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ABSTRACT: A biomimetic approach to the formation of
titania (TiO2) nanostructures is desirable because of the mild
conditions required in this form of production. We have
identified a series of serine−lysine peptides as candidates for
the biomimetic production of TiO2 nanostructures. We have
assayed these peptides for TiO2-precipitating activity upon
exposure to titanium bis(ammonium lactato)dihydroxide and
have characterized the resulting coprecipitates using scanning
electron microscopy. A subset of these assayed peptides
efficiently facilitates the production of TiO2 nanospheres.
Here, we investigate the process of TiO2 nanosphere
formation mediated by the S−K peptides KSSKK- and
SKSK3SKS using one-dimensional and two-dimensional solid-state NMR (ssNMR) on peptide samples with uniformly 13C-
enriched residues. ssNMR is used to assign 13C chemical shifts (CSs) site-specifically in each free peptide and TiO2-embedded
peptide, which are used to derive secondary structures in the neat and TiO2 coprecipitated states. The backbone 13C CSs are
used to assess secondary structural changes undergone during the coprecipitation process. Side-chain 13C CS changes are
analyzed with density functional theory calculations and used to determine side-chain conformational changes that occur upon
coprecipitation with TiO2 and to determine surface orientation of lysine side chains in TiO2−peptide composites.

■ INTRODUCTION

Titanium(IV) oxide (titania, TiO2) is used in the production of
pigments, insulators, photocatalysts, and textile coatings and in
pathogenic detection and chemical decontamination.1−12

Synthetic methods with fine-tuned control over particle size,
crystallinity, and morphology are necessary because these
applications require unique physical properties for TiO2.

13 This
is a significant caveat because many current methods of
production require extreme temperature, pressure, and pH,
while lacking the desired level of control over crystallinity and
morphology.14−18 As a result, efforts have been focused on
exploring biomimetic, peptide-mediated syntheses that produce
TiO2 with consistent morphologies.19−22

Biological organisms can produce inorganic materials
composed of calcite, silica, and hydroxyapatite through a
process known as biomineralization. These organisms contain
specialized proteins, which, together with a variety of organic
molecules, direct hard tissue formation, yielding highly
structured forms under ambient conditions. Biosilica, the
most abundant biomineral, is predominately produced by the
diatom, a marine algae which takes in silicon in the form of

silicic acid (Si(OH)4) and catalyzes its deposition as silica
(SiO2).

21,23−27 The protein implicated in regulating the process
of SiO2 biomineralization in the marine diatom Cylindrotheca
fusiformis is silaffin Sil1p.24 The primary structure of Sil1p has a
repetitive sequence between residues 108 and 271, composed
of seven units, the fifth of which is a 19 amino acid peptide
called R5 (SSKKSGSYSGSKGSKRRIL). R5 precipitates SiO2
nanospheres in vitro in a manner similar to Sil1p without the
need for Sil1p’s many posttranslational modifications.28,29

While some silaffins and segments thereof have low sequence
homology, R5 is rich in both serine and lysine residues, which
are essential to R5’s silica-precipitating activity in vitro.30−32

Kroger and co-workers have identified lysine-rich motifs
conserved in many silaffins. When examining the silaffin Sil3
from Thalassiosira pseudonana, they found peptide segments in
both the N-terminal and C-terminal domains that exhibit a high
density of five lysine residues, all with similar spacing.33 These

Received: January 22, 2018
Revised: March 28, 2018
Published: March 29, 2018

Article

pubs.acs.org/JPCBCite This: J. Phys. Chem. B 2018, 122, 4708−4718

© 2018 American Chemical Society 4708 DOI: 10.1021/acs.jpcb.8b00745
J. Phys. Chem. B 2018, 122, 4708−4718

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
W

A
SH

IN
G

TO
N

 o
n 

Ju
ly

 5
, 2

01
8 

at
 2

1:
11

:0
3 

(U
TC

). 
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s. 

pubs.acs.org/JPCB
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.8b00745
http://dx.doi.org/10.1021/acs.jpcb.8b00745


peptides follow the sequence KxxKxxKyKxxK, where y = 1−3
residues, and are referred to as pentalysine clusters. The
remaining silaffins (Sil1, Sil2, and Sil4) of T. pseudonana also
contain pentalysine clusters. Through extensive mutation
studies, Kröger found that PLC1, a pentalysine cluster from
Sil1, exhibited efficient silica-targeting activity.33 PLC1 has a
higher number of hydroxylated residues than other mutants
with lower silica-targeting activity, which is corroborated by the
activity of T6, a highly efficient silica-targeting peptide rich in
serine. They designed an artificial pentalysine cluster PLCart
(KSSKSSKSSKSSK), which also demonstrates silica-targeting
efficiency.33

Goobes and co-workers precipitated silica in vitro using PL12
(KAAKLFKPKASK), a pentalysine cluster from Sil3.34 They
examined the secondary structure of PL12 using dynamic
nuclear polarization magic-angle spinning (DNP MAS) NMR
and found that PL12 is mostly unstructured.34 They used CS
differences between the neat and SiO2-embedded peptide to
discern changes in the backbone structure and side-chain−SiO2
interactions. A close interaction between lysine side chains and
the SiO2 surface was further supported by two-dimensional
(2D) 1H−29Si HETCOR measurements, which indicate that
the 1Hε are in contact with Q4 silicon sites.34

In addition to silaffins and their peptide fragments, many
silicification methods involve the use of poly-L-lysine
chains,35,36 polyamines,23,37−39 peptides rich in amino groups,
or amphiphilic peptides rich in lysines, such as LKα14.40−42

The results of these varied silicification procedures indicate the
importance of lysine residues in these processes.
Biomimetic approaches are being applied to the production

of other oxides, with a specific emphasis on TiO2.
19,21,38,43−50

Many of these methods include the use of lysine-rich peptides
or small organic amines and have shown the importance of
clusters of lysine (and arginine) residues in these SiO2- and
TiO2-precipitating systems.30,31,51,52

Here, we investigate the effects of primary structure of
serine−lysine (S−K) peptides on TiO2 precipitation. The
relative numbers of S and K residues within the primary
sequence result in TiO2 of varied size and morphology. To
understand how these S−K peptides direct the formation of
specific TiO2 morphologies, we pair a molecular-level solid-
state NMR (ssNMR) investigation of the peptide structure with
the resultant TiO2 morphology and precipitation isotherm
studies. We use an iterative process in which the peptide
sequences are modified and the resulting morphologies are
determined followed by ssNMR to characterize the structures
of a selection of the S−K peptides both in their neat form and
within the TiO2 coprecipitate. We use 13C cross-polarization
magic-angle spinning (CP MAS) in one-dimensional (1D) and
2D experiments, allowing for the assignment of chemical shifts
(CSs) to backbone and side-chain 13C spins. The CS data is
input into TALOS-N,52 which predicts torsion angles and thus
provides secondary structures for these selected peptides. A
comparison of CS data and secondary structure differences
provides information on whether TiO2 coprecipitation induces
any changes in the peptides while also providing information
on the proximity of the side chains to the TiO2 surface. The
latter properties are determined from the changes in lysine side
chain 13C CSs observed upon precipitation with TiO2 and
quantified using density functional theory (DFT) calculations.
The structural forms and interactions of S−K peptides in TiO2
composites with spherical morphology are compared to the

corresponding properties of peptides in biosilica composites
with a similar morphology.

■ EXPERIMENTAL SECTION
Materials. Trizma hydrochloride (Tris HCl) and titanium-

(IV)bis(ammonium lactato)dihydroxide (TiBALDH, 50 wt %
in water) were purchased from Sigma-Aldrich (St. Louis, MO)
and used as received. Tiron reagent was purchased from Fisher
Scientific (Waltham, MA). When purchased, S−K peptides
were custom-made and supplied at >85% purity by New
England Peptide, LLC (Gardner, MA). A Thermo Scientific
Megafuge 40R Centrifuge (equipped with BIOLiner microplate
holders) at 4 °C for 30 min was used in quantification
procedures. An EON microplate reader (BioTek U.S.,
Winooski, Vermont) was utilized to measure the absorbance
values. All natural and uniformly labeled 13C amino acids were
purchased from Sigma-Aldrich (St. Louis, MO). Preloaded 9-
fluorenylmethoxycarbonyl (FMOC)-protected Wang resin was
purchased from EMD Millipore (Billerica, MA). All other
reagents were purchased from Sigma-Aldrich (St. Louis, MO)
and used without purification.

Peptide Synthesis. Peptides were either purchased from
New England Peptide or synthesized on a CEM Liberty Blue
peptide synthesizer using a standard FMOC and tert-butyl
protection scheme. Preloaded FMOC-protected Wang resin
was used for solid phase synthesis. Peptides were cleaved from
the resin in a 10 mL solution of 95:2.5:2.5 trifluoroacetic acid/
triisopropylsilane/water per 1.0 g of peptide/resin. The
resulting filtrate was added dropwise to cold tert-butyl methyl
ether, followed by centrifugation and three rinses with 40 mL of
cold tert-butyl methyl ether. Peptides were then dissolved in
Millipore water and lyophilized, resulting in pure peptide.

TiO2 Assay. TiBALDH (15 μL, 1 v/v %) was added to a
solution of 15 μL of S−K peptide (final concentration of 1 mg/
mL) in 45 μL of 25 mM Tris buffer, pH 7.2 (the final solution
volume in the microplate well is 75 μL). The solution was
incubated for 23 h, upon which 75 μL of Tris buffer was added
to double the volume (for quantification only), and the solution
was incubated for an additional hour. The microplates were
spun down for 30 min at 4 °C, and 20 μL of the supernatant
was removed from each well three times. The supernatant
solutions were added to 180 μL of 5 mM Tiron reagent
prepared with 1 M sodium acetate buffer, pH 4.7. TiIV

depletion was monitored for 60 min, visualized by the
formation of a yellow complex between TiIV and Tiron.53,54

Solutions were equilibrated for 1 h before absorbance values
were measured at 380 nm using an EON microplate reader
(BioTek U.S., Winooski, Vermont). Data are a mean from three
independent repeats.

KSSKK-TiO2 Precipitation. TiBALDH (1 M, 0.2% by
volume) was added to a solution of peptide (1 mg/mL)
dissolved in 25 mM Tris buffer, pH = 7.2, and agitated for 24 h.
After centrifugation at 2500 rpm for 10 min, the solution was
decanted. The resulting precipitate was rinsed with Millipore
water three times and dried in vacuo.

SKSK3SKS-TiO2 Precipitation. TiBALDH (1 M, 10% by
volume) was added to a solution of peptide (20 mg/mL)
dissolved in 25 mM TRIS buffer, pH = 7.2, and agitated for 24
h. After centrifugation at 2500 rpm for 10 min, the solution was
decanted. The resulting precipitate was rinsed with Millipore
water three times and dried in vacuo.

Nanoparticle Characterization. SEM images were taken
on a FEI Sirion XL30 scanning electron microscope operating
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at variable voltages. Precipitates were dispersed onto carbon
tape, mounted on aluminum studs, and sputter-coated for 60 s
with Au/Pd.
Solid-State NMR. All ssNMR experiments were conducted

using a 16.44 T magnetic field (proton resonant field of 700.18
MHz) on a Bruker AVANCE III spectrometer fitted with a 1H
{13C, 15N} 3.2 mm MAS probe. The 13C NMR signal was
enhanced using CP with a 1H−13C contact time of 1.1 ms. A
MAS rate of 10 kHz ± 5 Hz was maintained with a Bruker
MAS controller unit. One dimensional 13C CPMAS experi-
ments were performed with a proton 90 time of 2.75 μs and a
recycle delay of 2 s. The number of scans for the neat and TiO2
complex ranged from 2k to 16k. DARR55 experiments were run
with 60 ms mixing times and a recycle delay of 1.5 s, with 2048
slices in the F2 dimension and 512 in F1. All CSs reported were
indirectly referenced to tetramethylsilane in the solid-state
using adamantane (δ = 38.48).56

DFT Calculations. The geometry of protonated N-acetyl-L-
lysine-methylamide was optimized at the DFT level of theory,
using B3LYP functional57,58 and a standard 6-31+G(d,p) basis
set. The NMR parameters were calculated using the GIAO
method with the polarizable continuum model used for implicit
water solvation.59,60 The Gaussian16 program package was used
throughout this study.61

To estimate the effect of side-chain conformation on carbon
CSs, the conformation of compound 1 was systematically
modified from all-trans conformation to a conformer with a
selected C−C−C−C or C−C−C−N torsion angle changed to
+ or −gauche conformation and the geometry of the resulting
structure was optimized and NMR parameters were calculated
at the same computational level as described above.
A model of the TiO2 surface was based on the anatase

structure. A cluster of 6 Ti atoms and 18 O atoms was cut out
of the structure and 9 hydrogen atoms were put on dangling
oxygen atoms on the “inner face” of the cluster and no
hydrogen atoms were put on three “surface face” oxygens,
leaving the total charge of the cluster −3.

■ RESULTS
Effects of the Primary Structure on TiO2 Precipitation.

We explored the effects of the K−S ratio and contiguity of K
residues on TiO2 precipitation activity. We designed a series of
S−K peptides and studied their TiO2 precipitation activity. The
array was designed to test the impact of (1) an increasing
number of lysine residues with a constant number of serine
residues and (2) the number of contiguous lysine residues,
achieved by changing the position of the serine residues. TiIV

depletion was monitored for 60 min using a colorimetric assay,
visualized by the formation of a yellow complex between TiIV

and Tiron.53,54 Absorbance values were measured at 380 nm
and used to determine the percentage of reacted TiIV. The
results of the TiO2 precipitation assays are summarized in Table
1, along with the resultant morphologies determined via SEM
(images not shown).

With the exception of SKSK3SKS, peptides with a higher K−
S ratio show greater TiO2 precipitation activity, especially when
the K residues are localized (i.e. SK8S). SKSK3SKS seems to be
an anomaly as the most efficient peptide tested, converting 97%
of TiBALDH into TiO2. Only three of the peptides assayed,
KSSKK, SK5SK5, and SKSK3SKS, produce consistent spherical
morphologies, making them of special interest. We have further
investigated two of these peptides, SKSK3SKS and KSSKK,
both of which form spherical morphologies but display the
highest and lowest percentages of TiBALDH reacted,
respectively.
Figure 1 shows an SEM image of the KSSKK-TiO2

coprecipitate (Figure 1a) and a corresponding size distribution
histogram (Figure 1b). The coprecipitates are approximately
spherical with a mean diameter of 201 ± 46 nm. The
SKSK3SKS-TiO2 coprecipitates are also approximately spherical
(Figure 1d) but have a mean diameter of 511 ± 202 nm, on
average 300 nm larger than the KSSKK-TiO2 nanostructures.
Although many of the SKSK3SKS-TiO2 particles fall within a
size range of 400−600 nm (Figure 1e), the nanospheres are
relatively polydisperse in comparison to those of the KSSKK-
TiO2 coprecipitates.
Precipitation curves were also obtained for varying

concentrations of KSSKK and SKSK3SKS, with TiBALDH
held at constant concentrations of 2 mM and 0.1 M,
respectively. These precipitation curves are shown in Figure
1c,e. A striking feature of these data is that the precipitation
curves have markedly different forms. The KSSKK precipitation
curve in Figure 1c has a roughly hyperbolic form with the TiO2
precipitate appearing at relatively low concentrations of
peptide. In contrast, the SKSK3SKS data in Figure 1e appear
to follow sigmoidal behavior with little or no precipitate
appearing until the peptide concentration reaches 2 mM and
then rises rapidly. Hyperbolic and sigmoidal precipitation
curves are generally attributed to noncooperative and
cooperative mechanisms, respectively. We will discuss these
data further below.

13C CS Assignments and Secondary Structure Analysis
of SKSK3SKS-Neat and SKSK3SKS-TiO2. In order to gain
insights into the secondary structure of SKSK3SKS-neat and

Table 1. Peptide Sequences with Their Percentage of
Reacted TiBALDH and Resultant TiO2 Morphologies upon
Coprecipitation

peptide
K−S
ratio

contiguous K
residues

% TiBALDH
reacted (SD)

TiO2
morphology

SKSK3SKS 1.25 3 97 (1) spheres
KSSKK 1.5 2 22 (5) spheres
(SKSK3)2 2 3 49 (22) fused

particles
(SK4S)2 2 4 34 (13) amorphous
K3SKSK3 3.5 3, 3 42 (18) fused

particles
SK8S 4 8 74 (2) fused

particles
S2K8 4 8 73 (4) fused

particles
S2K9 4.5 9 38 (14) amorphous
SK9S 4.5 9 44 (16) amorphous
SK5SK4 4.5 5, 4 39 (15) amorphous
SK2SK7 4.5 2, 7 57 (21) amorphous
SKSK9 5 9 44 (17) fused

particles
SK5SK5 5 5, 5 57 (19) spheres
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SKSK3SKS embedded within the TiO2 coprecipitate, we make
site-specific 13C CS assignments for the entire peptide using
five 13C-enriched samples (Table 2). Both 1D 13C CP MAS and

2D DARR 13C−13C experiments were performed on
SKSK3SKS-neat and SKSK3SKS-TiO2. Figure 2 illustrates the
need for 2D spectroscopy; in the 1D CP MAS NMR (Figure
2a), we are not able to resolve each shift, as there is an overlap
in both the carbonyl and aliphatic regions. However, with 2D
13C−13C DARR (Figure 2b), we can resolve and assign all of
the 13C shifts, which are provided in the Supporting
Information.
Once all 13C shifts are assigned for both the neat and TiO2-

embedded peptide, changes in backbone and side-chain CSs
(ΔCS) are analyzed. 13C CS perturbations of the backbone
carbons (13CO, 13Cα, and 13Cβ) are typically associated with a
change in the secondary structure, which can result from
coprecipitation with TiO2, whereas side-chain perturbations can
be attributed to peptide aggregation, proximity to the TiO2
surface, or buffer effects. To study the degree of perturbation of
13C CSs, ΔCS values are obtained by subtracting the CS of the
13C spin in neat SKSK3SKS from the corresponding 13C spin in
the SKSK3SKS-TiO2 coprecipitate. A positive ΔCS indicates a
downfield perturbation (higher ppm, less shielded), whereas a
negative ΔCS indicates an upfield perturbation (lower ppm,
more shielded). Bar charts of both backbone and side-chain
ΔCS values are shown in Figure 3.
There are significant backbone CS perturbations upon

coprecipitation with TiO2, occurring at the S1 13Cα, S3
13CO, K4 13CO, K6 13Cα, S7 13Cα, and all 13Cβ shifts except

K6. These ΔCS values are quite large in magnitude, indicating
significant structural changes in these regions, particularly
around the N-terminus. There are also significant ΔCS for the
side chains of SKSK3SKS.

13Cγ perturbations occur at K2, K5,
K6, and K8, 13Cδ perturbations occur at K2 and K6, and 13Cε
perturbations occur at K8, which has a large downfield shift of
10.7 ppm.
The CS values for the 13CO, 13Cα, and 13Cβ spins are input

into TALOS-N,52 which generates output files containing
predicted torsion angles (Tables S5 and S6). These torsion
angles are used to visualize the secondary structure of
SKSK3SKS-neat and SKSK3SKS-TiO2 using Chimera,63 as
shown in Figure 4. In the neat peptide, the entire chain is
extended in a random coil. However, upon coprecipitation with
TiO2, the chain kinks at K2, causing S1 and S3 to fold inward,
exposing the K2 side chain. These perturbations are

Figure 1. (a) SEM image of KSSKK-TiO2 coprecipitates showing spherical morphologies with a mean diameter of 201 ± 46 nm. (b) Size
distribution histogram for KSSKK-TiO2 coprecipitates. Particle sizes are measured using ImageJ.62 (c) TiO2 produced as a function of KSSKK
concentration. The concentration of TiBALDH was held constant at 2 mM. Data are a mean of two independent repeats. (d) SEM image of
SKSK3SKS-TiO2 coprecipitates showing spherical morphologies with a mean diameter of 511 ± 202 nm. (e) Size distribution histogram for
SKSK3SKS-TiO2 coprecipitates. Particle sizes are measured using ImageJ.62 (f) TiO2 produced as a function of SKSK3SKS concentration. The
concentration of TiBALDH was held constant at 0.1 M. Data are a mean of two independent repeats.

Table 2. SKSK3SKS Samples in Which Uniformly 13C-
Enriched Amino Acids are Incorporated

sample name label position

S1K2 S*K*SKKKSKS
S3K4 SKS*K*KKSKS
K5 SKSKK*KSKS
K6S7 SKSKKK*SKS
K8 SKSKKKSK*S

Figure 2. (a) 13C CP MAS NMR of SKSK3SKS S1K2 TiO2. (b)
13C−13C DARR of SKSK3SKS S1K2 TiO2. Cross peaks are labeled for
ease of identification.
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accompanied by large ΔCS for S1 backbone 13C spins as well as
K2 13Cβ, 13Cγ, and 13Cδ (see Figure 3). It is interesting to note
that K2 does not experience a significant ΔCS perturbation at
13Cε. The S7 and K8 residues at the C-terminus also experience
CS perturbations accompanied by structural changes, albeit
more modest than those observed at S1−K3. These structural
changes could result in a greater exposure of the K8 side chain,
which experiences a large ΔCS at 13Cε, a perturbation typically
associated with interactions with a mineral surface.37,57,58 In
addition, the side chains of K4, K6, and K8 are all oriented on
the same side of the peptide, which could be conducive to TiO2
binding.

13C CS Assignments and Secondary Structure Analysis
of KSSKK-Neat and KSSKK-TiO2. Analogous to the
SKSK3SKS system, we use 1D 13C CP MAS and 2D DARR
13C−13C experiments to make site-specific 13C CS assignments
(Supporting Information Tables S3 and S4) for the both the
KSSKK-neat and KSSKK-TiO2 peptides using two isotopically
enriched samples (Table 3). Again, we analyze ΔCS (Figure 5)
to gain insights into the structural conformations and
perturbations of the neat and embedded peptides.
No significant ΔCS values are observed for any of the 13CO

spins. Many of the remaining backbone ΔCS range from 0 to 2
ppm but more significant perturbations are observed for the S2
13Cα (5.9 ppm), S2 13Cβ (9.1 ppm), the S3 13Cα (4.4 ppm),

and the K4 13Cβ (−2.8 ppm) shifts, indicating secondary
structure changes around S2 and K4, changes that are seen in a
similar region of the SKSK3SKS peptide. In addition, there is a
side-chain perturbation of −4.2 ppm in the K4 13Cδ shift.
Interestingly, although the 13Cε of K1 shows an upfield shift of
about 1 ppm, there is virtually no change in the CS of the 13Cε
spin of K4 upon coprecipitation with TiO2. This apparent
difference in the surface orientations of closely spaced lysine
side chains will be considered in the section on DFT
calculations.
We use TALOS-N52 and Chimera59 to visualize the

secondary structure of KSSKK-neat and KSSKK-TiO2, as
shown in Figure 6. ϕ/ψ torsion angle values are shown in the
Supporting Information (Tables S7 and S8). The N-terminus
around S2 and K3 shows a mild conformational change,
consistent with the observed backbone ΔCS, while the C-
terminus remains relatively unchanged. The overall conforma-
tional changes upon coprecipitation with TiO2 are minor and
do not seem to alter the exposure of any side chains. This is
reflected in the ΔCS, where few significant perturbations are
observed in the K1 or K4 side-chain 13C spins, the exception
being the K4 13Cδ shift. Perhaps because of the small size of the
peptide, significant conformational changes are not required to
catalyze the nucleation of TiO2, and side chains are already
oriented in a way to maximize the exposure.

DFT Calculations. The secondary structures and inter-
actions of peptides in coprecipitates with SiO2 have been
studied extensively with ssNMR techniques.31,37,57,58,60−62 A
common approach in ssNMR studies of peptides in biosilica
composites is to use heteronuclear correlation methods to
directly determine peptide−SiO2 contacts. 29Si is a spin 1/2
nucleus with a natural abundance of 4.7%;34,67 hence, it is
frequently used in heteronuclear correlation as a target nucleus
within the oxide component for recoupling to 13C and 15N
spins in protein side chains. However, ssNMR studies of
peptide−TiO2 composites are more problematical due in part
to lack of a nuclear spin within the inorganic oxide, which can
serve as a target for dipolar recoupling experiments. 47Ti and
49Ti are both NMR-active Ti isotopes but have small

Figure 3. ΔCS plots for SKSK3SKS showing CS perturbations for (a) 13CO shifts, (b) 13Cα shifts, (c) 13Cβ shifts, (d) 13Cγ shifts, (e) 13Cδ shifts,
and (f) 13Cε shifts. ΔCS values for SKSK3SKS coprecipitated with TiO2 are in reference to the neat peptide. Positive changes indicate a downfield
shift, whereas negative changes indicate an upfield shift.

Figure 4. Chimera63-generated models of (a) SKSK3SKS-neat and (b)
SKSK3SKS-TiO2 using TALOS-N52generated torsion angles from
experimentally obtained CSs.

Table 3. KSSKK Samples in Which Uniformly 13C-Enriched
Amino Acids are Incorporated

sample name label position

K1S2 K*S*SKK
S3K4 KSS*K*K

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b00745
J. Phys. Chem. B 2018, 122, 4708−4718

4712

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b00745/suppl_file/jp8b00745_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b00745/suppl_file/jp8b00745_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b00745


gyromagnetic ratios, low natural abundances, and relatively
large quadrupole moments, all resulting in low detection
sensitivity. Because of these factors, direct measurements of
peptide interactions with the TiO2 surface via heteronuclear
dipolar recoupling experiments from spin 1/2 nuclei in protein
side chains, such as 13C or 15N, to 47Ti and 49Ti are not
practical.
To probe peptide−TiO2 interactions in the S−K system, we

use ΔCS data obtained from 13C spins in peptide side chains to
detect changes in the electronic environment of the peptide
upon coprecipitation with TiO2. Because TiO2 activity is
observed to scale with the number of primary amines in the R5
peptide,21 we concentrate analysis on ΔCS effects observed for
13Cγ, 13Cδ, and 13Cε spins of lysine side chains. We assume
however that ΔCS effects in peptide−inorganic oxide
composites can have a number of origins; hence, to clarify
the physical circumstances that give rise to these side-chain CS
perturbations, we use DFT calculations. Protein side chains
may undergo conformational changes when adapting to mineral

surfaces. Table 4 shows the compiled DFT calculations of CS
changes for lysine side chain 13Cγ, 13Cδ, and 13Cε spins that

result from the conformational changes of the side chain. In
Table 4, γ ± 60 indicates a change of the CαCβ−CγCδ dihedral
angle by ±60°. Similarly, δ ± 60 and ε ± 60 indicate ±60°
changes of the CβCγ−CδCε and CγCδ−CεNζ dihedral angles,
respectively. (All entries are in ppm, with positive numbers
indicating downfield CS changes and negative numbers
indicating upfield CS changes relative to the all-trans side-
chain conformation.)
In ssNMR studies of surface adsorbed amino acids and

peptides, upfield perturbations of lysine side-chain 13C CSs (i.e.
ΔCS < 0), and 13Cε in particular, have been attributed to the
interactions with negative charges in mineral surfaces.57,58

Recently, Guo and Holland used a combination of ssNMR and
DFT calculations to elucidate the adsorption state of lysine on
fumed silica surfaces.68 They modeled the interaction of lysine
with the silica surface as a lysine−silanol complex and
calculated 15N and 13C CSs for lysine free and in the complex.
On the basis of a comparison between calculated and
experimental CSs, it was concluded that the lysine amine is
the dominant hydrogen bonding interaction with the surface
silanol groups.68

To address the possibility that lysine amines in KSSKK and
SKSK3SKS similarly form interactions with hydroxyl groups in
peptide−TiO2 composites, DFT calculations of lysine side-
chain 13C CS perturbations were performed for varying
distances between the side-chain amine nitrogen and the
nearest surface hydroxyl oxygen. These calculations were made
for two side-chain orientations relative to the TiO2 surface.
Results are shown in Figure 7. Figure 7a shows chemical shift
perturbations as a function of distance between amine nitrogen
and surface hydroxyl oxygen for a perpendicular alignment of
the lysine side chain relative to the TiO2 surface. For this

Figure 5. ΔCS plots for KSSKK showing CS perturbations for (a) 13CO shifts, (b) 13Cα shifts, (c) 13Cβ shifts, (d) 13Cγ shifts, (e) 13Cδ shifts, and
(f) 13Cε shifts. ΔCS values for KSSKK coprecipitated with TiO2 are in reference to the neat peptide. Positive changes indicate a downfield shift,
whereas negative changes indicate an upfield shift.

Figure 6. Chimera59-generated models of (a) KSSKK neat and (b)
KSSKK-TiO2 using TALOS-N52generated torsion angles from
experimentally obtained CSs.

Table 4. Influence of Lysine Side-Chain Conformation on
the CSs of the 13Cγ, 13Cδ, and 13Cε Spins (ppm)a

γ-60 γ60 δ-60 δ60 ε-60 ε60

Cγ −3.53 0.95 −0.64 −0.75 −0.74 −0.84
Cδ −3.18 −2.77 −1.07 −0.99 −1.29 −1.27
Cε 0.48 0.37 −0.77 −0.60 0.62 0.54

aPositive table entries indicate downfield CS perturbations with
respect to the all trans conformation.
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surface orientation, a DFT calculation shows a 2−3 ppm upfield
perturbation of the 13Cε CS and weaker downfield
perturbations of the 13Cγ and 13Cδ CSs when the amine N
to surface hydroxyl O distance approaches 4 Å Figure 7b shows
ΔCS effects calculated for 13C spins in a lysine side chain that
approaches a TiO2 surface in a parallel orientation. The parallel
orientation is much less conducive to hydrogen bond formation
between the lysine side-chain amine and surface hydroxyl
groups. Accordingly, the DFT calculations in Figure 7b show
that the pattern of ΔCS effects in the parallel side-chain
orientation differs markedly from the pattern observed for the
perpendicular side-chain orientation in Figure 7a. The most
significant difference is that the 2−3 ppm upfield shift of the
13Cε spin observed in the perpendicular orientation is not
observed for the parallel orientation. In contrast, the parallel
orientation shows modest downfield shifts for the 13Cγ and
13Cε spins while the 13Cδ spin shows large upfield shifts. The
upfield shift observed for the 13Cδ spin is due to the proximity
of the 1Hδ spin to the TiO2 surface, although the 2.5 ppm
upfield shift corresponding to a N−O distance of 3 Å is
somewhat too small for an H-bond interaction. For a more
realistic N−O distance of 3.8−4.0 Å, the upfield shift for 13Cδ is
calculated to be in the range 0.5−1.0 ppm.

■ DISCUSSION
13CO, 13Cα, and 13Cβ CS data indicate both S−K peptides
SKSK3SKS and KSSKK are in extended secondary structures in
the neat form and largely remain in extended structures in TiO2
composites. Significant ΔCS effects observed for 13CO, 13Cα,
and 13Cβ spins are confined to the termini of both the
SKSK3SKS and KSSKK peptides. For the KSSKK system,
perturbations of the 13Cα and 13Cβ of S2 are accompanied by a
small conformational change at S2−K4 as well as a ΔCS for
13Cδ of K4. It is possible that the structural rearrangement at
S2−K4 acts to better orient the side chain of K4 for interactions
with the TiO2 surface.

The pattern of side-chain 13C CS perturbations in K1 differs
from the pattern observed in K4. For K1, the CS of 13Cε is
perturbed upfield by about 1 ppm (i.e., ΔCS = −1 ppm) and
the CS of 13Cδ is also perturbed upfield by about 1 ppm, while
the upfield perturbation of 13Cγ is somewhat larger at about 1.8
ppm. In the case of 13Cε, the ΔCS = −1 ppm is in the range
expected for a N−O distance of about 4−5 Å, assuming the
side-chain approaches the TiO2 surface with the threefold
symmetry axis of the side-chain amine group directed
perpendicular to the surface as shown in Figure 7. On the
other hand, the upfield ΔCS effects observed at 13Cγ and 13Cδ
for K1 do not agree with what is expected if the lysine side
chain maintains an all-trans conformation when oriented with
the amine group directed toward the TiO2 surface as shown in
Figure 7a. The upfield ΔCS effects observed at 13Cγ and 13Cδ
are likely due to a conformational change of the side chain as it
approaches the TiO2 surface.
In the case of K4, the 13Cε CS is only weakly perturbed while

1−4 ppm upfield ΔCS effects are observed at 13Cγ and 13Cδ.
The negligible change in the CS of 13Cε precludes a close
association with the TiO2 surface at least not in the orientation
assumed in the DFT calculations shown in Figure 7a. The fact
that both 13Cδ and 13Cγ are shifted upfield precludes an
orientation of the type shown in Figure 7b. This pattern of
ΔCS effects likely indicates the conformational change of the
K4 side chain upon coprecipitation with TiO2, possibly
involving a change of the CαCβ−CγCδ dihedral angle in the
range ±60°, which would exert only a small downfield change
in the CS of 13Cε.
CS trends observed for the five lysine side chains in

SKSK3SKS indicate a more complex interaction with the TiO2
mineral phase than is the case with KSSKK. ΔCS trends for
13CO, 13Cα, and 13Cβ in the S1−K4 region indicate a backbone
conformational change upon coprecipitation with TiO2, but the
rest of the backbone maintains an extended secondary
structure. The ΔCS values observed for the 13Cε, 13Cδ, and
13Cγ spins in the five lysine side chains vary. For example, upon

Figure 7. DFT calculation of lysine side-chain 13C CS perturbations (ΔCS) as a function of the distance between the lysine amine nitrogen and the
surface hydroxyl oxygen for (a) a perpendicular orientation of the lysine side chain relative to the TiO2 surface and (b) a parallel orientation of the
lysine side chain relative to the TiO2 surface. An upfield perturbation of a 13C CS is indicated by ΔCS < 0 and a downfield perturbation is therefore
indicated by ΔCS > 0.
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coprecipitation with TiO2, the side chain of K2 13Cε is shifted
upfield by about 2 ppm (ΔCS = −2 ppm) while 13Cδ and 13Cγ
show upfield CS perturbations of about 3−3.5 ppm. The
upfield perturbation of the 13Cε CS again very likely indicates
an interaction with the TiO2 surface. Assuming an orientation
as shown in Figure 7a, the observed ca. 2 ppm upfield shift
corresponds to a N−O distance of about 4.5 Å. The 3−3.5 ppm
upfield CS perturbations observed for the 13Cγ and 13Cδ spins
in K2 may be due to a conformational change of the side chain,
most likely a ca. 60° change of the CαCβ−CγCδ dihedral angle.
The ΔCS trends observed for 13Cγ/13Cδ/13Cε in K4 differ

markedly from those observed in K2. ΔCS effects are small for
both 13Cε and 13Cδ with a 1.0 ppm upfield shift of 13Cγ. At K5,
the CS of 13Cε changes in the upfield direction by 2.0 ppm
(ΔCS = −2.0 ppm) upon coprecipitation with TiO2, and a
change of the CSs of 13Cδ and 13Cγ by −1 and 2 ppm,
respectively. K6 shows a small change in the CS of 13Cε upon
coprecipitation with TiO2, while both 13Cγ and 13Cδ show
downfield shifts of between 2 and 3 ppm. The trend in K8 is
different still with 13Cγ and 13Cδ showing upfield CS
perturbations in the 2−3 ppm range upon coprecipitation
with TiO2 while

13Cε shows a large downfield shift.
Although the 13C CS data are not conclusive with regard to

the nature of interactions between SKSK3SKS and TiO2, DFT
calculations reported in this work and experimental and
computational studies reported elsewhere indicate that lysine
side chains interact strongly with TiO2 surfaces.

43,69,70 There-
fore, it is not surprising that in many cases upfield perturbations
are observed for 13Cε spins in SKSK3SKS peptide−TiO2
coprecipitates. However, if the SKSK3SKS peptides were
dispersed as monomers within a matrix of TiO2, it might be
expected that the 13Cε spins would experience similar electronic
environments, and in such cases, all lysine side chains would
display CS trends of the types shown in Figure 7. However, in
the SKSK3SKS peptide, the CS perturbations observed for 13Cε
spins in the lysine side chains vary considerably with K2 and K5
showing upfield perturbations expected for side chains in close
proximity to TiO2 surfaces with perpendicular orientations,
while K4 and K6 show only weak perturbations, indicating that
these spins are remote from the surface or deviate from the
perpendicular orientation. The large downfield perturbation to
the CS of 13Cε in K8 is striking because none of the DFT
results in Table 4 or Figure 7 account for the significant
downfield shifts for lysine side-chain 13C spins. Downfield
perturbations of side-chain spins have been observed in
peptide−silica composites and have been attributed to
peptide−peptide aggregation.22,34,40,64−66

The self-assembly of high phosphorylated silaffins has been
observed and proposed as a mechanism for catalyzing silica
formation.71 The self-assembly hypothesis has been extended to
the silaffin-derived peptide R5 to explain its SiO2 forming

30 and
TiO2 forming21 activities. The ΔCS data obtained in this study
do not provide direct proof of the existence of SK peptide
aggregates in TiO2 composites, but in our recent solid-state
NMR study of the R5 peptide in SiO2 and TiO2 composites,

22

the variation in lysine side-chain CS perturbations is suggestive
of differential exposure of the protein side chains to TiO2 which
in turn may be the result of the self assembly of the monomeric
peptides into aggregates which persist in the solid composite.
This interpretation of the ΔCS data for the two peptides is

supported by DFT calculations and also by the precipitation
curves Figure 1. In Figure 1c, the precipitation curve of KSSKK
is hyperbolic in form, with the TiO2−peptide composite

precipitating at extremely low concentrations of peptide before
reaching saturation at a peptide concentration of about 2 mM.
In contrast, the precipitation curve for SKSK3SKS, shown in
Figure 1f, is sigmoidal, with no appreciable amounts of
precipitate forming until a peptide concentration of 2 mM is
reached. The curve for SKSK3SKS saturates at about 8 mM.
The higher activity of SKSK3SKS is not surprising given the
larger number of K residues, but the different curve shapes
requires explanation. Various factors have been discussed as the
causes for variation in peptide isotherm curve shapes. For
example, adsorption isotherms for small peptides onto
negatively charged silica surfaces differ markedly for cationic
versus anionic or uncharged peptides, with the cationic peptides
adsorbing at low concentrations onto silica particles at higher
levels than the anionic or neutral peptides at similar
concentrations.72 Given that both peptides in this study are
cationic, the difference in the precipitation curves of KSSKK
and SKSK3SKS may be better explained by other mechanisms,
including the occurrence of an equilibrium between monomeric
peptides and peptide aggregates.73,74 In cases where inter-
actions between peptide side chains and inorganic oxide
precursors compete with peptide−peptide interactions, sigmoi-
dality of the isotherm is favored by higher populations of
aggregate versus monomer, whereas hyperbolic behavior is
favored by higher populations of monomer.74 Also in self-
aggregating systems, if aggregation does not result in a loss of
peptide sites (lysine side chains) for interacting with oxide
precursors, hyperbolic behavior is approached as the affinities of
precursor for monomer and polymer become equivalent.
Departures from hyperbolic behavior increase as interactions
between precursors and monomer and aggregate become
inequivalent. Therefore, a plausible explanation for the
difference between the precipitation curves of KSSKK and
SKSK3SKS is the existence of a monomer−aggregate
equilibrium, where the populations of the monomer versus
aggregate differ between the two peptide samples, where
affinities of oxide precursors for sites on the monomer versus
aggregate may differ between the two samples and where
precursor−peptide interactions compete with peptide−peptide
interactions. The latter condition would require that the sites
on the peptide for interactions with precursors are close to or
identical to the sites for peptide−peptide interactions.74

■ CONCLUSIONS
Although S−K peptides have been reported earlier to induce
silica formation from solutions of silicic acid, this is the first
study of S−K peptides as catalysts for the mineralization of a
nonbiological oxide, that is, TiO2. This study has assayed a
series of S−K peptides of varying lengths, primary structures,
K−S ratios, and TiO2 precipitation activities. Two of these
peptides (SKSK3SKS and KSSKK) have similar K−S ratios but
different lengths and display very different precipitation
activities but produce similar TiO2 morphologies, albeit with
different particle size distributions. In addition, precipitation
curves differ markedly; the curve for KSSKK has a hyperbolic
form, and the curve for SKSK3SKS displays a sigmoidal form.
Unlike silica or hydroxyapatite, TiO2 lacks a nuclear spin

species which can be incorporated into heteronuclear dipolar
correlation experiments; hence, quantitative determination of
distances between 13C and 15N spins in peptide side chains to
spins in the oxide surface via dipolar interactions is impractical.
Instead, in this study, the sensitivity of CSs of lysine side chain
13C spins to charged oxide surfaces has been used in place of
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dipolar recoupling experiments to determine peptide-surface
proximity and orientation. Qualitative trends in ΔCS of side
chain spins observed upon coprecipitation with TiO2 have been
quantified using DFT computations and have enabled
interpretation of side chain spin ΔCS trends in terms of
changes in peptide side-chain conformation, orientation, and
proximity to TiO2 surfaces.
For both peptides, upfield shifts for some lysine 13Cε spins

indicate contact between the mineral. However, in both
peptides, some 13Cε spins show little CS perturbation or, in
the case of lysine side chains near the C-terminus in SKSK3SKS,
show downfield perturbations. These results indicate that the
peptide side chains are not uniformly exposed to the mineral
but are possibly in aggregated states, which may as a result
remove some side chains from close contact with the mineral
surface. Recent ssNMR studies indicate that R5 may similarly
aggregate in the presence of phosphate to form TiO2 from
TiBALDH solutions.22 That KSSKK shows a hyperbolic
precipitation curve may indicate that this peptide has a lower
population of aggregate versus monomer than is the case with
SKSK3SKS, although there are alternative explanations of such
peptide−peptide and peptide−TiBALDH interactions occur-
ring independently74 while these interactions may occur
competitively in SKSK3SKS. If the CS patterns observed for
the S−K peptides in this study indicate that these peptides
similarly aggregate in the course of forming TiO2, then they do
so in the absence of phosphate. The nature of peptide−peptide
interactions in these composite systems is the subject of future
studies.
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