than 1% yield, but
this effort did not result in enough material for systematic
silica precipitation experiments."' The efficient hyperpho-
sphorylation of larger amounts of serine-rich peptides requires
a quantitative phosphorylation step for each serine, since there
is no possibility to separate the highly polar target peptides
from incomplete phosphorylated species which elute together
in the injection peak of the reversed-phase HPLC. Moreover,
the dehydroalanine formation from the p-elimination reaction
of protected phosphate esters leads to further inseparable side
products. However, we found that it is impossible to separate
the undesired lower oligophosphopeptides from the target
peptides. Therefore, we focused on avoiding the formation of
side products during synthesis in order to obtain sufficiently
pure hyperphosphorylated peptides after resin cleavage.

One possible strategy for Fmoc-based solid phase phospho-
peptide synthesis is the stepwise incorporation of a pre-phos-
phorylated amino acid derivative into the peptide chain.
Another strategy is the post synthetic phosphorylation of a
resin bound peptide (global phosphorylation). The major

TMOS
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Fig. 4 Silica precipitation experiment of an equimolar mixture of p7-Sil01 and LCPA led to silica spheres with an average diameter of 456 nm +
52 nm. The precipitation experiment was performed at pH 5.5 in a 50 mM sodium acetate buffer with a peptide and LCPA concentration of 0.1 mM

each, and the precipitation time was 10 min.
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drawback of the stepwise incorporation of a pre-phosphory-
lated derivative is the piperidine-induced p-elimination during
the removal of the Fmoc-group of dialkyl phosphoseryl deriva-
tives.'® In 1994, the introduction of monobenzylated deriva-
tives (Fmoc-Ser(PO;Bzl,H)-OH) to suppress p-elimination was a
major step forward.>® Optimised coupling and deprotection
conditions allowed the complete suppression of f-elimination
and provided peptides of high purity.”! One or two phosphate
esters were attached to the peptides using this method, but
the stepwise incorporation appeared to be unsuitable for the
synthesis of a heptaphosphopeptide such as p7-Silo1, where
each of the seven critical coupling reactions depends on the
individual stability of the already assembled phosphates of the
lower homolog that is acylated on the resin.

Based on the above considerations, we decided to assemble
the unphosphorylated, selectively mono-, tri- or heptahydroxy
15mer peptides as resin-linked precursors followed by exhaus-
tive phosphorylation in a single step under systematically opti-
mised reaction conditions. This approach required a global
phosphitylation first, followed by oxidation to the desired
phosphotriesters and finally chemoselective hydrolysis to
serine monoesters.'>> The resin-bound peptide contained
two different serine side chain protection groups of which the
TBDMS ethers were selectively cleaved by TBAF treatment, to
obtain a peptide with free serine hydroxy groups.>® In order to
avoid the final Fmoc-cleavage and thus possible p-elimination
of the phosphotriesters, the N-terminal residue was Boc-pro-
tected.”® Phosphoramidites in combination with an oxidising
agent, e.g. mCPBA or ‘BuOOH, are the most common phos-
phorylation reagents.”*?*® In 1998, Perich showed that the
amount of 1H-tetrazole used for the activation of the phos-
phoramidite is critical for the success of the overall synthesis.
They showed that a large excess of 1H-tetrazole between 20
and 30 equiv. favours the formation of undesired
H-phosphonates. This side reaction was further suppressed by
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the use of more stable dibenzyl-N,N-dialkylphosphoramidites
under dilute conditions.>® The optimised reaction conditions
for the global phosphorylation are 3.0 equiv. of more stable
phosphoramidite (BnO),PN(i-Pr),) and 1H-tetrazole in an
excess up to a maximum of 7.5 equiv. in anhydrous DMF
under an inert gas atmosphere with a final concentration of
0.2 M. The oxidation was carried out under dilute conditions
with 37.7 equiv. of “‘BuOOH and a final concentration of 0.9 M
in anhydrous DMF. With these optimised conditions, we
obtained up to 100 mg of the heptaphosphorylated peptide in
a single batch according to Scheme 1, which shows the solid-
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Fig. 5 Silica precipitation activity of mixtures of LCPA and phosphory-
lated derivatives of Sil01 at pH 5.5 in a 50 mM sodium acetate buffer. The
silica precipitation took place in a time frame of precisely 10 min and was
stopped by the addition of 1.0 M HCl. TMOS served as the source of silicic
acid. Further experimental details are described in the ESIL.}
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Scheme 1 SPPS and global late-stage phosphorylation of p3-Sil01. Monophosphorylated SSKKSGpSYSGSKGSK p1-Sil01 and heptaphosphorylated
pSpPSKKpSGpSYpSGpSKGpSK p7-Sil0l were synthesized accordingly by the incorporation of one or seven Fmoc-Ser(OTBDMS) building blocks.
Reaction conditions: (a) Fmoc-Lys(Boc)-OH, DIPEA, DMF, rt, 180 min; (b) Fmoc-Aaa-OH, Oxyma, DIC, 50 °C, 35 W, 10 min; (c) 20% piperidine in
DMF, 3 min; (d) TBAF, THF, rt, 60 min; (e) (BnO),PN(i-Pr),, 1H-tetrazole, DMF, rt, 180 min; (f) ‘BuOOH, decane, DMF, rt, 90 min; and (g) TFA, TIPS,

H,O, rt, 180 min.
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phase protocol for the synthesis of a 15-mer resin-bound
peptide.

The homogeneity of the peptides was characterised by NMR
spectroscopy where the amount of elimination products,
unphosphorylated serines or possible H-phosphonates is
directly differentiated and quantified from the "H-NMR spec-
trum or from inverse CH correlations. As a bulk method, NMR

View Article Online
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is a reliable analytical method with high sensitivity, if a
sufficient amount of peptide is available. HSQC spectroscopy
verified the complete phosphorylation from the chemical shift
variation of all serine methylene groups in p7-Sil01 and the
absence of unmodified primary hydroxyls or elimination pro-
ducts (Fig. 3). The overall signal dispersion and the chemical
shifts showed little sensitivity to the number of phosphoser-
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Fig. 6 SEM images (top) and histograms (bottom) of the diameter of the silica precipitates formed by the variation of the ratio between the LCPA
and p7-Sil01. Boxes in the histograms (a) to (f) indicate the LCPA to p7-Sil01 ratio of each silicification experiment. All the precipitates were obtained
at pH 5.5 in a 50 mM sodium acetate buffer with a constant concentration (0.1 mM) of p7-SilO1. The bright dots surrounding the silica spheres are

gold particles resulting from sample preparation ESI.{
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ines and therefore a secondary structure formation or aggrega-
tion in DMSO is excluded.

The heptaphosphate p7-Sil01 showed remarkable hydrolytic
stability and remained unchanged even at pH 8 for more than
one day. The silicification experiments with the phosphopep-
tides and with relevant reference compounds were performed
according to the established procedures (ESI).® It proved to be
crucial to stop the silica precipitation after a defined time frame
by the addition of 1.0 M HCI to observe the linear dependence
between the concentration of organic compounds and the
amount of precipitated silica. As expected, under mildly acidic
conditions the phosphopeptides p1-, p3- and p7-Sil01 show no
silica precipitation activity in the absence of synthetic LCPA.
The LCPA modifications have been proven to be essential for
the activity of silaffins under mildly acidic conditions.”

In comparison with unphosphorylated Sil01, the monopho-
sphorylated p1-Silo1 has no influence on the silica precipi-
tation properties. Therefore, no silica precipitate is observed
below 1.0 mM concentrations (Fig. 5). The triphosphate p3-
Silo1 showed a significantly lower threshold concentration of
around 0.2 mM, at which silica precipitation started. However,
the heptaphosphate p7-Silo1 precipitated silica even at
0.05 mM with a linear dependence of the peptide concen-
tration on the amount of silica precipitate. A threshold concen-
tration for p7-Silo1 at which the silica precipitation is initiated
was not observed within the investigated concentration range.
This behaviour suggests that synthetic p7-Sil01 has a very low
threshold concentration at which the silica precipitation is
initiated. Fig. 5 shows that the amount of LCPA has a direct
influence on the amount of silica precipitate. A molar ratio of
15:1 of silica precipitate and p7-Sil01 was observed for an equi-
molar mixture of LCPA and p7-Sil01. This ratio increases to
22:1 when the amount of LCPA is doubled. This linear depen-
dence is of specific interest since p7-Sil01 is the only synthetic
compound which exhibits such a linear dependence at high
dilution and under mildly acidic conditions which represents
the relevant pH range of the SDV. A similar linear dependence
was described only for the isolated natSil-1A by Kroger et al. in a
concentration range from 0.1 mM to 0.5 mM.®

Based on the influence of the amount of LCPA, we conducted
further experiments with different LCPA to p7-Sil01 ratios. Fig. 6
shows the silica precipitates for the LCPA to p7-Sil01 ratios
between 0.5:1 and 2.5 : 1. The distribution of sphere sizes is very
homogeneous for each ratio with an average bead diameter of
around 400 nm up to a ratio of 1:1 and a significantly smaller
diameter of around 200 nm for ratios higher than 1:1.

The size of the silica spheres depends on the amount of
LCPA and the average bead diameter changes significantly
when the LCPA to peptide ratio is increased above 2 :1 (Fig. 6 and
7). The largest silica spheres with an average diameter of 456 nm
+ 52 nm were obtained from an equimolar mixture of LCPA and
p7-Silo1. With decreasing size, the formerly separated silica
spheres fuse together, generating agglomerates. The morphology
of the silica spheres which were obtained for the equimolar
mixture of LCPA and p7-Sil01 closely resembles that of the silica
spheres obtained from natSil-14, as reported by Kroger et al.®

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 LCPA to p7-SilO1l ratio in dependence to the average diameters
of the obtained silica spheres.

Biosilicification of diatoms starts with the formation of
siloxane bonds, followed by aggregation of silica nanospheres
and deposition onto micrometre-sized structures by the
scaffolding effects of organic matrices.>>® The in vitro experi-
ments of this study show that phosphopeptides together with
LCPA precipitate silica in the absence of organic matrices. We
assume that poly-anionic and poly-cationic components form
a polyelectrolyte complex stabilized by electrostatic inter-
actions, a concept well established in polymer science.””
Polyelectrolyte complexes are plausible nucleation sites which
initiate the silicification process and explain the significantly
higher silicification activity of hyperphosphorylated peptides
(Fig. 5) compared to unphosphorylated peptides (Fig. 2) at low
concentrations, because of the strong association tendency of
highly complementary charged ions. The heptaphosphorylated
p7-Silo1 is the only synthetic compound that shows a linear
dependence between the peptide concentration and the
amount of silica precipitate even at high dilutions. This linear
behaviour was previously observed only in isolated natSil-1A. A
linear dependence between the peptide concentration and the
amount of silica is well-known in silicifying enzymes such as
glassin which catalyse the siloxane bond formation.>®
Hyperphosphorylated peptides are distinctively different from
lysine-rich peptides, which mediate silica precipitation only at
higher concentrations in phosphate buffers or at neutral pH
(Fig. 2). A significant precipitation activity at low concen-
trations is a prerequisite for a site-specific silica precipitation.

Conclusion

In conclusion, we described an efficient protocol for the syn-
thesis of phosphorylated peptides containing up to seven
monophosphate esters. These synthetic phosphopeptides
exhibit a significantly improved silicification activity at low
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concentrations and pH values in the absence of phosphate
buffers compared to the standard arginine- or lysine-rich pep-
tides in phosphate buffers. In conjunction with variable
amounts of LCPA, the heptaphosphopeptide p7-Sil01 shows
silicification activity down to 0.05 mM while retaining the
silica morphology observed for the isolated natSil-1A.

Experimental

The methods (including silica precipitation assay and SEM
measurements), details of synthesis (including peptide synthesis
and phosphorylation) and the characterisation of compounds
(including NMR, HRMS and HPLC) are described in the ESL.{
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