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Abstract: Diatom biosilica is an inorganic/organic hybrid with
interesting properties. The molecular architecture of the
organic material at the atomic and nanometer scale has so
far remained unknown, in particular for intact biosilica. A
DNP-supported ssNMR approach assisted by microscopy, MS,
and MD simulations was applied to study the structural
organization of intact biosilica. For the first time, the secondary
structure elements of tightly biosilica-associated native proteins
in diatom biosilica were characterized in situ. Our data suggest
that these proteins are rich in a limited set of amino acids and
adopt a mixture of random-coil and B-strand conformations.
Furthermore, biosilica-associated long-chain polyamines and
carbohydrates were characterized, thereby leading to a model
for the supramolecular organization of intact biosilica.

Biomineralization is the formation of inorganic materials by
biological processes. Examples for calcium biomineralization
are calcium phosphates like bones and calcium carbonates
such as nacre or coccoliths. The most abundant silica
biomineralization process occurs in diatoms, which are
organisms of global ecological importance. Diatom biosilica
is an inorganic/organic hybrid with significant potential for
novel (bio)material science applications.!! Diatom cell walls
exhibit species-specific micro- and nano-patterning. They
typically contain 1-15wt.%? of tightly bound organic
molecules.”! The chemical structure and composition of the
silica-attached organic material is partly known. However, its
structural organization at the atomic and nanometer scales
has remained elusive, in particular for intact biosilica. So far,
structural studies of biomineral-associated proteins have been
limited to samples prepared in vitro.! To deal with the
spectroscopic challenges related to examining intact biomin-
erals, we applied a dynamic nuclear polarization (DNP)-
supported solid-state NMR (ssNMR) approach assisted by
microscopy, mass spectrometry (MS), and molecular dynam-
ics (MD) simulations. We were thus able to characterize
in situ the secondary structure elements of tightly biosilica-
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associated native proteins in fully [°C, "N, *Si]-enriched
intact diatom biosilica from Stephanopyxis turris. Further-
more, we were able to characterize biosilica-associated long-
chain polyamines (LCPAs) and carbohydrates. Taken
together, our experiments enabled us to establish a model
for the supramolecular arrangement of intact biosilica.

We investigated fully [°C, "N, *Si]-isotope-enriched
diatom biosilica from Stephanopyxis turris before and after
extraction with sodium dodecyl sulfate (SDS)/ethylenediami-
netetraacetic acid (EDTA) by bright-field and helium-ion
microscopy. Figure 1a shows a bright-field micrograph of
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Figure 1. Biosilica: a micro- and nanopatterned hybrid material.

a) Bright-field microscopy image of S. turris (living cells). b, c) Helium-
ion microscopy images of S. turris biosilica extracted by treatment with
SDS/EDTA. The gray rectangle in (c) indicates a region for which a cut
through the cell wall would reveal the characteristic profile schemati-
cally depicted in (d).

living S. turris. A silica-based cell wall surrounds the algal cell.
While biosilica remains intact after SDS/EDTA treatment
(Figure 1b,c), all other cell constituents are removed. Diatom
biosilica is a low-surface-area material with a BET surface of
approximately 20-30 m*’g~! (BET: Brunauer-Emmett-Teller,
Section S1 in the Supporting Information) for S. turris. It still
contains a significant amount of strongly silica-associated
biomolecules ( ~ 15 wt. % ).l Note the elaborate structure of
the biosilica, which resembles a “lightweight construction”.
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Characteristic dimensions are given in Figure 1d. The thick-
ness of individual silica layers making up these lightweight
structures typically amounts to approximately 50 nm.

Opver the past 15 years, extensive research work has led to
the identification of strongly biosilica-associated biomole-
cules. Dissolution of the silica followed by fractionation
enabled the identification of various soluble and insoluble
organic components such as LCPAs,* as well as special
protein families such as silaffins,*® silacidins,*! and cingu-
lins.?® These biomolecules are potentially involved in the
silica formation process.”*&" Carbohydrates were also
found to be strongly associated with the biosilica.”*™ They
may also be attached to silica-bound proteins in the form of
glycoproteins.

Solid-state NMR (ssNMR) is a well-established method
for the characterization of various types of materials and
complex biomolecules, including inorganic/organic hybrids
such as biominerals.* Spectroscopic sensitivity and ade-
quate spectral resolution are critical for the characterization
of surface functionalities and the inorganic/organic interfaces.
To obtain insight into the structural organization of S. turris
biosilica, we resorted to DNP-supported ssNMR spectrosco-
py. DNP has become a powerful method to enhance
spectroscopic sensitivity in high magnetic fields.® It has
already been applied to selectively enhance surface species in
hybrid (bio)materialsl’! and to study solvent exposure in
membrane proteins.”

First, we recorded one-dimensional (1D) “C and
N ssNMR experiments using cross polarization (CP, Fig-
ure 2a,c) and direct excitation (DE, Figure2b,d) with
(black) and without (gray) DNP and determined signal
enhancements for “C, N, and *Si (Section S2.1 in the
Supporting Information). 1D ssNMR is sufficient to distin-
guish different molecular units such as carbohydrates, pro-
teins, and LCPAs (see Table S4). The DNP-enhanced *N CP
ssNMR spectrum (Figure 2 a) showed two signals correspond-
ing to polypeptide backbone nitrogen atoms (6 =120 ppm)
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Figure 2. Low-temperature ssNMR spectra of S. turris biosilica. a) 'H-
N cross polarization (CP), e =2-7; b) "*N direct excitation (DE),
£=20; c) 'H-C CP, e=3.5-4.4; d) *C DE, e =1-15. The spectra were
measured at 400 MHz with DNP (microwaves on, black) and without
DNP (microwaves off, gray).
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and nitrogen atoms in LCPAs or C, of lysine side chains (0 =
45 ppm). The latter signals were considerably reduced with-
out DNP (Figure 2a, gray). Signals in the "N DE ssNMR
spectrum detected without DNP were weak (Figure 2b, gray).
DNP resulted in selective enhancement of the nitrogen
backbone signals at 6 =120 ppm (Figure 2b), whereas signals
from LCPAs or lysine side chains remained absent. "*C
ssSNMR spectra of S. turris biosilica measured with CP and DE
(see Figure 2¢ and 2d, respectively) confirmed the presence
of all of the organic components.”! The CP and DE spectra
without DNP exhibited prominent signals at about 0=
76 ppm (C2-C6) and 101 ppm (C1), thus indicating the
presence of polysaccharides as one major organic species.
Taken together, our 1D experiments allowed us to identify
different molecular species (carbohydrates, proteins, LCPAs)-
that exhibit remarkably different DNP enhancement factors
ey (normalized to the DNP enhancements of the polypeptide
signal), as determined from the ratio of ssNMR signal
intensities with and without DNP enhancement (Figure 3a).
Peptide signals exhibited the largest enhancements, followed
by carbohydrates (ex=0.5), polyamines (gy=0.36), and
silicate (ey=0.23). Previous work has shown that DNP
enhancements can be used to estimate molecular dimensions
on the nanometer scale.”) The total amount of organic
material would correspond to a surface layer of only about
3 nm thickness (see Section S2.2). The largest enhancement
factors occur for proteins, thus indicating that these molecules
are preferentially located at the solvent-accessible surface.
The lower carbohydrate signal enhancements compared with
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Figure 3. Structural analysis of DNP enhancement factors. a) Mea-
sured signal-enhancement factors for biosilica-associated biomolecules
normalized to DNP enhancements seen for the protein signal (exper-
imental values given in Table S4). b) Simulated DNP enhancement
factors as a function of the thickness of a layer for polyamines and
silica. Gray curves represent the normalized enhancement for a theoret-
ically assumed LCPA layer based on reported diffusion constants of
300 nm?s™" (solid line)" and 1000 nm?s™" (dashed line).”! The black
curve represents the normalized enhancement for silica by using

a calculated diffusion constant of 62 nm”s™' based on an proton—
proton distance of 5.5 A.
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The selective DNP enhancements
reported in Figure 2 were confirmed by
using AMUPol,™ which provided higher
overall signal enhancements than TOTA-
POLM" (Figure S1 and Table S6) and
enabled 2D DNP-supported ssNMR
experiments (Figure 4 and Figures S2—
S6). Figure 4a,b and Figure 4c¢ display
subsections of a *C-"*N correlation spec-
trum and a “N-edited *C-"°C correlation
experiment, respectively. Intense amine signals occurred at
a 40-60 ppm "*C chemical shift and an approximately 45 ppm
>N chemical shift in an NCA-type correlation experiment
(Figure 4a), which is characteristic for tertiary amines. In
addition, we observed alkyl correlations at a *C chemical shift
of 24 ppm and primary amines with a "N chemical shift of
33 ppm. These chemical shifts coincide with the LCPA
structure proposed previously.*” In addition to amines, we
detected various signals in the polypeptide backbone (N-CA)
region of the *C-"N correlation spectrum (Figure 4b), the
’N-edited *C-1°C correlation experiment!'”! (Figure 4¢), and
the NCACX data set (Figure 4d). Well-resolved signals
appeared especially in the "N-edited *C-"*C correlation and
the NCACX experiment. We compared these experimentally
observed 2D correlations to standard secondary chemical
shift predictions for all 20 amino acids™ by using previously
defined error margins''® (colored boxes in Figure 4c,d). This
strategy revealed a prominent contribution from aspartic acid
(D), glutamic acid (E), glycine (G), serine (S), and alanine

solution.
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Figure 4. Insight into the amino acid composition and secondary structure of the proteins. a—
d) Analysis of 2D "C-"*N correlation experiments measured on a 400 MHz DNP spectrometer.
a) Polyamine region of an NCA experiment with the published structure.?? b) Protein region
with chemical-shift predictions!®'® for different secondary structures (pink: p-strand, cyan:
random coil, blue: a-helix). Boxes represent the standard deviation of chemical-shift
predictions for a selected set of amino acids. ¢, d) Cutouts from 2D experiments of S. turris
preparations with AMUPol as DNP radical: c) °N-edited *C-">C correlation!"” and d) NCACX
experiments showing aspartic (D) and glutamic (E) acid CB peaks predominantly in 3-sheet
conformation (for the full spectra see Figures S2-S4). Dashed lines and crosses were
introduced for the sake of clarity. e) Quantitative amino acid analysis by LC-MS/MS

(Table S7). Note that glycine residues were detected by GC-MS (Table S8). f) Representative
snapshot of a MD simulation of 40 model peptides (Ac-DASAGLGDSD-COOH) in aqueous

(A) residues (see Figures S3,S4 for complete spectra).
Remarkably, these ssNMR data were fully confirmed by
LC-MS/MS and GC-MS analyses of the samples, which
revealed a high abundance of aspartic acid (D), glutamic acid
(E), glycine (G), serine (S), and alanine (A) (see Figure 4¢
and Tables S7,S8). Note that while Figure 4b is in agreement
with abundant alanine, we do not find strong alanine
correlation peaks in the spectra shown in Figure 4 ¢,d because
the low temperature conditions, as observed previously.”
Next, we analyzed our 2D ssNMR data with respect to
protein secondary structure. Proline residues with a Ca shift
of approximately 62 ppm occur predominantly in random coil
or B-strand conformation (Figure 4b). The presence of serine
Cp (66 ppm, Figure 4b) in B-strand conformation is also
likely. Note, however, that the *C correlations around o =
66 ppm can alternatively be explained by a-helical threonine
Ca correlations, albeit with less agreement to the experimen-
tally observed "N chemical shifts. A prominent occurrence of
B-strand conformations is also consistent with two different
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signals in the glycine region (6 =45 and 43.5 ppm), which
correspond to B-strand/random coil folds (0 =45 ppm) and
protein segments in pronounced (-strand conformation (6 =
43.5 ppm). Further information was drawn from the “N-
edited “C-C correlation and NCACX experiments (Fig-
ure 4¢,d). Dominant signals occurred in the side-chain region
of the abundant aspartic and glutamic acid residues (Fig-
ure 4c¢). Again, the strongest signals were consistent with [3-
strand conformation.

Taken together, these results suggest that the native silica-
associated proteins are dominantly formed by five amino
acids and that these residues are mainly found in $-strand and
random-coil conformation. Indeed, additional MD simula-
tions (see Section S1.7) for model peptides derived from the
measured amino acid composition (see Section S2.5) showed
a clear propensity for (-strand secondary structure (Fig-
ure 4 f). This observation is also in line with earlier in vitro
experiments with a recombinant silica-associated protein,
1SilC, at liquid-solid and air-solid interfaces."®! The ssNMR
spectra also exhibit prominent signals corresponding to
carbohydrates. As described in the Section S2.4, *C-C
double quantum/single quantum and proton-driven spin
diffusion experiments in combination with "N-edited “C-
BC 2D data revealed the presence of oxygen-linked glucur-
onic acid as one major saccharide.

In summary, our DNP-ssNMR study delivered structural
insight into intact diatom biosilica, a low-surface-area silica/
organic hybrid material. The resulting model (Figure 5)
involves a surface layer of polysaccharides and proteins that
together shield polyamines and silica, which is in line with
earlier work indicating the presence of polysaccharides as an
outer surface layer.”™ 2D DNP-ssNMR data allowed us to
obtain direct insight into the backbone fold of these native
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Figure 5. Model for the supramolecular architecture of S. turris bio-
silica. An approximately 3 nm layer containing carbohydrates and
proteins covers the 40-80 nm silica phase (colored in red and yellow).
The proteins show a tendency to form f-strand secondary structure, as
revealed by 2D DNP-ssNMR spectroscopy. Low DNP signals enhance-
ments (gy) compared to other detected organic species suggest

a broad dispersion of LCPAs (colored in gray, blue, and white) in the
silica phase.
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biosilica-associated proteins. The ssNMR analysis in combi-
nation with MD simulations suggests a mixture of random-
coil and B-strand conformations, which may help to establish
compactness as well as intermolecular networking.

Remarkably, both ssNMR and MS suggest that these
proteins predominantly contain a selected set of amino acids
comprising mainly serine, alanine, glycine, aspartic acid, and
glutamic acid. Furthermore, the silica (Figure 5) contains
LCPAs. An estimated thickness of about 40-80 nm for the
silica/LCPA layer is consistent with our ssNMR results and in
agreement with microscopy, which yields a value of approx-
imately 50 nm. On the chemical level, we found clearly
resolved signals owing to the N-methyl-propyleneimine
repetitive unit in the LCPAs (Figure 4a). The polyamine
structure determined previously for LCPAs isolated from
diatom cell walls could thus be confirmed on intact biosili-
ca.®l Lastly, 2D DNP ssNMR showed the presence of an
oxygen-linked glucuronic acid as a fraction of the silica-
associated carbohydrate material. N-linked saccharides, as
well as N-acetylglucosamine, can be excluded. Our study
underlines the unique possibilities of combining DNP-ssNMR
and MS data with MD simulations to study intact complex
biomaterials that are difficult to investigate by diffraction
methods at both the atomic and nanometer level. The
structural information obtained may be useful for the design
of novel hybrid materials.
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