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ABSTRACT: Smart materials are created in nature at interfaces between
biomolecules and solid materials. The ability to probe the structure of
functional peptides that engineer biogenic materials at this heterogeneous
setting can be facilitated tremendously by use of DNP-enhanced solid-state
NMR spectroscopy. This sensitive NMR technique allows simple and quick
measurements, often without the need for isotope enrichment. Here, it is used
to characterize a pentalysine peptide, derived from a diatom’s silaffin protein.
The peptide accelerates the formation of bioinspired silica and gets embedded
inside the material as it is formed. Two-dimensional DNP MAS NMR of the
silica-bound peptide and solution NMR of the free peptide are used to derive
its secondary structure in the two states and to pinpoint some subtle
conformational changes that the peptide undergoes in order to adapt to the
silica environment. In addition, interactions between abundant lysine residues
and silica surface are identified, and proximity of other side chains to silica and
to neighboring peptide molecules is discussed.

■ INTRODUCTION

Design of new materials is inspired by the sculpting capabilities
of organisms. Diatoms, for instance, produce silica cell walls
with intricate and divergent structural designs.1 These silica
structures called frustules, with nanometer to micron size pores,
were recently employed for fabrication of functional titania and
silicon replicas for nanoelectronics, catalysis and biotechnology
applications.2−6

The biological processes underlying the formation of silica
structures in diatoms were also extensively investigated.7−10

Several families of proteins, active in precipitation of the silicon
oxide material, were found. In particular, silaffin proteins were
shown to have a key role in catalysis of silicic acid condensation
into silica inside special silica deposition vesicles (SDV) in the
diatom cell. Silaffins are also thought to be actively involved in
regulation of frustule shape by assembling with long chain
polyamines8,11,12 into templates on which silica is polymerized.
Though different silaffins have generally low-sequence

homology, repeat segments with high affinity to silica were
found that are rich in lysine and serine residues.13−15 These
residues enable silaffins and peptides derived from them to
induce silica precipitation in vitro.16−20 One such peptide is R5,
derived from the silaffin protein Sil1 of Cylindrotheca fusiformis.
R5 catalyzed silica precipitation into spherical nanoparticles in
vitro under neutral pH conditions despite lacking phosphates
on its serine residues, common in the native silaffin.17,19,20

Poulsen and Kröger13 recently identified common repeats in
silaffins with the following sequence, KxxKxxKyKxxK, (where y
represents 1−3 residues depending on the domain in the
protein). These lysine-rich segments, termed pentalysine
clusters, showed high affinity to silica cell wall in diatoms.13

In an extensive mutation study of T6 and T7, pentalysine
domains from another silaffin (Sil3) in Thalassiosira pseudo-
nana, the role of pentalysine sequences in the integrity of
frustule structure was demonstrated.13 The impact of the
lysines was shown to be more than a simple cumulative effect of
the positive charges and hydrogen bonds they can form.13,18,21

However, the molecular interface between these domains and
silica as well as their functional secondary structure when
bound to silica is unknown yet.
Biomineral interfaces between biomolecules and silica

surfaces were studied by magic-angle spinning nuclear magnetic
resonance (MAS NMR) spectroscopy before.19,22−24 In
particular, the backbone conformation of the R5 peptide,
coprecipitated with silica, was investigated using MAS NMR
techniques.25 Chemical shift perturbations along the backbone
and side chains were linked to respective changes in
conformation and proximity of residues to silica.24−26 Similarly,
recent high-resolution MAS NMR studies of enzymes
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entrapped in porous silica has examined the effects of
confinement on the structure and functionality of proteins.27−30

In such systems involving peptides bound to silica surfaces,
sensitivity and resolution limitations of the NMR technique
impede extensive structural characterization of the biomaterial
interfaces. Dynamic nuclear polarization (DNP) spectroscopy
is becoming widespread as an efficient means of enhancing
sensitivity. Through microwave (MW) irradiation of electron
spin transitions, polarization is transferred to neighboring nuclei
to boost signal-to-noise ratio by 2−3 orders of magnitude.
DNP-enhanced MAS NMR measurements were demonstrated
on catalytic materials,31,32 pharmaceutical compounds,33

organic polymers,34,35 nanoparticles,36−39 and functionalized
silica.38,39

DNP MAS NMR was also implemented for one-dimensional
(1D) and two-dimensional (2D) 13C and 29Si measurements in
unlabeled samples, relieving the need for elaborate and tedious
sample labeling.40−45 However, rapid deployment of the
technique for extensive structural characterization in biological
systems is still hampered by low-resolution spectra46,47 with
some exceptions reported.48−50 The study of functional
peptides inside biomaterials is a promising biological setting
for DNP employment since line broadening due to trapping of
peptides in a wide range of conformations upon cryo-cooling,
may occur to a lesser extent since motions are often restricted, a
priori, in the confines of a solid material. Yet, no investigations
of such systems were reported until now.
In this work, we show that PL12 (KAAKLFKPKASK), a

pentalysine peptide derived from Sil3 accelerates silicic acid
polymerization into silica in vitro, in a phosphate buffer. We
provide snapshots of silica nanoparticle growth by electron
microscopy images. The peptide coprecipitates with the silica as
it condenses leading to sensitive DNP-enhanced spectra of
unlabeled PL12-silica samples at 100 K within minutes without
major loss of resolution. We characterize the backbone
conformation of PL12 in the PL12-silica complex using
DNP-enhanced 2D 1H−13C heteronuclear correlation (HET-
COR) and 2D 13C double quantum-single quantum (DQ-SQ)
MAS NMR measurements and compare it with its solution
structure using standard 2D 1H−13C heteronuclear multiple
quantum coherence (HMQC) and heteronuclear multiple
bond coherence (HMBC) measurements and chemical shift
perturbation analysis. We also characterize the silica particles
formed using 29Si and 2D 1H−29Si HETCOR measurements at
ambient temperature.
PL12 starts in random coil conformation in solution, with a

short β-strand segment around the rigid Pro 8 position. It does
not undergo self-assembly prior to addition of the silica
precursor even in the presence of the phosphate buffer. Within
the silica, the peptide backbone adopts a slightly extended
conformation at Phe 6 and a slightly more compact helical
structure at Ser 11. Ser 11 has two smaller populations of
molecules with its Cβ in extended and in random coil
conformation, indicating some variability in interaction of its
hydroxyl with the silica surface. Proximity of lysine side chains
to silica surface is observed through 2D 1H−29Si HETCOR
experiments. Probing the PL12−silica interface in a high level
of detail has ramifications for biomimetic material formation
and the ability to follow fine design principles in order to
construct materials under ambient conditions with smaller
footprint on the environment.

■ RESULTS AND DISCUSSION
Silica precipitation around PL12 was spontaneous under
standard conditions (described in the Experimental Section),
as shown by high-resolution scanning electron micrographs
(HRSEM) taken during the synthesis (Figure 1). The silica

precursor, silicic acid, generated in situ by hydrolysis of
tetramethyl orthosilicate, was condensed into spherical silica
particles that rapidly grew with time. After 1 min, round silica
particles precipitated (d ≈ 90 nm), growing to d ≈ 200 nm in 5
min and to 500 nm after 30 min. For the silica precipitated
without the peptide, growth was slower, showing silica particles
of ≈70 nm in an average diameter after 14 min (see HRSEM
images in Figure S1). UV absorption measurements of
supernatant solution after PL12-silica was spun down indicated
that peptide concentration left in solution was negligible (data
not shown). PL12-silica particles were washed and analyzed
using MAS NMR at room temperature and at 100 K using
DNP-enhanced MAS NMR measurements.
The silicon species in the final product were characterized

using direct excitation and cross-polarization 29Si MAS NMR
experiments (Figure S2). Typical Q4, Q3, and Q2 bands in silica
(where Qn represents known silicon species of the form Si-
(OSi)nOH4−n) were observed in the spectra at −112 ppm,
−102 ppm, and −92 ppm, respectively. The Q3/Q4 ratio
extracted from the direct excitation spectrum is comparable to
ratios measured in silica from the diatom cell wall (see Table
S1), reflecting similar relative content of Si-(OSi)3OH/Si-
(OSi)4 groups to biogenic silica.45,52

To examine proton-silicon proximities, 2D 1H−29Si
HETCOR spectra with 1H homonuclear decoupling in t1
were collected (a representative spectrum is shown in Figure
1). The magnetization transfer from water to Q3 silicon species
is the strongest cross peak in the spectrum (4.85 ppm, −102
ppm), manifesting the presence of strongly bound water near
surface Q3 species. Additional cross peaks of water protons with
Q4 silicon species are also seen. In addition, two cross peaks

Figure 1. (a−c) HRSEM images of PL12-silica as a function of time.
Images (a−c) show the particles formed after 1, 5, and 30 min,
respectively. White bar = 300 nm in (a) and 1 μm in (b and c). (d) 2D
1H−29Si HETCOR spectrum of PL12-silica recorded using PMLG
homonuclear decoupling in t1, CP contact time of 6 ms, 384 scans, a
recycle delay of 3 s, and 208 points in t1.
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with a 1H chemical shift of 2.9 ppm and 29Si shifts of −111 and
−112 ppm were observed. These peaks are assigned to lysine
Hε protons in contact with Q4 silicon sites, indicating close
interaction of lysine side chains with silica surface species. The
possible association of these cross peaks with exchangeable
silanol−water protons on the silica surface53−56 is overruled
because these protons would polarize mainly directly bound
silicon species (i.e., Q3 species at −102 ppm). Moreover,
1H−29Si HETCOR spectra of silica prepared without PL12
(data not shown) show no such cross peaks at 2.9 ppm,
confirming that these peaks represent magnetization transfer
from peptide protons to the silica. Similar interactions between
glycine CH2 protons (adjacent to amine) and Q4 sites in silica51

and between lysine residues in intact T. pseudonana and
biogenic silica formed24 were reported before.
Solution NMR 13C spectra of PL12 in water and in

phosphate buffer (Figure S3) indicate no conformational
change with the addition of phosphate ions. Diffusion NMR
measurements of PL12 in phosphate buffer (Figure S4) gave
similar peptide diffusivity as in water showing that the peptide
does not preassemble prior to silicification unlike R5
peptide,17,20 other peptides,25,57 and the whole silaffin from
C. fusiformis.19 Contrary to the intact protein, PL12 has no
hydrophobic domain and presence of free phosphate ions may
not suffice to promote preassembly prior to polymerization.
2D 1H−13C HMQC (Figure 2 and Figure S5) and 2D

1H−13C HMBC (Figure S6) spectra of PL12 were used to

assign peaks of different residues in the peptide. The L5, F6, P8,
A10, and S11 residues in the peptide were assigned using the
two spectra. The two contiguous alanine (A2 and A3) are
distinguishable from A10 but not between themselves. The two
lysine residues adjacent to the proline (K7, K9) are separated in
the spectrum from the three other lysines (K2, K3, and K12) in
their Cα region, as shown in Figure S5. Peak assignments
shown in Figure 2 include annotation of ambiguous lysines as
K(X) where X is the index of K position in PL12 (x =
1,4,7,9,12) and the two unresolved alanines as A2(3). A
summary of assigned 1H and 13C chemical shifts is given in
Table S2. On the basis of chemical shift analysis, the peptide is
mostly unstructured. P8 is in a β-strand conformation and its
adjacent K7, K9, and A10 residues are in slightly extended
conformation. All other residues adopt a random coil
conformation. P8 Cδ,Hδ and S11 Cβ,Hβ cross peaks are
doubled suggesting two PL12 conformers exist with subtle
backbone differences.
The room temperature 13C cross-polarization (CP) spectrum

of PL12-silica acquired using 12288 scans is shown in Figure 3a.

To speed-up signal accumulation, AMUPOL in phosphate
buffer was added to PL12-silica and the sample was cooled to
100 K. DNP-enhanced 13C CPMAS spectra were then taken
with MW on and MW off as shown in Figure 3. The DNP-
enhanced spectrum showed 30-fold sensitivity increase
compared to the MW off spectrum at 100 K, reducing the
experimental time down to 64 s with some loss of resolution.
The broader lines observed in the 1D 13C DNP-enhanced MAS
NMR spectrum are the result of measurements at low
temperatures of 100 K, where protein dynamics slows down,
resulting in a broader spectral signal.58 The use of a low amount
of AMUPOL (10 mM) ensures that broadening due to
paramagnetic relaxation, which typically occurs above 30−40
mM for this radical, is avoided.58

2D NMR spectra of the peptide in PL12-silica could then be
recorded without the need for isotope enrichment. 2D DNP-
enhanced 1H−13C HETCOR MAS NMR spectrum, using
DUMBO homonuclear decoupling during 1H evolution, were
recorded in less than 2 h (Figure 4, top), providing with

Figure 2. (top) 2D 1H−13C HMQC spectrum of PL12 in solution
(high field section) with some of the assigned one- and two-bond
coupled carbon−proton peaks annotated. Residues A2 and A3 cannot
be distinguished as well as the K residues. (bottom left) K CεHε and F
CβHβ cross peak region. (bottom right) L CβHβ cross peak region.

Figure 3. 13C CPMAS spectra of PL12-silica. (a) Spectrum recorded at
room temperature using 12288 scans and a recycle delay of 5 s. (b)
DNP-enhanced spectrum recorded at 100 K in a fraction of the time
(MW irradiation on). (c) Reference spectrum recorded at 100 K
without MW irradiation. Low-temperature spectra were recorded with
a recycle delay of 1 s.
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moderate resolution and permitting identification of some
resonances. At the short CP contact time used (0.4 ms),

carbonyl carbons are barely polarized by protons, showing
carbonyls involved in strong 1H coupling. Aromatic carbons in

Figure 4. (top) DNP-enhanced 2D 1H−13C HETCOR spectra of PL12-silica recorded using DUMBO homonuclear decoupling in t1 with a contact
time of 0.4 ms. (bottom) DNP-enhanced 2D DQ-SQ 13C NMR spectrum of silica-PL12 recorded at 100 K using the SPC5 recoupling sequence for
DQ excitation and reconversion. Assigned peaks in the spectrum are annotated in black and cross peaks from coupled carbon annotated in blue and
connected with dashed line.

Figure 5. Chemical shift differences for the different carbons in PL12 between its silica bound state and its free state in solution (bound minus free).
For Ser 11, the value for the largest population is given in the chart.
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F6 (128.0 ppm), Cβ carbons in alanine (13.5, 14.5 ppm), and
the Cδ carbon in P8 (35.0 ppm) are resolved.
DNP-enhanced 2D 13C DQ-SQ NMR measurements59,60 of

silica-PL12 (Figure 4) gave relatively narrow cross peaks
between directly bound carbons and enable assignment of most
carbons in L5, F6, P8, and S11 carbons as shown in the figure
and in Table S3. The chemical shift differences between free
and silica-embedded states are summarized in the chart at the
bottom of Figure 5. The lysines and alanines could not be
uniquely assigned and thus their cross peaks are annotated in
the spectrum without their index along the sequence. S11
exhibits a strong Cβ+α-Cα peak and two extra weaker peaks
(annotated with *) with their Cβ shifted upfield by ∼2 and ∼7
ppm relative to the main cross peak. The majority of PL12
molecules have their S11 amino acid in a random coil with
slightly more extended character than in solution, and two
smaller populations with α-helical and β-strand conformation
on this position. This conformational multiplicity may result
from the OH group having different H-bonding with silica,61−63

consequently causing local perturbations to the backbone
structure.
In addition, some of the Ala residues acquire a major upfield

shift of the Cβ carbon (∼6.6 ppm). L5 Cα and Cβ carbons are
also shifted upfield (∼4−5 ppm), while the Cγ is shifted
downfield (∼3 ppm), which may indicate involvement of the
specific side chains in interactions with neighboring peptide
molecules to form clusters inside the silica. Previous studies of
LK and R5 peptide molecules embedded in silica25,26 have
linked similar shifts to the additional shielding by neighboring
hydrophobic side chains [e.g., Leu 12 in the LK peptide
tetramer (found slightly outside the hydrophobic core) and Ile
18 in the R5 peptide].

■ CONCLUSIONS

In summary, we demonstrated here the effect of PL12 on silica
precipitation under standard conditions and the importance
and applicability of DNP MAS NMR for analyzing the structure
of peptides in complex heterogeneous states encountered in
biomineralization systems. Spontaneous silica precipitation in
phosphate buffer was expedited by PL12, and growth of larger
spherical biomimetic silica nanoparticles was observed. A
backbone conformation change inside the silica was observed
for the peptide using 2D DNP MAS NMR without isotope
labeling.
Moreover, diffusion NMR measurements showed that no

preassembly of the peptide in solution occurs, as suggested for
R5 in a recent work.64 2D 1H−29Si HETCOR MAS NMR
suggest proximity of lysine residues to the Q4 sites in the silica.
These results provide further insights into the role of
pentalysine segments in silaffins activity as silica precipitating
enzymes and demonstrate that with signal enhancements and
reasonable line widths, achieved through DNP NMR, structural
studies of biomineral interfaces are facilitated markedly.

■ EXPERIMENTAL SECTION
Peptide Synthesis. PL12 was synthesized using Fmoc chemistry

on a Wang resin in a Protein Technologies PS3 solid phase peptide
synthesizer (SPPS). Amino acids were purchased from GL Biochem.
After cleavage and lyophilization, the peptide was purified over a C4
column from Grace using a Waters HPLC system and purity >98%
was confirmed on a MALDI-TOF mass spectrometer (see Figure S7).
Silica Precipitation in the Presence of the Peptide. Twenty

milligrams of the PL12 peptide were dissolved in 7.8 mL of aqueous

solution of potassium phosphate buffer (50 mM), pH = 7, to a final
concentration of 2 mM. In a separate vessel, 0.15 mL tetramethox-
ysilane (TMOS) was dissolved in 0.85 mL of HCl (1 mM) (final
concentration of 1.01 M) and stirred for 4 min. 0.62 mL of Silicic acid
solution, which had formed from the TMOS, was added to the peptide
solution. The mixture was stirred for 30 min, centrifuged for another
30 min, and then washed with double-distilled water. The precipitate
was dried at 30 °C for 3 days. To follow the reaction, samples were
taken throughout the process and placed on carbon tape for high-
resolution scanning electron microscopy (HRSEM) measurements.
No traces of TMOS were found in the 29Si spectrum at the −78.5 ppm
line, indicating complete conversion of the precursor TMOS to silica.

High-Resolution Scanning Electron Microscopy. All measure-
ments were carried out on a FEI Magellan 400L microscope. The
samples were imaged at an accelerating voltage of 15 kV. Images were
collected at several time intervals to monitor the silica condensation
and particle growth process.

Solid State MAS NMR. NMR measurements were performed on a
Bruker 11.7T Avance III spectrometer equipped with a 4 mm VTN
CPMAS probe at a spinning rate of 10 kHz. 1H−13C and 1H−29Si CP
experiments employed a 1H 90° pulse of 2.5 μs, followed by CP
transfer using a ramped field on 1H (39.3 to 78.6 kHz), a 49.0 kHz
field on 13C, and a 49.9 kHz field on 29Si separately and composite-
pulse 1H decoupling using the SPINAL64 sequence with RF field of
95.1 kHz during acquisition. 1H−13C CPMAS spectrum was collected
with 12288 scans and recycle delay of 5 s, and 1H−29Si CPMAS
spectrum was collected with 49152 scans and recycle delay of 2 s. 1D
29Si direct polarization measurements were acquired using a 4.6 μs 29Si
90° pulse, 4912 scans, and a recycle delay of 30 s. 29Si 1D spectra were
analyzed using the DMFIT program by Massiot et al.65 The 2D
1H−29Si heteronuclear correlation spectrum was collected using
homonuclear decoupling in t1, at an effective field of 92.6 kHz with
the phase modulated Lee−Goldburg (PMLG) sequence, followed by
CP irradiation for 6.0 ms using similar fields on 1H and 29Si as in the
1D 1H−29Si CP experiments and SPINAL64 heteronuclear decoupling
during acquisition with RF field of 95.1 kHz.

Solid State DNP MAS NMR. DNP NMR measurements were
carried out on 400 MHz Bruker Avance III spectrometer equipped
with a 263 GHz gyrotron and a cryogenic triple-resonance 3.2 mm
MAS probe at a spinning rate of 8 kHz and temperature of 100 K at
the FMP institute in Berlin. 30 μL of 10 mM AMUPol was added to
30 mg of the PL12-silica sample and packed into a 3.2 mm rotor.
DNP-enhanced 1D 13C NMR measurements were carried out using a
1H 90° pulse of 3.0 μs, followed by a CP contact time of 2 ms using
ramped field on 1H (39.3 to 78.6 kHz) and 49.0 kHz field on 13C and
a composite-pulse 1H decoupling using the TPPM sequence at 83 kHz
during acquisition, a spinning rate of 8 kHz, and a recycle delay of 1 s.
DNP-enhanced 2D 1H−13C heteronuclear correlation spectra were
collected using DUMBO homonuclear decoupling scheme at an
effective field of 77 kHz, followed by CP irradiation using similar fields
on 1H and 13C as in the 1D 1H−13C CP experiments for 0.4 and 2 ms.
In total, 160 t1 points and 4 repetitions were collected per experiment
using similar 1H decoupling and recycle delay values as in the 1D
1H−13C CP experiments. DNP-enhanced 2D 13C DQ-SQ measure-
ments were carried out using 160 t1 points, 128 repetitions, 8 kHz
spinning, and a recycle delay of 0.5 s. A narrowband DQ excitation
period employing the SPC53 pulse train and a similar DQ-SQ
reconversion period using the same pulse train was employed. Field
strength of 26.7 kHz was used on 13C during the SPC5 periods. 1H LG
decoupling during SPC5 excitation and reconversion periods was
carried out at a B1 field of 83 kHz. The excitation and reconversion
times were selected for one/two-bond correlations, at most.

Solution NMR. NMR measurements were performed on a Bruker
16.4 T Avance III spectrometer equipped with a cryogenic TCI probe
with z axis gradients. All experiments were conducted on 4.5 mM
PL12 in 0.5 mL of solvent. 13C direct polarization spectra were
collected with 30000 scans and recycle delay of 0.3 ms. 2D 1H−13C
heteronuclear multiple quantum coherence (HMQC) and hetero-
nuclear multiple bond coherence (HMBC) spectra were collected
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using smoothed square gradient (SMSQ) pulses. Data were acquired
in 72 scans, with a recycle delay of 1 s. Diffusion NMR measurements
were performed using the pulsed-field echo with a recycle delay of 6.6
s.
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